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The objective of this study was to first identify the timing and location of early mineralization of mouse
first molar, and subsequently, to characterize the nucleation site for mineral formation in dentin from a
materials science viewpoint and evaluate the effect of environmental cues (pH) affecting early dentin
formation. Early dentin mineralization in mouse first molars began in the buccal central cusp on post-
natal day O (P0), and was first hypothesized to involve collagen fibers. However, elemental mapping
indicated the co-localization of phospholipids with collagen fibers in the early mineralization area. Co-
localization of phosphatidylserine and annexin V, a functional protein that binds to plasma membrane
phospholipids, indicated that phospholipids in the pre-dentin matrix were derived from the plasma
membrane. A 3-dimensional in vitro biomimetic mineralization assay confirmed that phospholipids from
the plasma membrane are critical factors initiating mineralization. Additionally, the direct measurement
of the tooth germ pH, indicated it to be alkaline. The alkaline environment markedly enhanced the
mineralization of cell membrane phospholipids. These results indicate that cell membrane phospholipids
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are nucleation sites for mineral formation, and could be important materials for bottom-up approaches

rsc.li/materials-b aiming for rapid and more complex fabrication of dentin-like structures.
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1. Introduction

Dentin is the major component of the tooth with a hierarchi-
cally organized mineralized matrix exhibiting an analogous
structure but higher Young’s modulus compared to bone.'”
Odontoblasts, the unique cells constituting dentin, are compar-
able to both osteoblasts, as they actively participate in dentin
formation, and to osteocytes, as their processes are partially
embedded within the mineralized dentin matrix, forming
dentin tubules of approximately 1 to 4 um.* However, dentin
also exhibits unique characteristics that differentiate it from
the bone, such as the absence of a vascular network and
dynamic physiological tissue remodeling.> Once partially lost,
due to trauma or caries, dentin can be repaired, as tertiary
dentin.® However, in cases of a large amount of tissue loss, the
reparative properties of dentin are significantly impaired.”
Throughout the last few decades, numerous studies have
been carried out to develop biomaterials with physical proper-
ties similar to those of dentin.® Inorganic/organic composites
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with fillers added to the resin matrix are the major restorative
materials used worldwide.””® However, these materials do not
bond directly to the tooth and the current adhesive systems
have limited survival rates. In addition, other materials, such as
tooth substitutes based on calcium phosphate, the natural
component of teeth, are still in the research stage and have
not yet achieved similar biochemical and physical properties to
those of the dentin.'® Additionally, bottom-up approaches,
such as 3-dimensionally (3D) printed tissues, have been devel-
oped to reproduce the dentin structure and the dentin-pulp
complex for a more detailed understanding of cell-matrix and
cell-cell interactions."” "> Acellular dentin has also been used
as a tooth substitute that preserves dentin’s mechanical and
biological properties.’® However, fine reproduction of the com-
plete structure and function of dentin remains a great chal-
lenge, essentially due to the lack of a detailed understanding of
the dentin formation process.”'> Hence, we herein conceived
the idea that a more detailed understanding of the early dentin
formation process from the materials science viewpoint is
crucial for the development of new dentin-like composites with
improved functional and structural properties.

Dentin formation has been analyzed for several decades,
and the main accepted theories are the following. The most
accepted concept indicates that odontoblasts secrete matrix
vesicles (MVs), inside which the initial apatite crystals are
formed, but afterwards the grown crystal clusters expand
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throughout the extracellular matrix (ECM)."”'® On the other
hand, numerous studies reported that type I collagen and non-
collagenous proteins secreted by odontoblasts induce calcium
phosphate precipitation without the involvement of MVs.'?™>”
Other reports have also shown that serum-derived molecules,
such as albumin, are deposited in the walls of dentinal tubules,
resulting in the formation of highly mineralized peritubular
dentin in the absence of collagen fibers.” Thus, there still
remain controversies regarding the exact process of dentin
mineralization, while there may still exist other unreported
modes of mineralization. To date, many discussions on the
modes of dentin formation have been biased toward a mole-
cular biological perspective, for instance, by deep analysis of
individual proteins involved in the mineralization. In addition,
few studies have examined the early process of dentin for-
mation with a focus on the formation, growth, and maturation
of the minerals based on a systematic spatiotemporal evalua-
tion and high resolution at the nano and micro levels.
Therefore, this study aimed to obtain the minute informa-
tion necessary for a bioinspired bottom-up construction of
dentin tissue in vitro. For this purpose, we first identified the
timing and location of the early mineralization of mouse molar
tooth, and investigated the early process of dentin formation
from a materials science perspective. These findings could be
valuable for the development of novel techniques to synthesize
inorganic/organic hybrid materials similar to dentin.

2. Experimental

2.1. Animals and calcein staining

Pregnant Institute of Cancer Research (ICR) mice were pur-
chased from Japan SCL Inc. (Hamamatsu, Japan). All animals
were handled according to the Guidelines for Animal Research
of Okayama University, under the approval of the Animal Care
and Use Committee of Okayama University (OKU-2020242).

For identification of the timing and location of early miner-
alization of mouse first molar, pregnant mice were injected
with 0.1 mL calcein (20 mg kg™ ") on embryonic day (E) 17, and
calcein-positive mineralized areas in the first molar were observed
under a fluorescence stereoscopic microscope (SZX-12, Olympus,
Tokyo, Japan).”®*® The first molars were isolated at E18, postnatal
day (P) 0, P1 and P3.

2.2. Preparation of paraffin, frozen and resin-embedded
sections

First molars extracted from the mandible were fixed in 4%
paraformaldehyde (PFA) overnight at room temperature, dehy-
drated in a grading series of ethanol, and embedded in
paraffin. Histological sections (5 um) were deparaffinized with
xylene, hydrophilized with ethanol series, and used for hema-
toxylin-eosin (HE) staining. Stained sections were observed
under an optical microscope (Axiophot Upright Microscope,
Carl-Zeiss, Jena, Germany).

Alternatively, freshly isolated molars were immediately
embedded in a cryoembedding medium (Super Cryoembedding
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Medium, SECTION-LAB Co., Hiroshima, Japan). Frozen sections
(5 um) were prepared with a cryostat (CM3050S, Leica Biosys-
tems, Wetzlar, Germany), immediately fixed in 4% PFA for
15 min, washed with phosphate buffer saline (PBS), and used
for alkaline phosphatase (ALP) or immunohistochemical staining.

For the preparation of resin-embedded samples, molars
were fixed in 2% glutaraldehyde/2% PFA for 24 h, washed with
PBS, and incubated in a solution of 3% potassium ferrocyanide
(Sigma-Aldrich, St. Louis, MO, USA) and 4% osmium tetroxide
(TAAB Laboratories Equipment Ltd, Berkshire, UK) on ice for
1 h, as described previously.”®*° Samples were then washed
with distilled water, and incubated in 1% thiocarbohydrazide
solution (Sigma-Aldrich) for 20 min at room temperature. The
specimens were further washed with distilled water and reacted
with 1% osmium tetroxide solution (TAAB Laboratories Equip-
ment Ltd) for 30 min at room temperature. The specimens were
dehydrated with ethanol and acetone, and embedded in
EPONS812 resin (TAAB Laboratories Equipment Ltd) for electron
microscopy.

2.3. Immunohistochemical (IHC) analysis

For THC analysis, 4% PFA-fixed frozen sections were blocked
with 5% goat serum (Nacalai Tesque, Kyoto, Japan) and immuno-
labeled with primary antibodies: mouse anti-annexin V mono-
clonal antibody (Proteintech, Rosemont, IL, USA) or rabbit
anti-type I collagen polyclonal antibody (Abcam, Cambridge,
UK). Samples were then washed with PBS and incubated with
secondary antibodies: goat anti-mouse or anti-rabbit IgG
conjugated with Alexa Fluor 488 or 568 (Life Technologies,
Carlsbad, CA, USA). Nuclear staining was performed with
Hoechst 33342 (Life Technologies). Sections were incubated
with primary antibodies overnight at a temperature of 4 °C or
secondary antibodies at room temperature for 1 h. Stained
specimens were thoroughly washed, mounted in a fluorescent
mounting medium (Agilent, Santa Clara, CA, USA) and
observed under a confocal laser microscope (LSM780 Confocal
Laser Scanning Microscope ZEISS, Carl-Zeiss).

2.4. Electron microscopy, elemental analysis and
immunoelectron microscopy

Resin-embedded specimens were polished on the coronal surface
corresponding to the early mineralized area by argon ion etching
(SM-090101 Cross Section Polisher, JEOL, Tokyo, Japan) and
observed using a Field Emission-Scanning Electron Microscope
(FE-SEM: JSM-6701F, JEOL, Tokyo, Japan). Observations were
made using the backscattered electron method with an accelera-
tion voltage of 5 kV. Obtained images were used for quantitative
analysis of dentin growth using Image] software (NIH, Bethesda,
MD, USA).

Ultrathin sections (100 nm) were prepared from the resin-
embedded specimens used for FE-SEM observations using an
ultramicrotome (EM UC7A, Leica) and diamond knife, and
placed onto Cu150P grids (Okenshoji Co., Ltd, Tokyo, Japan)
for high resolution observations and analyses using a scanning
transmission electron microscope (STEM: JEM-2100F, JEOL).

This journal is © The Royal Society of Chemistry 2023
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Non-calcified and calcified dentin areas of mouse first
molars were specifically selected for selected area electron
diffraction (SAED) analysis. Energy dispersive X-ray spectro-
metry (EDS) and elemental mapping were performed using a
STEM operated at 200 kV, and focused on atoms involved in
dentin mineralization (Ca, P, Os). Bright-field and annular
dark-field detectors and EDS spectrometer attachments were
used. Probes forming the Cs corrector allowed STEM imaging at
sub-A resolution (minimum probe size: 0.09 nm). For EDS, a
0.3 nm diameter electron spot was applied. Drift correction was
performed every minute to avoid any drift that may have
occurred at the nanoscale during the acquisition of EDS
multi-elemental mapping. High-angle annular dark-field
(HAADF) images were acquired with a 167-228 mrad detector.

For immunoelectron microscopy, samples were fixed in 4%
PFA overnight, then rinsed with 0.1 M phosphate buffer, and
dehydrated through a graded series of ethanol before embed-
ding in the LR-White resin. Ultrathin sections were immunos-
tained with rabbit anti-annexin V (Abcam) or mouse anti-
phosphatidylserine (Sigma-Aldrich) primary antibodies and
respective secondary antibodies conjugated with 10 nm gold
nanoparticles, and then stained with uranyl acetate and exam-
ined with a TEM (H-7650: Hitachi, Tokyo, Japan).

2.5. pH measurement of tooth germs

Mouse first molars were harvested, cut at the central cusp
area using a scalpel, and immediately placed on a pH sensor
sheet (SF-HP5R VisiSens, PreSens Precision Sensing GmbH,
Regensburg, Germany) for observation under a confocal laser
microscope (LSM 780, Carl Zeiss) at room temperature. The
captured images were then converted to grayscale images using
GIMP software (Charlotte, NC, USA), and the average gray
values were determined using Image] software to obtain the
fluorescence intensity. Solutions of PBS adjusted to pH 6.5, pH
7.5, and pH 8.5 by titration with NaOH or HCI, were used as
standard solutions to estimate the tissue pH.

2.6. Quantitative analysis of gene expression by real-time
reverse transcription polymerase chain reaction (RT-PCR)

Total RNA from E18, PO, and P1 mouse first molars was
extracted with Trizol (Life Technologies), and after homogeni-
zation by sonication, RNA was purified using Purelink RNA
Mini kit (Life Technologies), according to the manufacturer’s
instructions. The purified RNA was transcribed into comple-
mentary DNA (cDNA) using the iScript ¢cDNA Synthesis Kit
(Biorad, Hercules, CA, USA), and the resulting cDNA was
subjected to polymerase chain reaction (PCR). The primer
sequences were: Alpl-sense: 5’-GCTCTCCCTACCGACCCTG-
TTC-3’ and Alpl-antisense: 5'-TGCTGGAAGTTGCCTGGACCTC-
3’; and Dspp-sense: 5-GTGGGGTTGCTACACATGAAAC-3’, and
Dspp-antisense: 5'-CCATCACCAGAGCCTGTATCTTC-3'. The pri-
mer sequences for the internal standard gene, s29, were: s29-
sense: 5-TGACAATGAATACGGGCTACAG-3’ and s29-antisense:
5'-GGGAGATGCTCAGTGTTGG-3'. The gene expression levels of
Alpl and Dspp were normalized to those of the internal standard

This journal is © The Royal Society of Chemistry 2023
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gene s29. The experiments were performed three times under
the same conditions.

2.7. Cell culture, isolation of cell membrane nanofragments
and in vitro mineralization assay

KUSA-A1 cells, a mouse mesenchymal stem cell line, were
cultured in Eagle’s minimal essential medium, alpha modification
(-MEM, FUJIFILM Wako Pure Chemical Industries) containing
10% fetal bovine serum (FBS; Life Technologies) and 1% penicillin
and streptomycin (PS; Sigma-Aldrich).

Cells were cultured until confluency, trypsinized, and col-
lected by centrifugation. Cells were then suspended in PBS and
sonicated (Handy Sonic UR-20p, Tomy Seiko, Tokyo, Japan) for
3 min to fragment the cells and prepare the plasma membrane
fragments. A series of centrifugation steps at 10000 x g for
10 min, 20 000 x g for 20 min, and 150 000 x g for 60 min were
then performed to isolate the plasma membrane fragments, as
reported.*®

The isolated cell membrane fragments were mixed with
100 pL of collagen gel (Cellmatrix type I-A, Nitta Gelatin Inc.,
Osaka, Japan) and maintained at 37 °C for at least 20 min for
gelation. The collagen gel mixed with cell membrane fragments
was incubated in o-MEM supplemented with 10 mM B-glycero-
phosphate (B-GP) in 12-well tissue culture plates for 2 days. To
study the effect of pH on the mineralization of cell membrane
fragments, the medium was adjusted to pH 7.5 and pH 8.5 and
changed every 12 h.

Mineralization assay in vitro was also performed with phos-
phatidylserine (Carbosynth Ltd, Berkshire, United Kingdom)
mixed within a collagen gel. Briefly, 4 uL of phosphatidylserine
(100 mM in chloroform) was mixed with 100 pL collagen gel,
and incubated in o-MEM supplemented with 10 mM B-GP in
12-well tissue culture plates for 2 days.

Alizarin red S (ARS) staining, SEM observation, and elemental
analysis were used to evaluate mineralization. For ARS staining,
collagen gels fixed with 4% PFA were washed with distilled water
and immersed in 1% ARS staining solution for 20 min. The gels
were then thoroughly washed to eliminate chemically unbound
chemicals. Quantitative analysis of ARS staining, was performed
with 10% acetic acid extraction for 1 h, and colorimetric analysis
of the extracted solutions using a conventional microplate reader
(405 nm) and transparent flat-bottomed 96-well plates.*® For
SEM observation, collagen gels fixed with 4% PFA were dehy-
drated with serial grades of ethanol and butanol, freeze-dried,
and the torn halves were fixed onto an aluminum holder and
coated with osmium before FE-SEM observation and EDS analysis.
For TEM observation, the fixed gels were embedded in LR-White
resin, cut into 100 nm thin sections, stained with uranyl acetate
and then observed with a TEM (H-7650: Hitachi).

2.8. Statistical analysis

The quantitative data were analyzed by Student’s t-test or one-
way analysis of variance (ANOVA), followed by Bonferroni’s
correction for multiple comparisons among groups. A statisti-
cally significant difference was set for p < 0.05. All statistical
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analyses were performed with StatView-5 software (SAS Institute
Inc. NC, USA).

3. Results

3.1. Identification of the timing and site of initial
mineralization of mouse first molars

To identify the initial mineralization timing and site of mouse
first molars, tooth germs were collected from calcein-injected
E18 embryos, and PO, P1 and P3 newborn mice (Fig. 1A). As
shown in Fig. 1B (sagittal view), the morphology of the crown
was unclear, and no calcein staining could be detected in the
E18 tooth germ. On the other hand, in the PO tooth germ, the
morphology of the crown was clearly delineated, and early
mineralization, indicated by calcein staining, was observed at
the buccal central cusp (Fig. 1B, middle panel, arrowhead). At
P1, the fluorescent area expanded from the cusp tip toward the
cervical region, with an orderly mineralization in other cusps,
indicating the progression of mineralization directed to com-
plete crown formation (Fig. 1B).

N g

Mandible

Tooth germ

Bright field

500 ym

Buccal

Lingual

Bright field 500 ik

Lingual

Fig. 1 Identification of the timing and location of early mineralization of
mouse first molar. (A) Schematic design showing the isolation of molar
tooth germs from embryos or newborn mice. (B) Bright-field (upper panel)
and calcein-stained fluorescent (lower panel) images of molar embryos
(sagittal view) collected on embryonic day 18 (E18), post-natal day 0 (PO0),
and P1. (C) Three-dimensional schematic image of molar germ showing
the sagittal and transversal planes. (D) Schematic of the first molar tooth
germ (occlusal view). (E) Bright-field (upper panel) and calcein-stained
fluorescent images (lower panel) of the first molar tooth germs (transversal
plane, occlusal view) collected at PO and P1. The initial mineralization site
at PO is shown in green (calcein, white arrowhead) at the buccal central
cusp. At P1, mineralization progressed along the morphology of the crown
surface expanding towards the cervical region.
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Fig. 1C and D show, respectively, a 3D schematic of the
crown and the number and morphology of tooth cusps from the
occlusal view. Observation of PO tooth germ from the occlusal
surface confirmed the formation of the very initial minerals at
the tip of the buccal central cusp (Fig. 1E, middle panel,
arrowhead). Early mineralization then proceeded orderly at
the buccal mesial and distal cusps, and thereafter in the lingual
cusps (Fig. 1B and E, right panel).

3.2. Detailed observation of the early mineralized area in
dentin development

To determine the exact location of the early formed minerals,
and to investigate the spatiotemporal changes in the structure
of the cells, ECM, and minerals, and their close interrelation-
ship at the early dentin mineralization site, resin-embedded
E18, PO, P1 and P3 first molars were observed by backscattered
electron imaging using FE-SEM (Fig. 2A). At E18, ameloblasts
and odontoblasts were aligned and clearly separated at the site of
the enamel-dentin junction (Fig. 2B, left panels). At PO, odonto-
blasts secreted a collagen-rich dentin matrix (pre-dentin), where

Resin embedding

O Al

Tooth germ

Cross-sectional view

N

. enamel

PO P1 P3

Fig. 2 Histomorphometric analysis of the first molar of the mouse. (A)
Photograph of the freshly isolated (left) and resin-embedded (right) tooth
germ for cross-sectional observation using FE-SEM (backscattered electron
imaging, BSE). The square shows the buccal central cusp of the resin-
embedded specimen. (B) FE-SEM images (BSE) of the buccal central cusp of
E18, PO, P1 and P3 tooth germs. At E18, ameloblasts and odontoblasts start
to be aligned at the enamel-dentin junction. At PO, collagen-rich pre-
dentin is formed, and the early dentin minerals are deposited. At P1, the
expansion of the mineralized dentin area and early enamel formation is
observed. At P3, a more compact dentin structure is observed. Arrowheads
indicate odontoblast processes (dentinal tubules). (C) FE-SEM images (BSE)
depicting odontoblast elongation and nuclear being shifted away from the
mineralizing edge. Note that the cells become more elongated from PO to
P1. Yellow arrowheads indicate the odontoblast processes. (D) FE-SEM
image depicting the odontoblast process (yellow arrowheads) extending
until the enamel—dentin junction. (E) Quantitative analysis showing the
growth rate of dentin from PO to P3 (left axis). Real-time RT-PCR analysis
showing the gene expression levels of the dentin marker, Dspp (right axis).
The gene expression levels in E18 tooth germs were adjusted to 1 for
comparative purposes only. ***p < 0.001, ANOVA, Bonferroni post hoc
test, compared to all other groups.

This journal is © The Royal Society of Chemistry 2023
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the initial minerals were deposited (Fig. 2B). The odontoblasts
just below the pre-dentin were enlarged and elongated in the
longitudinal direction, with the nucleus being shifted away from
the mineralizing edge, as clearly depicted in different areas of the
mineralizing tooth germ (Fig. 2C). At P1, early enamel formation
was detected (Fig. 2B), suggesting that dentin formation may be
crucial for subsequent enamel matrix deposition and mineraliza-
tion. Note that odontoblast processes/protrusions remained
embedded in the pre-dentin and dentin, and some of them
extended until the enamel-dentin junction (Fig. 2C and D, arrow-
heads), and would likely remain as odontoblast processes in the
dentinal tubules, as also observed in P3 dentin (Fig. 2B, right
panels, arrowheads). Expansion of the mineralized area in dentin
was observed more dramatically from P1 to P3, as shown by
quantitative analysis in Fig. 2E. Note, however, that the gene
expression of the major non-collagenous protein associated
with dentin formation, dentin phosphoprotein (Dspp), increased
time-dependently, but did not follow the marked increase in the
mineral formation from P1 to P3. At P3, concomitant with the
expansion of the mineralized area, the dentin structure became
more compact (Fig. 2B, right panels), which is more evident in the
STEM images shown in Fig. 3A. Qualitative analysis of early
minerals, performed by SAED, indicated that the precipitates at
PO were amorphous calcium phosphate (ACP), while from P1
onward, polycrystalline apatite was identified (Fig. 3B).

3.3. Analysis of pH and ALP activity in dentin development

The alkaline environment is known to be crucial for ACP
formation.®" Since ACP was the first mineral to be formed in
dentin, the microenvironment at the PO tooth germ could be
hypothesized to be alkaline. Here, we directly measured the pH
of the first molar tooth germ using a pH sensor sheet, and
found it to be approximately 8.5 (Fig. 4A-C). On the other hand,
the pH in the femur muscle, used as control, was approximately
7.3 (Fig. 4A-C). These results confirmed that the microenviron-
ment of the mineralizing first molars is alkaline, which is
optimal for ACP formation in the early mineralization stages.

Alkaline phosphatase (ALP) catalyzes the hydrolysis of a
wide variety of phosphate mono-, di-, triesters, inorganic pyr-
ophosphates or organic molecules, such as phospholipids and
phosphoproteins, and the released phosphate ions then initiate
mineral formation.®> We then analyzed the gene expression of
one of the major phosphatases involved in tooth and bone
formation, tissue non-specific alkaline phosphatase (Alpl), and
the results of the real-time RT-PCR analysis showed a marked
increase from PO tooth germ, when dentin mineralization
begins (Fig. 4D). ALP activity was also increased in the odonto-
blasts underlying the mineralized dentin in PO and P1, com-
pared to E18 (Fig. 4E). These results suggested that alkaline pH
is important for ALP activity and formation of ACP in the early
stages of dentin formation.

3.4. Elemental analysis in dentin development

STEM examination of the initial mineralization in the front
region of dentin mineralization in P1 tooth germ showed that
most of the initially mineralized material exhibited needle-like

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Ultrastructural analysis of early dentin minerals. (A) STEM images of
the non-mineralized collagen-rich pre-dentin, early dentin and enamel.
The area below the pre-dentin corresponds to odontoblasts, which are
seen in dark grey due to osmium staining. (B) Selected area electron
diffraction (SAED, orange circle) analysis of the early minerals formed in
dentin in PO, P1 and P3 tooth germs. Amorphous calcium phosphate (ACP)
was observed at PO, while crystalline structures, which were attributed to
the diffraction pattern of hydroxyapatite (002 and 211 diffraction planes),
were observed in P1 and P3 dentin. The ring pattern of the SAED indicates
the random orientation of dentin apatite crystals. (C) EDS spectra of PO
dentin confirming the presence of calcium and phosphorus, and indicating
the presence of ACP.

crystals with random orientation (Fig. 5A). The crystals
appeared to be consistent with the localization of fibrous
material showing a bundle structure characteristic of collagen
with a triple-helical structure. However, in the mature region,
the collagen fibers could not be clearly identified and were
buried in the precipitated mineralized crystals (Fig. 5A). In
more detail, EDS analysis at different sites of dentin miner-
alization detected calcium in the mineralized area (Area 1), low
calcium levels in the low-mineralized area (Area 2), and no
calcium in the non-mineralized area (Area 3). Thus, calcium
was apparently deposited on collagen fibers (Fig. 5A and B).
Interestingly, however, elemental mapping of the area of low-
mineralized area (Area 2) indicated the high levels of P and Os
in the non-mineralized collagen fibers. Since Os has high
binding properties to lipids, it was suggested that phospholi-
pids are co-localized with collagen fibers before mineralization
(Fig. 5C). Moreover, as the energy difference between P and Os is
small (1.91 vs. 2.013, respectively), we performed EDS analysis of
samples without osmium staining and confirmed the presence
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Fig. 4 Analysis of the microenvironmental pH during early dentin miner-
alization. (A) The tooth germ was sliced in the center, near the buccal
central cusp and immediately placed onto the fluorescent pH sensor
sheet. (B) Fluorescence images obtained from PO tooth germ (top right)
and femur muscle (top left). PBS solutions adjusted to pH 7.5 (lower left)
and 8.5 (lower right) were used as standard (std). (C) Quantitative analysis
of environmental pH based on the fluorescence intensities, and calculated
using ImageJ. The pH of the tooth germ was found to be 8.5, while that of
the femur muscle was 7.3. (D and E) The graph shows Alpl mRNA levels (D)
and images show the ALP activity (E) in E18, PO and P1 tooth germs. Note
the dramatic increase in Alpl expression levels from E18 to PO tooth germs.
Note also the high ALP activity in PO and P1 tooth germs. ***p < 0.001,
ANOVA, Bonferroni post hoc test.

of P in the non-mineralized collagenous pre-dentin area
(Fig. 5D).

3.5. Histological and immunohistochemical staining

Similar to the findings by FE-SEM, HE staining confirmed a
clear enamel-dentin junction at E18 and the formation of early
dentin at PO (Fig. 6A). Based on the results of the elemental
analysis, we assumed that phospholipids derived from cell
membranes could be involved in dentin mineralization. Therefore,
we performed immunostaining for annexin V, a cell membrane
marker, and it was found at the mineralized sites near the enamel-
dentin junction in P1 and P3 tooth germs (Fig. 6B and C).
Furthermore, immunostaining for type I collagen showed co-
localization of annexin V and type I collagen at the mineralization
sites (Fig. 6B and D). The localization of annexin V and
phosphatidylserine on collagen fibers was also confirmed by
immunoelectron microscopy (Fig. 6E). Thus, these results con-
firmed that the phospholipids involved in dentin mineraliza-
tion were derived from cell membranes.

3.6. In vitro mineralization study

To further confirm that cell membrane components induce
mineralization, in vitro mineralization assay was performed
using cell membrane fragments derived from mesenchymal

662 | J Mater. Chem. B, 2023, 11, 657-666

View Article Online

Journal of Materials Chemistry B

00 10 20 30 40 50
Energy (keV)
c

T[]

s

] Intensity (a.u.)

0
00 10 20 30 40 50
Energy (keV)

= 0s
d £ 150 |
2 Pl S
£ ca
|
0
00 10 20 30 40 50
Energy (keV)
D
- Non-mineralized
o 100 area
b (without Os)
)
2
& AP ca
z | |

0 s
00 10 20 30 40 50
Energy (keV)

200 nm

Fig. 5 Elemental analysis of the dentin mineralization frontier. (A) STEM
(HAADF) images of dentin and pre-dentin. Note that collagen fibers are
present throughout the entire pre-dentin and dentin, as can be seen by its
characteristic banding pattern. Red squares indicate the selected areas for
EDS analysis. White square shows the area selected for elemental mapping
in C. (B) Elemental analysis (EDS) detected clear calcium levels in the
mineralized area (Area 1), low calcium levels in the low-mineralized
area (Area 2), and no calcium in the non-mineralized area (Area 3). (C)
Semi-quantitative elemental mapping of calcium (Ca), phosphorus (P), and
osmium (Os). The low-mineralized area shows low levels of calcium but
high levels of P and Os (high binding affinity to lipids), suggesting the
presence of phospholipids in the collagen dense pre-dentin. (D) Elemental
analysis of the non-mineralized area in samples without osmium staining,
which confirmed the presence of phosphorus in the collagenous pre-
dentin area.

stem cells, KUSA-A1 cells (Fig. 7A). The presence of annexin V in
the cell membrane fragments was confirmed by IHC (Fig. 7B).
Freshly isolated cell membrane fragments were mixed with the
collagen gel and cultured in 3D in o-MEM supplemented with
B-GP in 12-well plates for 2 days. Interestingly, cell membrane
fragments induced rapid mineralization in the gel within 2 days
(Fig. 7C), while no minerals could be detected in the collagen
gel alone. Since the tooth germ microenvironment was identi-
fied to be alkaline in PO-P1 tooth germs, the culture medium
was then adjusted to pH 8.5 to evaluate the effect of alkaline pH
on in vitro mineralization. In agreement, an alkaline environ-
ment promoted higher mineralization of the cell membrane
fragments, compared to the samples incubated in physiological
pH = 7.5 (Fig. 7C and D). Of note, higher amounts of cell
membrane fragments resulted in the formation of higher
amounts of minerals (data not shown). Together, it was con-
firmed that cell-derived membrane components have a high
mineralization ability.

We then evaluated the pattern of collagen mineralization by
TEM. As shown in Fig. 7E, the minerals were found in the
vicinity of the collagen fibers, and no intrafibrillar mineraliza-
tion was apparently detected. These results suggest that the cell
membrane components promote the nucleation and growth of
minerals outside collagen.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Immunohistological staining for type | collagen and annexin V.
(A) HE-stained sections of the buccal central cusp of E18, PO, P1 and P3
first molars. (B—D) Immunohistological staining against annexin V and type
| collagen of the buccal central cusps. In the merged images in (B), nuclei
were stained with HOECHST-33342 (blue). Annexin V was observed in the
dentin of P1 and P3 tooth germs. Type | collagen was detected in PO, P1
and P3 dentin. Note the co-localization of annexin V and type | collagen in
P1 and P3 buccal central cusps. (E) Immunoelectron microscopy showing
the co-localization of annexin V or phosphatidylserine and collagen fibers.

Phosphatidylserine is a major component of the cell
membrane and has been shown to mineralize more than its
counterpart, phosphatidylcholine.*® Thus, we performed in vitro
mineralization assay with phosphatidylserine to investigate how
the phospholipid affects the mineralization of collagen fibrils. As
shown in Fig. 7F, phosphatidylserine induced rapid mineraliza-
tion in the collagen gel within 2 days, as indicated by Alizarin red
S staining and SEM/EDS analysis, while, the collagen itself did
not mineralize. TEM results also showed that phosphatidylserine
induced the formation of minerals out of the collagen fibers
(Fig. 7G), indicating that the phospholipid is a key molecule
acting as a nucleation site for mineral formation.

4. Discussion

Understanding not only the composition and structure of
matured dentin but also its mineralization process will lead
to the acquisition of valuable knowledge to fabricate dentin-like
tissue in vitro using bottom-up approaches. In this study, we
first identified the timing and location of early dentin for-
mation in mouse first molars, and investigated this process
from a material science perspective. Calcein injection enabled
the detection of early minerals in dentin at the buccal central
cusp, which is in agreement with a previous report.** To
understand the changes in cells and matrix at this early
mineralization site, we performed minute spatiotemporal stud-
ies using electron microscopy and staining methods. The first
key finding was that both phosphorus and osmium (lipids)
detected by elemental mapping were co-localized with collagen

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Biomimetic mineralization using cell (plasma) membrane phos-
pholipids. (A) Schematic of in vitro reproduction of dentin mineralization
using cell membrane phospholipids (CMPs). CMPs were fabricated by
ultrasonication of cultured KUSA-AL cells and isolated by ultracentrifuga-
tion, and then mixed with the collagen gel and induced to mineralize
in normal culture medium supplemented with B-glycerophosphate.
(B) Immunostaining for detection of annexin V in the isolated CMPs. (C)
Alizarin red S (ARS) staining (higher panels) and SEM images (lower panels)
of the collagen gel (Col, 100 puL) with or without CMPs cultured at pH 7.5 or
pH 8.5 for 2 days. Collagen alone does not mineralize. CMPs are necessary
to induce mineralization. An alkaline environment (pH = 8.5) markedly
enhances the mineralization of CMPs inside the collagen gel. (D) Quanti-
tative analysis of ARS staining indicating the amount of the formed
minerals in pH 7.5 and pH 85. ***p < 0.001, ANOVA, Bonferroni post
hoc test. (E) TEM image showing the formation of minerals (blue arrow-
heads) from CMPs in the outer part of collagen fibers. (F) Alizarin red S
(ARS) staining (higher panels) and SEM images (lower panels) of collagen
gel (Col, 100 pL) with or without phosphatidylserine incubated for 2 days.
Phosphatidylserine induces mineralization inside the collagen gel. (G) TEM
image showing the formation of minerals (blue arrowhead) from phos-
phatidylserine in the outer part of collagen fibers.

fibers. Here, we considered that phospholipids adsorption to
collagen would be the first step of dentin mineralization.
Collagen is recognized as an important reinforcement material
for both native bone and dentin,*® while phospholipids are
amphipathic molecules that not only form micelles but also
interact with other molecules, including collagen.*® Phospho-
lipids have also been identified in dentin.’” For instance, in
previous studies, phosphatidylethanolamine and phosphatidyl-
serine extracted from inorganic dentin were shown to be involved
in dentin mineralization.*”° Similarly, we have previously
demonstrated that phosphatidylserine has a higher affinity for
calcium and induces greater amounts of ACP formation com-
pared to phosphatidylcholine.*® Thus, phospholipids are widely
understood as mineralization inducers.

Additionally, we previously found that cell membrane frag-
ments potentially originated from cell burst were the nuclea-
tion site for bone formation in mouse femur epiphysis.?®
Therefore, we assumed that these phospholipids adsorbed on
the collagen fibers could be derived from the odontoblast
plasma membrane. Here, the co-localization of type I collagen
and annexin V at the site of early dentin mineralization is an
important finding supporting this concept. Annexin V has the
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ability to bind to collagen,’® and is generally known as a
marker of the plasma membrane and cell apoptosis.*" Previous
reports have also identified odontoblast apoptosis during
odontogenesis.**™** However, these studies have identified cell
apoptosis in stages before initial mineralization, i.e., at E12—
E13, and have associated the cell fate with molecular signaling
including the autophagic pathway.*>** On the other hand, our
results indicated the involvement of cell membrane compo-
nents, identified by annexin Vimmunostaining, as initiators of
early dentin mineralization.

Possible explanations associated with the presence of cell
membrane components attached to collagen in the pre-dentin
area could be because plasma membrane constituents, i.e., phos-
pholipids, could attach to pro-collagen fibers during, or before,
secretion of these from the cells. Odontoblasts immediately
underneath the pre-dentin became elongated, and numerous
odontoblast protrusions extended until the enamel-dentin junc-
tion. It is well known from mechanobiology and liposome studies
that cell membranes or their mimics are torn apart by physical
traction force.*” Here, there could also have mechanical forces
being applied to odontoblasts, e.g.,, due to the dynamic cell
morphology change, and cell-cell or cell-ECM interactions, which
could induce fragmentation of their membranes, particularly in
the more fragile portions of their processes, in analogy to the
formation of chondrocyte membrane fragments during endo-
chondral ossification.*®

In this study, as a final confirmation, mineralization in vitro
was induced by using cell membrane fragments from KUSA-A1
mesenchymal stem cells, and phosphatidylserine. The results
showed that the cell membrane fragments and phosphatidyl-
serine promoted rapid mineralization of the collagen gel within
2 days, and that the amount of mineral formation was dependent
on that of the fragments/phospholipids. Based on these results, the
mineralization of dentin was considered to have mainly originated
from the mineralization of cell-derived phospholipids adsorbed on
collagen. On the other hand, mineralization originating from acidic
proteins such as sibling proteins®® might occur at sites with few cell
membrane components. Future studies are required to determine
the specific roles of each of these components in dentin formation.

Intrafibrillar mineralization is known to significantly con-
tribute to the mechanical properties of dentin.”*” Nevertheless,
we herein demonstrated that phospholipids can promote
mineral formation out of collagen fibers (extrafibrillar miner-
alization) during the initial 2 days of incubation. On the other
hand, collagen alone cultured under the same conditions
showed no mineralization. Therefore, these results suggested
that phospholipids are important molecules inducing initial
mineralization, but future studies are necessary to clarify the
roles of phospholipids in intrafibrillar mineralization.

Regarding the analysis of mineral products, previous studies
have identified ACP as a precursor for crystalline apatite.*®*°
Similar to previous studies,’® ACP was also herein identified to
be the first mineral formed in dentin at PO, while at P1, apatite
could be identified in mineralized dentin. Since ACP is known
to be formed in an alkaline environment, we evaluated and
confirmed that the pH of the molar tooth germ is alkaline at PO
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and P1. These results are in accordance with previous reports in
femur epiphysis,”" but in conflict with other studies in mouse
incisors, which have shown that enamel at different maturation
stages has broad acidic and narrow neutral stripes.*>>* These
studies, however, used pH indicator solutions to estimate the
tissue pH, and therefore, the tissue pH could be affected by the
pH of the solution. In the present study, pH was measured with
freshly isolated tooth germs and in a direct manner with a
fluorescence pH sensor sheet. Thus, different techniques
applied in these studies are the major reason for the contrast-
ing results. Alkaline pH has been shown to facilitate ACP
formation by affecting the precipitability of calcium phosphate.
In other words, an alkaline environment would favor calcium
phosphate nucleation and consequently facilitate mineral
formation.> Moreover, ALPs, which are bound to the plasma
membrane by the glycosylphosphatidylinositol and the major
enzymes associated with dentin and bone formation, have
an optimal pK, of around 8.5 to 9.5.>* Thus, an alkaline
environment is also important for ALP activity and ACP for-
mation during early stages of dentin formation, as also demon-
strated by the in vitro experiments using cell membrane
phospholipids.

5. Conclusions

Early mineralization of mouse first molars begins at the buccal
central cusp at PO. The results indicated that early dentin
mineralization was induced on collagen fibers, which were
co-localized with phospholipids derived from odontoblast
membranes. Moreover, alkaline pH was shown to be a critical
environmental cue facilitating mineralization. By incorporating
the knowledge obtained from the dentin mineralization process
into material synthesis technology, it is expected to synthesize
artificial materials that are functionally and structurally similar
to the original dentin.
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