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Objective. The 10-methacryloyloxydecyl dihydrogen phosphate (MDP) (EX adhesives)-based

one-step self-etch adhesives have become widely utilized due to their simplified application

procedures. The aim of this study was to determine the type of the molecular species of

calcium salts of MDP (MDP-Ca salts) that form a layered structure and to understand the

layering mechanism of MDP-Ca salts.

Methods. The EX adhesives were prepared by varying the amounts of MDP (25.6, 49.9, 80.5

and 116.1 mg) added in 1 g of the EX adhesive. Enamel and dentin reactant residues were

obtained after the reaction of each EX adhesive to enamel or dentin particles for 30 s. The

chemical analyses of both reactant residues were then performed.

Results. The molecular species of MDP-Ca salts that form a layered structure were deter-

mined as mono-calcium salt (MCS-MD) and di-calcium salts of the MDP dimer (DCS-MD). The

dentin sample showed two types of characteristic XRD peaks assigned to the layer structure,

since the dentin produced DCS-MD along with MCS-MD in contrast to the enamel sample.

A mono-calcium salt of the MDP monomer (MCS-MM), a predominant molecular species,

was not contributed to a layered-structure formation, since the intensities of characteristic

XRD peaks are limited by the production of DCS-MD and MCS-MD.

Significance. The self-assembled layering of MCS-MD and DCS-MD is associated by a
hydrophobic bond between two 10-methylene groups in MCS-MD and DCS-MD. The MCS-

MD may form a more tightly-packed layered structure than DCS-MD by the hydrogen bonded

interaction between hydroxy groups bonded to each phosphorous atom.
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um salts were deposited between the layers of their
te  groups. Furthermore, Yoshihara et al. [11] reported
higher bonding performance of MDP-based self-etch

 is contributed to the formation of an intermediary
DP  on the hydroxyapatite and its thickness. However,
dies have lack on which type of the molecular species
a salts produced forms a layered structure and why
cules of MDP-Ca salts form a layered structure.
n an insight on the type of the molecular species of
alts that had been produced during the application of
hesive to enamel and dentin, the enamel and dentin

residues of the experimental one-step self-etch adhe-
taining different amounts of MDP  (EX adhesive) were

 using phosphorous-31 nuclear magnetic resonance
) and X-ray diffraction (XRD) techniques. The molec-
ies of MDP-Ca salt that form a layered structure was
ed  and the layering mechanism of MDP-Ca salts was
ussed. The null hypotheses tested were that: the type
ular species of MDP-Ca salts (1) that has been pro-
nd (2) that form a layered structure, differs between
nd dentin.

aterials  and  methods

ical reagents were purchased from Wako Pure Chem-
stries (Osaka, Japan), unless otherwise indicated.

reparation  of  EX  adhesives

of 4 types of EX adhesives was prepared by vary-
amount of MDP  added. In brief, the EX adhesives

 of MDP  (purity = 97.0%), a base monomer, catalysts,
, filler, acetone and water [13]. The base monomer was

 by mixing 10.0 g urethane dimethacrylate (Negamik-
ikawa, Japan), 10.0 g triethylene glycol dimethacrylate
kamura Chemical Co., Wakayama, Japan) and 9.4 g
ryloyloxyethyl trimellitic anhydride (Sun Medical,

pan). The mixed monomer was then prepared by
ifferent amounts of MDP  (3.0, 6.0, 10.0 or 15.0 g) as

 monomer to 29.4 g of the base monomer. Thereafter,
colloidal silica (R-972, Nihon Aerosil, Tokyo, Japan)
d in each mixed monomer.
es of 4 types of EX adhesives was then prepared after
in past was diluted with an acetone aqueous solu-
sisting of 69.3 g acetone and 11.2 g distilled water. The
s  of MDP  in 1.0000 g of the EX adhesive were 25.6, 49.9,
116.1 mg.  The pH values of these EX adhesives were
, 1.44 and 1.38, respectively.

reparation  of  enamel  and  dentin  particles

 was removed from 2 to 2.5 years old bovine teeth.
e crown enamel and dentin was then cut by using an
e with a diamond point (#105R, Shofu, Kyoto, Japan)
tream of cooling water, respectively. After being cut

 100 bovine teeth, the enamel and dentin particles
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ed at 20◦ C for 1 day, the crown enamel and dentin

 were stored in freezer at −80 ◦C.
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reparation  of  enamel  and  dentin  reactant
with  the  EX  adhesive

on of enamel and dentin reactants was described
ly [14,15]. In brief, 0.200 g of the enamel and dentin

 were, after being thawed, suspended in each EX adhe-
0 g), and the suspensions were then vibrated for 30 s
After the reaction, 30 ml  of ethanol (approximately
e added to each suspension to stop further reaction
ith the enamel and dentin. Each suspension was cen-
t 3500 rpm for 20 min, and the supernatant was then
.  Thereafter, each reactant residue was rinsed 3 times
l  ethanol. The enamel and dentin reactant residues

n dried for 3 h at 20 ◦C. Enamel and dentin reactant
were prepared 3 times.

bservation  of  solid-state 31P  NMR  spectra

MR spectra of enamel and dentin reactant residues
erved using an NMR spectrometer (EX-270, JEOL,

pan). The contact, repetition and accumulation times
0 �s, 20.05 s and 120 times. The 31P NMR  chemical

 expressed in ppm, with 85% H3PO4 as an external
.
urve-fitting analyses of the corresponding 31P NMR

ere performed using OriginPro® 9.1 Data Analy-
raphing Software (OriginLab Co., Northampton, MA,
rder to assume the DCPD is also produced along with
pes of MDP-Ca salts as a byproduct as described pre-

15]. The intensity of each simulated peak used for
-fitting analyses of the enamel and dentin reactant
was then determined.

etermination  of  production  amount  of  MDP-Ca

 intensity for MDP-Ca salts was determined by total-
lative intensity ratio of the simulated peak assigned
DP-Ca salt in each experimental group. The amount
at had been consumed yielding several types of MDP-
as determined by assuming that the peak intensity

Ca salts was 2.641 when the 116.1 mg  MDP in 1.0000 g
 adhesive had completely yielded MDP-Ca salts as

 previously [15].

etermination  of  production  rate  of  MDP-Ca  salts

ession line between the amount of MDP  added in
dhesive and the consumption amount of MDP  for
MDP-Ca salts was determined using a least-square
The slope of the regression line was determined as
uction rate of MDP-Ca salts. The regression slopes
pared between the enamel and dentin by one-way

nd Scheffé’s multiple comparison tests. The level of
l  significance was set at 0.05.
roduced in demineralization of enamel and dentin apatite.

bservation  of  XRD  patterns

 patterns of enamel and dentin reactant residues
orded using an X-ray diffractometer (RINT2000,

dx.doi.org/10.1016/j.dental.2016.09.037
dx.doi.org/10.1016/j.dental.2016.09.037


Please c
Dent Ma

ARTICLE IN PRESSDENTAL-2853; No. of Pages 10

 0 1 6 

Rigaku C
were  as 

CuK�  wa
divergen
0.02◦ step
(2�  degre

2.8.  S

The amo
way  anal
a  standa
amount  o
procedur

R

3

ues  

spon

1 sh
in  (b
amou
ch e

Fig. 1 – T
of  MDP  a
of MDP  a
The  blac
peak  use
curve-fitt
with an a
dentin re
the respe
hydroxy 

atoms w
the phos
peak “6”
dimer (M
dentin ap
of this ar
d  e n t a l m a t e r i a l s x x x ( 2

o., Tokyo, Japan). The experimental conditions
follows: 50 kV accelerating voltage, 300 mA current,
velength of 0.1542 nm,  1.0◦/min scan speed, 1/2◦

ce slit, 0.73 mm scattering slit, 0.3 mm receiving slit,
 width, 20.0 rpm rotation rate, 1.6–70◦ scanning range

e) and a graphite crystal monochromator.
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ysis of variance and Tukey-Kramer post-hoc test and
rd t-test with Bonferroni correction. In addition, the
f DCPD produced was also analyzed using the same

e.  The level of statistical significance was set at 0.05.

NMR  spe
peaks  de
in  Table 1

ypical 31P NMR  spectra of enamel (a) and dentin (b) reactant resi
nd the curve-fitting analyses of the corresponding 31P NMR  spec
dded in the EX adhesive were  25.6 mg,  49.9 mg,  80.5 mg  and 116
k line represents the observed 31P NMR  spectrum of enamel or d
d for the curve-fitting of enamel or dentin apatite, the sky-blue l
ing of several types of MDP-Ca salts, the pink line shows the sim
morphous phase, the red line shows the synthetic spectrum ob
actant and the blue line is obtained after subtracting the synthe
ctive enamel or dentin reactant. The NMR  peak “1” was assigne
group for a di-calcium salt of the MDP  monomer (DCS-MM), NMR
ith two ionized hydroxy groups for a di-calcium salt of the MDP  

phorus atom with one ionized hydroxy group for a mono-calciu
 was assigned to the two phosphorus atoms with one ionized hy
CS-MD). Furthermore, the NMR  peaks “�” and “�” were  assigne
atite, respectively. (For interpretation of the references to color i

ticle.)
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esults

1P  NMR  analyses  of  enamel  and  dentin  reactant
of  EX  adhesives  and  curve-fitting  of
ding 31P  NMR  spectra

ows the typical 31P NMR spectra of enamel (a) and
) reactant residues of EX adhesives containing differ-
nts of MDP, respectively. In the 31P NMR  spectrum
namel or dentin reactant residue, the observed 31P

31
oduced in demineralization of enamel and dentin apatite.

ctrum is represented with the black line. The P NMR
tected in both NMR  spectra were assigned and listed
.

dues of EX adhesives containing different amounts
tra. From top to bottom in each panel, the amounts
.1 mg.
entin reactant, the green line shows the simulated
ines show the simulated peaks used for the
ulated peak used for the curve-fitting of DCPD

tained by the curve-fitting analysis of enamel or
tic spectrum from the original 31P NMR spectrum of
d to the phosphorus atom with two ionized

 peak “3” was assigned to the two phosphorus
dimer (DCS-MD), NMR  peak “5” was assigned to
m salt of the MDP  monomer (MCS-MM), and NMR
droxy group for a mono-calcium salt of the MDP

d to the phosphorus atoms for enamel apatite or
n the text, the reader is referred to the web version
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 shows the simulated peak used for the curve-fitting
with an amorphous phase, and the red line shows
etic spectrum obtained by the curve-fitting analysis

Fig. 2 sho
duction  r
of  the EX

 – Chemical shifts of simulated peaks used for the curve-fitting a
e.

ted peak Chemical shift of the NMR  peak (ppm

Observed NMR Curve-fitted N

3.18 3.18 

3.18 3.18 

1.67 1.63 

0.60 0.50 

−1.46 −1.30 

−2.22 −2.32 

1.45a

-MM: dicalcium salt of the MDP monomer: .

-MD: dicalcium salts of the MDP dimer: 

-MM: monocalcium salt of the MDP monomer: .

-MD: monocalcium salts of the MDP dimer: 

PD with an amorphous phase: dicalcium phosphate dihydride.
d from the previous paper (reference number in the manuscript: 17: Yokota Y
 ) xxx–xxx

l or dentin reactant. The blue line is obtained after
ng the synthetic spectrum from the original 31P NMR

 of the respective enamel or dentin reactant. The
 shifts of simulated peaks used for the curve-fitting

 are listed in Table 1.
P NMR spectra of enamel reactant residues were suc-

 curve-fitted by adding the simulated peak “�2” for
 with the simulated peak “5” for the MCS-MM,  simu-
k “6” for the MCS-MD and simulated peak “�” for the
patite (Fig. 1a).
r to the enamel reactant residues, the 31P NMR

of dentin reactant residues were also completely
ed by adding the simulated peak “�2” for the DCPD

 simulated peak “1” for the DCS-MM, the simulated
for the DCS-MD and the simulated peak “5” for the
,  the simulated peak “6” for the MCS-MD, and the
d  peak “�” for the dentin apatite (Fig. 1b).
elative intensity ratios of each simulated peak

 to MDP-Ca salts and DCPD with an amorphous phase
mulated peak assigned to enamel or dentin apatite
ermined and summarized in Table 2.

ffect  of  the  concentration  of  MDP  in  the  EX
 on  the  production  ratios  of  each  MDP-Ca  salt
roduced in demineralization of enamel and dentin apatite.

ws the effect of the concentration of MDP  on the pro-
atio of each MDP-Ca salt during the 30-s application

 adhesive to enamel (a) and dentin (b). The produc-

nalyses of enamel and dentin reactants with EX

) Molecular species

MR

Ca10(PO4)6(OH)2 for enamel apatite
Ca10(PO4)6(OH)2 for dentin apatite

DCS-MM
DCS-MD (layered structure)
MCS-MM
MCS-MD (layered structure)
DCPD (CaHPO4·2H2O)

.

.

 and Nishiyama N, Dental Material Journal 2015;34:270–279).
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Table 2 – Relative intensity ratios of each simulated peak “1”, “3”, “5”, “6” or “�2” to the intensity of the simulated peak
“�”  or “�” by varying the amount of MDP  in EX adhesive.

Amount of MDP  (mg)a Enamel reactants Dentin reactants

Peak “5” Peak “6” Peak “�2” Peak “1” Peak “3” Peak “5” Peak “6” Peak “�2”

25.6 0.088 (0.022) 0.022 (0.011) 0.259 (0.022) 0.034 (0.003) 0.149 (0.006) 0.059 (0.011) 0.011 (0.009) 0.116 (0.003)
49.9 0.195 (0.035) 0.179 (0.033) 0.301 (0.041) 0.057 (0.007) 0.151 (0.014) 0.244 (0.020) 0.152 (0.014) 0.103 (0.005)
80.5 0.380 (0.028) 0.297 (0.011) 0.263 (0.013) 0.079 (0.010) 0.138 (0.010) 0.411 (0.042) 0.389 (0.030) 0.119 (0.007)
116.1 0.664 (0.022) 0.507 (0.105) 0.289 (0.028) 0.066 (0.006) 0.123 (0.009) 0.859 (0.081) 0.795 (0.111) 0.172 (0.003)

NMR peak “1”: the phosphorus atom with two ionized hydroxy group for DCS-MM; NMR peak “3”: the two phosphorus atoms with two ionized
hydroxy groups for DCS-MD; NMR peak “5”: the phosphorus atom with one ionized hydroxy group for MCS-MM; NMR peak “6”: the two phos-
phorus atoms with one ionized hydroxy group for MCS-MD; NMR peak “�2”: the phosphorus atom for DCPD with an amorphous phase.
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Fig. 3 – The effect of the concentration of MDP  on the production amount of each MDP-Ca salt during the 30-s application of
EX adhesives to enamel (a) and dentin (b).
The dabble circles show the totalized amounts of MDP-Ca salts produced; the white circles show the production amount of
the di-calcium salt of the MDP  monomer (DCS-MM); the triangles show the production amount of the di-calcium salt of the
MDP  dimer (DCS-MD); the squares show the production amount of the mono-calcium salt of the MDP  monomer (MCS-MM);
the diamonds show the production amount of the mono-calcium salt of the MDP  dimer (MCS-MD); the black circles show
the consumption amount of 100% of MDP  in 1.0000 g of the EX adhesive. The difference between the consumption amount
of  100% MDP  in 1.0000 g of the EX adhesive and the consumption amount of MDP  for yielding MDP-Ca salts indicates the
amount  e.
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Fig. 5 – Typical XRD patterns of enamel (a) and dentin (b) reactant residues of EX adhesives containing different amounts of
MDP  (b). From top to bottom in each panel, the amounts of MDP  in the EX adhesive were  25.6 mg,  49.9 mg,  80.5 mg  and
116.1 mg.
The “A”-labels indicate 6 characteristic XRD peaks (enamel reactant residue: 2� = 2.21 ± 0.03◦, 4.47 ± 0.04◦, 6.75 ± 0.01◦,
11.29 ± 0.01◦, 20.39 ± 0.02◦, and 22.87 ± 0.01◦; dentin reactant residue: 2� = 2.19 ± 0.02◦, 4.48 ± 0.02◦, 6.74 ± 0.02◦,
11.30  ± 0.02◦, 20.39 ± 0.02◦ and 22.87 ± 0.01◦) assigned to the layered structure of the mono-calcium salt of the MDP  dimer
(MCS-MD),  and the “B”-labels indicate second and third XRD peaks (2� = 4.88 ± 0.00◦ and 7.37 ± 0.02◦) of the 3 characteristic
peaks as DP
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