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Abstract

Self-assembled nanolayering structures have been reported in resin-dentin interfaces created by adhesives that contain
| 0-methacryloyloxydecyl dihydrogen phosphate (10-MDP). These structures have been hypothesized to contribute to bond durability. The
objective of the present study was to determine the extent of nanolayering in resin-dentin interfaces after application of commercialized
| 0-MDP-containing self-etch and universal adhesives to human dentin. Seven commercialized adhesives were examined: Adhese Universal
(Ivoclar-Vivadent), All-Bond Universal (Bisco, Inc.), Clearfil SE Bond 2, Clearfil S3 Bond Plus, Clearfil Universal Bond (all from Kuraray
Noritake Dental Inc.), G-Premio Bond (GC Corp.), and Scotchbond Universal (3M ESPE). Each adhesive was applied in the self-etch mode
on midcoronal dentin according to the respective manufacturer’s instructions. Bonded specimens (n = 6) were covered with flowable
resin composite, processed for transmission electron microscopy, and examined at 30 random sites without staining. Thin-film glancing
angle X-ray diffraction (XRD) was used to detect the characteristic peaks exhibited by nanolayering (n = 4). The control consisted of
I5%wt, 10%wt, and 5%wt 10-MDP (DM Healthcare Products, Inc.) dissolved in a mixed solvent (ethanol and water weight ratio 9:8,
with photoinitiators). Experimental primers were applied to dentin for 20 s, covered with hydrophobic resin layer, and examined in the
same manner. Profuse nanolayering with highly ordered periodicity (~3.7 nm wide) was observed adjacent to partially dissolved apatite
crystallites in dentin treated with the 15% 10-MDP primer. Three peaks in the 20 range of 2.40° (3.68 nm), 4.78° (1.85 nm), and 7.18° (1.23
nm) were identified from thin-film XRD. Reduction in the extent of nanolayering was observed in the 10% and 5% 10-MDP experimental
primer-dentin interface along with lower intensity XRD peaks. Nanolayering and characteristic XRD peaks were rarely observed in
specimens prepared from the commercialized adhesives. The sparsity of nanolayering in resin-dentin interfaces created by commercialized
adhesives challenges its clinical effectiveness as a mechanism for improving bond longevity in dentin bonding.

Keywords: 10-MDP, transmission electron microscopy, x-ray diffraction, functional monomer, methacryloyloxydecyl dihydrogen
phosphate, dental bonding

apatite crystallites (Yoshida et al. 2004). The ionic bond pres-
ent in MDP-Ca salt was reported to be the most stable among

Introduction

The major problem encountered in dentin bonding is the lim-
ited durability of the clinical bonding outcomes (De Munck
et al. 2005). The interface between resin and dentin is vulner-
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able to endogenous enzyme digestion, resin hydrolysis, and
separation induced by mechanical stresses (Pashley et al. 2011;
Van Meerbeck et al. 2011). Hence, the focus of contemporary
dentin bonding research is to develop materials that promote
long-term performance and bonding strategies that prevent
degradation (Liu et al. 2011).

Chemical affinity between functional resin monomers and
dentin has been investigated by X-ray diffraction (XRD),
X-ray photoelectron spectroscopy, nuclear magnetic resonance
(NMR), and Fourier transform-infrared spectroscopy. Results
of these chemoanalytical analyses suggest that ionic bonding
between some functional resin monomers and calcium ions
may be stronger than the van der Waals forces and hydrogen
bonds associated with micromechanical interlocking of colla-
gen fibrils by polymerized resins (Yoshida et al. 2004; Fu et al.
2005; Fukegawa et al. 2006). To date, 10-methacryloy-
loxydecyl dihydrogen phosphate (MDP) is the most frequently
reported functional resin monomer that bonds chemically to
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the functional monomers examined by Yoshihara et al. (2010).
Nanolayered structures have been identified from transmission
electron microscopy (TEM) images of 10-MDP-primed resin-
dentin interfaces (Yoshihara et al. 2010; Yoshihara et al. 2011,
Yoshida, Yoshihara, Nagaoka, et al. 2012; Yoshihara et al.
2013). According to those studies, the nanostructures repre-
sented self-assembled 10-MDP-Ca salts. Ultrastructural mani-
festation of 10-MDP-Ca nanolayering was corroborated with
the demonstration of 3 characteristic peaks in the 20 range of
2° to 8° in thin-film XRD scans of the adhesive-coated dentin
(Yoshida, Yoshihara, Nagaoka, et al. 2012). In crystalline
structures, peaks appearing at specific 20 angles are associated
with distances between periodic atomic structures. Thus, this
finding was interpreted to be an indicator of chemical bonding.
It has been hypothesized that nanolayering might be responsi-
ble for promoting the durability of resin-dentin bonds.

Because of the purported advantages of nanolayering in
bonding to hard tooth structures and the chemical affinity of
10-MDP to zirconia, that phosphoric acid ester resin monomer
has been included in many commercial self-etch and universal
adhesives following expiration of the patents (Omura et al.
1985, 1987) owned by Kuraray Noritake Dental Inc. (Tokyo,
Japan). In self-etch adhesive formulations, 2-hydroxyethyl
methacrylate (HEMA) is commonly incorporated into adhe-
sives to improve wetting of the dentin surface and to prevent
phase separation of water-immiscible resin components after
evaporation of the solvent. A recent study reported that
2-HEMA interfered with 10-MDP-Ca nanolayering formation;
10-MDP-Ca peaks in NMR and thin-film XRD were barely
noticeable with incorporation of as little as 8% 2-HEMA to
experimental MDP-HEMA formulations and using a hydroxy-
apatite interaction time of 5 min (Yoshida, Yoshihara,
Hayakawa, et al. 2012). Paradoxically, some 2-HEMA-
containing self-etch and universal adhesives have been shown
to produce nanolayering structures under clinically relevant
bonding conditions (Yoshida, Yoshihara, Nagaoka, et al. 2012;
Yoshihara et al. 2013). These contradictory results create con-
fusion regarding the nanolayering potential of 10-MDP in
commercial dentin adhesives.

To enhance bond durability, 10-MDP-Ca nanolayering dis-
tribution should be ubiquitously identified, instead of being
sporadically observed along the resin-dentin interface created
by commercial 10-MDP-containing adhesives. Because these
perplexing issues have not been adequately resolved in the lit-
erature, the objective of the present study was to determine the
extent of nanolayering in resin-dentin interfaces after applica-
tion of commercial 10-MDP-containing self-etch or universal
adhesives to human dentin. The hypothesis tested was that
10-MDP-containing commercial adhesives are equally profi-
cient in creating nanolayering in dentin compared with experi-
mental 2-HEMA free 10-MDP primer formulations.

Materials and Methods

The present study used 102 noncarious human third molars.
The use of human teeth for in vitro research was approved by the
Human Assurance Committee of Georgia Regents University.

The teeth were stored at 4 °C in 0.9% NaCl containing 0.02%
sodium azide to prevent bacterial growth. A 2-mm-thick disk
in coronal dentin was prepared from each tooth by making par-
allel cuts perpendicular to the longitudinal axis of the tooth,
using a low-speed Isomet saw (Buehler Ltd., Lake Bluff, IL,
USA) with water cooling. The dentin surface designated for
bonding was polished with 600-grit silicon carbide paper under
running water for 1 min to create a standardized smear layer.
The dentin disks were randomly divided into 10 groups of
10 teeth each; the remaining 2 disks were used as mineralized
dentin control.

To ensure that nanolayering could be identified in resin-
dentin interfaces, 3 light-curable experimental primers con-
taining different concentrations of 10-MDP as the exclusive
resin component were prepared by mixing 10-MDP (DM
Healthcare Products, Inc., San Diego, CA, USA), ethanol, and
water at the ratios of 15:45:40 wt% (15% 10-MDP),
10:47.6:42.4 wt% (10% 10-MDP), and 5:50.3:44.7 wt% (5%
10-MDP), respectively. Camphorquinone (1 wt%) and ethyl-
4-dimethylamino benzoate (0.4 wt%; both from Sigma-
Aldrich, St. Louis, MO, USA) were subsequently added to the
mixed solutions to render the primers light-curable (Musanje
et al. 2009). The latter were protected from light and were
refrigerated prior to use. The acidity of the experimental prim-
ers was determined with a pH meter (Orion Star A211,
ThermoScientific, Waltham, MA, USA).

Seven 10-MDP-containing commercial adhesives were
used for testing the first hypothesis: Adhese Universal (Ivoclar-
Vivadent, Schaan, Liechtenstein); All-Bond Universal (Bisco,
Inc. Schaumburg, IL, USA); Clearfil S3 Bond Plus, Clearfil SE
Bond 2, Clearfil Universal Bond (all from Kuraray Noritake
Dental Inc.); G-Premio Bond (GC Corp., Tokyo, Japan); and
Scotchbond Universal (3M ESPE, St. Paul, MN, USA). Each
adhesive was used in self-etch mode according to the respec-
tive manufacturer’s instructions. Information on the composi-
tion and application procedures of these adhesives is provided
in the Table.

Six teeth in each group were used for TEM of the resin-dentin
interface. For the controls, each of the 3 experimental primers
was applied to the surface of a dentin disk for 15 s with agita-
tion. The primed dentin was air-dried for 5 s to remove water
and the ethanol solvent and subsequently was light-cured for
20 s using a light-emitting diode light-curing unit (Valo,
Ultradent, South Jordan, UT, USA). A layer of unfilled,
10-MDP-free resin (DE Bonding Resin, Bisco, Inc.,
Schaumburg, IL, USA) was applied to the primed dentin, air-
thinned, and light-cured for 20 s. A 2-mm-thick layer of flow-
able resin composite (Clearfil Protect Liner F, Kuraray Noritake
Dental Inc.) was applied over the bonded dentin and light-cured
for 40 s. Bonding of each commercial adhesive was performed
similarly by using the respective adhesive in the self-etching
mode, according to the manufacturer’s instructions.

After the specimens were stored in deionized water for 24 h,
a 2-mm-thick strip was sectioned from the center of each com-
posite-dentin disk and processed for TEM. Each nondeminer-
alized strip was dehydrated in an ascending ethanol series
(50% to 100%), immersed in propylene oxide as transition
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Table. Commercially Available 10-MDP-Containing Adhesive Systems (in Alphabetical Order), Their Compositions, and Application Procedures (Self-

Etch Technique).

No. of Sites with

Adhesive Composition Application (Self-Etching Mode) pH Nanolayering®
Adhese Universal (lvoclar- 10-MDP, 2-HEMA, Bis-GMA, |. Scrub | coat of adhesive for 20 s. 2.5-3.0 0
Vivadent, Schaan, MCAP, D3MA, highly 2. Gently air-thin until a glossy, immobile film
Liechtenstein) dispersed silica, ethanol, water, layer results.
photoinitiators 3. Light-cure for 10 s.
All-Bond Universal (Bisco, 10-MDP, 2-HEMA, Bis-GMA, I. Apply 2 separate coats of adhesive, scrubbing 32 0
Inc., Schaumburg, IL, ethanol, water, photoinitiators with microbrush for 10-15 s per coat.
USA) 2. Evaporate excess solvent by thoroughly air-
drying with an air syringe for at least 10 s until
achieving a uniform glossy appearance.
3. Light-cure for 10 s.
Clearfil S3 Bond Plus 10-MDP, 2-HEMA, Bis-GMA, I. Apply bond and leave undisturbed for 10 s. 2.7 2
(Kuraray Noritake hydrophilic and hydrophobic 2. Dry by blowing mild air for more than 5 s until
Dental Inc., Tokyo, aliphatic dimethacrylates, sodium the bond does not move.
Japan) fluoride, colloidal silica, ethanol, 3. Light-cure for 10 s.
water, photoinitiators
Clearfil SE Bond 2 (Kuraray Primer: 10-MDP, 2-HEMA, I. Apply primer and leave undisturbed for 20 s. 20 5
Noritake Dental Inc., hydrophilic dimethacrylate, 2. Dry by blowing mild air for more than 5 s.
Tokyo, Japan) water, photoinitiator 3. Apply bond and make the resin film as uniform
Bond: 10-MDP, 2-HEMA, Bis-GMA, as possible using gentle oil-free air-stream.
hydrophobic dimethacrylate, 4. Light-cure for 10's.
silanized colloidal silica,
photoinitiators
Clearfil Universal Bond 10-MDP, 2-HEMA, Bis- I. Apply bond and rub for 10 s. 2.3 0
(Kuraray Noritake GMA, hydrophilic aliphatic 2. Dry by blowing mild air for more than 5 s until
Dental Inc., Tokyo, dimethacrylate, silane the bond does not move.
Japan) coupling agent, colloidal silica, 3. Light-cure for 10 s.
photoinitiators
G-Premio Bond (GC Corp., 10-MDP, 4-META, I. Apply adhesive (0 s no waiting option used in 1.4-1.8 0
Tokyo, Japan) 10-methacryloyloxydecyl the present study); can be left untouched for
dihydrogen thiophosphate, upto 0s.
methacrylic acid ester, acetone, 2. Dry by blowing air for 5 s.
water, photoinitiators 3. Light-cure for 5 s.
Scotchbond Universal 3M  10-MDP, 2-HEMA, silane, I. Apply the adhesive to the entire preparation 27 0
ESPE, St. Paul, MN, USA) dimethacrylate resins, and agitate for 20 s.
methacrylate modified 2. Gently air-blow over the liquid for 5 s until the
polyalkenoic acid copolymer, latter no longer moves.
filler, ethanol, water, 3. Light-cure for 10 s.

photoinitiators

2-HEMA, 2-hydroxyethyl methacrylate; 4-META, 4-methacryloyloxyethy trimellitate anhydride; 10-MDP, |0-methacryloyloxydecyl dihydrogen
phosphate; Bis-GMA, bisphenol A glycidyl methacrylate; D3MA, decandiol dimethacrylate; MCAP, methacrylated carboxylic acid polymer.

*Out of 30 random sites (5 locations per section X 6 sections).

medium, and embedded in epoxy resin. Ninety-nanometer-
thick sections (n = 6; 1.5 mm x 1.5 mm each) were prepared
using an ultramicrotome. The sections were examined without
staining using a JEM-1230 TEM (JEOL, Tokyo, Japan) at 110 kV.
One thin section was obtained from each tooth and loaded onto
1 TEM grid (n = 6). Each thin section derived from 1 tooth was
examined at 5 randomly selected sites along the resin-dentin
interface for the presence or absence of nanolayering. For 6
teeth, this yielded 6 teeth x 5 sites per tooth = 30 examination
sites for each primer/adhesive.

Equal amounts of 0.005 mol/L 10-MDP in ethanol (with
photoinitiator) and CaCl, of the same molar concentration in
water were mixed on a polymerized polymethyl methacrylate
resin surface. After solvent evaporation, the deposited monomer-
calcium salts were light-polymerized and processed for TEM
observation as described above. This served as a control for
nanolayering formation on a nondental surface.

The remaining 4 teeth from each group were used for thin-
film XRD. The experimental primer, the primer of 2-step self-
etch commercial adhesive, or the commercial universal
adhesive was applied to a dentin surface for the designated
time, air-dried to remove solvents, and left uncured. Each spec-
imen was subjected to thin-film glancing angle XRD (CuKa
XRD; d/max2500, Rigaku, Tokyo, Japan) at 40 kV and 200 mA.
Because X-ray penetration depth in thin films is a function of
the incident beam angle (Kobayashi, 2010), the latter was kept
low and fixed at 1.0° to maximize the detection of diffraction
peaks associated with the formation of nanolayered 10-MDP-Ca
salts. This helped to avoid intense signals derived from the
underlying dentin substrate and generate stronger signals
from the adhesive film. A scanning time of 0.02°/s was used for
20 scan from 0.6° to 40°. The 2 untreated mineralized dentin
disks were used to generate XRD patterns of carbonated apa-
tite present in the dentin substrate.
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Results

The pH values of 10-MDP experimen-
tal primer solutions were 2.62, 2.64,
and 2.65 for the 5%, 10%, and 15%
solutions, respectively. Profuse nano-
layering was observed along the resin-
dentin interface of 15% 10-MDP
primer—treated specimens (30 of 30
randomssites; Fig. | A—C). Nanolayering
was identified within an amorphous
layer on top of the hybrid layer. These
nanostructures were arranged in 12 to
15 parallel layers into 3-dimensional
arrays (Fig. 1D), some of which were
associated with remnant apatite crystal-
lites. The nanolayer thickness (n = 100)
measured by image analysis (Image J,
National Institutes of Health, Bethesda,
MD, USA) was 3.70 £ 0.31 nm. Thin-
film glancing angle XRD of 15%
experimental primer—treated dentin
showed 3 strong peaks at 2.40°, 4.78°,
and 7.18° 20 (Fig. 1E, F). The calcu-
lated d-spacing based on the peak with
the strongest signal was 3.68 nm, which
is close to the nanolayer thickness mea-
sured by image analysis. These peaks
were absent from the XRD spectrum of
untreated dentin (Fig. 1E, F). Similar
nanolayering features were also identified
from the deposited monomer-calcium
salt on the control polymethyl methacry-
late resin surface (not shown).
Nanolayering was identified with-
out difficulty from TEM images of 10%
and 5% 10-MDP primer—treated dentin
(30 out of 30 random sites for both
experimental primers). Nanolayering
became sparser with reduction in
10-MDP  concentrations (Appendix

(E) Thin-film glancing angle X-ray diffraction
(XRD) spectra of untreated mineralized
dentin (top) and dentin after self-etching with
the experimental 10-MDP primer (bottom).
Miller (hkl) indices of diffraction peaks
characteristic of hydroxyapatite, depicted for
untreated dentin, are also identified from the
primer-treated dentin. (F) High magnification
of Figure IE in the 2° to 14° 26 range. The

3 diffraction peaks (with corresponding
reflection angles and calculated interatomic
(d) spacings) present in the 15% 10-MDP-
treated dentin are indicative of short-range
order in the 10-MDP-Ca salts. These peaks
are absent in the XRD spectrum of untreated
dentin. R, adhesive resin; M, mineralized
dentin; T, dentinal tubule.
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Figure |. Application of 15% |0-methacryloyloxydecyl dihydrogen phosphate (10-MDP)
experimental primer with no additional resinous components (pH 2.65) to coronal dentin in the
self-etching mode, showing profuse nanolayering in the resin-dentin interface. (A=D) Transmission
electron microscopy (TEM) images of unstained, nondemineralized sections of the resin-dentin
interface. (A) A layer of gray mineral salt deposits (asterisk) formed by the interaction between the
acidic resin monomer and dissolved calcium and phosphate ions is present on top of the 0.5- to
|-um-thick hybrid layer (between open arrowheads). Bar = 500 nm. (B) Partially demineralized
apatite crystallites are present within the hybrid layer (H). Nanolayering is profusely observed
within the mineral salt layer (open arrowheads) particularly after contrast enhancement (box).

Bar = 200 nm. (C) Extensive nanolayering (arrowhead) is present within the mineral salt layer (no
contrast enhancement). Some of the electron-dense nanolayers were associated with remnant
apatite crystallites (white arrows) in the hybrid layer. Bar = 50 nm. (D) Nanolayers are arranged in
12 to 15 parallel layers into discrete 3-dimensional arrays (no contrast enhancement). Bar = 10 nm.
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Figure 2. Resin-dentin interface created by a commercial adhesive that contains
|0-methacryloyloxydecyl dihydrogen phosphate (10-MDP) (Clearfil SE Bond 2; pH 2.0 for primer)
in coronal dentin, in which limited nanolayering was occasionally identified. (A) Transmission
electron microscopy (TEM) image taken from an unstained, nondemineralized section. Bar = 500 nm.
(B) Partially demineralized apatite crystallites (open arrowhead) are present within the hybrid layer.
Bar = 200 nm. (C) Representative example of the sparse nanolayering identified in | of the sections
(black arrow). Arrowhead: remnant apatite crystallites within the hybrid layer. Bar = 50 nm. (D) Thin-
film glancing angle X-ray diffraction (XRD) spectrum from 2° to 14° 26, created by the application
of Clearfil SE Bond 2 primer on dentin (solid line). Three small peaks derived from 10-MDP-Ca salts
are visible, with their corresponding reflection angles and calculated d-spacings. For comparison,
the diffraction profile of 15% 10-MDP experimental primer—treated dentin (dotted line) was
superimposed over that created by Clearfil SE Bond 2 using the same horizontal and vertical scales.
Without using Rietveld refinement, the empirical ratio of the first diffraction peak (lowest 260) of
Clearfil SE Bond 2 primer—treated dentin to the 15% 10-MDP primer—treated dentin was estimated
to be 0.164. R, filled adhesive resin; T, dentinal tubule; M, mineralized dentin; H, hybrid layer.

The number of random sites from
which nanolayering could be identified
by the 7 adhesives is summarized in the
Table. Nanolayering could only be
identified from limited sites in resin-
dentin interfaces created by Clearfil SE
Bond 2 (Fig. 2) and Clearfil S3 Bond
Plus (Appendix Fig. 3). Ultrastructural
images of Clearfil SE Bond 2 showed
not only limited nanolayering but also
less well-organized patterns compared
with those formed by the pure 10-MDP
primer (Fig. 2, A—C). Weak diffraction
peaks associated with 10-MDP-Ca salt
were present in the thin film glancing
angle XRD scans, located at 2.52°,
4.70°, and 7.16° 20 (ratio of first dif-
fraction peak against that of the 15%
experimental primer = 0.164). For
Clearfil S3 Bond, even sparser nano-
layering could be identified (Appendix
Fig. 3, A-C) corroborating with the
XRD result showing very weak peaks
associated with the 10-MDP-Ca salt
(ratio of first diffraction peak against
that of the 15% experimental primer =
0.050).

Nanolayering could not be identi-
fied from any of the 30 random sites in
resin-dentin interfaces created by the
rest of the commercial adhesives. A
representative example (Scotchbond
Universal) is illustrated in Figure 3.
Data for Adhese Universal, All-Bond
Universal, Clearfil Universal Bond,
and G-Premio Bond are included in
Appendix Figures 4, 5 6, and 7, respec-
tively. As representatively illustrated by
the TEM images derived from
Scotchbond Universal-treated dentin
(Fig. 3, A—C), no nanolayering could be

Figs. 1 and 2, A—C) when compared with the 15% 10-MDP-
treated specimens. Thin-film glancing angle XRD results indi-
cated that the peaks for 10% 10- MDP-treated specimens were
located at 2.50°, 4.84°, and 7.18° 20, and those for 5%
10-MDP-treated dentin were located at 2.45°, 4.80°, and 7.18°
26. The measured nanolayer thickness was 3.51 £+ 0.43 nm com-
pared with the calculated d-spacing of 3.53 nm for the 10%
10-MDP primer and was 3.60 £ 0.38 nm compared with calcu-
lated d-spacing of 3.61 nm for the 5% 10-MDP primer—treated
specimens. The intensity of the characteristic peaks of
10-MDP-Ca salt also reduced as 10-MDP concentration
decreased (Appendix Figs. 1D and 2D); without additional
Rietveld refinement, the empirical ratio of the strongest peak
between 2.4° and 2.5° 26 for the 15%, 10%, and 5% 10-MDP prim-
ers was 1:0.339: 0.234.

identified despite the formation of amorphous salt-like aggre-
gates around the partially dissolved apatite crystallites within
and on top of the hybrid layer. From the thin-film glancing
angle XRD scan (Fig. 3D), characteristic peaks of 10-MDP-Ca
salt were absent in the respective 20 range (Fig. 3).

Discussion

The results of the present study do not allow us to validate the
hypothesis that 10-MDP-containing commercial adhesives are
equally proficient in creating nanolayering in dentin compared
with experimental 2-HEMA-free 10-MDP primer formula-
tions. The sparsity of nanolayering in resin-dentin interfaces
created by the commercial adhesives probably resulted from
the high percentages of 2-HEMA in their compositions (with
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the exception of G-Premio Bond, which
contains no 2-HEMA,; Table). It has
been reported that 2-HEMA interferes A
with 10-MDP-Ca nanolayering;
10-MDP-Ca peaks in NMR and thin-
film XRD were barely noticeable with
incorporation of as little as 8% 2-HEMA
into experimental MDP-HEMA formu-
lations with a hydroxyapatite interaction
time of 5 min (Yoshida, Yoshihara,
Hayakawa, et al. 2012). Others have
reported that nanolayering is influenced
by factors including 10-MDP concentra-
tion, adhesive agitation during applica-
tion, purity of the 10-MDP, and the g
structure of functional monomers used
in the adhesive (Yoshihara et al. 2011;
Yoshihara et al. 2013). In the present
study, although the 10-MDP synthesized
by DM Healthcare Products is not as
pure as the version manufactured by
Kuraray Noritake Dental Inc. under
active patent protection (Okada et al.
2002), even the 5% 10-MDP experimen-
tal primer produced far more nanolayer-
ing than did those 10-MDP-containing
adhesives that exhibited nanolayering
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. B | %.,..
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(Clearfil SE Bond 2 and Clearfil S3
Bond Plus). The nanolayering features
produced by the 10-MDP used in the
present study were nearly the same with
previous results produced using the
Kuraray 10-MDP source (Yoshihara et
al. 2011; Yoshihara et al. 2013).
Because nanolayering was so infre-
quently identified from resin-dentin
interfaces created by commercial 10-

Figure 3. Representative example of resin-dentin interface created by a commercial adhesive
that contains |0-methacryloyloxydecyl dihydrogen phosphate (10-MDP) (Scotchbond Universal;
pH 2.7) in coronal dentin, in which no nanolayering could be identified in any location or section.
(A) Low-magnification transmission electron microscopy (TEM) image taken from an unstained,
nondemineralized section. A 0.5-uym-thick hybrid layer (H) is present between the filled adhesive
resin (R) and mineralized dentin (M). Bar = 500 nm. (B) Remnant apatite crystallites (open
arrowhead) are present within the hybrid layer (H). Nano-sized filler clusters (arrow) can be
found in adhesive resin (R). Bar = 200 nm. (C) High-magnification image showing formation of
mineral salts (pointer) around remnant apatite crystallites (open arrowhead), with no evidence
of nanolayering. Bar = 50 nm. (D) Thin-film glancing angle X-ray diffraction (XRD) spectrum
from 2° to 14° 20 of Scotchbond Universal-treated dentin. The scan was plotted using the same
horizontal and vertical scales as Figure 2D. Characteristic peaks of 10-MDP-calcium salt can barely

MDP-containing adhesives, it is not
unreasonable to challenge whether nano-
layering by 10-MDP-Ca salts can really protect the adhesive
interface from degradation in clinical scenarios. The hypothe-
sized benefits of nanolayering include protecting collagen
fibrils from water-induced degradation because of their hydro-
phobicity, increasing the resistance of residual apatite crystal-
lites to acidic dissolution, and creating a more gradual transition
between the inorganic bonding substrate and the biomaterial.
While these assumptions await experimental validation, the
direct contribution of chemical bonding to the overall bonding
performance remains ambiguous.

Nanolayering has been postulated to be a self-assembly pro-
cess of 10-MDP (Fukegawa et al. 2006), with the 10-MDP mol-
ecule acting as a surfactant in dentin adhesive formulations.
Because of their amphiphilic properties, surfactant molecules
exhibit a tendency to aggregate, with the hydrophilic domains
exposed to water and the hydrophobic domains shielded from water
(Hill et al. 2014). In aqueous solutions, surfactant molecules and
amphiphiles self-assemble into various microstructures such as

be discerned. M, mineralized dentin.

micelles, monolayer or bilayer, column-shaped, or cubic meso-
phases (Hao and Hoffman 2004; Ramanathan et al. 2013).
Deposition of amorphous minerals by sol-gel reactions over
these self-assembled 2D or 3D surfactant or amphiphile tem-
plates produces mesoporous materials with highly ordered hol-
low architecture after removal of the surfactants, the periodicity
of which may be identified by small-angle XRD (Li and Shi
2014). A well-known example is mesoporous silica (Li et al.
2012); different types of amorphous mesoporous silica exhibit
several small-angle XRD peaks that are characteristic of their
internal porous architecture (Kruk et al. 1999, 2000; Solovyov
et al. 2005). Crystalline solids possess both long-range and
short-range order; the former is characterized by well-defined,
strong intensity Bragg peaks when examined by XRD. Once
the positions of an atom and its neighbors are known at one
point, the positions of other atoms can be identified precisely
in 3 dimensions throughout the crystal. In contrast, amorphous
solids do not possess long-range order. The positions of the
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first-neighbor atoms are predictable; however, the positions of
atoms at a faraway distance become uncorrelated. Thus, discrete,
sharp Bragg peaks are absent from the XRD spectrum (Bicerano
and Alder 1987). For quasi-crystalline analogs of amorphous
solids such as mesoporous silica, small-angle diffraction peaks
arise from the highly ordered distances within the closely
approximated nanochannel systems, rather than from regular
atomic repeat distances (Edler 1997). This means that the
nanolayering structure of 10-MDP-Ca salts possesses short-
range order but lacks long-range order that is the hallmark of
crystalline solids. Hence, the 3 peaks in the low 26 range
exhibited by nanolayering of 10-MDP-Ca salts are simply phe-
nomenological manifestations of mesoporosity produced by
highly ordered, porous amorphous solids. These peaks should
not be misinterpreted as evidence of chemical bonding between
10-MDP-Ca salts and apatite. Both XPS and solid-state NMR
evidence should demonstrate the presence of new peaks before
one can determine whether chemical bonding is really present.

Theoretically, absence of 2-HEMA in G-Premio Bond favors
nanolayering formation. However, acetone in the composition
may influence nanolayering formation through changing polarity
of the solvent and thereafter the hydrophobic effect of MDP mol-
ecule in the solution (Michor and Berg 2014). The adhesive also
contains 4-methacryloyloxyethy trimellitate anhydride (4-META),
which hydrolyzes into 4-MET on contact with water. There were
no corresponding Bragg peaks associated with 4-MET-Ca salts
when the carboxyl functional monomer was applied on the sur-
face of apatite (Yoshihara et al. 2010). According to the packing
parameter concept (Israclachvili et al. 1976), the aromatic head-
group of 4-MET results in larger equilibrium area per molecule at
the aggregate interface, which hinders formation of micelle lamel-
lae. A similar effect could have adversely restricted nanolayering
formation by 10-MDP-Ca salts when 4-MET is present in adhe-
sive formulations. In self-etch adhesive formulations, many com-
ponents are blended together, including functional resin monomer,
cross-linking resin monomers, solvents, fillers, and initiator sys-
tems (Moszner et al. 2005). These components further increase
the complexity of the self-assembly environment.

Being amorphous structures with short-range order, the
10-MDP-Ca salts are formed by initial adsorption of the ion-
ized 10-MDP molecules onto the hydrophilic dentin surface
via electrostatic attraction. This is subsequently strengthened
by the strong chemical bonding potential of 10-MDP-Ca salts
(Yoshida et al. 2004; Yoshida and Inoue 2012). The layered
10-MDP molecules are further strengthened by polymerization
of the neighboring C=C bond, which increases the robustness
of nanolayers and makes the electron-dense calcium salt layers
easier to observe under high-magnification TEM (Lee et al.
2009). Although stronger than surfactant micelles, the weak link
in the nanolayering-adhesive interface is the poor cross-linking
capability of 10-MDP molecules compared with cross-linking
dimethacrylates. This probably limits the long-term stability of
10-MDP-Ca salts. Moreover, the 10-MDP-Ca ionic bond that
is located in the hydrophilic domain of the amorphous salt may
hydrolyze slowly with time, especially in acidic environments
and under carious challenge. This may explain why nanolayer-
ing has never been observed by TEM in the completely demin-
eralized specimens.

In conclusion, nanolayering is a rare finding in resin-dentin
interfaces created by commercial 10-MDP-containing self-etch
and universal adhesives. This nanoscale morphological feature
represents self-assembled short-range order seen in amorphous
solids and has conceptual rather than practical implications. The
long-term stability of nanolayering as well as its potential impact
on the macro-scale bonding behavior should be substantiated by
evidence in future studies before any inferences are made regard-
ing 10-MDP-Ca salt nanolayering and bond stability.
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