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a b s t r a c t

To investigate the contribution of nanolayering on resin-dentin bond durability, two phosphoric acid
ester resin monomers, 10-methacryloyloxy-decyl-dihydrogen-phosphate (10-MDP) or its analog, metha
cryloyloxy-penta-propyleneglycol-dihydrogen-phosphate (MDA), were examined for their affinity for
mineralized dentin powder in a column chromatography setup. Hydroxyapatite (HA) powder was dis-
persed in experimental primers consisting of 10-MDP or MDA solvated in ethanol/water and examined
with FTIR, 31P MAS-NMR and XPS. Light-curable 10-MDP or MDA primers were used for bonding to den-
tin, and examined after 24 h or one-year of water-aging by TEM for evidence of nanolayering, and for
microtensile bond strength evaluation. Primer-bonded dentin was examined by thin-film XRD to identify
short-range order peaks characteristic of nanolayering of resin monomer-Ca salts. Although 10-MDP had
better affinity for mineralized dentin than MDA, both monomers completely eluted from the mineralized
dentin powder column using ethanol-water as mobile phase, indicating that the adsorption processes
were reversible. This finding was supported by chemoanalytic data. XRD of 10-MDP-bonded dentin
showed three diffraction peaks hat were absent from MDA-bonded dentin. Nanolayering was identified
by TEM in 10-MDP-bonded dentin, but not in MDA-bonded dentin. Significant drop in bond strength (in
MPa) was observed for both groups after one-year of water-aging compared with 24-h: 10-MDP group
from 48.3 ± 6.3 to 37.4 ± 4.6; MDA group from 50.7 ± 5.0 to 35.7 ± 3.8 (P < 0.05), with no significant dif-
ference between the two groups at the same time-point. Because both functional monomer-primed,
resin-bonded dentin exhibited similar bond strength decline after water-aging, presence of nanolayering
is unlikely to contribute to the overall resin-dentin bond durability.

Statement of Significance

The durability of resin-dentin bonds in 10-MDP containing self-etching adhesives has been anecdotally
attributed to the presence of nanolayering of 10-MDP-calcium salts in the resin-dentin interface.
Results of the present work indicate that such a claim cannot be justified. Complete elution of the phos-
phoric acid ester monomer from mineralized dentin powder in the column chromatography experiments
using ethanol-water mobile phase to simulate the solvent mixture employed in most 10-MDP-containing
dentin adhesives further challenges the previously proposed adhesion-decalcification concept that uti-
lizes chemical bonding of phosphoric acid ester monomers to apatite as a bonding mechanism in 10-
MDP containing dentin adhesives.
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1. Introduction

Dentin bonding interfaces degrade with time. Electron micro-
scopy and other in vitro tests have provided ultrastructural evi-
dence of degradation in hybrid layers, and decline in resin-dentin
bond strengths that resulted from resin hydrolysis and collagen
degradation [1,2]. Loss of micromechanical retention between
adhesive and dentin eventually leads to clinical restoration failure
[3]. Apart from micromechanical interlocking, chemical adhesion
between specific functional resin monomers and tooth minerals
has been reported as an alternative mechanism for adhesion of
methacrylate resins to tooth structures. Chemoanalytic methods
have identified prospective chemical reactions that occur in the
resin-dentin interface, including adsorption of functional resin
molecules on the apatite surface and the formation of resin
monomer-calcium salts [4–6].

Due to challenges in quantifying chemical reactions in the
resin-dentin interface, a direct link between chemical bonding
and resin-dentin bond durability was difficult to be established
[7,8]. The water solubility of 10-methacryloyloxydecyl dihydrogen
phosphate (10-MDP)-calcium salt was the lowest among salts pro-
duced by the reaction between phosphoric acid ester monomers
and apatite [5,9,10]. This feature was used to account for the better
in vivo and in vitro dentin bonding results achieved by 10-MDP-
containing commercial adhesives [11,12]. In the absence of direct
evidence, those long-term in vivo and in vitro bonding results were
used anecdotally as indirect evidence for the contribution of chem-
ical bonding to the overall bonding performance [13]. Because
many confounding factors are involved in studies on dentin adhe-
sives, it is taxing to attribute overall bonding performance to the
presence of phosphoric acid ester monomer-calcium salts in the
resin-dentin interface [14–16].

In 10-MDP primer-treated resin-tooth interfaces, 10-MDP-Ca
salts self-assemble into nanolayers, with hypothetical structures
consisting of the methacrylate groups of two 10-MDP molecules
facing each other, and the functional hydrogen phosphate groups
directed away from each other [17]. Ultrastructural manifestation
of 10-MDP-Ca nanolayering was corroborated with the appearance
of three characteristic peaks in the 2h range of 2–8� in thin-film X-
ray diffraction (XRD) scans of adhesive-coated dentin [18]. These
three peaks represent short-range order of the precipitated salts
[19]. Based on this finding, several claims have been made for
the function of nanolayering in dentin bonding, including protect-
ing collagen fibrils from water-induced degradation due to their
hydrophobicity, increasing the resistance of residual apatite crys-
tallites to acidic dissolution, and creating a more gradual transition
between the inorganic bonding substrate and the biomaterial [17].
These claims, however, were not supported by experimental
evidence.

According to the literature, the propensity of nanolayering for-
mation in resin-dentin adhesives containing phosphoric acid ester
monomers is affected by the presence of 2-hydroxyethyl
methacrylate (HEMA), agitation, application time, monomer impu-
rity and molecule structure of the phosphoric acid ester monomers
[20–22]. These factors, alone or in combination, could have
accounted for the paucity of nanolayering in resin-dentin inter-
faces created by commercial 10-MDP-containing adhesives [19].
Other functional resin monomers with similar structure as 10-
MDP have also been investigated [10,23,24]. These monomers con-
tain different hydrocarbon or fluorocarbon chains as spacer group
between the methacrylate group and the phosphate group. The
spacer group is known to influence monomer characteristics such
as flexibility, solubility, hydrophobicity, viscosity, and wetting
behavior. Long spacers are used to avoid steric hindrance during
polymerization and to enhance mechanical properties [25]. These
functional resin monomers were tested for their calcium salt solu-
bility, chemical shifts after reacting with hydroxyapatite or pow-
dered enamel and dentin with nuclear magnetic resonance
(NMR) spectroscopy, bond strength and ultrastructural examina-
tion of the resin-dentin interface. Many of them produce nanolay-
ering patterns with varying interlayer thickness. However, none of
these studies was able to elucidate whether the presence of
nanolayering was responsible for the durability of resin-dentin
bonds.

To circumvent the problem of interference of other methacry-
late resin monomers on nanolayering formation, 10-MDP and a
new 10-MDP analog with a different spacer group were respec-
tively used as the only resin monomer for creating experimental
self-etching dentin adhesives. The analog member had been tested
in a pilot study to confirm the absence of nanolayering when
bonded to dentin, and served as the control analog for 10-MDP.
This enabled the authors to evaluate the contribution of nanolayer-
ing to the longevity of resin-dentin bonds. The interactions
between the two resin monomers and the dentin mineral phase
were first investigated, followed by their influences on dentin
bonding performance. The first null hypothesis tested was that
there is no difference in the affinity of 10-MDP and the analog resin
monomer for mineralized dentin. The second null hypothesis
tested was that there is no difference in the capability of both
phosphoric acid ester monomers to produce nanolayering on the
dentin surface. The third null hypothesis tested was that nanolay-
ering of phosphoric acid ester monomer-calcium salts is unstable
after water aging and does not contribute to the resin-dentin bond
durability.
2. Materials and methods

2.1. Materials

Sixty non-carious human third molars were used in the present
study. The use of human teeth for research was approved by the
Human Assurance Committee of the Augusta University, Georgia.
The teeth were refrigerated at 4 �C in 0.9% NaCl that contained
0.02% sodium azide to prevent bacterial growth.

The two phosphoric acid ester monomers examined were: 10-
MDP (molar mass: 322.35 g/mol) and methacryloyloxy-penta-pro
pyleneglycol-dihydrogen-phosphate (10-MDP analog, designated
as ‘‘MDA”; molar mass: 456.48 g/mol). The molecule structures of
the two resin monomers are illustrated in Fig. 1. Both resin mono-
mers were obtained from DM Healthcare Products, Inc. (San Diego,
CA, USA). 2-hydroxyethyl methacrylate (HEMA; molar mass:
130.14 g/mol) and hydroxyapatite (HA; particle size �200 nm)
were obtained from MilliporeSigma (St Louis, MO, USA).

Two experimental primers were prepared by blending 10-MDP
or MDA with ethanol and water in the ratio of 15:45:40 wt% [20].
For primers used in dentin bonding as part of the experimental
adhesive systems, camphorquinone (CQ; 1 wt%) and ethyl-4-
dimethylamino benzoate (EDMAB; 0.4 wt%), both from Milli-
poreSigma, were added to render the primers light-curable. The
pH values of the experimental primer solutions (measured with a
pH meter, Orion Star A211, ThermoScientific, Waltham, MA, USA)
were 2.65 for the primer containing 10-MDP, and 2.38 for the pri-
mer containing 10-MDP analog.
2.2. Affinity of the two phosphoric acid ester monomers for
mineralized dentin

A modified hydroxyapatite column chromatography procedure
[26] was adopted in the present study to examine the elution char-
acteristics of the two phosphoric acid ester monomers in the pres-
ence of mineralized dentin powder, as a measure of the affinity of



Fig. 1. Molecular structure of the acid phosphoric acid ester monomers employed
in the present study. a. 10-MDP. b. 10-MDP analog (MDA).
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the resin monomers for dentin apatite. Six hundred freshly
extracted bovine incisors were obtained, stored in 0.9% NaCl with
0.02% sodium azide and used within one month after extraction.
Bovine dentin powder (particle size 300–500 lm) was prepared
according to the authors’ previous protocol [27]. The mineralized
dentin powder was packed into a 1 cm diameter � 30 cm long
glass column. Specifically, 24.1 g bovine dentin powder was packed
to 25 cm of the length of the column to form the stationary phase.
Three kinds of liquid media were employed as the mobile phases:
pure ethanol, ethanol and water mixture (9:8 weight ratio) and salt
buffer (0.02 M Tris-HCl and 0.15 M NaCl dissolved in 1 L water, pH
7.4, both from MilliporeSigma). Each liquid medium was added to
the column to reach the surface of the packed stationary phase. The
flow rate of each mobile phase was set to 14.4 mL/h to elute the
column, which was controlled by a precision syringe pump. Elution
liquid was collected at 5 min interval in 1.2 mL aliquots.

Three tracers were analyzed: 10-MDP (0.5 mg/mL), MDA
(0.5 mg/mL) and HEMA (0.125 mg/mL, used as non-adsorption con-
trol for mineralized dentin). The solvent for the tracers were the
same as the mobile phase used for eluting the column. Because
10-MDP was only sparingly water-soluble, 5% ethanol was used
as a co-solvent in preparing 10-MDP tracer and MDA tracer in the
salt buffer. Unlike traditional hydroxyapatite column chromatogra-
phy, only one tracer was added at one time, to investigate the affin-
ity of each tracer in different mobile phases with mineralized
dentin (i.e. the stationary phase). Because both acidic resin mono-
mers can partially demineralize dentin, fresh dentin powder was
used in the column for evaluation of each tracer dissolved in each
mobile phase. Spectrophotometric absorbance of the eluent was
monitored at 220 nm after addition of 0.5 mL tracer solution to
the column, with simultaneous fraction collection of the mobile
phase. The volume of the elution fractionwas calculated by dividing
the weight of the fraction contents by density of the solvent. The
relationship between spectrophotometric absorption and elution
volume was used to generate an elution profile of the resin mono-
mer for the corresponding mobile phase. The eluted amount of tra-
cer was quantified using linear regression equations that correlated
absorbance at 220 nm with known tracer concentrations. The
eluted tracer amount was thenmultiplied by the respective fraction
volume to obtain the exact amount of tracer resin monomer in the
fraction. The total percentage recovery of the eluted tracer was cal-
culated cumulatively from each fraction divided by the volume of
the eluent. Each tracer dissolved in a particular mobile phase was
run in the column for three times to get repeatable results.

2.3. Chemoanalytic characterization of resin monomer-apatite
interaction

Hydroxyapatite powder (0.4 g) was dispersed in 2 g of the non-
polymerizable version of each experimental primer at ambient
temperature for 2 h with constant stirring. The suspension was
centrifuged and decanted to retrieve the resin monomer-coated
HA particles. The retrieved HA particles were washed with abso-
lute ethanol for three times and dried in open air at ambient tem-
perature for 48 h. The dried solids were examined by Fourier
transform infrared spectroscopy (FTIR), 31P solid-state NMR and
X-ray photoelectron spectroscopy (XPS). Untreated HA powder
was used as control.

Infrared spectra was recorded between the spectral range of
4000–400 cm�1 using a FTIR spectrometer (Nicolet 6700;
ThermoScientific, Waltham, MA) with an attenuated total reflec-
tion setup at 4 cm�1 resolution and 32 scans. 31P solid-state NMR
was performed using a Tecmag-based console (Tecmag Inc., Hous-
ton, TX, USA) on an Oxford 363 MHz spectrometer (Oxford Instru-
ments, Oxfordshire, United Kingdom) equipped with a 7 mmMagic
Angle Spinning (MAS) probe, at a frequency of 147.085 MHz, using
a 45� pulse length and a 60 s recycle delay. Specimens were spun at
6.6 kHz, using 40 scans per specimen. Chemicals shifts were refer-
enced to crystalline H3PO4 powder at 0.0 ppm.

For XPS, 15 wt% solutions of each resin monomer (10-MDP or
MDA) were dissolved in ethanol or water, with addition of pho-
toinitiator. One millimeter-thick HA plates (Clarkson Chromatogra-
phy Products Inc., South Williamsport, PA, USA) were treated with
each solution for 30 s or 30 min, followed by ultrasonication twice
in ethanol for 20 min. The phosphoric acid ester monomer-treated
HA plates were analyzed (ESCALab 250Xi, ThermoScientific) using
200W monochromated Al Ka radiation. A 500 lm X-ray spot was
used for XPS analysis. The base pressure in the analysis chamber
was 3 � 10�8 Pa. The hydrocarbon C 1s line at 284.8 eV from
adventitious carbon was used for energy referencing. Wide (survey
spectra) and narrow scans were recorded at a pass energy of 80
and 40 eV, respectively. Quantitative data were obtained from peak
areas.
2.4. Contact angle measurement

Twelve 1 mm-thick mid-coronal human dentin disks were pre-
pared by sectioning perpendicularly to the longitudinal axis of
each tooth using a low-speed diamond saw (Isomet, Buehler
Ltd, USA) with water cooling. The dentin surfaces were wet-
polished with 600 grit silicon carbide paper for 1 min, kept in
water and air-dried within 5 s before use to avoid desiccation.
To measure changes in the contact angle of water on the experi-
mental primer-treated dentin surfaces, untreated dentin disks
were used as the baseline control. Six disks were employed for
each experimental primer (N = 6; untreated dentin discs were
re-used for priming dentin). Each primer was applied on the den-
tin surface for 20 s with agitation, air-dried and light-cured for
20 s using a Light Emitting Diode light-curing unit (Valo, Ultra-
dent, South Jordan, UT, USA) with an output density of
500 mW/cm2. A Mylar sheet was used to cover the primed surface
during light-curing to eliminate creating an oxygen inhibition
layer on the cured surface. For each cured surface, the static con-
tact angle was measured (EasyDrop DSA30, Kruss, Hamburg, Ger-
many) using a 5 lL water drop. Four hundred frames collected
during the first 3 min were used to calculate the average contact
angle.

Contact angles obtained before primer treatment, after 10-MDP
primer treatment and after MDA primer treatment were statisti-
cally analyzed using one-factor analysis of variance (ANOVA) after
ascertaining that the normality (Shapiro-Wilk test) and equal vari-
ance (modified Levene test) assumptions of the data set were not
violated. Post-hoc pairwise comparisons were conducted
using the Holm-Sidak statistic. Statistical significance was set at
a = 0.05.
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2.5. Microtensile bond strength evaluation

Forty human third molars were used for this part of the study
(N = 10 for each experimental primer and each of the two aging
periods). Using the procedures described in Section 2.4, 3-mm
thick coronal dentin blocks were prepared with the bonding sur-
face residing in mid-coronal dentin. Each experimental primer
was applied on dentin surface for 20 s with agitation, air-dried,
coated with a layer of unfilled, phosphoric acid ester monomer-
free resin adhesive (DE Bonding Resin, Bisco, Inc., Schaumburg,
IL, USA) and light-cured for 20 s. Two 2-mm thick layers of a hybrid
resin composite (Clearfil AP-X, Kuraray, Tokyo, Japan) were placed
over the bonded surface. Each layer was light-cured individually
for 40 s. After storing in 37 �C water for 24 h or one year (with stor-
age media changed weekly), each bonded tooth was vertically sec-
tioned into 0.9 mm thick slabs. The center slab was saved for
transmission electron microscopy (TEM), as described in the subse-
quent section. The two adjacent slabs were sectioned into
0.9 mm � 0.9 mm beams; the central beams with enough dentin
length for testing from each slab were used for microtensile bond
strength testing. Thus, for each experimental primer and each
aging period, twenty beams containing the resin-dentin interface
(one beam per slab � two slabs per tooth � ten teeth) were used
for microtensile bond testing. Because beams obtained from the
same tooth cannot be considered independent specimens without
increasing variation in adhesive resistance, each tooth should be
considered a statistical unit and mean values obtained from all
specimens derived from the same tooth should be analyzed [28].
Accordingly, bond strength values derived from the two beams of
the same tooth was averaged and the resultant value was used
to represent the bond strength of that tooth. For each group, ten
values obtained from ten teeth were used for determining the
mean bond strength representative of that group (N = 10). Each
beam was glued to a testing jig and stressed to failure under ten-
sion using a universal testing machine (Vitrodyne V1000, Liveco
Inc, Burlington, VT, USA) at cross-head speed of 1 mm/min. Failure
modes were examined under a stereoscopic microscope and classi-
fied as adhesive failure (A, failure along the adhesive interface),
mixed failure (M, failure within the adhesive joint together with
failure within the resin composite or dentin), or cohesive failure
(C, failure within the resin composite or dentin).

Statistical analysis was conducted with two-factor analysis of
variance to examine the effects of the two experimental primers
and the two aging periods, and the interaction of those two factors
on tensile bond strength. The two strength values from one tooth
were treated as statistically-dependent. Post-hoc pairwise compar-
isons were performed using the Holm-Sidak statistic. Parametric
statistical methods were employed under the premise that the nor-
mality and equal variance assumptions of the data sets were not
violated. Statistical significance was set at a = 0.05.

2.6. Transmission electron microscopy of the resin-dentin interface

Six specimens were randomly selected from the ten central
slabs of each group (N = 6), as described in the previous section.
A 0.9 mm � 0.9 mm beam was prepared from each selected slab.
The beams were dehydrated in an ascending ethanol series (50–
100%), immersed in propylene oxide as transition medium, and
embedded in epoxy resin. Ninety nanometer-thick sections were
prepared using an ultramicrotome and examined without staining,
using a JEM-1230 TEM (JEOL, Tokyo, Japan) at 110 kV.

2.7. X-ray diffraction of primed dentin

Eight human teeth (four for each experimental primer) were
used for thin-film X-ray diffraction (XRD). Each primer was applied
to a 1-mm thick dentin surface for 20 s with agitation, air-dried
and left uncured. The specimens were examined with thin-film
XRD (CuKa XRD; d/max2500, Rigaku, Tokyo, Japan) at 40 kV and
200 mA. The incident beam angle was kept low and fixed at 1.0�.
A scanning time of 0.02�/sec was employed for 2h scan from 0.6�
to 40�.
3. Results

3.1. Affinity for mineralized dentin

Irrespective of the mobile phase, the elution profiles of the con-
trol HEMA tracer exhibited maximal elution at around 10 mL, with
a retention of about 40 min. The HEMA tracer was almost com-
pletely recovered from the mineralized dentin column (Fig. 2a).
For the 10-MDP tracer, double peaks were observed in the elution
profiles of resin monomer in ethanol-water or salt buffer. The first
peak appeared at around 12 mL, and the second peak appeared at
around 24 mL. Appearance of the first peak in the elution profiles
of all 3 mobile phases is indicative of the presence of low molecule
weight impurities in the commercial source of 10-MDP; this impu-
rity had no affinity for mineralized dentin and were rapidly eluded
from the dentin column. Appearance of the second peak with dif-
ferent peak heights is indicative of different extents of irreversible
affinity of 10-MDP in different solvents with mineralized dentin.
The recovery rate of 10-MDP from the mineralized dentin column
were 100%, 36.5% and 18.9% for the ethanol-water mixture, salt
buffer and ethanol mobile phases, respectively (Fig. 2b). Similar
to HEMA, the elution profiles of the MDA resin monomer also
exhibited peak elution at approximately 10 mL. When dissolved
in ethanol-water, the elution profile was skewed toward the right,
with prolonged, reversible affinity of the resin monomer for miner-
alized dentin. Compared to 100% elution of MDA when the resin
monomer was dissolved in the ethanol-water mixture or salt buf-
fer, only one third of the MDA eluded from dentin column when it
was dissolved in ethanol, which is indicative of irreversible affinity
of ethanol-solvated MDA with mineralized dentin (Fig. 2c).
3.2. Chemoanalytic characterization of resin monomer-apatite
interaction

Although absorbance peaks characteristic of the phosphate
functional group in 10-MDP and MDA were detected by FTIR, those
peaks overlapped with the HA phosphate peaks [29] in 10-MDP-
treated HA and MDA-treated HA. Hence, definitive conclusions
could not be established regarding the affinity of those resin mono-
mers for HA. By contrast, the C@O stretching vibration (1716 cm�1)
of the methacryloxy carbonyl group [10] was detected from the
two neat resin monomers (Fig. 3a for 10-MDP; Fig. 3b for MDA)
but not from untreated HA. After reaction of the respective resin
monomer with HA and rigorous rinsing with ethanol, the
methacryloxy carbonyl peak was retained in 10-MDP-treated HA
but disappeared from MDA-treated HA.

31P MAS NMR of HA (Fig. 3c) showed an intense peak at
2.676 ppm that is assigned to the PO4

3� group of hydroxyapatite
[30]. After the HA was treated with MDA for 2 h, a new peak
emerged at 1.498 ppm, that may be assigned to CaHPO4�2H2O
[29]. The aforementioned peak was absent when HA was treated
with 10-MDP for 2 h. Instead, a low-intensity peak appeared at
0.6 to �0.8 ppm that may be assigned to 10-MDP-Ca salt formation
[17]. The peak at �5.22 to �7.68 ppm may be attributed to the for-
mation of pyrophosphate on the HA surface after its interaction
with 10-MDP [31]. The hydroxyapatite PO4

3� peak shifted slightly
to the right (2.516 ppm) for the 10-MDP-treated specimen, and
to the left (2.842 ppm) for the MDA-treated specimen.



Fig. 2. Elution profile of different tracers from mineralized dentin columns. a. Elution profile of 0.125 mg/mL HEMA (control). Table showed recovery rate and elution volume
of HEMA from the 3 mobile phases ethanol-water mixture, salt buffer and pure ethanol. b. Elution profile of 0.5 mg/mL 10-MDP showed double peaks (may be caused by
impurities) and prolonged elution of the 2nd peak compared to the control. Table showed recovery rate and elution volume of 10-MDP from different mobile phases (*number
in parenthesis indicate recovery rate of the first peak containing impurities other than 10-MDP; **numbers indicate elution volumes of first and second peaks). c. Elution
profile of 0.5 mg/mL MDA showed asymmetrical peak in ethanol-water mixture. Table showed recovery rate and elution volume of MDA from different mobile phases.
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For XPS, quantitative data of the atom% were obtained from
peak areas derived from the O 1s, Ca 2p, P 2p and C 1s, from which
the Ca/P, O/Ca and C/Ca ratios were calculated (Table 1). The Ca/P
ratios were substantially lower for 10-MDP treated HA (both 30 s
and 30 min treatment) that may be attributed to the increase in
P percentage after resin monomer adsorption to HA; only minimal
lowering the Ca/P ratios were identified fromMDA-treated HA. The
C/Ca and O/Ca ratios increased for 10-MDP treated HA as early as
30 s when compared to the untreated HA, suggesting that there
was adsorbed10-MDP on HA. The C/Ca and O/Ca ratios showed
slight drop for 10-MDP and slight increase for MDA after 30 min
reaction compared to the 30 s spectra. The Ca 2p (Ca 2p1/2 at
350.67 eV and Ca 2p3/2 at 347.12 eV) and P 2p (133.22 eV) narrow
scans of HA did not exhibit significant shifts after the HA was trea-
ted with 10-MDP or MDA. The C1 s narrow scan spectrum was also
identified from the commercial source of HA (Fig. 3d), with a major
deconvoluted CAC peak at 284.80 eV, a CAO peak at 286.2 eV, a
ACOO peak at 288.1 eV and a small hydrocarbonate peak
289.5 eV [32], that may be attributed to the adsorption of adventi-
tious hydrocarbon impurities and incorporation of CO2 in the air
and solutions during synthesis [33]. These carbon-related peaks
are frequently identified from commercially available synthetic
hydroxyapatite [34]. The CAC and CAO peaks in HA were almost
identical with similar peaks identified from the C 1s narrow scans
of 10-MDP [5] and MDA monomer. In addition, a ACOO ester peak
was present at �288.7 eV for the 10-MDP [5] and MDA monomer
(not shown). This ACOO peak appeared in the C 1s narrow scans
of HA that had been treated with 10-MDP for either 30 s or
30 min (Fig. 3e). A similar ACOO ester peak associated with MDA
adsorption was initially observed when HA was treated with
MDA for 30 s; however, this peak was no longer observed after
HA was treated with MDA for 30 min (Fig. 3f).

3.3. Contact angles

Significant difference was detected from the contact angle data
(P < 0.05). Contact angle of water on dentin surface before primer
treatment was 25.03� ± 6.12�, which was significantly lower than
the 45.32� ± 2.58� obtained for 10-MDP primed dentin (P < 0.05),
and the 32.23� ± 6.07� obtained for MDA-primed dentin
(P < 0.05). The 10-MDP primed dentin surface was significantly
more hydrophobic than the MDA-primed dentin surface (P < 0.05).

3.4. Microtensile bond strengths

Tensile bond strengths (means ± standard mediations) for den-
tin bonded with the 10-MDP-containing experimental primer were
48.3 ± 6.3 MPa after 24 h of water storage, and 37.4 ± 4.6 MPa after



Fig. 3. Chemoanalytic characterization of the interaction between the two phosphoric acid ester monomers with hydroxyapatite (HA). a. FTIR spectra of HA, neat 10-MDP
primer and 10-MDP primer-treated HA after ethanol washing. b. FTIR spectra of HA, neat MDA primer and MDA primer-treated HA after ethanol washing. For both a and b,
arrows indicate emergence of new phosphate peaks following treatment of HA with the respective resin monomer. c. 31P MAS-NMR. Superimposition of the major P peak in
hydroxyapatite (HA), 10-MDP primer-treated HA (HA – 10-MDP) and MDA primer-treated HA (HA – MDA). d. XPS narrow-scan spectrum of the C 1s region in untreated HA. e.
Superimpositions of XPS narrow-scan spectrum of the C 1s regions of untreated HA and HA treated with 10-MDP primer for 30 s or 30 min (peak deconvolutions not shown).
f. Superimpositions of XPS narrow-scan spectrum of the C 1s regions of untreated HA and HA treated with MDA primer for 30 s or 30 min (peak deconvolutions not shown).

Table 1
Atom percentage ratio of hydroxyapatite (HA) treated with 10-MDP or 10-MDP
analog (MDA) resin monomer derived from XPS analysis.

Atomic% ratio Untreated HA 10-MDP MDA

30 s 30 min 30 s 30 min

Ca/P 1.35 1.06 1.08 1.27 1.26
C/Ca 1.79 4.73 4.35 1.94 2.67
O/Ca 3.41 4.16 3.88 3.13 3.49
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one year of water-aging. Those for dentin bonded with the MDA-
containing experimental primer were 50.7 ± 5.0 MPa after 24 h
and 35.7 ± 3.8 MPa after one year. Significant difference was iden-
tified for the factor ‘‘aging period” (P < 0.001) but not for the factor
‘‘experimental primer” (P = 0.791). The interaction of those two
factors was not statistically significant (P = 0.070). Post-hoc pair-
wise comparisons indicated that for the factor ‘‘aging period”, sig-
nificant differences in the bond strength data between 24 h and
one year was detected for MDA (P < 0.001) and 10-MDP
(P < 0.001). For the factor ‘‘experimental primer”, no significant dif-
ference in the bond strength data between MDA and 10-MDP was
detected after 24 h (P = 0.141) or after one year (P = 0.269). Failure
mode distribution (in the order: adhesive failure/mixed failure/co-
hesive failure) was 1/15/4 for the MDP immediate group, 2/15/3 for
the MDA immediate group, 2/18/0 for the MDP one-year group and
4/15/1 for the MDA one year group. For all subgroups, mixed fail-
ure was the predominant failure mode.
3.5. Transmission electron microscopy

Unstained, non-demineralized sections of the 10-MDP primer-
treated dentin interface after 24 h of water storage showed a
0.5–1 lm thick hybrid layer with a gray layer produced by the



Fig. 4. TEM images of unstained, non-demineralized sections of the resin-dentin interface (a-e) and XRD spectrum (f) created by 15% 10-MDP primer-bonded human dentin.
Abbreviations: A: adhesive; G: gray layer of 10-MDP-Ca salt deposits; H: 0.5–1 lm thick hybrid layer created by the self-etching primer; D; mineralized dentin. a. Low
magnification after 24 h of water storage. Bar = 200 nm. b. High magnification of the 24-h resin-dentin interface showing nanolayering (pointer) and remnant apatite
crystallites (open arrowhead) in the hybrid layer. Nanolayering is profusely observed within the mineral salt layer. Bar = 20 nm. c. Very high magnification of the nanolayering
structure in b. Bar = 5 nm. d. Low magnification after 1 year of water storage. Bar = 200 nm. e. High magnification of the 1-year resin-dentin interface showing retained
nanolayering (pointer) on top of remnant apatite crystallites (open arrowhead). Bar = 20 nm. f. Thin film-XRD spectrum from 2� to 14� 2h, created by the application of the 10-
MDP primer on dentin. Three small peaks derived from 10-MDP-Ca salts are visible, with their corresponding reflection angles and calculated d-spacings.
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deposition of resin monomer-calcium salts on top of the hybrid
layer (Fig. 4a). At higher magnification, profuse nanolayering could
be identified within the gray layer (Fig. 4b). Some of the electron-
dense nanolayers were associated with remnant apatite crystallites
in the hybrid layer. At very high magnification, the nanolayers
were between 3.5 and 4 nm thick (Fig. 4c). After one year of aging
in water, nanolayering could still be identified from the dentin sur-
face of the 10-MDP primer-treated dentin (Fig. 4d and e).

Unstained, non-demineralized sections of the MDA primer-
treated dentin interface after 24 h of water storage showed a
0.5–1 lm thick hybrid layer with no evidence of resin monomer-
calcium salt deposition (Fig. 5a). At higher magnification, no
nanolayering could be identified around the remnant apatite crys-
tallites on the surface of the hybrid layer (Fig. 5b). Similar features
were observed (i.e. absence of nanolayering) in the images taken of
the MDA primer-treated dentin after one year of water aging
(Fig. 5c and d).

3.6. X-ray diffraction

Thin-film glancing-angle XRD spectra of the dentin surface after
self-etching with the experimental 10-MDP primer showed three
characteristic diffraction peaks present on the 15% 10-MDP
primer-treated dentin surface (Fig. 4f, 2h = 2.50�, 4.92�, 7.38�).



Fig. 5. TEM images of unstained, non-demineralized sections of the resin-dentin interface (a-d) and XRD spectrum (e) created by 15% MDA primer-bonded human dentin.
Abbreviations: A: adhesive; H: 0.5–1 lm thick hybrid layer; D; mineralized dentin. T: dentinal tubule. a. Lowmagnification after 24 h of water storage. No gray deposits could
be identified on top of the hybrid layer. Bar = 200 nm. b. High magnification of the 24-h resin-dentin interface showing absence of nanolayering. Open arrowheads: remnant
apatite crystallites. Bar = 20 nm. c. Low magnification after 1 year of water storage. Bar = 500 nm. d. High magnification of the 1-year resin-dentin interface showing absence
of nanolayering in the resin-dentin interface. Open arrowhead: remnant apatite crystallites. Bar = 20 nm. e. Thin film-XRD spectrum from 2� to 14� 2h, created by the
application of the MDA primer on dentin. No peaks characteristic of short-range order can be identified.
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These peaks were absent in the XRD spectrum of the MDA primer-
treated dentin surface (Fig. 5e).

4. Discussion

Ideally, studies on the contribution of nanolayering of Ca-resin
monomer salts to the longevity of resin-dentin bonds should be
contemplated using commercial self-etching adhesives [35].
Because HEMA is present in most 10-MDP-containing self-
etching adhesives [19] and HEMA inhibits interfacial nanolayering
of the functional monomer 10-MDP [21], nanolayering is rarely
identified from the resin-dentin interface of bonds created by com-
mercialized 10-MDP-containing self-etching adhesives [19].
Hence, the authors have to resort to using experimental primers
containing only the functional resin monomers to accomplish their
objectives. The use of similar experimental primers had been
shown to produce immediate resin-dentin bond strength that
was similar to the use of commercial 10-MDP-containing adhe-
sives [20].

Based on the present results, the first null hypothesis that
‘‘there is no difference in the affinity of 10-MDP and the analog
resin monomer for mineralized dentin” has to be rejected. In the
column chromatography experiments with ethanol-water mixture
as the mobile phase, the retention time of 10-MDP in the mineral-
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ized dentin columnwas about 2 h vs 1 h for the 10-MDP analog (i.e.
MDA) and HEMA. This implies that 10-MDP has better affinity for
apatite than its analog. The use of ethanol-water mixture as the
mobile phase was to simulate the solvent vehicle in most commer-
cially available 10-MDP-containing adhesives. Because both
ethanol-water solvated 10-MDP and MDA were almost completely
recovered from the column after 3 h of elution, the interactions
between these phosphoric acid ester monomers and apatite are
most likely to be reversible in nature.

The mineralized bovine dentin powder column chromatogra-
phy setup in the present work is a modification of the hydroxyap-
atite column chromatography technique [26]. This technique
involves nonspecific interactions between positively-charged cal-
cium ions and negatively-charged phosphate ions on the stationary
phase HA resin with negatively-charged carboxyl groups and
positively-charged amino groups in the analytes. Multi-modal
interaction such as electrostatic adsorption, hydrophobic adsorp-
tion, ion exchange or hydrogen bonding may occur between the
analytes and HA [36,37]. In addition, a single analyte was added
at one time in the present work to compare the interaction equilib-
rium with other analytes, instead of using the technique for purifi-
cation purposes. The double peaks shown in the 10-MDP elution
profile provides an illustration on how impurities in the commer-
cial 10-MDP (<10% [22]); may be identified. The work presented
here suggests that the low molecular weight impurity component
of the commercial 10-MDP may be removed by hydroxyapatite
column chromatography to produce 10-MDP with a higher degree
of purity for fabricating better quality self-etch adhesives. Research
in this area is in order.

The performance of column chromatography may be influenced
by salts and solvents in the mobile phase. Generally, salts will sup-
press the electrostatic interactions but enhance hydrophobic inter-
actions. Conversely, organic solvents will suppress hydrophobic
interactions but enhance electrostatic interactions [38,39]. Ana-
lytes that are retained solely by adsorption are eluted by a suitable
organic solvent, while those retained by an ion-exchange mecha-
nism are best desorbed using an acidic or basic eluent that converts
the analyte ions back to their molecular form [40]. As reflected by
the chromatography results (Fig. 2), when salt buffer was used as
the mobile phase, the elution profile of MDA was symmetrical
and MDA was 100% recovered. Conversely, the elution profile of
10-MDP (second peak) was asymmetrical and only 36.5% of the
10-MDP eluded from the column. When ethanol was used as the
mobile phase, limited 10-MDP (18.9%) or its analog, MDA (33.5%)
were recovered. These elution profiles provide hints with respect
to the very complicated, mobile-phase dependent interactions
between the tested phosphoric acid ester monomers and the sta-
tionary phase (i.e. mineralized dentin).

The chromatography results are not in contradiction with the
chemoanalytic results. The FTIR, 31P MAS-NMR and XPS specimens
were prepared with 15% solution of the phosphoric acid ester
monomers, which are much more concentrated than the tracers
employed in the chromatography part of the experiments. After
reaction, the HA specimens were further washed with ethanol,
which may not be able to desorb all the reaction products or unre-
acted resin monomers. Emergence of new FTIR absorbance peaks at
958 cm�1 for the 10-MDP-treated HA spectrum (Fig. 3a), and
982 cm�1 on the MDA-treated HA spectrum (Fig. 3b) probably rep-
resent m3/1(PO4) PAO stretch of the newly-formed phosphate salts,
although definitive assignments of these new peaks were difficult.
The weak peak at �730 cm�1 on the 10-MDP-treated HA spectrum
(Fig. 3a) may be assigned to PAOAP linear bond formation (con-
firmed by unpublished NMR examination data).

The FTIR results were also validated by the XPS results (Table 1).
The Ca/P ratio was lower for 10-MDP-treated HA compared with
MDA-treated HA because of the increase in P percentage caused
by monomer adsorption. The C/Ca and O/Ca ratios increased for
10-MDP-treated HA compared to untreated HA because of the
adsorption of 10-MDP on HA. High resolution C 1s scans of HA
treated with 10-MDP for 30 s or 30 min show that in the absence
of a displacement agent that displaces the adsorbed 10-MDP, the
phosphoric acid ester monomer remained strongly attached to
the HA surface. Although there was initial adsorption of MDA to
HA, this interaction is unstable because of the disappearance of
the ACOO peak characteristic of MDA after 30 min of treatment.
Based on the 31P MAS NMR results, disappearance of the ester peak
on prolonged interaction of MDA with HA may be caused by MDA
desorption during formation of the CaHPO4�2H2O salt.

The second hypothesis that ‘‘there is no difference in the capa-
bility of both phosphoric acid ester monomer to produce nanolay-
ering on the dentin surface” has to be rejected. As reflected by the
contact angle result and pH measurement, the analog molecule
MDA is more hydrophilic and more soluble in water than 10-
MDP, and the former is more acidic when solvated in the
ethanol-water mixture. The structure of the spacer group may
account for the absence of nanolayering in MDA primer-treated
dentin. The poly-(propylene glycol) spacer group in MDA is less
hydrophobic than the methylene spacer in 10-MDP. Thus, the
amphiphilic property of the MDA is not as evident as the 10-
MDP monomer. The properties of the resin monomers were
reflected in the TEM images resin-dentin interfaces; similar hybrid
layer thickness (about 0.5–1.0 lm) was observed. Nanolayering
was identified in the gray layer formed above the hybrid layer cre-
ated by 10-MDP priming. The gray layer was believed to be 10-
MDP-calcium salt deposition [19]; this layer was absent in the
resin-dentin interface created by MDA. The TEM findings were fur-
ther supported by the thin-film XRD results. The 10-MDP primed
dentin specimens exhibited characteristic peaks of 10-MDP-
calcium salt while the MDA primed dentin surface did not exhibit
such peaks.

The third hypothesis that ‘‘nanolayering of phosphoric acid
ester monomer-calcium salts is unstable after water aging and
does not contribute to the resin-dentin bond durability” cannot
be rejected. Although nanolayering features were ubiquitously
identified in the 10-MDP primer-treated dentin interface after
one year of water-aging, its bond strength decreased significantly
after water aging. There was no significant difference in tensile
bond strength values between 10-MDP primed dentin and MDA-
primed dentin, both at 24 h and after one year of water-aging. Fail-
ure modes of both monomer-bonded samples were predominantly
mixed failure. Because the nanolayering structures were protected
by a comparatively hydrophobic resin coating (DE Bonding Resin),
its resistance to dissolution after water aging is easy to compre-
hend. Nevertheless, the contribution of nanolayering to resin-
dentin bond stability is not as obvious as what was previously pro-
posed [17]. Nanolayering is sparsely identified in resin-dentin
interfaces produced by commercial 10-MDP-containing adhesives
(e.g. Clearfil SE Bond 2, Kuraray Medical Inc., Tokyo, Japan) [19].
However, the durability of these adhesives had been shown to be
excellent, which serves as indirect evidence of limited contribution
of nanolayering to bond durability. Aged Clearfil SE Bond 2 speci-
mens showed negligible bond strength drop under the same exper-
imental conditions after one year of water aging (unpublished
data). A possible explanation for the decline in bond strength asso-
ciated with primers containing only 10-MDP may lie in the weak
connection between the 10-MDP-Ca salt deposits and the dentin
surface. Conceptually, one may consider 10-MDP-Ca salt deposits
as a specific type of organic-inorganic hybrid fillers produced in-
situ during dentin bonding. In resin composites, silica and glass fil-
lers are silanized with methacryloxy silanes to enable them to
bond to the methacrylate resin matrix. In the case of 10-MDP-Ca
salts, the inward facing of the methacrylate groups of two 10-
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MDP molecules may drastically reduce the number of freely
available methacryloxy functionalities for coupling to the resin
matrix.

Hydroxyapatite is the major mineral phase of dentin. The apa-
tite surface is covered with a highly-ordered bound water layer
[41]. This surface water layer provides an efficient proton pool
for various adsorbed ions and terminal chemical groups derived
from the crystalline phase, such as PAOH (protonated or unproto-
nated) and CaAOH groups [42–44]. When mineralized dentin is
treated with an acidic primer, apatite dissolution occurs. Although
the step-by-step reaction mechanism remains unclear, 8 models
have been proposed to explain the processes involved. Dissolution
kinetics may be influenced by concentration of acid, ionic strength,
solution undersaturation, pH, temperature or crystal dimensions
[45]. Generally, the reaction occurs on a diffusion basis: diffusion
of chemical reagents (hydronium ions and anions of acid An�) from
bulk solution to the solid/liquid interface, and diffusion of reaction
product (Ca2+, PO43� and OH�) back into the bulk solution [46].
Interaction between calcium cations and adsorbed anions of acid
probably happens on the apatite surface as an intermediate stage
of the reaction, which results in breaking of surface „OACa bonds
and detachment of calcium-anion salt followed by their diffusion
away from mineral surface [46]. In the present situation, adsorp-
tion of phosphate anions on HA may involve an ion exchange pro-
cess (with Ca2+) or hydrogen bonding (with PAOH group), and
possibly covalent pyrophosphate formation [47,48].

Based on the adsorption behavior of some carboxylic acids (e.g.
oxalic acid) on the apatite surface, the adhesion-decalcification
concept (AD concept) was developed and expanded to the inter-
pretation of the effects of other phosphate ester functional mono-
mers on HA [4,5]. The AD concept emphasizes the importance of
ionic bond formation between the acid anion and lattice Ca2+ ions
on the apatite surface [4,49]. As shown by the ability of adsorbed
10-MDP to be slowly eluted from mineralized dentin in the chro-
matography experiment, the extent and stability of this ion-
exchange adsorption require further investigations before the AD
concept of chemical bonding may be justified as a mechanism for
achieving long-term stable adhesion to dentin. As a matter of fact,
oxalic acid can etch the dentin surface and reacts with calcium ions
in the smear layer to produce an insoluble calcium oxalate salt on
the dentin surface, which replaces the original smear layer with an
artificial smear layer [50,51]. This may also be true for 10-MDP-Ca
salt because the nanolayering structures were mostly identified
above the hybrid layer and form a more or less distinctive gray salt
layer in the TEM images.

In acidic solutions, oxalate or phosphate anion would probably
react with the released Ca2+ ions rather than adsorbing onto the
apatite surface, because of non-equivalent adsorption of H+ and
anion caused by differences in size and mobility [52]. Salt deposi-
tion after acid-etching reaction is dependent upon the pH change
of the aqueous environment and the solubility product constant
(ksp) of the formed salt species. Loose deposition does not neces-
sarily imply the existence of chemical affinity on a hard tissue sur-
face. Although several kinds of calcium salts have been proposed
after 10-MDP reacted with dentin or enamel powder, the stability
and solubility of these calcium salts have yet to be identified.
Because of these issues, the contribution of phosphoric acid ester
monomer-calcium salt deposition in the hybrid layer on the dura-
bility of resin-dentin bonds remains controversial.

Although the contribution of chemical bonding to the overall
bonding durability requires further investigation, recent findings
indicate that 10-MDP has relatively stable interaction with colla-
gen [53]. In specific experimental setups, immobilized 10-MDP
was found to induce limited extrafibrillar and intrafibrillar miner-
alization of collagen fibrils [54]. These findings shed light on the
potential role of 10-MDP-calcium salt formation on remineraliza-
tion of poorly-infiltrated collagen scaffold in the hybrid layer and
merit more in-depth investigations.
5. Conclusion

Within the limits of the present study, it may be concluded that
the claim that nanolayering of 10-MDP-Ca salts is responsible for
the durability of resin-dentin bonds created by self-etching 10-
MDP-containing dentin adhesives cannot be justified. The 10-
MDP-Ca salts may be viewed upon as a highly unique type of
organic-inorganic hybrid fillers created in-situ during the applica-
tion of 10-MDP to dentin, in the absence of other resinous compo-
nents that interfere with the phenomenological expression of
nanolayering. Complete elution of the phosphoric acid ester mono-
mer from mineralized dentin powder in the column chromatogra-
phy experiments using ethanol-water mobile phase to simulate the
solvent mixture employed in most 10-MDP-containing dentin
adhesives further challenges the previously proposed adhesion-
decalcification concept that utilizes chemical bonding of phospho-
ric acid ester monomers to apatite as a bonding mechanism in 10-
MDP containing dentin adhesives.
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