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Abstract: Creating an alkaline environment prior to 10-methacryloyloxydecyldihydroge
nphosphate (MDP) conditioning improves the resin bonding of zirconia. The present study
evaluated the effects of four alkaline coatings with different water solubilities and pH values on
resin bonding of MDP-conditioned zirconia. Two alkaline nanoparticle coatings were studied
in particular. Thermodynamics calculations were performed to evaluate the strengths of MDP-
tetragonal phase zirconia chemical bonds at different pH values. Zirconia surfaces with and
without alkaline coatings were characterized by scanning electron microscope (SEM)/energy
dispersive spectrometer and Fourier transform infrared spectroscopy; alkaline coatings included
NaOH, Ca(OH),, nano-MgO, and nano-Zr(OH),. A shear bond strength (SBS) test was performed
to evaluate the effects of the four alkaline coatings on bonding; the alkaline coatings were applied
to the surfaces prior to conditioning the zirconia with MDP-containing primers. Gibbs free ener-
gies of the MDP-tetragonal zirconia crystal model coordination reaction in different pH environ-
ments were —583.892 (NaOH), —569.048 [Ca(OH),], —547.393 (MgO), and —530.279 kJ/mol
[Zr(OH),]. Thermodynamic calculations indicated that the alkaline coatings improved bonding
in the following order: NaOH > Ca(OH), > MgO > Zr(OH),. Statistical analysis of SBS tests
showed a different result. SBSs were significantly different in groups that had different alkaline
coatings, but it was not influenced by different primers. All four alkaline coatings increased SBS
compared to control groups. Of the four coatings, nano-Zr(OH), and -MgO showed higher SBS.
Therefore, preparing nano-Zr(OH), or -MgO coatings prior to conditioning with MDP-containing
primers may potentially improve resin bonding of zirconia in the clinic.

Keywords: adhesion, T-YZP, zirconia primer, bond strength, surface conditioning, MDP

Introduction

A combination of a phosphate ester monomer 10-methacryloyloxydecyldihydrogen-
phosphate (MDP)-containing primer, adhesive, and cement is useful for improving resin
bonding of zirconia because of its simple handling and positive, stabilizing effect.'
According to prior literature reports, MDP-containing primers improved the resin
bond strength of zirconia better than the more commonly used protocol of applying
a tribochemical silica coating followed by silanization. Therefore, MDP-containing
primers are recommended for bonding zirconia for clinical use.**

Using MDP to chemically condition zirconia creates a “reactive” ceramic surface that
facilitates chemical bonding to resin; this bonding is facilitated by the dual functional
groups of MDP. At one terminus, MDP possesses a phosphoric acid functional group
that facilitates adhesion to zirconia. At the other terminus, MDP possesses an ethylene
group that facilitates cross-linking to the unsaturated carbon bonds of the organic resin
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matrix, such as bisphenol-A-diglycidyl-methacrylate, in the
resin composite cement.>'® Additional polymerization of the
carbon chain was achieved or accelerated by light or chemical
activation. Chemical coordination bonds between the phos-
phoric acid functional group and zirconia contributed to the
formation of “-Zr-O-P-.”!""* These chemical properties of
MDP result in improved bonding of zirconia to resin.

An important factor is pH, which may affect the rate of a
chemical reaction. Our earlier study found that the resin bond
strength of zirconia was improved by creating an alkaline
environment (pH =11.6) on the yttria-stabilized tetragonal
zirconia polycrystals (Y-TZP) surface prior to application of
one of two brands of MDP-containing primers; in contrast,
an acidic environment (pH =3.5) led to a decrease in bond
strength.!® That study suggested that alkaline environments
may promote chemical coordination between MDP and
tetragonal (t)-ZrO,; therefore, a protocol was proposed that
creates an alkaline environment prior to conditioning zirconia
with MDP-containing products in the clinic (Figure 1). To
date, there is no conclusive evidence or consensus regarding
what pH values or alkaline substances improve the bonding
of zirconia to resin the most. In addition, although our previ-
ous study confirmed that an NaOH coating can significantly
improve the bonding of MDP to zirconia, micro-leakage of
the bonding interface between the resin and zirconia cannot be
avoided with the existing bonding technology because the oral
cavity is a moist environment.'*!” The moist, oral cavity leads
to the dissolution of a water-soluble alkaline substance (eg,
NaOH), therefore, this environment could not maintain a stable
alkalinity. To avoid this problem, the authors investigated
the creation of a stable alkaline environment with alkaline
coatings prepared from insoluble or slightly-soluble alkaline
compounds that can withstand moisture. This approach may
have more advantages in clinical applications. The aim of this

Figure | The bonding interface structure of zirconia restoration to tooth
substrate.

Notes: (A) Zirconia that makes the crown; (B) the red spherical particles constitute
the alkaline coating; (C) MDP-containing primer or adhesive; (D) composite resin
cement; (E) dentin adhesive; (F) dentin.

Abbreviation: MDP, 10-methacryloyloxydecyldihydrogenphosphate.

study was to evaluate the effects of four alkaline coatings with
different water solubilities and pH values. In particular, this
study investigated the effects of two nanoparticle coatings
comprising barely soluble or insoluble alkaline compounds
on bonding between MDP and zirconia. The following null
hypotheses were tested: 1) these alkaline coatings improve
resin bonding of MDP-containing primers to zirconia and
2) different pH values do not provide different effects.

Methods and materials
Theory evaluating the strengthening
of the MDP-tetragonal phase zirconia

chemical bonds under different pH values
The tetragonal zirconia crystal model (t-ZrO,) was based
on the Inorganic Crystal Structure Database (Fachinforma-
tionszentrum Karlsruhe Information Services, Eggenstein-
Leopoldshafen, Germany), and the MDP molecule model
was based on the molecular structure from (Kuraray Noritake
Dental Co., Tokyo, Japan). Interaction between MDP and
t-ZrO, was calculated using a quantum mechanics/molecular
mechanics (MM) approach. Density functional theory (DFT)
and MM were applied for high-level and low-level calcula-
tions, respectively. DFT calculations were performed with
the hybrid exchange functional of Becke’s 3 parameters (B3)
and the Lee-Yang-Parr’s nonlocal correlation functional for
finding the stable optimization geometries and calculating
thermodynamics functions of the t-ZrO, cluster and phos-
phate head group. The following convergence criteria for
optimization were used: maximum force <0.000450 Hartree/
Bohr; root mean square (RMS) force <0.000300 Hartree/
Bohr; maximum displacement <0.001800 Hartree/Bohr; and
RMS displacement <0.001200 Hartree/Bohr. The basis sets
for C, P, O and H were 6-311+G** with polarization func-
tions for C, P, O and H, and with diffuse functions for C,
P, and O atoms. For zirconium atoms, the valence and core
electrons were described by the basis set of Lanl.2DZ and
the corresponding relativistic effective core potential, respec-
tively. MM calculations were performed with the universal
force field for finding the stable, optimized geometries and
calculating thermodynamics functions. Solvent effects were
measured using the integral equation formal polarization
continuum model. All calculations concerning geometry opti-
mization and thermodynamics functions were performed with
Gaussian09 software (Gaussian, Wallingford, CT, USA).

Preparation and characterization

of alkaline coatings

Plates (10x10x1.2 mm?®) containing Y-TZP (Everest ZS-
Ronde, KAVO, Kaltenbach & Voigt GmbH & Co. KG,
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Bismarckring, Germany) were cut from a machinable Y-TZP
block using a low-speed saw (Isomet 100; Buehler Ltd., IL,
USA). The plates were completely sintered, according to
the manufacturer’s directions. Then, they were sandblasted
with 110 um alumina particles from a 10 mm distance for
20 seconds at 0.3 MPa using a sandblasting device (JNBP-2;
Jianian Futong Medical Equipment Co., Ltd., Tianjin,
People’s Republic of China).

The following four alkaline compounds with different
water solubilities were selected for the preparation of
coating liquids: 1 mol/L NaOH solution, supersaturated
Ca(OH), solution, suspension of nano-MgO particles (sizes
50£5 nm), and a suspension of nano-Zr(OH), particles
(sizes 50-100 nm). The suspensions of nano-MgO and
nano-Zr(OH), were centrifuged (Heraeus Labofuge 400;
Thermo Scientific, USA) for 10 minutes and settled for
7 days; then, their supernatants were used as the coating
solutions. An electronic precision pH meter (pH108;
Shanghai MiLian Electronics Technology Ltd, Shanghai,
People’s Republic of China) was used to measure the pH
values of the four coating liquids. Each acquired liquid was
uniformly coated on the Y-TZP plate surface with a small
brush; then, the coated Y-TZP plates were hot-dried at 80°C
in a heat oven.

The sandblasted Y-TZP surfaces comprising alkaline
coatings were sputter-coated with gold and then examined
with a field emission-SEM (LEO 1530VP, Oberkochen,
Germany) at 15 kV. An energy dispersive spectrometer
(EDS; INCAXx-sight, Oxford Instruments, UK) was used
to characterize the elemental distributions on the alkaline-
coated Y-TZP plate surfaces that were coated with a thin
carbon layer.

The surface layer of the Y-TZP plates with four alkaline
coatings and the control Y-TZP plate (only received alumina
sandblasting) were grounded into powders and then dried for
24 hours and examined by Fourier transform infrared spec-
troscopy (FTIR; NEXUS870, Nicolet, Madison, WI, USA).
The optical system of the FTIR was operated in transmission
mode and scanned the 4,000 to 500 cm™ wavelength range;
the wavelength range 3,600 to 3,300 cm™ was defined as the
region of interest.

Particle size analysis of the supernatants

for preparing MgO and Zr(OH), coatings
To evaluate the particle size distribution of nano-MgO
and nano-Zr(OH),, supernatants used for coatings, particle
size analysis was performed with a particle sizing instru-
ment (Zetasizer Nano ZS90; Malvern Instruments Ltd.,
Malvern, UK). Particle sizes were analyzed for centrifuged

suspensions of nano-MgO and nano-Zr(OH), that did not
contain precipitation that forms after 7 days.

Shear bond strength test and statistical

analyses

A total of 100 Y-TZP plates (10x10x2 mm?®) were prepared
and then randomly assigned to ten groups according to the
conditioning method employed.

Groups Zp and Cle: The bonding surface was alumina
sandblasted. A coat of Z-Prime Plus (Zp; Bisco Inc.,
Schaumburg, 1L, USA) or Clearfil ceramic primer (Cle;
Kuraray Medical Inc., Okayama, Japan) was applied to the
sandblasted surface. After 15-20 seconds of volatilization,
the primed Y-TZP surface was dried with low-pressure, oil-
free air for 15 seconds.

Groups ZpNaOH, CleNaOH, ZpCaOH, CleCaOH,
ZpMgO, CleMgO, ZpZrOH, and CleZrOH: Alkaline coat-
ings [NaOH/Ca(OH),/MgO/Zr(OH),] with different pH
values were prepared on the sandblasted Y-TZP surface
according the method mentioned. Then, a coat of Z-Prime
Plus or Clearfil ceramic primer was applied as described for
Groups Zp and Cle.

A total of 100 light-cured resin composite cylinders
(6 mm in inner diameter and 3 mm in height) were prepared
via nylon models. A layer of resin composite cement was
applied to the surface of the pretreated Y-TZP plate, and a
resin-composite cylinder was placed on the resin cement
under a constant load. Excess cement was removed, and the
remaining cement was light-cured for 40 seconds with an
LED light-curing unit (Elipar FreeLight 2; 3M ESPE, St Paul,
MN, USA). Details of the materials used in the present study
are given in Table 1.

Shear bond strength (SBS) testing was performed using
a universal testing machine (Model 3365; Instron Corp.,
Canton, MA, USA) at a crosshead speed of 1 mm/min. All
the bonded specimens were stored in distilled water at room
temperature for 24 hours before testing. The failure mode of
each specimen after SBS testing was observed. The modes
of failure were classified as adhesive (fracture occurred
at the resin/resin cement and Y-TZP interface), cohesive
(fracture occurred within the resin/resin cement), and mixed
(both adhesive and cohesive failure occured).

SBS mean values for each group were submitted to a
two-way analysis of variance (ANOVA) and least significant
difference (LSD) multiple comparison; these analyses were
used to determine the effects on SBS mean values of different
primers, alkaline coatings with different pH values, and
the influence of their interaction. These statistical analyses
were performed using the SPSS 19.0 statistical software
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Table | Details of the materials used in the shear bond strength

Material/trade name Main composition*

Manufacturer

Zirconia primer/Z-Prime Plus
Zirconia primer/Clearfil
ceramic primer
Light-polymerized resin
cement/RelyX Veneer Base resin: Bis-GMA; TEGDMA
Light-polymerized resin

composite/Valux Plus Base resin: Bis-GMA (5%—10%)

Ethanol (<90%), biphenyl dimethacrylate (<10%); HEMA (<20%); MDP
Ethanol (>80%), 3-trimethoxysilylpropyl methacrylate (<5%), MDP

Filler: zirconia/silica and fumed silica fillers

Filler: barium aluminum fluoride glass + highly dispersive silica (80%—90%)

Bisco Inc., Schaumburg, IL, USA
Kuraray Medical Inc., Okayama, Japan

3M ESPE, St Paul, MN, USA

3M ESPE, St Paul, MN, USA

Note: *Details of major compositions were obtained from the material safety data sheets provided by the manufacturers.
Abbreviations: Bis-GMA, bisphenol A glycidyl dimethacrylate; HEMA, 2-hydroxylethyl methacrylate; MDP, |0-methacryloyloxydecyldihydrogenphosphate; TEGDMA,

triethylene glycol dimethacrylate.

package (IBM SPSS Inc., Chicago, IL, USA). Statistical
significance was preset at 0:=0.05.

FTIR characterization of alkaline-coated
zirconia conditioned by MDP-containing

primers

Sandblasted Y-TZP plates with and without alkaline coat-
ings were each conditioned by one of two MDP-containing
primers (Z-Prime Plus or Clearfil ceramic primer), and their
surface layers were grounded into powders. Then, the plates
were examined by FTIR in reflection mode after 24 hours of
drying. FTIR scanned a range of wavelength from 4,000 to
500 cm™!, and the 3,600 to 3,300 cm™' wavelength range was
defined as the region of interest.

Results

Thermodynamic calculation results

The optimized double MDP-t-ZrO, coordination model and
corresponding description of atoms are shown in Figure 2,
and the corresponding changes of bond length are shown in
Table 2. The reactions between MDP and the t-ZrO, cluster
are listed by the following equations:

R —OP(OH), (aq) +2H,0O(aq)

Dissociation

—Disoduln 5, R —~OPO,* (aq)+2H,0%(aq) (1)
R -OPO,* +Zr,0, —=* >R —OPO, - Zr,0,> (2)

where R represents the remaining structure of the MDP
molecule without the phosphate head group.

Equation 1 occurs in the solvation phase and Equation 2
occurs at the interface between the solvation and solid
phases. Therefore, Equation 1 considers solvation effects
and added solvation Gibbs free energy. Only vacuum phase
thermodynamic data were used in Equation 2 calculations

because net binding energy of this coordinate reaction on
the interface was the focus. There was no obvious solva-
tion effect when the phosphate head group approached the
ZrO, crystal face because only a hydrophobic hydrocarbon
chain contacted the aqueous phase. We eliminated the
contribution of this in our calculations in order to enhance
the accuracy because the translation entropy could not be
consistently and properly estimated. The results of thermo-
dynamic calculations are shown in Table 3.

Equation 1 (which represents the dissociation of MDP)
would be affected by pH values. Decreasing pH values
result in decreased dissociation of MDP, which leads to
decreasing amounts of R-OPO,> that can react with ZrO,;
therefore, the reactions between MDP and the t-ZrO, cluster
were weakened accordingly. When the pH values were set

as the values of the four alkaline coating liquids adopted in

Figure 2 The MDP-t-ZrO, coordination model after optimization (A) and
description of the atom numbers in the model (B).

Abbreviations: MDP, 10-methacryloyloxydecyldihydrogenphosphate; t-ZrO,, tetra-
gonal zirconia crystal model.
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Table 2 The changes of bond length in optimized double MDP-t-ZrO, coordination model

Atoms MDP before MDP after MDP? after [R-OPO-ZrO,]* [R-OPO,-ZrO,1*
optimization optimization optimization before optimization after optimization
P30-O33 1.563 1.676 1.623 1.563 1.592
P30-O32 1.563 1.675 1.620 1.563 1.582
P30-O31 1.511 1.564 1.624 1.511 1.499
P30-029 1.695 1.728 1.835 1.695 1.700
029-C28 1.389 1.394 1.393 1.389 1.389
C28-C27 1.529 1.528 1.528 1.528 1.529
032-Zrl2 / / 2.285 2.195
0O33-Zrl | / / / 2.287 2.197
Zrl1-08 / / / 1.986 1.756
Zr12-08 / / / 1.987 1.742
Zrl1-06 / / / 2.063 2.108
Zr12-06 / / / 2.057 2.167

Abbreviations: MDP, 10-methacryloyloxydecyldihydrogenphosphate; t-ZrO,, tetragonal zirconia crystal model.

the present study, the reaction quotient (Q) can be deduced  where R is the universal gas constant (8.314 J/K) and T is the

from the following formula: temperature (298 K). The subscript r represents reaction, the
subscript m molar reaction, and the superscript 6 standard

_[R- OPO,* ][H,0* 3 situation. The calculated Gibbs free energies were 164.404 kJ/mol

IR —OP(OH), ] 3) (NaOH), 179.248 kJ/mol [Ca(OH),], 200.903 kJ/mol (MgO),

and 218.018 kJ/mol [Zr(OH),]. Combined with the Gibbs
free energy of Equation 2, the final Gibbs free energy of
the MDP-t-ZrO, coordination reaction (Equations 1+2)
in different pH environments should be —583.892 kJ/mol
(NaOH), —569.048 kJ/mol [Ca(OH),], ~547.393 kJ/mol (MgO),
and —530.279 kJ/mol [Zr(OH),].

Assume the concentration of MDP [R-OP(OH),] without
dissociation was 1 M and the concentration of dissociated
MDP (R-OPO,*") was 1 M. Based on the above conditions, for
pH=-1g (H"), Q values were 102 [pH =14 (NaOH)], 4x10-2¢
{pH =12.7 [Ca(OH),]}, 2.5x107** [pH =10.8 (MgO)], and
2.5x10°" {pH =9.3 [Zr(OH),]}. The Gibbs free energy of ~ Analysis of particle sizes of the
Equation 1 in different pH environments can be deduced supernatants for pr‘eparing Mgo

from the following formula: and Zr(O H)4 coatings

The average diameter of the centrifuged nano-MgO superna-

AG, (T)=AG (T)+RTInQ ) tant was 597.5 nm; this decreased to 229.5 nm after 7 days

Table 3 Thermodynamic calculation results of coordination configuration of MDP-t-ZrO,

Equation | Equation 2

H,O H,O* R-OP(OH), R-OPO,* R-OPO,» t-ZrO, [R-OPO,-ZrO,1*
v -2 2 -l | -1 -1 |
S iecern 0 0 0 0 0 0 0
S.. 10317 9.656 36.435 36.407 36419 30.671 40.692
Sus 0.004 1.204 96.992 88.922 94.042 40.339 123.759
Ser 10.321 10.860 133.427 125.329 130.461 71.010 164.451
g, —-76.021 —76.425 —644.025 —643.102 —642.745 —788.875 —1431.909
€ e 0.022 0.036 0.425 0.403 0.403 0.027 0.407
E.. 0.025 0.039 0.449 0.426 0.426 0.040 0.434
H.. 0.026 0.040 0.450 0.427 0.427 0.042 0.435
G,. 0.005 0.018 0.366 0.347 0.344 -0.013 0.335
AG (kJ/mol) 324.139 —748.296
K / 5.28x10'%°

Notes: v, stoichiometric coefficient; Se‘emon, entropy of an electron; Sm. i vibrational component of total entropy; S_, total entropy;

€, zero point vibrational energy; €, zero point vibrational correction; E_, correction to the internal thermal energy; H_ , thermal correction to enthalpy; G_ , thermal
2pe tot corr cor’

correction to Gibbs free energy; K, equilibrium constant.

Abbreviations: MDP, 10-methacryloyloxydecyldihydrogenphosphate; t-ZrO,, tetragonal zirconia crystal model.

rotational component of total entropy; S

tot”
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of settling. Similarly, the average diameter of the centrifuged
nano-Zr(OH), supernatant was 458.1 nm; this decreased to
317.4 nm after 7 days of settling. The particle size distribu-
tion spectra are shown in Figure 3.

Morphological observations and EDS

analysis of alkaline coatings

Typical SEM images of the four coated Y-TZP surfaces
under x20,000 magnifications are shown in Figure 4A-D.
Spheroidal particles with sizes under hundreds of nanometer
can be observed on the Y-TZP surfaces with MgO or Zr(OH),
coatings; these particle sizes are consistent with the size scales
of MgO or Zr(OH), supernatants. On the Ca(OH),-coated
Y-TZP surface, numbers of polyhedron-shaped crystals can
be observed. On the NaOH-coated Y-TZP surface, cluster-like
crystals can be observed.

Mg was detected by EDS mapping (Figure 5) on the
MgO-coated Y-TZP surface. Ca was detected on the Ca(OH),-
coated surface. Na was detected on the NaOH-coated surface.
The distributions of Mg, Ca, and Na were consistent with the
distribution of the corresponding particles or crystals on the
MgO-, Ca(OH),-, and NaOH-coated surfaces. The distribution
areas of Al were identical, and they appeared to be pointed in
shape, reflecting the points of impact with the alumina sands.'®
EDS spectra (Figure 4E-G) showed that the contents of Mg, Ca,
and Na were 2.4 wt%, 6.2 wt%, and 11.6 wt%, respectively.

SBS testing

Figure 6 shows the SBS values (mean and standard devia-
tions) for ten groups. Mixed failure was observed in all
specimens, and no adhesive or cohesive failure was found.

A MgO particles
40
) A
2 ‘
c
2 10
£ | |
0
0.1 1 10 100 1,000 10,000
Size (d, nm)
30
s (\
= 20
=
2
S 10
L= i
; e
0 N - i
0.1 1 10 100 1,000 10,000
Size (d, nm)

The Levene test showed that the SBS data normally
distributed and exhibited equal variance (F=1.165, P=0.327).
Two-way ANOVA indicated that SBSs were significantly
different in groups regardless of alkaline coating (F=13.470,
P=0.000); however, SBSs were not influenced by different
primers (F=1.939, P=0.167). SBS was not affected by an
interaction of the two factors (#=0.666, P=0.617). LSD
multiple comparisons showed that all four alkaline coatings
increased SBS compared to the control groups (all P<<0.05).
Among the different alkaline coatings, Zr(OH), showed the
highest SBS (all P<<0.001). No difference in SBS was found
between MgO and NaOH coatings (P=0.245) nor between
Ca(OH), and NaOH coatings (P=0.372).

FTIR characterization results

FTIR spectra are shown in Figure 7A—C. In Figure 7A, the
characteristic strong peaks of Y-TZP at 3,498 cm™! correspond
to the stretching vibrations of O—H bonds. When alkaline
substances such as NaOH, MgO, Ca(OH),, and Zr(OH), are
added to the surface of Y-TZP for enhancing the alkalinity of
the Y-TZP surface, these absorption bands also occur, but the
infrared characteristic peak is both broad and blunt. With this
idea, after conditioning with Z-Primer Plus or Clearfil ceramic
primer, from the Figure 7B and C, it can be found that the
infrared characteristic peak become broad and blunt similarly,
which indicates that the alkaline can increase the interaction
of MDP with the ZrO,, such as the bond Zr-O-P.

Discussion
Results of the present thermodynamic calculations indicate
that alkaline conditions promote the dissociation of MDP

W

Zr(OH), particles
30

g I
> 2
‘»
S 10
e
0
0.1 1 10 100 1,000 10,000
Size (d, nm)
D
25
£ i
g 1
e 10
8 [
£ [\
0 i
0.1 1 10 100 1,000 10,000

Size (d, nm)

Figure 3 Particle size analysis of centrifugal supernatants of nano-MgO and nano-Zr(OH),.
Notes: (A) Nano-MgO without settling; (B) nano-Zr(OH), without settling; (C) nano-MgO after 7 days settling; (D) nano-Zr(OH), after 7 days settling.
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Figure 4 Typical SEM images of the four coated Y-TZP surface under 20,000 magnifications.
Notes: (A) MgO coating; (B) Ca(OH), coating; (C) Zr(OH), coating; (D) NaOH coating; (E) EDS spectra of MgO-coated Y-TZP surface; (F) Ca(OH),-coated Y-TZP

surface; (G) NaOH-coated Y-TZP surface under x2,000 magnifications.

Abbreviations: SEM, scanning electron microscope; Y-TZP, yttria-stabilized tetragonal zirconia polycrystals.

compared to neutral conditions; alkaline conditions help
MDP coordinate with ZrO,, because the reaction is facilitated
at a higher pH. These results support the hypothesis that the
alkaline bonding conditions created by the four alkaline coat-
ings could improve the coordination between MDP and ZrO,
and enhance the resin bonding strength of MDP-conditioned
zirconia. Moreover, based on thermodynamic calculations,
alkaline coatings may promote bonding in the following

order: NaOH > Ca(OH), > MgO > Zr(OH),, according to
the order of corresponding reaction quotients.

Stable alkaline environments may be obtained by
applying alkaline coatings to a zirconia substrate, wherein
the alkaline coating is prepared with insoluble or slightly
soluble alkaline compounds that can withstand the presence
of moisture. However, the pH of solutions decrease with
an alkaline compound’s lower water solubility. To obtain
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MgO Ca(OH),
coating coating
Zr(OH), NaOH
coating coating

Figure 5 EDS mapping.

Notes: EDS mapping of the four coated Y-TZP surface under x2,000 magnifications, including MgO-coated one (upper left), Ca(OH),-coated one (upper right), Zr(OH),-
coated one (bottom left), and NaOH-coated one (bottom right). Being the symbolic elements for different coatings, Mg, Ca, Zr and Na were detected on the coated surface

respectively, which were presented as the highlight areas.

Abbreviations: EDS, energy dispersive spectrometer; Y-TZP, yttria-stabilized tetragonal zirconia polycrystals.

higher alkaline pH values using insoluble or slightly soluble
alkaline compounds, a sufficient amount of a dispersible
substance in a water suspension is needed. In our pilot study,
micrometer-scaled MgO and Zr(OH), suspensions were used
on zirconia surfaces to prepare alkaline coatings; unfortu-
nately, powders were attached loosely on the coated Y-TZP
surfaces after drying. The attachment remained loose even
when using their water suspensions at a lower concentration.

Z-Prime Plus
Clearfil ceramic primer

20.00
b
e c d cd
15.00 ’ —— —
a \ ‘
T |
Q& 10.00 ‘ |
=
5.00
0.00
Control ~ Zr(OH), ~ MgO  Ca(OH), NaOH

Figure 6 Mean and standard deviations of shear bond strength values for the ten
groups.

Notes: Based on two-way ANOVA results, the horizontal bars above the columns
indicate no significant difference between the two primers. The same letters above
the horizontal bars indicate no significant difference based on different aging rates.
Abbreviation: ANOVA, analysis of variance.

Moreover, a significant decrease in SBS caused by such
coatings was found. This problem can be avoided by decreas-
ing the sizes of the sparingly soluble MgO and insoluble
Zr(OH), particles to the nano-scale because nano-scaled
alkaline particles disperse in water like a colloidal sol.?*!
Nano-alkaline particles in such suspensions adhere to the
zirconia surface through van der Waals’ forces after drying.
Consequently, the improvement of resin bonding of MDP to
zirconia is possible with an alkaline coating prepared from
insoluble or sparingly soluble alkaline compounds. A large
number of particles with approximate sizes of several hun-
dred nanometers are suspended in water after centrifugation
for 10 minutes. These particles are still suspended in water
after settling for 7 days; however, the particle sizes were
dramatically reduced, indicating that centrifugation and
7 days settling removed most of the unstable aggregates.
The resultant supernatants were comparatively stable for
use as formation coatings. However, the sizes of MgO and
Zr(OH), in the supernatants were still larger than their initial
powder sizes (tens of nanometers), which suggested pos-
sible particle agglomeration in the water suspensions. Some
methods, such as surface modification with sodium stearate
or stearic acid, could be applied to prevent agglomeration
of nano-MgO and -Zr(OH), particles in water supernatants.
However, they were not used because of their uncertain
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Y-TZP
Y-TZP with NaOH coating

Y-TZP with Ca(OH), coating
Y-TZP with MgO coating

Y-TZP with Zr(OH), coating
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Figure 7 FTIR spectra.

Notes: (A) Y-TZP without MDP containing primers conditioning; (B) Y-TZP with
Z-Primer Plus conditioning; (C) Y-TZP with Clearfil ceramic primer conditioning.
Abbreviations: MDP, 10-methacryloyloxydecyldihydrogenphosphate; Y-TZP,
yttria-stabilized tetragonal zirconia polycrystals.

effects on pH and because they might cause an unexpected
interaction reaction with MDP. Fortunately, after 10 minutes
of centrifugation and 7 days settling, suspensions of nano-
MgO or -Zr(OH), particles without surface modification were
effectively used for coatings that improved resin bonding of
MDP-conditioned Y-TZ; therefore, surface modification of
nano-MgO and -Zr(OH), particles was unnecessary.

Using time-of-flight secondary ion mass spectroscopy,
the “~P—O-Zr” bond was detected on Y-TZP surfaces
conditioned with the MDP-containing primer, Z-Prime
Plus." FTIR analysis supported the formation of a chemical

bond between Y-TZP and MDP. More importantly, as
the alkaline coating was prepared prior to application of
a MDP-conditioning primer, —OH stretching peaks were
strengthened; this provided the chemical evidence that alka-
line coatings improve the coordination between MDP and
ZrO,. However, no significant differences among different
alkaline coatings can be detected by FTIR spectra.

Considering the SEM observations, nano-sized particles
were scattered on the nano-MgO- or -Zr(OH) -coated Y-TZP
surfaces, which are little centers that maintain the alkaline
conditions of the Y-TZP surface. Similarly, scattered NaOH
and Ca(OH), crystals were observed on the NaOH- and
Ca(OH),-coated Y-TZP surfaces, respectively; such crystals
probably developed after the coatings were dried. These crys-
tals were also little centers of alkaline conditions. The alka-
line centers formed by nano-MgO or -Zr(OH), were stable
in moist environments, but the alkaline centers formed by
NaOH or Ca(OH), were unstable to moisture. In compari-
son with coatings comprising NaOH or Ca(OH),, coatings
comprising nano-MgO or -Zr(OH), particles provide more
advantages for zirconia-based ceramic restorations.

The aforementioned thermodynamic and characterization
results agree with the current SBS testing results, wherein all
four alkaline coatings effectively improved the resin bond
strength of MDP-conditioned Y-TZP. Therefore, this study
validates our first null hypothesis, which stated that alkaline
coatings improve resin bonding of MDP-containing primers
to zirconia-based ceramic. The following four alkaline
compounds tested in the present study were selected on the
basis of their water solubility: NaOH (soluble), Ca(OH),
(sparingly) soluble, MgO (sparingly soluble), and Zr(OH),
(insoluble). The 1 mol/L NaOH solution showed the highest
pH value. The saturated Ca(OH), solution had a slightly
weaker pH value. The nano-MgO and -Zr(OH), suspen-
sions had the lowest pH values. Contrary to the predicted
order of the alkaline coatings on bonding as mentioned
earlier, NaOH and Ca(OH), coatings with stronger alkaline
conditions failed to provide the higher SBS. Rather, nano-
MgO or -Zr(OH), coatings with lower alkaline pH values
provided a significantly higher SBS value compared to the
NaOH and Ca(OH), coatings. We cannot reject the second
null hypothesis that different pH values would not affect the
promotion of alkaline coatings because increasing pH did
not show a positive correlation with increased SBS values.
The discrepancy between the thermodynamic calculations
and the results of SBS test might come from the deviation
of thermodynamic calculations. This was because that ther-
modynamic calculations were performed on the basis of the
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idealized models without completely simulating the real
ones, besides, molecular dynamics cannot be considered in
the thermodynamic calculations. Nevertheless, the afore-
mentioned unexpected result is not bad news because the
purpose of the present study was to find a water-resistant
alkaline coating to promote resin bonding of MDP-containing
primers to zirconia. The bonding improvement effected by
insoluble nano-Zr(OH), and sparingly soluble nano-MgO
coatings were better than the soluble alkaline coatings
with higher pH values. These results suggest that preparing
nano-MgO or -Zr(OH), coatings prior to conditioning with
MDP-containing primers is potentially useful for improving
resin bonding of zirconia in the clinic.

Conclusion

Based on the present study, and within its limitations, the

following conclusions may be drawn:

1. Preparation of alkaline NaOH, Ca(OH),, MgO, and
Zr(OH), coatings improved the bonding of resin to
zirconia conditioned with MDP-containing primers.

2. Higher alkaline pH values for MDP conditioning would
not necessarily improve bonding.

3. Preparing nano-MgO or -Zr(OH), coatings prior to condi-
tioning with MDP-containing primers is potentially valuable
to further improve resin bonding of zirconia in the clinic.
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