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Abstract

Objectives—The tooth-resin bond is the weak link of restoration, with secondary caries as a
main reason for failure. Calcium phosphate-containing resins are promising for remineralization;
however, calcium (Ca) and phosphate (P) ion releases last only a couple of months. The objectives
of this study were to develop the first rechargeable CaP bonding agent and investigate the key
factors that determine CaP ion recharge and re-release.

Methods—Nanoparticles of amorphous calcium phosphate (NACP) were synthesized.
Pyromellitic glycerol dimethacrylate (PMGDM), ethoxylated bisphenol-A dimethacrylate
(EBPADMA), 2-hydroxyethyl methacrylate (HEMA), and bisphenol-A glycidyl dimethacrylate
(BisGMA\) were used to synthesize three adhesives (denoted PE, PEH and PEHB). NACP were
mixed into adhesive at 0-30% by mass. Dentin shear bond strengths were measured. Adhesive
specimens were tested for Ca and P initial ion release. Then the ion-exhausted specimens were
immersed in Ca and P solution to recharge the specimens, and the recharged specimens were then
used to measure ion re-release for 7 days as one cycle. Then these specimens were again recharged
and the re-release was measured for 7 days as the second cycle. Three recharge/re-release cycles
were tested.

Results—PEHB had the highest dentin bond strength (p<0.05). Increasing NACP content from 0
to 30% did not affect dentin bond strength (p>0.1), but increased CaP release and re-release
(p<0.05). PEHB-NACP had the greatest recharge/re-release, and PE-NACP had the least (p<0.05).
lon release remained high and did not decrease with increasing the number of recharge/re-release
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cycles (p>0.1). After the third cycle, specimens without further recharge had continuous CaP ion
release for 2—-3 weeks.

Significance—Rechargeable CaP bonding agents were developed for the first time to provide
long-term Ca and P ions to promote remineralization and reduce caries. Incorporation of NACP
into adhesive had no negative effect on dentin bond strength. Increasing NACP filler level
increased the ion recharge and re-release capability. The new CaP recharge method and PMGDM-
EBPAGMA-NACP composition may have wide application in adhesives, composites and cements,
to combat caries and remineralize lesions.

Keywords

Dental adhesive; dentin bonding; calcium phosphate nanoparticles; ion release; ion recharge;
caries inhibition

1. Introduction

Composites are popular for tooth cavity restorations due to their esthetics and direct-filling
capability.1-> Composites and adhesives have been revolutionized by developments and
improvements in material compositions and placement technology.6-19 A strong and durable
adhesion to dental hard tissues is a key factor in the success of the restoration.8:912.13
However, the oral environment poses severe challenges such as chewing forces and biofilm
acids which limit the longevity of the dental restoration. Currently, the resin-tooth bonded
interface represents the weak link in the restoration,13 and secondary (recurrent) caries at the
margins is a chief limitation to the longevity of restorations.11-17

The mechanism of dentin bonding involves the infiltration of adhesive monomers into a
demineralized dentin collagen matrix and the formation of the hybrid layer (HL).8:912.13
The adhesive is not only a connection between the tooth structure and the restorative
composite, it also serves as a barrier to protect the demineralized collagen scaffold from the
acidic and enzymatic attacks of the oral bacteria, enzymes and fluids.13.18.19 Approaches on
the functionalization of adhesives have been extensively studied to improve the long-term
stability of HL.20-24 Several studies incorporated antibacterial monomers into the adhesive
to improve the resistance to oral bacteria and acid challenges.20-22:23 Another approach is to
incorporate calcium phosphate (CaP) particles into dental resins to promote remineralization
and avoid demineralization.2>-28 Adhesives containing CaP particles could remineralize the
remnants of tooth lesions in the cavity as well as the acid-etched dentin, and hence are
promising to improve the longevity of the restorations.2:24 Recently, bonding agents
containing nanoparticles of amorphous calcium phosphate (NACP) were developed.29-31
These bonding agents could release high levels of Ca and P ions to induce remineralization
and combat caries.29-31 The addition of NACP did not negatively affect the dentin bond
strength.29-31 Due to their small particle sizes, the NACP readily flowed with bonding agent
into dentinal tubules to form resin tags.29:3 The NACP adhesive was “smart” because it
could substantially increase the Ca and P ion release at a low cariogenic pH when these ions
would be most needed to combat caries.3! For both total-etch and self-etch bonding systems,
the bonding stability is limited by the degradation of the HL.18:32:33 The Ca and P ion
release from adhesive may be highly beneficial and can serve as seed crystals to facilitate
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remineralization in HL and at the tooth-restoration margins.18:21 Thus the CaP adhesive may
protect the exposed collagen within the bonded interface and improve the bonding stability
and durability.18:34 Therefore, NACP-containing adhesive with Ca and P ion release could
be meritorious in protecting the weak link of the tooth restoration.

However, a major drawback for CaP-containing dental resins is that the Ca and P ion release
is short-term, lasting for only several weeks to a few months, and then the Ca and P ion
release is diminished.25-27:35 For example, a previous study showed that CaP resins had ion
release for one to two months.38 It would be highly desirable to develop a rechargeable CaP
adhesive that can be repeatedly recharged to re-release Ca and P ions to provide a long-term
capability for remineralization and inhibition of caries. Rechargeable dental materials have
been reported for glass ionomer cements and resin-modified glass ionomer cements, which
can be recharged with a fluoride (F) ion source to re-release F ions.37-39 A recent study
showed that a NACP nanocomposite achieved tooth lesion remineralization that was 4-fold
that of a commercial F-releasing composite.28 However, literature and patent searches
revealed no report on rechargeable calcium phosphate dental resins.

Therefore, the objectives of this study were to develop rechargeable CaP dental adhesive for
the first time, and investigate the effects of different adhesive compositions and NACP mass
fractions on Ca and P ion recharge and re-release efficacy. It was hypothesized that: (1)
Rechargeable CaP dental adhesive resin can be developed, and the dentin bond strength and
CaP recharge and re-release efficacy will depend on the adhesive composition; (2) the
incorporation of NACP into the adhesive will have no negative effect on the dentin bond
strength; and (3) NACP filler level in the adhesive will significantly affect the Ca and P ion
recharge and re-release capability of the adhesive.

2. Materials and Methods

2.1. NACP-containing adhesive fabrication

NACP [Cag(PO4),] were synthesized via a spray-drying technique as previously
described.28:40 Briefly, calcium carbonate and dicalcium phosphate anhydrous were
dissolved into an acetic acid solution. The concentrations of Ca and P ion concentrations
were 8 mmol/L and 5.333 mmol/L, respectively, yielding a Ca/P molar ratio of 1.5. The
solution was sprayed into a heated chamber to evaporate the water and volatile acid. The
dried NACP powder was collected by an electrostatic precipitator. Previously studies showed
that the NACP mean particle size was approximately 116 nm.28:40

Three experimental bonding agents were investigated. A pyromellitic glycerol
dimethacrylate (PMGDM)-containing primer, previously reported to yield good dentin
bonding properties,3? was adopted as the primer for all three groups. This primer contained
PMGDM (Hampford, Stratford, CT) and 2-hydroxyethyl methacrylate (HEMA) (Esstech,
Essington, PA) at a mass ratio 3.3/1, with 50% acetone solvent (all mass fractions).3°

Three adhesives were formulated (Table 1). The first consisted of PMGDM and ethoxylated
bisphenol A dimethacrylate (EBPADMA) (Sigma-Aldrich, St, Louis, MO) at 1:1 mass ratio,
which was rendered light-curable with 1% phenylbis (2,4,6-trimethylbenzoyl) phosphine
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oxide (Esstech).2527 Our preliminary study showed a high level of Ca and P ion release and
recharge using the PMGDM-EBPADMA resin. PMGDM is an acidic adhesive
monomer*:42 and can chelate with calcium ions from the recharging solution to achieve the
recharging capability. The PMGDM-EBPADMA resin is referred to as PE.

To make the second adhesive, 10% of HEMA was added to the PE mixture to improve
flowablity and hydrophilicity, following a previous study.28 This group is denoted adhesive
PEH (Table 1). The third adhesive incorporated 10% HEMA and 5% bisphenol A glycidyl
dimethacrylate (BisGMA) (Esstech) into the PE adhesive. Previous study showed that a
small amount of BisGMA could improve the cross-linkage of monomers and the bonding
properties of the adhesive.*3 This adhesive is designated PEHB.

NACP fillers were mixed into each adhesive at mass fractions of 0%, 20% and 30%,
following previous studies.3%-31 NACP filler levels > 40% were not used due to a decrease in
dentin bond strength in preliminary study. Hence, nine adhesives were fabricated: (1)
Adhesive PE + 0% NACP; (2) Adhesive PE + 20% NACP; (3) Adhesive PE + 30% NACP;
(4) Adhesive PEH + 0% NACP; (5) Adhesive PEH + 20% NACP; (6) Adhesive PEH + 30%
NACP; (7) Adhesive PEHB + 0% NACP; (8) Adhesive PEHB + 20% NACP; (9) Adhesive
PEHB + 30% NACP.

For testing the dentin bond strength, two commercial bonding agents were included to
provide commercial dentin bond strength values as controls. Prime & Bond NT (Dentsply,
Milford, DE) served as control 1. According to the manufacturer, NT was a total-etching
one-bottle bonding system and contained 30% typical methacrylates, < 10% methyl
methacrylate, and 60% acetone. NT was combined with a self-cure activator (SCA) at 1:1
ratio to enable dual-cure. Scotchbond Multi-Purpose bonding system (SBMP, 3M, St. Paul,
MN) served as control 2. According to the manufacturer, SBMP primer contained 35-45%
HEMA, 10-20% copolymer of acrylic and itaconic acids, and 40-50% water. SBMP
adhesive contained 60-70% BisGMA and 30-40% HEMA.

2.2. Dentin shear bond strength testing

Extracted human third molars were stored in 0.01% thymol solution at 4 °C. Each tooth was
cut perpendicularly to the long axis of tooth to expose the mid-coronal dentin using a low
speed diamond saw (Isomet, Buehler, Lake Bluff, IL) under water coolant. The dentin
surface was polished with 600-grit SiC paper. Then the dentin surface was etched with 37%
phosphoric acid gel for 15 seconds (s) and rinsed with water. Two coats of the primer were
applied on the etched dentin with a brush-tipped applicator for 15 s. The dentin was gently
blown with air for 5 s. An adhesive was then applied and light-cured for 10 s with an Optilux
curing unit (VCL 401, Demeron Kerr, Danbury, CT). A stainless-steel cylindrical mold
(inner diameter = 4 mm, thickness = 1.5 mm) was placed on the adhesive-treated dentin
surface. A composite (TPH, Caulk/Dentsply, Milford, DE) was filled into the mold and
light-cured for 60 s. The bonded specimens were stored in distilled water at 37 °C for 24
hours (h). A chisel on a Universal Testing Machine (MTS, Eden Prairie, MN) was aligned to
be parallel to the composite-dentin interface.3931 Load was applied at a cross-head of 0.5
mm/min until the bond failed. Dentin shear bond strength = 4P/(rd?), where P is the load at
failure, and d is the diameter of the composite.30:31
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2.3. Ca and P ion release measurement

A sodium chloride (NaCl) solution (133 mmol/L) was buffered to pH 4 with 50 mmol/L
lactic acid to measure ion release, simulating a cariogenic low pH condition.3140 For each
NACP-adhesive group, three specimens of approximately 2 x 2 x 12 mm were immersed in
50 mL of solution to yield a specimen volume/solution of 2.9 mm3/mL. This was similar to
a specimen volume per solution of about 3.0 mm3/mL in a previous study.3® The Ca and P
ion concentrations released from the specimens were measured at 1, 3, 5, 7, 14, 21, 28, 35,
and 42 days (d). At each time, aliquots of 0.5 mL were removed and replaced with fresh
solution. The pH of the immersion solutions was monitored and adjusted to pH 4 with 50
mmol/L lactic acid using a combination pH electrode (Orion, Cambridge, MA).** The
aliquots were analyzed for Ca and P concentrations via a spectrophotometric method
(DMS-80 UV-visible, Varian, Palo Alto, CA) using known standards and calibration
curves.31:40 The release was measured as the total accumulative ion concentration versus
time. This virgin ion release from the adhesive specimens was termed “initial release”, to
differentiate from the subsequent recharge and re-release.

2.4. Recharge of adhesive specimens and re-release of Ca and P ions

The procedures of recharge and re-release are illustrated in Fig. 1. First, specimens were
immersed in the pH 4 solution for 42 d to measure the initial ion release as described in
Section 2.3. After 42 d immersion, the specimens were collected and stored in 100 mL of
fresh NaCl solution at pH 4 for 30 d to make sure that their ion release was exhausted. Then
the specimens were removed from the immersion solution and ultrasonicated with distilled
water for 30 min. These exhausted specimens were referred to as being “After initial ion
release”, and constituted the starting point as indicated by the left lower arrow in Fig. 1.
Then, these exhausted specimens were used for Ca and P ion measurement for 7 d, which
confirmed that indeed their ion release was exhausted and there was no further release, as
indicated by the second lower arrow in Fig. 1.

These exhausted exhausted specimens were then used for the recharge experiment. The
calcium ion recharge solution consisted of 100 mmol/L of CaCl, and 50 mmol/L of 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer.27:45 The phosphate ion
recharge solution consisted of 60 mmol/L of KHPO,4 and 50 mmol/L of HEPES. The two
solutions were adjusted to pH 7 using 1 mol/L of KOH.2745 To recharge, three specimens of
2 x 2 x 12 mm were immersed into 5 mL of the Ca or P recharge solution and gently shaken
on a mixing machine (Analog Vortex Mixer, Fisher, Waltham, MA) at a power level of 3 for
3 min. This immersion and shaking treatment provided movement which could also occur in
the mouth-rinsing process. Then the specimens were rinsed with running distilled water for
1 min to remove any loosely attached deposits on specimen surfaces (hence only the ions
recharged into the interior of the resin were measured in the subsequent re-release test). This
recharge was performed at about 9:00 am, then the specimens were kept in lab air, and then
they were recharged again at about 5:00 pm. Thus the specimens received two doses of
recharge, simulating a mouth-rinse in the morning and in the evening. Then the specimens
were used to measure the re-release.
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To measure Ca and P ion re-release, the recharged specimens were immersed in 50 mL of
the pH 4 solution using the method in Section 2.3, as indicated by the third arrow in the
bottom of Fig. 1. The re-release was measured at 1, 2, 3, 4,5, 6 and 7 d, as one cycle. The
upper arrow in Fig. 1 indicates the measurement from 1 d to 7 d in the first cycle. To
investigate whether the recharge capability of the specimens would decrease with increasing
number of cycles, the recharge/re-release cycle was repeated three times. After 7 d of re-
release, the specimens were recharged again, then tested for re-release as cycle 2. This was
repeated for 3 cycles in the present study as illustrated in Fig. 1.

After 3 cycles of recharge/re-release, in order to investigate how long the specimens could
further release Ca and P ions, the specimens after the 3rd cycle (without further recharge)
were immersed in 50 mL of fresh pH 4 solution to measure ion release as described in
Section 2.3. The measurements of Ca and P ion re-release from these specimens were
continued for an additional 42 d. The concentrations of Ca and P ions were measured at 1, 2,
3,4,5,6,7,14, 21, 28, 35 and 42 d as described in Section 2.3.31:40

2.5. Statistical analysis

Kolmogorov-Smirn test and Levene test were performed to confirm the normality and equal
variance of data. The results of shear bond strength and Ca and P ion release were analyzed
with two-way analyses of variance (ANOVA). Post hoc multiple comparisons were
performed using the Tukey’s honestly significant difference test. Statistical significance was
set at p < 0.05, using the SPSS 14.0 software package (SPSS, Chicago, IL, USA).

3. Results

Dentin shear bond strength results are plotted in Fig. 2 (mean + sd, n = 10). The different
adhesive types had a significant effect on dentin bond strength (p < 0.05). Adhesive PEHB
had the highest dentin bond strength followed by PEH, while PE had the lowest bond
strength (p < 0.05). For each adhesive type, the NACP filler level of 0-30% had no
significant effect on dentin bond strength (p > 0.1). Adhesive PEHB had dentin bond
strength matching that of control 2 and was higher than that of control 1 (p > 0.1).

The initial Ca and P ion release from the virgin adhesive specimens are plotted in Fig. 3
(mean % sd; n = 6). As expected, there was no Ca and P release at 0% NACP. The release
significantly increased when the NACP filler level was increased from 20% to 30% (p <
0.05). PEHB had the most ion release, followed by PEH (p < 0.05). PE had the least ion
release. For all NACP-containing adhesives, the ion concentrations significantly increased
with time from 1 to 42 d (p < 0.05).

The Ca and P ion recharge and re-release results are plotted in Fig. 4 (mean £ sd, n = 3). The
exhausted specimens were recharged and the ion re-release was measured for 7 d, as one
cycle. Three recharge/re-release cycles were plotted in Fig. 4. Adhesives with 0% NACP
showed little re-release after each recharge. For each adhesive, increasing the NACP filler
level to 20% and 30% greatly increased the ion re-release (p < 0.05). For each adhesive,
there was no decrease in ion release from the first recharge/re-release cycle to the third
cycle. For each cycle, the ion release reached a similarly high level, demonstrating a long-

J Dent. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 7

term recharge/re-release capability. Comparing the three types of adhesives, PEHB had the
best recharge and re-release capability, followed by PEH and then PE.

After the third recharge/re-release cycle, the continuous Ca and P ion re-release of the
specimens without further recharge was measured for 42 d (Fig. 5) (mean = sd, n = 3). For
NACP-containing adhesives, adhesive PEH and PEHB had higher Ca and P ion re-release
than adhesive PE (p < 0.05). Adhesive PEH and PEHB had similar ion release levels (p >
0.1). The release was higher at higher NACP filler level (p < 0.05). The released ion
concentrations significantly increased from 1 d to about 14 d and then gradually reached a
plateau. These results demonstrate that after the third recharge, the specimens released Ca
and P ions for 7 d in Fig. 4, and then continued to release ions for about 14 d in Fig. 5.
Hence, they had significant ion release lasting for about 21 d after the recharge.

4. Discussion

In the present study, a calcium phosphate ion rechargeable bonding agent was developed for
the first time. The effects of resin composition and NACP filler level on dentin bond strength
and CaP recharge and re-release were determined. Among the three adhesives tested, the
adhesive PEHB with 30% NACP showed the highest initial Ca and P ion release, the greatest
recharge and re-release capability, as well as the highest dentin bond strength compared to
PEH and PE. Re-incorporation of minerals into the dentin HL is important because the
precipitated minerals may help repair nanometer-sized voids such as nanoeakages that
remain within the HL. In addition, the remineralized HL may be more resistant to
degradation in the oral environment and be able to resist and neutralize biofilm acids81°
Furthermore, according to the minimally-invasive treatment concept,%#® more dentin tissues
including some caries-infected and caries-affected dentin are recommended to be preserved
in the prepared cavity, in order to save tooth structure and avoid perforating the pulp. A
NACP adhesive may help remineralize the caries-infected and caries-affected lesions in the
tooth cavity. Besides the existing lesions, microleakage along the restoration margins can
provide pathways for new invading bacteria and lead to secondary caries along the bonded
interface.4”49 Therefore, CaP resins would be highly beneficial to release Ca and P ions to
combat secondary caries.*0-20:51 The novel rechargeable NACP adhesive is promising to
provide sustained Ca and P ion release at the margins which is the weak link, and provide
long-term remineralization and caries inhibition vis repeated recharge and re-release.

PMGDM and EBPADMA (PE) are the major monomers used in all three types of adhesives
in the present study. PMGDM is an acidic adhesive monomer that has been previously used
in dental bonding agents and a calcium phosphate-based cement.25:30 The primer used with
all three adhesives contained PMGDM, adopted from a previous study which yielded a
relatively high dentin shear bond strength of about 30 MPa.30 However, the adhesive PE
group showed the lowest dentin shear bond strength of only about 10 MPa. PE consisted of
49.5% of PMGDM and 49.5% of EBPADMA, and was more viscous than the other two
adhesives which contained HEMA. The more viscous PE could have a low wettability on
dentin surfaces, which may impair its infiltration into the demineralized dentin matrix and
dentinal tubules, resulting in a lower dentin bond strength.1” The incorporation of 10%
HEMA in PEH and PEHB resulted in significantly higher dentin shear bond strengths than
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PE. This was likely because the addition of HEMA improved the hydrophilicity and bonding
ability of the adhesive.#3:52 |n addition, PEH and PEHB containing HEMA likely had better
chemical affinity with the HEMA-containing primer than PE. Furthermore, the noticeable
decrease in viscosity of the adhesive due to the addition of HEMA may facilitate the
infiltration of monomers into the demineralized dentin and the formation of resin tags.1’
PEHB contained 5% of BisGMA while the EBPADMA amount was reduced by 5%. To
maintain a similar capability to chelate with Ca ions, the PMGDM content was the same in
PEH and PEHB. BisGMA is one of the most common monomers in dental adhesives.*3:53
BisGMA contains ester linkages that connect Bis-phenol-A segments to the polymerizable
vinyl segments.#3:53 BisGMA has bisphenol A as the core of its chemical structure, which
makes it a very stiff molecule to result in a mechanically strong polymer. In addition,
BisGMA has two pendant hydroxyl groups that can form strong hydrogen bonds with the
hydroxyl groups on adjacent BisGMA molecules. Furthermore, the molecular weight of
BisGMA is very high, which also promotes excellent mechanical properties. Indeed, adding
5% BisGMA in PEHB yielded a dentin shear bond strength of about 30 MPa, significantly
higher than the nearly 20 MPa of PEH without BisGMA. However, BisGMA-rich and
HEMA-rich dentin bonding agents may raise potential concerns of adhesive hydrolysis and
degradation of the bonded interfaces.52° Therefore, the amounts of BisGMA and HEMA in
the adhesive need to be carefully controlled as they may influence the bonding durability.>®
The present study used only small amounts of BisGMA and HEMA (5% and 10%,
respectively) to minimize any negative effect on the bonding durability. Further study needs
to evaluate the effects of adhesive compositions, in particular, the PEHB, on the long-term
durability of the dentin-resin bond.

All three types of adhesives showed high levels of Ca and P ion releases at relatively low
NACP filler levels of 20-30% (Fig. 3), which were substantially higher than the ion releases
reported for traditional CaP-filled resins.22:27:35 Traditional CaP-filled resins used CaP
particle sizes of about 17 pm and 1-55 pm.25:27:35 The NACP used in the present study has a
much smaller particle size of 116 nm. NACP particles had a higher surface area of 17.76
m?2/g, compared to about 0.5 m2/g of traditional CaP particles in previous studies.2”35 This
enabled the release of substantial Ca and P ions using relatively low NACP filler levels in the
adhesive, to avoid decreasing the dentin bond strength at higher CaP filler levels. Among the
three types of bonding agents, at the same NACP content, the initial Ca and P ion releases of
PEHB and PEH were higher than PE. This was likely due to the incorporation of HEMA
which increased the hydrophilicity and hence the ion release, consistent with a previous
study.52 Previous studies showed that the Ca and P ion release was the highest at pH 4, much
less at pH 5, and minimal at pH 7.31:44 Therefore, the CaP-containing resin was “smart” and
could greatly increase the ion release at a cariogenic low pH during a biofilm acid challenge,
when these Ca and P ions would be most needed to combat demineralization.5”-58 When the
cariogenic bacteria produce acids to decrease the local pH, the NACP-containing adhesive
could release ions and neutralize the acid to increase the pH to a safe pH of above 5 to
minimize demineralization.**

All the tested NACP-containing adhesives showed a Ca and P ions recharge and re-release
capability. The recharge ability of these adhesives may be attributed to two reasons. The first
is the chemical properties of the adhesive resin matrix. Our preliminary study showed that
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the resin matrix of BisGMA-TEGDMA at 1:1 ratio containing NACP had no recharge and
re-release capability. The resin of PMGDM-EMBPDMA at 1:1 ratio containing NACP had
the highest Ca and P ion recharge and re-release. The resin of BisGMA and Bis[2-
(methacryloyloxy)ethyl] phosphate (Bis-MEP) containing NACP had a moderate Ca and P
ion recharge and re-release capability. Thus the preliminary screening test indicated that the
PMGDM-EBPAGMA resin had the best potential of Ca and P ion recharge. Therefore, the
present study selected PMGDM and EMBPDMA as the major monomers in all three
adhesive systems. The carboxylate groups of PMGDM can chelate with Ca ions of dentin or
of the exterior environment,3%-41 such as those in a recharge solution. PMGDM in the
adhesive may chelate with Ca ions in the recharge solution at pH 7. After the recharge, the
bond between PMGDM and Ca might break down during a cariogenic challenge such as a
local pH of 4, thus inducing the re-release of the ions. Another factor in the recharge ability
might be the space-occupying effect. After the initial Ca and P ion release, the sites that
were previously occupied by the Ca and P ions are available for the incoming Ca and P ions
from the recharge solution. Hence, for rechargeable CaP resins, the material with the higher
initial Ca and P ion release should also have a higher Ca and P ion recharge and re-release.
Indeed, adhesives PEHB and PEH, which had higher initial ion releases, also had higher re-
release than PE. This may also explain why the adhesive with 30% NACP showed higher ion
release and recharge capability than those with 20% NACP. This is consistent with previous
studies on recharge of F-releasing dental materials, which showed that materials with higher
initial F release also exhibited greater F recharge and re-release.339:59 Among the three
adhesive systems developed in the present study, PEHB appeared to have the best potential
for clinical applications. First, PEHB showed the highest dentin bond strength, which was
not negatively affected by the incorporation of 30% NACP. Second, with the incorporation
of 30% NACP, PEHB showed the highest Ca and P release and recharge capability to
provide long-term remineralization.

It should be noted that the environmental pH of ion release measurement in the present study
was 4, with the purpose to mimic the bacterial acidic condition. The Stephan Curve showed
that the plaque pH, following a glucose mouthrinse, stayed in the cariogenic area of pH 4 or
4.5 for several minutes, and then the pH increased back to 5.5 or higher, after the bacteria
had completed their metabolization of the glucose and the saliva had buffered the acid.59
Therefore, the immersion in pH 4 solution of the present study was an aggressive and
accelerated test, and not an exact simulation of in vivo conditions. Most of the times the pH
in vivo would be close to neutral. A previous study showed that the Ca and P ion release was
minimal at pH 7, and increased dramatically at pH 4.40 Therefore, it is expected that the Ca
and P ions would be largely preserved at neutral pH; then during a biofilm acid challenge,
the ion release would be greatly increased, when these ions would be most needed to combat
caries. Further studies are needed to investigate the ion release at neutral pH and the efficacy
of combating caries under in vivo conditions via the rechargeable resins.

The recharge capability of the NACP-containing adhesives is worth noting. The resin could
be recharged once in the morning and once in the evening for only a single day with a total
of two doses of recharge, and then the resin could release Ca and P ions continuously for 7
days without further recharge. Even after releasing for 7 days, without further recharge, they
continued to release for another two weeks before the release started to plateau (Fig. 5), at
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which point another recharge would be needed. Therefore, clinically it may be possible to
use the Ca and P recharge solution mouth-rinse for one day to have lasting release for 2-3
weeks, which would be user friendly. Alternatively, if the patient uses the Ca and P recharge
solution mouth-rinse daily, the release would likely be enhanced to provide superior
remineralization and biofilm acid-neutralizing capabilities to inhibit caries. Further studies
are needed to optimize the recharge method, determine the clinical efficacy, and develop a
mouth-rinse for Ca and P recharge for resin restorations in vivo. The Ca and P recharge
technology using PMGDM and EBPAGMA monomers and NACP is expected to have wide
applicability to other dental resins, composites, adhesives, sealants, coatings, orthodontic
cements, resin-modified glass ionomer cements (for both Ca and P as well as F release), to
promote long-term remineralization and caries-inhibition effects.

5. Conclusion

The present study developed the first rechargeable calcium phosphate dental bonding agent
to provide long-term Ca and P ions to promote remineralization and inhibit caries. Adhesive
PEHB showed the highest dentin bond strength, and increasing the NACP content from 0%
to 30% did not compromise the dentin bond strength. PEHB had the highest initial Ca and P
ion release, followed by PEH and PE. PEHB had the greatest Ca and P ion recharge and re-
release, followed by PEH and PE. After recharge, the resins had continuous release of ions
for at least 2—-3 weeks, before another recharge would be needed. For each adhesive, NACP
at 30% yielded much better Ca and P release, recharge and re-release than 20% NACP.
Among all the bonding agents tested, PEHB with 30% NACP appeared to be the best,
considering its highest dentin bond strength, Ca and P ion release, and recharge and re-
release. The new Ca and P recharge method and the novel PMGDM-EBPAGMA-NACP
composition may be applicable to other adhesives, composites, sealants, coatings and
cements, to combat secondary caries and remineralize tooth lesions.
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Fig. 1.
Illustration of the testing procedures for Ca and P ion recharge and re-release. Adhesive

resin specimens were first immersed in a pH 4 solution to exhaust the ion release, as
indicated by the lower left arrow. Then the specimens were immersed in a new pH 4 solution
to confirm that the ion release was exhausted, as indicated by the lower middle arrow. Then
the specimens were recharged in a recharge solution. The recharged specimens were tested
for ion re-release for 7 d, as indicated by the right arrow at the bottom of Fig. 1. This
constituted the first recharge/re-release cycle. This process was repeated for 3 cycles to test
whether the recharge/re-release would decrease over time.
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h (mean £ sd; n = 10). Bars with dissimilar letters indicate values that are significantly
different from each other (p < 0.05).
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Initial Ca and P ion release (mean * sd; n = 6) from the adhesive specimens. Ca and P ion
release of adhesive PEH (C, D) and adhesive PEHB (E, F) were significantly higher than

that of adhesive PE (A, B) with the same NACP content (p < 0.05). The released ion

concentration was plotted as the total accumulative ion concentration versus time. Increasing
the NACP content substantially increased the Ca and P ion release (p < 0.05)
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Ca and P ion re-release from adhesive resin specimens after recharge (mean + sd; n = 3),
tested for three recharge/re-release cycles. Ca and P ion re-release of adhesive PEH (C, D)
and adhesive PEHB (E, F) were significantly higher than that of adhesive PE (A, B) with the

same NACP content (p < 0.05). There was no decrease in the ion re-release level with

increasing the recharge/re-release cycle from cycle 1 to 3 (p > 0.1).
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After the third recharge/re-release cycle with ion release for 7 d (after Fig. 4), the specimens
without further recharge were tested for continuous Ca and P ion release for 42 d (mean £

sd; n = 3). Adhesive PEH and PEHB had greater re-release than adhesive PE (p < 0.05). The
ion concentration increased for about two weeks and then plateaued. Therefore, the
recharged specimens (without further recharge) could re-release ions for 7 d in Fig. 4, and
then continue to release ions for two more weeks in Fig. 5.
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