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ABSTRACT

In recent years, the authors have been developing
novel fluoride-releasing dental composites contain-
ing ternary zirconium fluoride chelates. The aim
of this study was to improve the physical and
mechanical properties of these composites by
improving the formulation of the monomers and
photoinitiators. The hypothesis was that reduction
of hydrophilic monomers and improvement of the
photoinitiators could reduce water sorption and
significantly increase the mechanical properties of
the composite. The degree of conversion of the
composites containing different compositions of
photoinitiators was studied by Fourier transform near-
infrared spectroscopy (FT-NIR). Ten experimental
composites containing different compositions of etho-
xylated bisphenol-A dimethacrylate (EBPADMA),
1,6-hexanediol dimethacrylate (HDDMA), triethy-
lene glycol dimethacrylate (TEGDMA), and 2,2-
bis[4-(2-hydroxy-3-methacryloyloxypropoxy)
phenyl]-propane (BisGMA) were tested for flexu-
ral strength, viscosity, and water sorption. The
experimental composite containing 20% synthe-
sized fluoride-releasing monomer, 30% BisGMA,
30% EBPADMA, and 20% HDDMA showed sig-
nificantly higher fluoride release and recharge, but
physical and mechanical properties similar to those
of the control composite containing 40% BisGMA,
40% EBPADMA, and 20% HDDMA.
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INTRODUCTION

S econdary (recurrent) caries is the most frequent cause for the failure of
dental restorations (Mjor, 1997; Wilson et al., 1997; Mjor and Moorhead,
1998; Mjor et al, 2002). Fluoride-releasing dental materials may reduce
secondary caries at the restoration margins (Zimmerman et al., 1984; Jensen
et al., 1991; Donly and Gomez, 1994; Wiegand et al., 2007). Currently, the
fluoride-releasing dental materials can be divided into 4 categories (Burgess
et al., 1994; Hicks et al., 2003; Xu and Burgess, 2003; Burke et al., 2006;
Wiegand et al., 2007): glass ionomers, resin-modified glass ionomers, com-
pomers, and composites. Our previous study (Xu and Burgess, 2003) showed
that current dental materials with higher fluoride release generally have lower
mechanical properties. Therefore, high-fluoride-releasing materials, such as
glass ionomers and resin-modified glass ionomers, are mainly used clinically
to restore decayed non-biting areas in high-caries-risk patients. Composites
have been widely used in restorative dentistry, because they have high
strength, good wear resistance, and excellent esthetics, but they release only
a small amount of fluoride and have low fluoride-recharge capability. Their
anti-caries efficacy is questionable. Therefore, the dental composites that
have high fluoride release and recharge capabilities, while maintaining their
strength and wear resistance, are highly desirable.

In the past two decades, several methods have been used to provide the
fluoride sources for resin-based fluoride-releasing dental materials: (1) soluble
free salts, such as NaF and SrF, (Arends and Ruben, 1988; Cook and Youngson,
1989); (2) fluoride-releasing glass fillers (Temin and Csuros, 1988; Sonis and
Snell, 1989; Xu and Burgess, 2003); (3) organic fluoride salts, such as tetrabutyl-
ammonium tetrafluoroborate (Aasen et al., 1989; Glasspoole et al., 2001); and
(4) amine-hydrofluoride-based monomers, such as t-butylaminoethyl methacr-
ylate hydrogen fluoride (Rawls and Zimmerman, 1986; Rawls, 1987).

In recent years, we and others have been developing new fluoride-
releasing dental monomers containing ternary heavy-metal-fluoride chelates
(Mitra and Wang, 2002; Xu et al., 2004a,b, 2005, 2006a). The results from
the experimental composites made of these novel fluoride-releasing monomers
have shown significantly higher fluoride-release and recharge capabilities than
commercial fluoride-releasing composites, but their physical and mechanical
properties are still lower than those of most commercial dental composites.

One method of improving the mechanical properties of dental composites
is to increase their filler content. However, maximum filler content is limited
by monomer viscosity. Most current dental composites use highly viscous
BisGMA as the main monomer; therefore, a diluent monomer such as
TEGDMA is needed to decrease viscosity. TEGDMA is a hydrophilic mono-
mer (partition coefficient LogP: 2.42 [calculated by means of ChemDraw
Ultra 9.0, CambridgeSoft®, Cambridge, MA, USA]; a lower LogP indicates
higher hydrophilicity). It can increase water sorption and may have biological
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Figure 1. Structures of synthesized monomers |, Il, EBPADMA, and HDDMA. The values of LogP (partition coefficient) were calculated by means

of ChemDraw Ultra 9.0 (CambridgeSoff).

side-effects when leaching out (Geurtsen ez al., 2001). The chal-
lenge is decreasing monomer viscosity while minimizing the
content of TEGDMA. Ethoxylated bisphenol-A dimethacrylate
(EBPADMA) (LogP: 5.54) and hexanediol dimethacrylate
(HDDMA) (LogP: 3.13) are less hydrophilic and less viscous
than BisGMA (LogP: 5.09) and TEGDMA, respectively
(Cowperthwaite et al., unpublished observations). Their struc-
tures are shown in Fig. 1.

The objective of this study was to improve the physical and
mechanical properties of the fluoride-releasing dental composites
by the following approaches: (1) reducing the amount of tetrabutyl-
ammonium fluoride used in the synthesis of the fluoride-releasing
monomer, (2) optimizing the photoinitiators, and (3) improving
the monomer formulation by replacing hydrophilic TEGDMA
and part of BisGMA with less-hydrophilic monomers. The
hypothesis was that reduction of the hydrophilic components in
the monomers and improvement of the photoinitiators could
reduce water sorption and significantly increase the mechanical
properties of the composites.

MATERIALS & METHODS

Reagents and Materials

The chelating dimethacrylate monomer (I), {4,4-bis-(4-[2-hydroxy-3-
(2-methacryloyloxy)-propoxy]-phenyl)-pentanoyl-amine}-N, N, -diace-
tic acid, and its ternary zirconium fluoride chelate (fluoride-releasing
monomer II) (Fig. 1) were synthesized by a procedure reported previ-
ously (Xu et al, 2004b, 2006a). BisGMA was purchased from
Polysciences (Warrington, PA, USA). EBPADMA and HDDMA were
provided by Esstech Inc. (Essington, PA, USA). TEGDMA, tetrabutyl-
ammonium fluoride (TBAF), camphorquinone (CQ) ethyl 4-dimethyl-
aminobenzoate (4E), bis(2,4,6-trimethylbenzoyl)-phenyl-phosphine
oxide (PO), diphenyliodonium hexafluorophosphate (IFP), and zirco-
nium tetrafluoride were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Silanized quartz filler (mean, 0.8 pm) was provided by Colténe/
Whaledent (Altstétten, Switzerland). The fluoride-releasing filler

(fluoroaluminosilicate, mean, 1.3 pm) was provided by Caulk/Dentsply
(York, PA, USA).

Formulation and Photopolymerization
of Experimental Composites

We formulated and fabricated the experimental and control composites
by blending monomers (BisGMA/TEGDMA/ EBPADMA/HDDMA/
Synthesized F-releasing monomer in various ratios), photoinitiators,
and the fillers, in a 50-mL vacuum blender (National Institute of
Standards and Technology, Gaithersburg, MD, USA). All composite
samples were light-cured for 40 sec with an Optilux 501 curing light
(Kerr, Orange, CA, USA; output > 500 mW/cm ) on each surface.

For optimization of the photoinitiators, all composites contained 65
wt% of the silanized quartz filler and the monomer mixture of BisGMA:
TEGDMA (60:40). Degree of conversion (DC) was measured by
FT-NIR as described previously (Stansbury and Dickens, 2001; Trujillo
et al., 2004; Xu et al., 2006b). Disk composite specimens (5 mm diam-
eter, 2 mm thick, n = 5) were prepared with a rubber ring pressed
between a pair of glass slides (22 x 22 x 0.17 mm). The specimen was
placed on top of a Smart NIR UpDRIFT (Thermo-Nicolet Instrument
Corp., Madison, WI, USA), a top-loading diffuse reflection accessory,
and the NIR spectrum of the uncured resin was acquired by means of a
Thermo-Nicolet Nexus 670 FT-IR spectrometer. The specimen was
then light-cured in situ (without moving the specimen) through the
upper glass slides for 40 sec. The NIR spectrum of the cured composite
was acquired again. All spectra were recorded at a wavelength range of
4500-7000 cm, resolution of 8 cm, and scan number of 110. The DC
was calculated with the area of the first overtone of the vinyl absorption
peak, around 6164 cm, and the first overtone of the aromatic absorption
peak, around 4621 cm, as the internal standard:

DC (%) = [1-(A /A, /(A /A,,)] x 100

where A is the peak area of the cured composite (polymer) and A,
is the peak area of uncured resin (monomer) at 6163 cm; A, and A,
are the peak area at 4621 cm before and after cure, respectively.
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For optimization of the monomer composition to minimize water
sorption, all composites (Control-1 and Expl through Exp9) have
70 wt% silanized quartz filler (mean, 0.8 pm) and photoinitiators
consisting of 0.5% CQ, 2% 4E, and 1% PO, which was determined by
the above-mentioned optimization experiment and was also used in
the formulation of Control-2 and Exp10. The monomer of Control-2
contained BisGMA:EBPADMA:HDDMA (40:40:20). The monomer
of experimental fluoride-releasing composite ExplO contained
Monomer II BisGMA:EBPADMA:HDDMA (20:30:30:20). Both
Control-2 and Expl0 contained 70 wt% silanized fluoride-releasing
filler (mean, 1.3 um).

Fluoride Release and Recharge

Cylindrical specimens (4 mm in diameter and 9 mm in length,
n = 5) were prepared and light-cured for 40 sec on each surface. For
fluoride release, the specimens were immediately placed in 3 mL de-
ionized water. Fluoride release was measured daily for 30 days and then
weekly for a total of 100 days, with a fluoride-ion-selective electrode
(model 96-09, Thermo-Orion, Beverly, MA, USA) and an Orion 920A
PH/ISE meter (Thermo-Orion). For fluoride recharge, the specimens
were stored in 500 mL distilled water for 2 wks; the water was replen-
ished daily. We then “recharged” the specimens by applying “60
Seconds Taste Gel” (Pascal Co., Inc., Bellevue, WA, USA), an acidu-
lated phosphate fluoride (containing 1.23 w/w% fluoride ion), for 1 min
and rinsing them with running de-ionized water for 1 min. Fluoride
release from these recharged specimens was measured daily for 5 days,
and the recharge cycles were repeated 3 times.

Measurement of Physical and Mechanical Properties

The complex viscosity (n*) of different monomer mixtures (n = 6) was
measured at 25°C on an ARES rheometer (TA Instruments, New Castle,
DE, USA), in a 25-mm parallel plate and a Peltier with a 0.5-mm gap.
Rectangular specimens for flexural strength (2 x 2 x 25 mm, n =20) and
cylindrical specimens for compressive strength (4 x 9 mm, n = 20) were
prepared. One group (n = 10) of each material was tested after storage
in de-ionized water at 37°C for 24 hrs. Another group (n = 10) was
tested after storage in de-ionized water at 37°C for 30 days. The three-
point-bending flexural strength and compressive strengths were tested
on an Instron 5566 testing machine (Instron Corp., Canton, MA, USA)
with a cross-head speed of 1 mm/min. The water sorption and solubility
tests were conducted with disk samples (15.0 mm diameter, 1.0 mm
thick, n = 5) according to ISO Specification 4049.

Data Analysis

The data were analyzed by ANOVA and the post hoc Tukey test, with a
significance level of 95% (o = 0.05).

RESULTS

The structures of synthesized chelating monomer I, fluoride-
releasing monomer II, and commercial monomers EBPADMA
and HDDMA are displayed in Fig. 1. The effects of different
photoinitiator compositions on the degree of conversion (DC)
at the polymerization time of 40 sec were examined (Fig. 2).
The photoinitiator containing 1% PO, 0.5% CQ, and 2% or 3%
4E seemed to produce the highest DC, which is significantly
higher than those without PO (p < 0.05). Under this optimal
photoinitiator composition, the DCs of fluoride-releasing
experimental (ExplO) and control (Control-2) composites
containing fluoroaluminosilicate fillers were also measured
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(Fig. 2). The DC value of Expl0 was similar to that of the
optimal composition.

The influence of different monomer compositions on the
complex monomer viscosity (n*) and the flexural strength of
the corresponding composites was evaluated (Table). The water
sorption, solubility, fluoride release and recharge, and compres-
sive and flexural strengths (after 24 hrs and 30 days) of
Control-1, Control-2, Exp8, and Exp10 were tested (Fig. 3). The
results of the experimental composite from our previous study
(Exp6) (Xu et al., 2006a) are also included for comparison (Fig.
3). Exp8 had the highest flexural strength among composites
Exp1 through Exp9, and it was statistically the same as Control-1
(Table). However, Exp8 has significantly lower water sorption
than Control-1 (Fig. 3a) (p < 0.05). The water sorption and
solubility of Exp10 were significantly lower than those of Exp6
(p < 0.01). Exp10 had significantly higher fluoride release than
Control-2 (Fig. 3b) (p < 0.01), but significantly lower than Exp6
(Fig. 3b) (p < 0.01). The fluoride recharge capability of Exp10
was also significantly higher than that of Control-2 (p < 0.05)
and similar to that of Exp6 (p > 0.05) (Fig. 3b). The compressive
and flexural strengths of Exp10 at 24 hrs and 30 days were sta-
tistically the same as those of Control-2 (p > 0.05) (Figs. 3¢, 3d),
but significantly higher than those of Exp6 (p < 0.05).

DISCUSSION

We synthesized the fluoride-releasing monomer (II) by first
reacting zirconium fluoride with tetrabutylammonium fluoride
(TBAF) to form the soluble fluorozirconate complex salts,
which then reacted with the chelating monomer (I). In our previ-
ous work (Xu et al., 2006a), the 1:4 ratio of ZrF, to TBAF was
used. The extra amount of TBAF allowed for easy dissolution
of ZrF ,, but the extra free salts could not be removed, thus lead-
ing to higher water sorption, higher solubility, and poor mechan-
ical properties. In this study, the amount of TBAF was reduced
from ZrF,/TBAF 1:4 to 1:2. To facilitate the dissolution of ZrF,
we used a large amount (100 times that of ZrF,) of solvent
(methanol) during synthesis. We investigated the effects of dif-
ferent combinations of photoinitiators, particularly the effect of
bis(2,4,6-trimethylbenzoyl)-phenyl-phosphine  oxide (PO),
which can form free radicals without tertiary amine as an accel-
erator. This is important for the acidic monomers, such as the
chelating monomer and fluoride-releasing monomer in this
study, and self-etching dental bonding agents. In general, the
addition of 1% of PO to a two-component (CQ + 4EDMAB)
photoinitiator system can enhance the degree of conversion
(DC). However, when CQ and amine concentrations are already
high (e.g., 0.5% CQ and 2% or higher 4E), further addition of
PO (e.g., 2%) will reduce DC. One percent of diphenyliodo-
nium hexafluorophosphate (DPIHFP or IFP) was also added to
0.5% CQ + 3% 4E, because it might increase DC by converting
the reversible free-radical-forming reaction between CQ and 4E to
an irreversible reaction. However, IFP has shown little effect on
DC, probably because the CQ and 4E contents are already high.
In composites Expl-Exp9, various portions of BisGMA and
TEGDMA were replaced by EBPADMA and HDDMA, which
have higher LogP values and are more hydrophobic than BisGMA
and TEGDMA, respectively. Therefore, Exp8 composite has
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Figure 2. Effects of photoinitiator systems on the degree of conversion measured by FT-NIR (n = 5, light-cured for 40 sec). All composites (except
Exp10 and Control-2) have monomers BisGMA:TEGDMA (60:40) and filler content of 65 wt% silanized quartz (mean, 0.8 pm). Exp10 and
Control-2 contain 70 wi% silanized fluoride-releasing filler (mean, 1.3 pm). The error bars are standard deviations.

significantly lower water sorption than Control-1 (p < 0.05) and
solubility similar to that of Control-1. The monomer composition
of Exp8 was chosen to formulate fluoride-releasing composites
because it generates the highest flexural strength (the same as
Control-1) and contains no TEGDMA.

Based on these results, 2 fluoride-releasing composites were
formulated: Control-2, containing the same monomer composi-
tions as Exp8, and Exp10, containing 20% synthesized fluoride-
releasing monomer (II) replacing 10% BisGMA and 10%
EBPADMA. Both composites contained the same amount of

Table. Effects of Monomer Compositions on the Viscosity and Flexural Strength of Composites

Mono  mer Viscosity Flexural Strength*

(mean + SD) (mean + SD)

Monomer Composition (wi%) (n=1¢) (n=10)
Material BisGMA TEGDMA EBPADMA HDDMA (Paes) (MPa)
Control-1 60 40 0.55 £ 0.01 101.6 + 5.94
Exp. 1 60 10 30 0.72 £ 0.01 80.1 + 6.8°
Exp. 2 60 20 20 2.25 £ 0.02 91.3 £10.248
Exp. 3 50 30 20 0.60 + 0.01 89.8 £ 10.0%8
Exp. 4 50 30 20 1.14 £ 0.02 80.9 £ 6.9°
Exp. 5 50 20 30 0.42 + 0.01 90.9 + 10.248
Exp. 6 40 20 40 0.84 + 0.02 89.4 £ 5778
Exp. 7 40 30 30 0.33 £ 0.00 88.0 £ 7.7A8
Exp. 8 40 40 20 0.70 £ 0.01 101.9 + 5.54
Exp. 9 40 50 10 2.01 £ 0.01 82.7 £ 5.7°
M10 100 51595 + 1.68
M11 100 0.013 + 0.001
M12 100 0.98 + 0.02
M13 100 0.0046 + 0.0004

*

HDDMA: 1,6-hexanediol dimethacrylate.
TEGDMA: triethylene glycol dimethacrylate.

The same superscript letter indicates no significant difference between different groups (p > 0.05).
BisGMA: 2,2-bis[4-(2-hydroxy-3-methacroyloxypropoxy)phenyl]-propane. EBPADMA: ethoxylated bisphenol-A dimethacrylate.
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Figure 3. Properties of experimental and control composites (the data for Expé are from Xu et al., 2006a): (a) water sorption and solubility
(n = 5); (b) cumulative fluoride release in 100 days and in 3 days after recharge (n = 5) in de-ionized water; (€) compressive strength after
24 hrs (n = 10) and 30 days (n = 10); (d) flexural strength after 24 hrs (n = 10) and 30 days (n = 10). The error bars are standard deviations.
The letters represent grouping. The same letter indicates no significant difference between groups in the same property (p > 0.05).

F-releasing filler and photoinitiators. The compressive and
flexural strengths of Exp10 were statistically the same as those
of Control-2 at 24 hrs and 30 days (p > 0.05), but they were
significantly higher than those of Exp6. More importantly, the
flexural strength of ExplO after 30-day storage in water
improved dramatically (223%) compared with Exp6.

Exp10 also maintained its flexural strength at the same value
as at 24 hrs, which indicates better hydrolytic stability. Water
sorption and solubility of Expl10 were significantly lower than
those of Exp6 and similar to those of Control-2. These results are
consistent with our previous finding that a negative correlation
exists between water sorption and mechanical properties (Xu
et al., 2006a). Higher filler content (70 wt%) in Expl0 than in
Exp6 (65 wt%) also contributed to the improved mechanical
properties. In contrast, the cumulative fluoride release of Exp10
was significantly lower than that of Exp6. This reduction was
probably due to the decreased amount of free tetrabutylammo-
nium fluoride (TBAF) salt and the decreased hydrophilicity (and
water sorption). Nevertheless, the fluoride release of Expl0 was
still significantly higher than that of Control-2 (p < 0.01). The fluo-
ride recharge capability of Exp10 was also significantly higher than
that of Control-2 (p < 0.05) and similar to that of Exp6. Since
Control-2 contained only the fluoride-releasing filler particles, it

had very low initial fluoride release, which diminished to a neg-
ligible level after about 1 wk. Expl10 contained both fluoride-
releasing filler particles and the fluoride-exchanging monomer,
which can promote the transport of fluoride through the polymer
matrix by an ion-exchange mechanism and led to sustained
higher fluoride release and recharge capability.

In summary, the careful formulation of the monomers and
improvement of the photoinitiators can significantly reduce
water sorption and increase mechanical properties of the com-
posite. The improved fluoride-releasing composite can achieve
significantly higher fluoride release and recharging capability
and physical and mechanical properties similar to those of con-
ventional non-fluoride-releasing dental composites. Therefore,
the original hypothesis was proved. Further improvement in the
physical and mechanical properties of dental composites releas-
ing anti-caries agents can be achieved by the incorporation of
ceramic whiskers or nanofibers (Xu et al., 2002, 2007). This
work is currently ongoing in our group.
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