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ABSTRACT

Secondary caries and restoration fracture remain
common problems in dentistry. This study tested
the hypothesis that combining nano-CaF, and
glass fillers would yield nanocomposites with high
mechanical properties and F release. Novel CaF,
nanoparticles (56-nm) were synthesized via spray-
drying and incorporated into resin. F release
increased with increasing the nano-CaF, content,
or with decreasing pH (p < 0.05). F-release rates at
70-84 days were 1.13 pg/(cm*day) and 0.50 pg/
(cm*-day) for nanocomposites containing 30% and
20% nano-CaF,, respectively. They matched the
0.65 pg/(cm*day) of resin-modified glass ionomer
(p > 0.1). The nanocomposites had flexural
strengths of 70-120 MPa, after 84-day immersion
at pH 4, pH 5.5, and pH 7. These strengths were
nearly three-fold that of resin-modified glass iono-
mer, and matched/exceeded a composite with little
F release. In summary, novel CaF, nanoparticles
produced high F release at low filler levels, thereby
making room in resin for reinforcement glass. This
yielded nanocomposites with high F-release and
stress-bearing properties, which may help reduce
secondary caries and restoration fracture.
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INTRODUCTION

pproximately 200 million dental restorations are placed annually in the US

(ADA, 2002). Secondary caries and restoration fracture remain the two
most common problems in dentistry (Sakaguchi, 2005; Sarrett, 2005). Caries at
the restoration margins is a frequent reason for restoration replacement (Mjor
etal.,2000), accounting for 50-70% of all restorations (Deligeorgi et al., 2001,
Frost, 2002). Replacement dentistry costs $5 billion/year in the US (Jokstad
etal, 2001).

Fluoride (F)-releasing materials have been extensively studied (Glasspoole
et al., 2001; Kielbassa et al.,, 2003; Tyas, 2006; Ten Cate et al., 2008; Ling
et al., 2009). It is hoped that the F ions can enrich tooth structure, promote
remineralization, and inhibit demineralization. Glass ionomers, resin-modified
glass ionomers, compomers, and composites (Asmussen and Peutzfeldt, 2002;
Itota et al., 2004; Anusavice et al., 2005; Wiegand et al., 2007) have received
much attention due to their release of F ions that can be incorporated into
tooth mineral, resulting in fluoroapatite or F-enriched hydroxyapatite, both
having reduced solubility.

The inferior mechanical properties of glass ionomers have limited their
use. For traditional glass ionomers, “the most intractable problem is likely to
be lack of strength and toughness” (Wilson and McLean, 1988). Resins were
added to the matrix; however, this did not significantly overcome the draw-
backs. Besides low strength and toughness, microhardness was not improved
with the addition of resins, which was shown when traditional and resin-
modified glass ionomers were immersed in water for 12 mos (Ellakuria ef al.,
2003). Therefore, there has been extensive effort to improve the F-releasing
restoratives (Xu et al., 2000; Anusavice et al., 2005; Tyas, 2006; X Xu et al.,
2006; Ling et al., 2009).

Composites are increasingly used because of their esthetics, direct-filling
capability, and improved longevity. Resins and cure conditions, polymerization
shrinkage, and fracture and wear resistance have been improved (Ferracane,
1995; Bayne et al., 1998; Lim et al., 2002; Watts et al., 2003; Lu et al., 2005;
Drummond, 2008). Recently, CaF, nanoparticles were synthesized and incor-
porated into resins (Sun and Chow, 2008; Xu ef al., 2008). It has been deter-
mined that the oral plaque-pH after sucrose rinses can decrease to 4.5-4
(Hefferren and Koehler, 1981). A plaque-pH of above 6 is safe, pH of 6-5.5 is
potentially cariogenic, and pH of 5.5-4 is cariogenic. However, studies are
needed on the solution pH effects on the new CaF, nanocomposites.

In this study, CaF, nanoparticles were incorporated into resin with
glass-reinforcing co-fillers. The objectives were to investigate the effects
of nano-CaF, filler level and solution pH on F-release and mechanical
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properties. Three hypotheses were tested: (1) Increasing the
nano-CaF, content will increase the F release, while glass
reinforcement will provide the stress-bearing capability; (2)
the new nanocomposite will be “smart”, to greatly increase
the F release at acidic, cariogenic pH; and (3) the nanocom-
posite with sustained F release will match/exceed the strength
of a commercial composite.

MATERIALS & METHODS

To synthesize nano-CaF,, we used a two-liquid nozzle to allow
2 solutions to be mixed during atomization: a calcium solution,
Ca(OH),, and a fluoride solution, NH,F (Sun and Chow, 2008).
The solutions were atomized into a heated chamber:
Ca(OH),+NH, F—CaF,+NH,OH. The CaF, nanoparticles were
collected via an electrostatic-precipitator. NH,OH was removed
as NH, and H,O vapors. X-ray diffraction analysis confirmed
that the powder was crystalline-CaF,. The CaF, was examined
by transmission electron microscopy (TEM, 3010 HREM,
JEOL, Peabody, MA, USA) and multipoint-BET surface analy-
ses (AUTOSORB-1, Quantachrome, Boynton Beach, FL, USA).

We used the CaF, nanopowder to develop the nanocomposite.
A barium-boroaluminosilicate glass (median particle diameter =
1.4 pm, Caulk/Dentsply, Milford, DE, USA) was silanized with
4% 3-methacryloxypropyltrimethoxysilane and 2% n-propyl-
amine (mass%) (Xu, 2000). A monomer consisting of 48.975%
Bis-GMA (bisphenol glycidyl dimethacrylate), 48.975%
TEGDMA (triethylene glycol dimethacrylate), 0.05% 2,6-di-
tert-butyl-4-methylphenol, and 2% benzoyl-peroxide formed
part I, the initiator, of a two-part chemically activated resin. Part
II, the accelerator resin, consisted of 49.5% Bis-GMA, 49.5%
TEGDMA, and 1.0% N,N-dihydroxyethyl-p-toluidine.

Three nanocomposites were fabricated: composite with
nano-CaPF, filler level (mass%) of 10% and 55% glass (referred
to as Nanocomposite10CaF,); composite with 20% nano-CaF,
and 45% glass (Nanocomposite20CaF,); and composite with
30% nano-CaF, and 35% glass (Nanocomposite30CaF,). They
had the same total filler level of 65% to form a flowable paste.
Equal masses of paste I and paste II were mixed and filled into
a2 x 2 x 25 mm?® mold. Specimens were incubated for 24 hrs at
37°C without immersion.

A commercial composite with nano-sized fillers (40-200 nm)
and F release served as a control (Heliomolar, Ivoclar,
Mississauga, ON, Canada). The fillers consisted of silica and
ytterbium-trifluoride (total filler level = 66.7 mass%). Heliomolar
is indicated for Classes I-V restorations. A resin-modified glass
ionomer (Vitremer, 3M, St. Paul, MN, USA), another control,
consisted of fluoroaluminosilicate glass, and a light-sensitive,
aqueous polyalkenoic acid. Indications include Classes III and
V and root-caries restoration, Classes I and II in primary teeth,
and core-build-up. Following the manufacturer’s recommenda-
tion (Vitremer), a powder/liquid ratio of 2.5/1 was used (filler
mass fraction = 71.4%). Both materials were photo-cured
(Triad-2000, Dentsply, York, PA, USA) for 1 min/side in the 2 x
2 % 25 mm® molds.

Specimens were tested in three-point flexure with a 20-mm
span on a Universal Testing Machine (5500R, MTS, Cary, NC,
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USA). Flexural strength S = 3P L/(2ab%), where P_,_is the
maximum load, L is span, a is specimen width, and b is thick-
ness. Elastic modulus E = (P/c)(L*/[4ab’]), where load P divided
by displacement c is the slope of the load-displacement curve in
the linear elastic region.

Following a previous study (Xu et al., 2009), a NaCl solution
(133 mmol/L) was buffered to pH 4 with 50 mmol/L lactic acid,
pH 5.5 with 50 mmol/L acetic acid, and pH 7 with 50 mmol/L
HEPES. Three specimens of 2 x 2 x 12 mm® were immersed in
50 mL solution (H Xu et al., 2006, 2007), yielding a specimen
volume/solution of 2.9 mm’/mL (volume/volume = 0.29%),
similar to the 3.0 mm?/mL used in a previous study (Skrtic et al.,
1996). F concentration was measured at 1, 2, 3, 7, 14, 21, 28, 35,
42,49, 56, 63, 70, 77, and 84 days. At each time, aliquots of 1
mL were removed and replaced by fresh solution. F concentra-
tion was measured with a fluoride ion-selective electrode (Orion,
Cambridge, MA, USA) (Xu et al., 2008).

We performed one- and two-way ANOVA to detect significant
effects. Tukey’s multiple comparison test was used at p = 0.05.

RESULTS

The sizes of 200 nano-CaF, particles (Fig. 1A) were measured
with TEM, yielding a range of 15-335 nm, and a median particle
size of 56 nm. This is consistent with BET measurement showing
a specific surface area A =35.5 m*/g. With CaF, density p=3.18
g/cm?, the equivalent spherical diameter d = 6/(Ap) = 53 nm.

Flexural strength and elastic modulus (Figs. 1B, 1C) of the
nanocomposites before immersion were measured (mean + SD;
n = 6). Nanocomposite10CaF, had the highest strength (p < 0.05),
followed by Nanocomposite20CaF,. Nanocomposite30CaF,
had a strength similar to that of Heliomolar (p > 0.1).

After 84-day immersion at pH 4, pH 5.5, and pH 7 (Fig. 2),
nanocomposite1 0CaF, and Nanocomposite20CaF, had simi-
lar strengths (p > 0.1); both were higher than those of
Nanocomposite30CaF, and Heliomolar (p < 0.05). Compared
with the strengths before immersion (Fig. 1B), immersion for 84
days decreased the strength (p < 0.05). However, solution pH
had no significant effect (p > 0.1).

The cumulative F release (Fig. 3) increased with decreasing
pH and increasing nano-CaF, content. At 84 days and pH 4, F
release was (327 + 8) (ug/cm?) for Nanocomposite30CaF,,
higher than that (252 + 8) for Nanocomposite20CaF, and that
(47 £ 2) for Nanocomposite10CaF, (p < 0.05). Vitremer had the
highest (495 + 42), while Heliomolar had 4.7 + 0.1.

F-release rates (per specimen surface area per day, pg/
[cm?*-day]) are shown for Nanocomposite10CaF, (Fig. 4A) and
Nanocomposite30CaF, (Fig. 4B). The trend was the same for all
materials, which showed a high initial F release, followed by a
lower, steady-state release. The F-release rate decreased with
increasing time for 7-9 wks. After 7-9 wks, the F-release rate
plateaued, yielding similar F-release rates at different times (70,
77, and 84 days). Furthermore, the F-release rate at pH 4 was
higher (p < 0.05) than those at pH 5.5 and pH 7 for the first 4-6
wks. After 4-6 wks, the release rates at all 3 pHs became similar.
In addition, the F-releasing restoratives exhibited a high, initial-
burst release, followed by a low long-term release rate. (The
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Figure 1. CaF, nanoparticles and composite mechanical properties
before immersion. (A) TEM micrograph of the new CaF, nanopowder,
with median particle size of 56 nm. (B) Flexural strength, and (C) elas-
tic modulus, of nanocomposite, with dry specimens before immersion.
Each value is the mean of 6 measurements, with the error bar showing
1 standard deviation (mean + SD; n = é). In each plot, bars with dis-
similar lefters indicate values that are significantly different from each
other (p < 0.05).

initial F-release rates are plotted in Fig. 4C.) Since the first 3
days had relatively high releases, we plotted the release rate at
the middle point (day 2) to demonstrate the initial F release
(at pH 4). After approximately 2 mos, a steady-state and long-
term F-release was achieved, where the release rates became
statistically similar at 70, 77, and 84 days (Figs. 4A, 4B).
Therefore, for each material, the 9 release rates (at 3 pH values
and 70, 77, and 84 days) were averaged and plotted (Fig. 4D).
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Figure 2. Mechanical properties after immersion. (A) Flexural strength,
and (B) elastic modulus, of specimens immersed for 84 days in solu-
tions of pH 4, pH 5.5, and pH 7. Each value is mean = SD; n = 6. Each
error bar shows 1 standard deviation. The nanocomposite with 10%
nano-CaF, + 55% glass (Nanocomposite10CaF,) and the nanocom-
posite with 20% CaF, + 45% glass (Nanocomposite20CaF,) had the
highest strengths. Heliomolar and the nanocomposite with 30% CaF,
+ 35% glass (Nanocomposite30CaF,) had similar strengths, followed
by that of Vitremer.

Nanocomposite30CaF, and Nanocomposite20CaF, had long-
term F-release rates matching that of Vitremer (p > 0.1).

DISCUSSION

In this study, novel CaF, nanocomposites with glass reinforce-
ment were developed. For specimens before immersion, the
flexural strength decreased with glass fillers from 55% to 35%.
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Figure 3. Cumulative fluoride ion (F) release. (A) Nanocomposite 10CaF,. (B) Nanocomposite20CafF,. (€) Nanocomposite30CaF,. (D) Heliomolar.
(E) Vitremer. Each value is mean = SD; n = 3. Each error bar shows 1 standard deviation. Decreasing the pH significantly increased the F release
(p < 0.05). Increasing the nano-CafF, filler level from 10% to 30% also significantly increased the F release (p < 0.05).

This indicates that glass particles had a reinforcing effect. develop caries-inhibiting, stress-bearing composites. As a
Previous studies showed that calcium-phosphate-releasing fill- result, Nanocomposite30CaF, and Nanocomposite20CaF, had
ers did not reinforce the resin (Skrtic ef al., 1996). Therefore, flexural strengths matching/exceeding that of Heliomolar, and

it is important to have reinforcing fillers in the resin, to nearly 3-fold that of Vitremer.
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and 0.17 £ 0.04 for Heliomolar (p < 0.05). (D) Long-term F-release rates were 1.13 £ 0.42 for Nanocomposite30CaF,, 0.65 + 0.43 for Vitremer,
and 0.50 = 0.31 for Nanocomposite20CaF, (p > 0.1). They were higher than 0.10 + 0.05 of Nanocomposite10CaF, and 0.006 + 0.003 of

Heliomolar (p < 0.05).

After 84-day immersion, the composites had flexural strength
losses of about 20-30%, compared with that before immersion.
This is consistent with a previous study showing a strength loss
of 20% after 56-day immersion (H Xu et al., 2006). These com-
posites are stronger than previously reported ion-releasing com-
posites. For example, the flexural strength of a resin with
calcium-phosphate fillers was 30-40 MPa after 90-day immer-
sion (Dickens et al, 2004); that of an amorphous calcium-
phosphate composite was 40 MPa after 11-day immersion
(Skrtic et al., 1996). In comparison, the nanocomposites of the
present study had flexural strengths of 70-120 MPa after 84-day
immersion. One reason that the CaF, nanocomposite was stron-
ger was that the CaF, nanocomposite relied on glass fillers, not
ion-releasing fillers, for reinforcement.

Besides strength and elastic modulus, fracture toughness, K.,
is another important property for dental composites. Therefore,
additional bar specimens were made for Nanocomposite20CaF,,
Heliomolar, and Vitremer. The specimens were immersed in
water at 37°C for 7 days, and the K. was measured with a notch
of approximately 700-um depth (Xu, 2000). K. in MPa'm'?
(mean + SD; n = 6) was 1.57 = 0.15 for Nanocomposite20CaF,,

significantly (p < 0.05) higher than 0.82 + 0.05 for Heliomolar
and 0.75 £ 0.20 of Vitremer. While the CaF, particles might
increase the fracture toughness, because they were likely less
brittle than their glass counterparts, further study is needed to
understand the toughening mechanism and how it affects compos-
ite longevity.

The high F release of nanocomposite was likely related to the
nano-CaF, surface area. Nano-CaF, had a specific surface area
of 35.5 m%g. A traditional 1-um CaF, powder would have a
surface area of 1.9 m%g. Therefore, the nano-CaF, had a nearly
20-fold-higher surface area. This likely contributed to the high
F release, at a low CaF, content of 20-30%, thereby making
room in the resin for significant amounts of reinforcing glass
fillers. It should be noted that due to some particle agglomera-
tion, the surface area available for F release may be somewhat
reduced.

Only a few previous studies investigated the pH effect on F
release, while most studies used neutral pH. One study (Carey
et al., 2003) showed that a glass ionomer had a higher F release at
pH 4 than that at neutral pH in continuous flow. Another study
(Anusavice et al., 2005) with commercial CaF, showed that the

Downloaded from jdr.sagepub.com at University of Maryland Baltimore Health Sci & Hum Serv Lib on July 26, 2010


http://jdr.sagepub.com/

744

initial F release was higher at pH 4 than pH 6; however, the long-
term F releases at pH 4 and pH 6 were virtually the same. This is
consistent with results from the present study, showing that the
F-release rate was initially higher at pH 4. However, after 4-6 wks,
the F-release rates at all 3 pHs became similar. A likely reason for
this phenomenon is that there are two competing factors: (1) A
lower pH would increase the F release from the CaF, particles; and
(2) a composite immersed at pH 4 would lose more F ions and
decrease the near-surface F reservoir, compared with the same
material immersed at pH 7. Initially, factor (1) would dominate,
manifested by a higher F release at pH 4. Gradually, factor (2)
would catch up and eventually cancel the effect of factor (1), yield-
ing the net result that pH had little effect on further F release.

Since a plaque pH of 4.5-4 is cariogenic, it is desirable for
the restoration to be “smart”, to increase the F release at pH 4,
when these ions are most needed for caries inhibition. The mate-
rials of this study were smart to greatly increase the F release at
pH 4; this happened in the first 4-6 wks. In this study, the mate-
rial was immersed in a relatively large amount of acid (compos-
ite volume/acid volume = 0.29%), and the immersion was
continuous. /n vivo, the composite volume would be usually
larger than the plaque-acid volume, and the acid duration would
be short. The Stephan Curve shows that, following a glucose
mouthrinse, the plaque pH stays at around 4 for several minutes,
then starts to increase to 5 and 6, when the bacteria have com-
pleted their metabolism of the glucose, and the saliva has buff-
ered the acid (Hefferren and Koehler, 1981). For the purpose of
illustration, assume that the duration at pH 4 was 5 min each
time, and this happens 10 times each day in vivo. Then, the six-
week continuous immersion at pH 4 in vitro would correspond
to 3.3 yrs in vivo. This is a simplified estimate, because it does
not consider the potential for recharging the F reservoir, nor
does it consider the potential that F release from cyclic low-pH
insults might not follow a curve of continuous low pH.

In summary, novel nano-CaF, composites with glass rein-
forcement were developed, and the effects of nano-CaF, filler
level and solution pH on F release and mechanical properties
were investigated. The nano-CaF, composites had long-term
F-release rates matching that of a commercial resin-modified
glass ionomer. The flexural strengths of the nano-CaF, compos-
ites were nearly three-fold that of the resin-modified glass iono-
mer, and matched/exceeded that of a commercial composite
with little F release. Therefore, the nano-CaF, composites with
high strength and sustained F release may have potential to
reduce secondary caries and restoration fracture, two current
challenges facing restorative dentistry.
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