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Abstract
Objectives—Nano-particles of dicalcium phosphate anhydrous (DCPA) were synthesized in our
laboratory for the first time and incorporated into a dental resin. Our goal was to develop a
mechanically strong dental composite that has Ca and PO4 ion release to combat tooth caries, and to
investigate the effects of whisker reinforcement, DCPA particle size and silanization.

Methods—DCPA nano-particles and two larger DCPA particles were used with nano-silica-fused
whiskers as fillers in a resin matrix. Composite mechanical properties were measured via three-point
flexure, and the release of Ca and PO4 ions were measured vs. time.

Results—Using DCPA nano-particles with a diameter of 112 nm, the composite at a DCPA:whisker
mass ratio of 1:1 had a flexural strength (mean ± sd; n = 5) of (112 ± 17) MPa, not significantly
different from (112 ± 14) MPa of a commercial non-releasing composite; both were higher than (29
± 7) MPa for the composite at DCPA:whisker of 1:0 (p < 0.05). The composite with DCPA particle
size of 112 nm released Ca to a concentration of 0.85 mmol/L and PO4 of 3.48 mmol/L, higher than
Ca of 0.67 mmol/L and PO4 of 1.11 mmol/L using DCPA with 12 μm particle size (p < 0.05).
Silanization of DCPA increased the composite strength at DCPA:whisker of 1:0 compared to that
without silanization, but decreased the Ca and PO4 release (p < 0.05). Increasing the DCPA particle
surface area increased the Ca and PO4 release.

Significance—Decreasing the DCPA particle size increased the Ca and PO4 release; whisker
reinforcement increased the composite strength by 2 to 3 fold. The nano DCPA-whisker composites,
with high strength and Ca and PO4 release, may provide the needed, unique combination of stress-
bearing and caries-inhibiting capabilities.
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1. Introduction
Dental resin composites are composed of reinforcing fillers in an acrylic monomer matrix that
is polymerized to form a solid restoration [1–6]. Resin compositions, fillers and cure conditions
have been significantly improved [7–11]. However, recent reports on composite restorations
still indicate that “The two main challenges are secondary caries and bulk fracture” [12,13].
Secondary caries at the tooth restoration margins is the most frequent reason for replacement
of existing restorations [14]. Replacement of existing restorations accounts for about 70 % of
all operative work [15]. Replacement dentistry costs about $5 billion/year in the U. S. alone
[16]. Therefore, there is a major need to develop advanced tooth restorative materials that can
not only resist fracture, but also inhibit secondary caries.

Several calcium-phosphate phases are regarded as biological precursors that form initially and
then transform to apatites [17]. Hydroxyapatite [Ca10(PO4)6(OH)2], the structural prototype
of the major mineral component of teeth and bones, is the final stable product in the
precipitation of calcium and phosphate ions from neutral or basic solutions (pH of 7 to 9 at 37
°C) [17]. Hence there is a wide range of solution conditions when the precipitation of
hydroxyapatite occurs spontaneously. Indeed, several bioactive composites have been
developed that release calcium and phosphate ions in the presence of an aqueous solution,
which then precipitate to form hydroxyapatite [18–21]. The calcium ions are conveniently
referred to as Ca, and the phosphate ions as PO4, following previous studies [20,21]. These
therapeutic composites have been shown to effectively remineralize enamel and dentin lesions
in vitro. However, the calcium phosphate fillers do not reinforce the resin like the glass fillers.
For example, a calcium phosphate composite had a flexural strength of about half of the strength
of the unfilled resin [19]. Such low strengths were recognized as being “inadequate to make
these composites acceptable as bulk restoratives” [20].

Recent studies have demonstrated the reinforcement efficacy of nano-silica-fused, silicon
nitride and silicon carbide whiskers, yielding dental composites with strength and fracture
toughness nearly 2-fold higher than those of commercial stress-bearing composites [22]. The
whisker composites have shown superior performance in thermal cycling [23], water-aging
[24], and three-body wear [25]. The whisker composites have been shown to be non-cytotoxic
and supported cell attachment and proliferation in vitro [26].

Nano-particles of hydroxyapatite, α-tricalcium phosphate (α-TCP) and β-tricalcium phosphate
(β-TCP) have been synthesized previously [27–29]. Nano-particles of DCPA were never
reported until recently, when they were synthesized via a spray-drying technique in our
laboratory for the first time [30–32]. These nano-particles were incorporated into dental resin
composites which showed promise for both caries-inhibiting and stress-bearing capabilities
[32]. However, the effects of DCPA particle size and silanization have not been investigated.

Previous studies on calcium phosphate composites used single particle sizes (e.g., a particle
size of 1.1 μm for dicalcium phosphate anhydrous [CaHPO4], or DCPA) [21], without varying
the particle size and examining this effect. Previous studies used unsilanized calcium phosphate
fillers, without investigating whether the silane would improve the composite mechanical
properties or retard the release of Ca and PO4 ions. The silane coupling agent was a bifunctional
coating on the filler that would enhance the bonding between the filler and the resin matrix.
Hence another issue to be investigated would be the effect of silanization of the releasing fillers
on the Ca and PO4 release and the composite mechanical properties.

Accordingly, the objectives of the present study were to investigate the effects of
reinforcement, particle size and silanization in the process of developing dental nano-
composites with high strength and Ca and PO4 release capabilities. It was hypothesized that
when DCPA particles and nano-silica-fused whiskers were both used as fillers in the resin, the
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former would release Ca and PO4 ions, while the later would provide the needed strength. It
was further hypothesized that the DCPA particle size and the silane treatment would
significantly affect the composite mechanical properties and the Ca and PO4 release.

2. Materials and methods
2.1 Fillers

Two types of fillers were used: DCPA particles, and nano-silica-fused whiskers.

The DCPA nano-particles were synthesized via a spray-drying technique in our laboratory
[30–32]. X-ray diffraction indicated that the powder was DCPA [32]. This nano DCPA powder
was used in the present study along with two other DCPA powders, as listed in Table 1. A
commercial DCPA powder was also used as fillers for the resin (Baker Analyzed Reagents, J.
T. Baker Chemical, Phillipsburg, NJ). To obtain a finer powder, the as-received commercial
DCPA was ball-milled (Retsch PM4, Brinkman, NY) in ethanol for 24 h to obtain a fine DCPA
powder. For the as-received DCPA and the ground DCPA in Table 1, the particle size
distribution was measured by a sedimentation method with the use of a centrifugal particle
analyzer (SA-CP3, Shimazu, Kyoto, Japan). The nano DCPA could not be analyzed using the
particle analyzer, hence the specific surface area of the nano powder was measured using
multipoint-BET (AUTOSORB-1, Quantachrome Instruments, Boynton Beach, FL).

Silicon nitride whiskers were obtained from a commercial source (α-Si3N4, Nanostructured
and Amorphous Materials Inc., Los Alamos, NM). Because the particle size analyzer yielded
only an equivalent spherical particle diameter, the whiskers were examined using a scanning
electron microscope (SEM, 5300, JEOL, Peabody, MA). The average whisker length of 100
randomly-selected whiskers was measured to be 14 μm, with a range from approximately 3
μm to 55 μm. The average whisker diameter was 0.5 μm, with a range from about 0.1 μm to
1.0 μm. The whiskers were mixed with silica (Aerosil-OX50, Degussa, Ridgefield, NJ) having
a diameter of about 40 nm. The silicon nitride:silica mass ratio was 5:1. The mixture was heated
in a furnace at 800 °C for 30 min to fuse the silica onto the whiskers. This method did not
produce a monolayer of silica on the whiskers as some silica agglomeration occurred [Fig. 1A,
Ref. 25]; however, it did yield a resin composite with high strength, fracture toughness and
wear resistance [25]. The powder was then silanized with 4 % 3-
methacryloxypropyltrimethoxysilane and 2 % n-propylamine (mass fractions) [25].

The nano-silica-fused whiskers in the present study were always silanized. The DCPA powders
were either silanized or unsilanized, as specified below.

2.2 Resin composite fabrication
A monomer consisting of 48.975 % Bis-GMA (bisphenol glycidyl dimethacrylate), 48.975%
TEGDMA (triethylene glycol dimethacrylate), 0.050 % 2,6-di-tert-butyl-4-methylphenol, and
2.000 % benzoyl peroxide formed part I, the initiator, of a two-part chemically-activated resin
[32]. Part II, the accelerator resin, consisted of 49.5 % Bis-GMA, 49.5 % TEGDMA, and 1.0
% N,N-dihydroxyethyl-p-toluidine.

The fillers consisted of nano-silica-fused whiskers and DCPA particles at a mass ratio of
DCPA:whisker of 1:1. This ratio was selected following a previous study [32]. The filler mass
fraction ([DCPA + whiskers]/[DCPA + whiskers + resin]) was 65 %, selected to achieve a
relatively flowable paste. Equal masses of the two pastes, part I and part II, were mixed and
filled into a rectangular stainless steel mold with (2 × 2 × 25) mm3 dimensions. The specimens
were incubated at 37 °C with a relative humidity of approximately 50 % for 24 h prior to testing.
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Two groups of specimens were fabricated. The first group was made to study the effects of
DCPA particle size and whisker reinforcement. A 3 × 2 full factorial design was used with two
levels of whisker reinforcement (DCPA:whisker mass ratio = 1:0 or no whiskers;
DCPA:whisker = 1:1), and three levels of DCPA particle size (112 nm, 0.88 μm, 12.0 μm).
The DCPA powders were not silanized so that the Ca and PO4 release would not be inhibited,
following previous studies on calcium phosphate composites [19,21,32]. The nano-silica-fused
whiskers were silanized to provide maximum reinforcement.

The second group was to investigate the effect of DCPA silanization. A 2 × 2 full factorial
design was used with two levels of silanization for DCPA (silane treatment; no silane), and
two levels of whiskers (DCPA:whisker mass ratio = 1:0; DCPA:whisker mass ratio = 1:1). The
DCPA with a particle size of 0.112 μm was used for this experiment because preliminary studies
showed that the composite filled with this DCPA released more Ca and PO4 than the other two
DCPA powders.

A hybrid composite (TPH, Caulk/Dentsply, Milford, DE) was used as a non-releasing control.
It consisted of a (hybrid) combination of barium silicate glass particles and fumed silica
particles, with a mean particle size of about 0.8 μm, at 78 % filler level by mass in a urethane-
modified Bis-GMA-TEGDMA resin. The specimens were photo-cured (Triad-2000, Dentsply,
York, PA) for 1 min on each open side of the specimen using the same stainless steel molds.

2.3 Flexural testing
The flexural strength and elastic modulus of the composites were measured using a three-point
flexural test with a 20 mm span at a crosshead-speed of 1 mm/min on a computer-controlled
Universal Testing Machine (5500R, MTS, Cary, NC). The flexural strength was calculated by
S = 3 Pmax L/(2 b h2), where Pmax is the maximum load on the load-displacement curve, L is
flexure span, b is specimen width, and h is specimen thickness [33]. The elastic modulus was
calculated by E = (P/d) (L3/[4 b h3]), where the load P divided by the corresponding
displacement d is the slope of the load-displacement curve in the linear elastic region [34]. The
standard uncertainty of the flexural measurement was estimated to be 1 % due to specimen
dimension measurement [35].

2.4 Ca and PO4 release
A NaCl solution (133 mmol/L) buffered with 50 mmol/L HEPES (pH = 7.4; 37 °C) was used.
Following a previous study [32], three specimens of approximately 2 mm × 2 mm × 12 mm
were immersed in 50 mL solution, yielding a specimen volume/solution of 2.9 mm3/mL. This
compared to a specimen volume per solution of approximately 3.0 mm3/mL in a previous study
[19]. The concentrations of Ca and PO4 released from the specimens were measured vs.
immersion time: 1 day (d), 2 d, 4 d, 7 d, 14 d, 21 d, 28 d, 35 d, 42 d, 49 d, and 56 d. At each
time period, aliquots of 0.5 mL were removed and replaced by fresh solution. The aliquots
were analyzed for Ca and PO4 concentrations via spectrophotometric methods (DMS-80 UV-
visible, Varian, Palo Alto, CA) following previous studies [19,21]. The standard uncertainty
for the Ca and PO4 release measurements was estimated to be 3 % [36].

Transmission electron microscopy (TEM, 3010-HREM, JEOL, Peabody, MA) was used to
examine the nano DCPA powder. To minimize agglomeration, an acetone suspension of the
nano-particles was ultrasonicated and drops of the suspension were deposited onto the TEM
grids. The other DCPA powders were sputter coated with gold and examined with the SEM.
One-way and two-way ANOVA were performed to detect the significant effects of the
variables. Tukey’s multiple comparison test was used to compare the measured data at a p
value of 0.05.
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3. Results
The DCPA nano-particles are shown in the TEM micrograph in Fig. 1A. The arrows indicate
particles of about 50 nm in size. Some agglomerates were up to 200 nm in size. Due to
agglomeration, the BET surface-area measurement yielded a particle diameter of 112 nm.
Grinding the as-received DCPA yielded a fine powder as shown in the SEM micrograph in
(B); it had a median particle diameter (50th percentile by mass) of 0.88 μm, and a range from
0.1 μm to 2.0 μm. The as-received DCPA powder is shown in (C); it had a median particle
diameter of 12.0 μm, with a range from 1 μm to 60 μm.

Effect of DCPA particle size and DCPA:whisker ratio on mechanical properties
The flexural testing results are plotted in Fig. 2. Two-way ANOVA showed significant effects
of particle size and whisker reinforcement (p < 0.05), with no significant interaction between
the two variables (p > 0.1). Increasing the DCPA particle size significantly increased the
composite strength and elastic modulus (p < 0.05). At each particle size, the composite at a
DCPA:whisker ratio of 1:1 had significantly higher strength and elastic modulus than the
composite at a DCPA:whisker ratio of 1:0 (p < 0.05), except for the modulus of composites
containing 12-μm DCPA (p > 0.10). The hybrid control composite had a flexural strength
(mean ± sd; n = 5) of (112 ± 14) MPa, significantly higher then those of the composite at a
DCPA:whisker ratio of 1:0 (p < 0.05). However, the composite at a DCPA:whisker ratio of
1:1 using the 12-μm DCPA particles had a strength of (147 ± 16) MPa, significantly higher
than that of the hybrid control (p < 0.05). The composite at a DCPA:whisker ratio of 1:1 using
DCPA particles of 112 nm had a strength of (112 ± 17) MPa, not significantly different from
that of the hybrid control (p > 0.1).

The elastic modulus of the composite using a DCPA particle size of 112 nm with
DCPA:whisker of 1:1 was (12.9 ± 1.3) GPa, not significantly different from the (10.9 ± 0.8)
GPa of the hybrid control (p > 0.1). Both were significantly lower than the (18.2 ± 1.7) GPa
of the composite with DCPA:whisker of 1:1 and a DCPA particle size of 12 μm (p < 0.05).

Effect of DCPA silanization on mechanical properties
In Fig. 3A, the nano-silica-fused whiskers were silanized, and the DCPA particles (particle
size of 112 nm) were either silanized or unsilanized. Two-way ANOVA showed significant
effects of silanization and whisker reinforcement (p < 0.05), with a significant interaction
between the two parameters (p < 0.05). The strength of composite containing silanized DCPA
at DCPA:whisker of 1:0 was significantly higher than that containing unsilanized DCPA (p <
0.05). However, at DCPA:whisker of 1:1, whether the DCPA was silanized or not had no
significant effect on strength (p > 0.1). In addition, the composites at DCPA:whisker of 1:1
had higher strength than those at DCPA:whisker of 1:0, whether the DCPA was silanized or
not.

To confirm the effect of silanization on the composites with DCPA particle size of 112 nm
observed in Fig. 3A, the test was also performed on the composite with DCPA particles of 0.88
μm. The data are plotted in Fig. 3B, showing a similar silanization effect as in Fig. 3A.

Effect of DCPA particle size and DCPA:whisker ratio on Ca and PO4 release
The effects of DCPA size and DCPA:whisker ratio on the amount of Ca and PO4 release are
shown in Fig. 4. Two-way ANOVA showed significant effects of DCPA particle size and
whisker reinforcement (p < 0.05); there was a significant interaction between the two variables
(p < 0.05). The nano-composite with a DCPA particle size of 112 nm released significantly
more Ca and PO4 than the other two composites with DCPA sizes of 0.88 μm and 12 μm. The
composites with no whiskers released more Ca and PO4 than those with whiskers at the same
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DCPA particle size. The amount of Ca and PO4 release was increased with time in the first
month. Then the PO4 concentration started to plateau, while the Ca concentration decreased
in Fig. 4A. At 56 d, the Ca concentration (mean ± sd; n = 3) for the composite with DCPA size
of 112 nm was (0.85 ± 0.11) mmmol/L at DCPA:whisker of 1:0, significantly higher than (0.35
± 0.06) mmol/L at DCPA:whisker of 1:1 (p < 0.05). For the composite with DCPA size of 112
nm, the PO4 concentration was (3.48 ± 0.28) mmol/L at DCPA:whisker of 1:0, significantly
higher than (0.99 ± 35) mmol/L at DCPA:whisker of 1:1 (p < 0.05). The commercial hybrid
control had no detectable Ca or PO4 release.

Effect of DCPA silanization on Ca and PO4 release
Fig. 5 shows the effect of silanization on the amount of Ca and PO4 released from the
composites with DCPA:whisker mass ratios of 1:0 and 1:1, respectively, both using the DCPA
with a particle size of 112 nm. Two-way ANOVA showed significant effects of silanization
and whisker reinforcement (p < 0.05), with a significant interaction between the two variables
(p < 0.05). In Fig. 5A, at DCPA:whisker of 1:0, the composite containing unsilanized DCPA
released significantly more Ca ions than the composite containing silanized DCPA (p < 0.05).
At DCPA:whisker of 1:1, whether the DCPA was silanized or not had little effect on the amount
of Ca released. The same was true for the PO4 release in Fig. 5B.

4. Discussion
Effect of DCPA particle size

Previous studies on remineralizing calcium phosphate composites did not examine the effect
of filler particle size. For example, a previous study developed a pulp capping/base composite
containing DCPA particles with a single median size of 1.1 μm [21]. In the present study, the
DCPA particle size was varied from about 112 nm to 12.0 μm, and the effects on mechanical
properties and Ca and PO4 released were investigated for the first time. Decreasing the DCPA
particle size decreased the composite mechanical properties (Fig. 2). This was likely because,
at the same filler level, decreasing the particle size increased the filler particle surface area in
the matrix resin. This would in turn increase the concentration of entrapped air in the composite,
thus moderately decreasing the resin’s polymerization conversion. The degree of
polymerization conversion (DC) of the six composites in Fig. 2 was measured using a Fourier
Transform Infrared Spectrometer as described previously [35]. The results are listed in Table
2. Indeed, the DC was 73.1 % for the composite with the 12.0 μm DCPA (no whiskers),
significantly higher than 59.8 % at a DCPA particle size of 112 nm (p < 0.05). At
DCPA:whisker of 1:1, the DC was 78.3 % at 12.0 μm DCPA, significantly higher than 69.6
% at a DCPA particle size of 112 nm (p < 0.05). Hence the DC was proportional to the DCPA
particle size (or inversely proportional to DCPA filler surface area). The benefit with whisker
reinforcement was that, even when using the smallest DCPA particles (112 nm) with the highest
surface area, the composite strength still matched that of a commercial stress-bearing, non-
releasing composite.

An advantage of using smaller DCPA particles was their higher surface area, which appeared
to facilitate the release of Ca and PO4 ions. Particle specific surface area A = 6/(d ρ), where d
is the equivalent spherical diameter of the particles, and ρ is density (ρ = 2.89 g/cm3 for DCPA)
[37]. Smaller particles with a larger surface area may have faster release, resulting in higher
ionic concentrations. The A values were calculated for the three DCPA powders in the present
study, and plotted in Fig. 6 vs. the experimental Ca and PO4 concentrations. Figs. 6A–B show
the initial Ca and PO4 release (7 d), while Figs. 6C–D show the 56 d release, for the nano
DCPA composite without whiskers. They showed an increasing ion release with increasing
the DCPA particle surface area. This study was limited to three different DCPA particles sizes;
it would require more particle sizes to establish an empirical equation (such as a power-law

Xu et al. Page 6

Dent Mater. Author manuscript; available in PMC 2009 September 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



relationship) between the amount of ion release and filler particle surface area. Nonetheless,
the results in Fig. 6 demonstrated the importance of DCPA particle surface area on the release
of Ca and PO4 for the first time. This could provide guidance on the development of other
biomedical releasing materials.

Effect of DCPA particle silanization
Previous studies used unsilanized calcium phosphate fillers in dental resins [19,21,32]. The
present study examined the effects of silanization of the DCPA fillers on the amounts of Ca
and PO4 released and the composite strength. For composites containing DCPA without
whiskers, silanization of the DCPA significantly increased the composite strength (Fig. 3). The
trade-off was a decrease in the amount of Ca and PO4 released (Fig. 5), likely due to the
hydrophobic silane coating on the DCPA particles retarding the access of water to the particles
slowing their dissolution. At a DCPA:whisker ratio of 1:1, the silanization of DCPA did not
significantly change the composite strength (Fig. 3), probably because the whisker
reinforcement exerted a dominant effect, and the DCPA silanization effect was negligible in
comparison. Therefore, for stress-bearing restorations, it would be desirable to use a composite
with a DCPA:whisker ratio near 1:1 using unsilanized DCPA nano-particles, which produced
a Ca concentration of 0.35 mmol/L and PO4 of 0.99 mmol/L (at 56 d). These concentrations
matched or exceeded the reported Ca and PO4 concentrations measured using a similar method
for previous calcium phosphate composites known to remineralize enamel and dentin lesions
in vitro [18–21]. For example, amorphous calcium phosphate (ACP) composites yielded a Ca
concentration of 0.3 mmol/L to 1.0 mmol/L, and a PO4 concentration of 0.2 mmol/L to 0.7
mmol/L (Figs. 2–3 in Ref. 19). Another study on remineralizing Ca-PO4 composites reported
a Ca concentration of 0.5 mmol/L and a PO4 concentration of 0.1 mmol/L in buffered saline
[21].

Mechanical properties
Besides matching/exceeding the Ca and PO4 release of previous calcium phosphate
composites, the composite with DCPA:whisker of 1:1 using unsilanized nano DCPA had a
flexural strength of 112 MPa, more than 2-fold higher than the strengths of previous calcium
phosphate composites. Using specimens without immersion, the ACP composite had a flexural
strength of about 50 MPa [19,38]. This was consistent with the observation that “all the
amorphous calcium phosphate fillers yielded polymerized materials weaker than unfilled
polymers” [19]. Another composite containing DCPA particles also had a flexural strength of
around 40 MPa to 50 MPa for specimens without immersion [21,39]. The flexural strength of
the composite of the present study (with DCPA:whisker of 1:1 using unsilanized nano DCPA)
matched that of a commercial stress-bearing, non-releasing composite. For clarity, these
properties of several materials are listed in Table 3.

The DCPA-whisker composites had elastic modulus ranging from 12.9 GPa to 18.2 GPa. They
either were lower than or matched the 18 GPa of dentin [40]. But they were all higher than the
10.9 GPa of the commercial stress-bearing, non-releasing hybrid control composite.

In a previous study on different resins and curing conditions [32], the flexural strengths of nano
DCPA-whisker composites were measured after water immersion. After 56 days of immersion,
the flexural strength was about 100 MPa for two-part, self-cured composites at nano
DCPA:whisker of 1:1 [32]. Hence the strength after 56 days was still much higher than those
of previous calcium phosphate composites using dry specimens without any immersion (Table
3).
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Effect of synergistic use of nano-releasing fillers/reinforcing fillers in resin
In a previous study [21], the DCPA particle size, d, was 1.1 μm and the TTCP (tetracalcium
phosphate) particle size was 16 μm. The density, ρ, is 2.89 g/cm3 for DCPA and 3.07 g/cm3

for TTCP. Hence particle specific surface area A = 1.9 m2/g for DCPA and 0.12 m2/g for TTCP
were much less than the 18.6 m2/g for the nano DCPA of the present study. A major advantage
of the using nano-sized DCPA particles was that one could use less fillers in the composite
while still matching the Ca and PO4 release of previous remineralizing composites, thereby
making room in the resin for reinforcing (but non-releasing) fillers. In the present study, this
synergistic releasing nanofiller/reinforcing filler method yielded a mechanically-strong dental
composite with the potential of both stress-bearing and Ca and PO4 releasing capabilities. Such
a combination is not yet available in current dental materials.

The nano DCPA-whisker composite paste at a filler level of 65 % by mass was quite flowable
with room for more fillers. But the nano DCPA paste without whiskers (nano DCPA:whisker
= 1:0) could be mixed only up to 65 %. Therefore, to enable a direct comparison of these
composites, the filler level was fixed to be the same at 65 %. The composite with nano
DCPA:whisker of 1:1 could be further improved via higher filler levels for increased
mechanical properties and more Ca and PO4 release. Meanwhile, the nano DCPA-whisker
composite at 65% may be useful as a flowable composite to repair defective margins, with the
potential benefit of remineralizing caries margins and avoiding the need to replace the entire
restoration.

Previous studies [18–21] showed that when the Ca and PO4 ions were released from the
composite restoration, they reprecipitated to form hydroxyapatite outside the composite and
inside the tooth lesions, significantly increasing the mineral content of the lesion. The fact that
the Ca and PO4 concentrations from the DCPA-whisker composite matched or exceeded those
of the previous calcium phosphate composites suggests that the DCPA-whisker composite may
also be an effective remineralizer. The nano DCPA-whisker composites with high strength and
Ca and PO4 release were whitish in color but relatively opaque. They may be useful in stress-
bearing posterior restorations, for which previous calcium phosphate composites were too
weak to survive. Further studies are needed to match the refractive index of the fillers to that
of the resin to improve the esthetics for anterior applications.

5. Summary
[1] Nano DCPA particles were synthesized in our laboratory and incorporated into

a dental resin. Two other DCPA sizes were also used to examine the effect of
particle size on mechanical properties and Ca and PO4 release. Decreasing the
DCPA particle size decreased the composite strength, while whisker
reinforcement more than doubled the composite strength and significantly
increased the elastic modulus.

[2] Silanization of the DCPA particles increased the composite strength but
decreased the Ca and PO4 release. The use of unsilanized nano DCPA together
with whisker reinforcement appeared to be the best microstructural tailoring route
to producing a composite with high strength and Ca and PO4 release.

[3] The synergistic use of nano DCPA and whiskers resulted in a strong composite
with flexural strength matching that of a commercial stress-bearing, non-
releasing composite. The strength of the nano DCPA-whisker composite was 2-
fold greater than those of previous calcium phosphate composites. The Ca and
PO4 release from the nano DCPA-whisker composite matched/exceeded those
of previous composites known to remineralize in vitro tooth lesions.
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[4] Increasing the DCPA particle surface area significantly increased the Ca and
PO4 release, with the nano DCPA exhibiting the highest release. The relationship
between particle surface area and release may have implications on further
development of therapeutic releasing and drug-delivering materials for dental
and biomedical applications.
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Figure 1.
Microscopy of the three DCPA powders. (A) TEM microscopy of nano-particles of DCPA
with arrows indicating particles of about 50 nm in size. (B) SEM of a commercial DCPA
powder ground for 24 h, yielding a median particle diameter of 0.88 μm. (C) SEM of the as-
received commercial DCPA powder with a median diameter of 12.0 μm.
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Figure 2.
Mechanical properties of the composites. Each value is the mean of five measurements with
the error bar showing one standard deviation (mean ± sd; n = 5). “Whisker” refers to the nano-
silica-fused whiskers that were silanized. DCPA was not silanized. The DCPA:whisker number
is a mass ratio. The hybrid control is a commercial composite (TPH) with no release of Ca or
PO4. Decreasing the DCPA particle size slightly decreased the composite properties; whisker
reinforcement substantially improved the composite mechanical properties.
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Figure 3.
Effect of DCPA silanization on composite strength. “Whisker” refers to the nano-silica-fused
whiskers that were silanized. DCPA was either silanized or not silanized. Each value is mean
± sd; n = 5. At DCPA:whisker of 1:0, DCPA silanization increased the composite strength. At
DCPA:whisker of 1:1, DCPA silanization had no significant effect. These trends were true for
both 0.112-μm DCPA (A) and 0.88-μm DCPA (B). The horizontal bar indicates values that
are not significantly different (p > 0.1).
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Figure 4.
Ca and PO4 release: effect of DCPA particle size. “Whisker” refers to the silanized nano-silica-
fused whiskers. DCPA was not silanized. The numbers (e.g., 12 μm, refer to the DCPA particle
size). Each value is mean ± sd; n = 3. The nano-composite with DCPA particle size of 0.112
μm had significantly higher Ca and PO4 release than the other two composites with DCPA
sizes of 0.88 μm and 12 μm. The hybrid control composite had no detectable Ca or PO4 release.
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Figure 5.
Ca and PO4 release: effect of DCPA silanization. “Whisker” refers to the nano-silica-fused
whiskers that were silanized. The composite contained DCPA powder (particle size of 0.112
μm) that was not silanized. Each value is mean ± sd; n = 3.
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Figure 6.
Effect of DCPA particle surface area on Ca and PO4 release for composite containing
unsilanized nano DCPA at DCPA:whisker of 1:0. The particle specific surface area was
calculated by A = 6/(d ρ), where d is diameter and ρ is density (2.89 g/cm3 for DCPA). (A–B)
Initial Ca and PO4 release from Fig. 4A and 4C (7-day data). (C–D) 56-d release data from
Fig. 4A and 4C. Each Ca and PO4 concentration value is mean ± sd; n = 3. Smaller particles
with a larger surface area had more ion release.
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Table 1
The three DCPA powders used as fillers in dental composites*

Manufacturer Median Particle Size Particle Size Range Appearance

Nano DCPA Synthesized in our lab 112 nm (0.112 μm) Approximately 50 nm to 200 nm Fig. 1A

Ground DCPA Grinding the Baker powder for 24 h 0.88 μm 0.1 μm to 2.0 μm Fig. 1B

As-received DCPA Baker Analyzed Reagents, J. T. Baker Chemical, Phillipsburg,
NJ

12.0 μm 1 μm to 60 μm Fig. 1C

*
The particle size of nano DCPA was calculated from the BET-surface area measurement (AUTOSORB-1, Quantachrome Instruments, Boynton Beach,

FL). The other DCPA particle sizes were measured by a sedimentation method with the use of a centrifugal particle analyzer (SA-CP3, Shimazu, Kyoto,
Japan).
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Table 2
Degree of polymerization conversion for DCPA-whisker composites in Fig. 2

DCPA:Whisker Mass Ratio DCPA Particle Size Degree of Conversion (%) (mean ± sd; n = 5)

1:0 112 nm 59.8 ± 2.4

1:0 0.88 μm 62.2 ± 0.4

1:0 12.0 μm 73.1 ± 0.9

1:1 112 nm 69.6 ± 0.3

1:1 0.88 μm 75.4 ± 3.1

1:1 12.0 μm 78.3 ± 1.3
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