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A B S T R A C T

Objectives: To synthesize and characterize brushite particles in the presence of acidic monomers (acrylic acid/
AA, citric acid/CA, and methacryloyloxyethyl phosphate/MOEP) and evaluate the effect of these particles on
degree of conversion (DC), flexural strength/modulus (FS/FM) and ion release of experimental composites.
Methods: Particles were synthesized by co-precipitation with monomers added to the phosphate precursor so-
lution and characterized for monomer content, size and morphology. Composites containing 20 vol% brushite
and 40 vol% reinforcing glass were tested for DC, FS and FM (after 24 h and 60 d in water), and 60-day ion
release. Data were subjected to ANOVA/Tukey tests (DC) or Kruskal–Wallis/Dunn tests (FS and FM, alpha: 5%).
Results: The presence of acidic monomers affected particle morphology. Monomer content on the particles was
low (0.1–1.4% by mass). Composites presented similar DC. For FS/24 h, only the composite containing DCPD_AA
was statistically similar to the composite containing 60 vol% of reinforcing glass (without brushite, “control”).
After 60 days, all brushite-containing materials showed similar FS, statistically lower than the control composite
(p<0.01). Composites containing DCPD_AA, DCPD_MOEP or DCPD_U (“unmodified”) showed statistically si-
milar FM/24 h, higher than the control composite. After prolonged immersion, all composites were similar to the
control composite, except DCPD_AA. Cumulative ion release ranged from 21 ppm to 28 ppm (calcium) and
9 ppm to 17 ppm (phosphate). Statistically significant reductions in ion release between 15 and 60 days were
detected only for the composite containing DCPD_MOEP.
Significance: Acidic monomers added to the synthesis affected brushite particle morphology. After 60-day sto-
rage in water, composite strength was similar among all brushite-containing composites. Ion release was sus-
tained for 60 days and it was not affected by particle morphology.

1. Introduction

Experimental resin composites containing calcium orthophosphate
(CaP) particles were shown to promote in vitro remineralization of non-
cavitated enamel lesions [1–3], as well as to inhibit in situ caries de-
velopment in the presence of biofilm [4]. Unfortunately, the addition of
CaP particles in the composite leads to significant reductions in strength
and fracture toughness [5,6] and increased wear [7], which may limit
its use in stress bearing areas such as large, multi-surface restorations.
The reduction in mechanical properties occurs due to the fact that CaP

particles are usually added at the expense of reinforcing filler content
and they lack the cohesive strength to act as toughening agents.
Moreover, the absence of chemical interaction between CaP particles
and the organic matrix increase the risk of crack initiation and propa-
gation through the matrix-particle boundaries [5,6].

In order to control particle growth and provide reactive sites for
chemical bonding with the resin matrix, CaP particles can have their
surface modified via functionalization with carboxylic acids [8], ethylene
glycol dimethacrylate (EGDMA) derivatives [9–11] or silanes [12].
Resin-based materials containing brushite particles (dicalcium phosphate
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dihydrate, DCPD, CaHPO4.2H2O) functionalized with ethylene glycol
dimethacrylate (EGDMA) monomers were tested in a series of studies
[9–11,13–16]. The number of EG units in the spacer group (i.e., di-, -tri-
or tetra-ethylene glycol dimethacrylate) was shown to influence the mass
fraction of monomer retained on the particles [17]. However, particle
size and morphology were not significantly affected by functionalization
with EGDMA monomers, which may explain the overall modest (though
statistically significant) improvements in fracture strength verified in
resin-based composites containing functionalized particles in comparison
to non-functionalized brushite [10,11,13–15].

Carboxylic acids (malic, citric, acrylic and methacrylic acid) have
been tested as coupling agents between hydroxyapatite (HA) and di-
methacrylate-based matrices [8,18,19]. Improved mechanical properties
were reported for composites containing micrometric HA functionalized
with acrylic acid (in relation to the control containing non-functionalized
particles) likely due to binding of ionizable carboxylic groups to the
particle surface and the presence of a vinyl group that can copolymerize
with the organic matrix [8,19]. Citric acid (Fig. 1) does not present
polymerizable groups, but it was shown to inhibit crystal growth and
reduce agglomeration when added to one of the ion precursor solutions
in the synthesis of HA particles [20,21]. Similar to acrylic acid, metha-
crylate monomers containing phosphoric acid groups also present ne-
gatively charged sites, potentially capable of binding to Ca2+ and re-
ducing particle agglomeration. Methacryloyloxyethyl phosphate (MOEP,
Fig. 1), for example, was tested for its CaP nucleation potential in vitro
[22]. Its molecular structure is similar to EGDMA, but instead of a second
methacrylate, it presents a phosphate end group.

Based on the above, the present study aimed to investigate the ef-
fects of different acidic monomers on the synthesis of brushite particles
and test these particles as ion-releasing fillers in experimental resin-
based dental restorative composites. Experimental composites were
evaluated for degree of conversion, mechanical properties (biaxial
flexural strength and flexural modulus). Composite degradation was
indirectly accessed by comparing the mechanical properties after 24 h
and 60 days in water. The work hypothesis was that negatively charged
organic molecules (such as citric acid, acrylic acid and MOEP) would
contribute to reduce particle size, while those presenting polymerizable
vinyl groups (acrylic acid and MOEP) would present the additional
benefit of a establishing a stronger interface between the brushite
particles and the composite resin matrix.

2. Material and methods

2.1. Particles syntheses

Brushite particles (hereafter referred as DCPD) were synthesized by
co-precipitation using calcium nitrate [Ca(NO3)2.4H2O] and

ammonium hydrogen phosphate [(NH4)2HPO4] solutions (1 mol·L−1)
as precursors (all chemicals from Sigma-Aldrich, St. Louis, MO). For the
syntheses of functionalized particles, citric acid (CA), acrylic acid (AA)
or MOEP monomers (Fig. 1) were added to the phosphate solution at
molar ratios of 0.1:1.0 (CA) or 0.3:1.0 (AA and MOEP). Monomer
concentrations were defined in preliminary tests and available litera-
ture [23]. The calcium nitrate solution was added drop-wise to the
ammonium dihydrogen phosphate/monomer solution using a peri-
staltic pump (9 mL/min) under constant stirring, at room temperature.
Particle suspension was kept under stirring for 3 h. The pH of the re-
ceiving solution was monitored during the entire procedure. Reaction
by-product (ammonium nitrate, NH4NO3) and unbound monomer were
removed by five cycles of rinsing in deionized water and centrifugation
(1077g) at −4 °C (Thermo Fisher Scientific, Asheville, NC, USA). The
resulting gel was freeze-dried until a white powder was obtained.

2.2. Particle characterization

The calcium orthophosphate phase obtained in the synthesis was
identified by X-ray diffractometry (XRD), using nickel filtered CuKa
radiation at 40 kV and 30 mA. The equipment geometry was θ/2θ and
continuous readings were taken from 10° to 60° at 0.05° intervals and
2°/min (XRD-7000 Maxima, Shimadzu, Kyoto, Japan). Monomer mass
fraction on the particles was determined by carbon infrared absorption
(CS-400 Carbon analyzer, LECO Corp., St. Joseph, Michigan, USA), with
resolution of 2 μg of carbon per gram of the sample. The carbon mon-
oxide (CO) formed by the combustion of approximately 1 g of material
in oxygen atmosphere was converted to CO2 and quantified in infrared
cells [24,25]. Particles were also characterized in terms of true density
in a helium pycnometer (Ultrapyc 1200e, Quantachrome Instruments,
Boynton Beach, FL, USA), size distribution (i.e., equivalent spherical
diameter) using laser scattering (Mastersizer 2000, Malvern Instru-
ments Ltd., Malvern, UK), and zeta potential (Zetasizer, Malvern). Fi-
nally, particle morphology was observed under a scanning electron
microscope (Quanta FEG600, Eindhoven, The Netherlands).

2.3. Composite formulation

A series of five photocurable composites was prepared with the
organic phase containing equimolar amounts of BisGMA (2,2-bis[4-(2-
hydroxy-3-methacryloxypropoxy)phenyl]-propane) and TEGDMA
(triethylene glycol dimethacrylate). Camphorquinone and ethyl-4-di-
methylamino benzoate (EDMAB, all components from Sigma-Aldrich)
were added as photoinitiators (0.5% mass fraction each). Inorganic
fraction was constituted by 40 vol% of silanated barium glass (D50:
2 μm) and 20 vol% of DCPD particles. A composite containing 60 vol%
of barium glass was used as control. Components were mechanically
mixed under vacuum (Speedmixer DAC 150.1 FVZeK, FlackTek Inc.,
Landrum, SC, USA) and kept under refrigeration until 2 h before use.

2.4. Degree of conversion

Degree of conversion (DC, n = 5) was determined using near-FTIR
(Fourier transform infrared, Vertex 70, Bruker Optics, Germany). The
uncured material was inserted in a silicone mold (5 × 1 mm), pressed
between two glass slides and a first spectrum was obtained (32 scans,
4 cm−1 resolution). After photoactivation (24 J/cm2, Bluephase,
Ivoclar-Vivadent, Schaan, Liechtenstein,) and dry-storage for 24 h at
37 °C, a new spectrum was collected in a similar manner. DC was cal-
culated based on the ratio between the intensities of the absorption
band located at 6165 cm−1 (corresponding to the aliphatic = CH
group), according to the formula:

= ×DC polymerized
non polymerized

1 100

Fig. 1. Structural formulas of the acidic monomers used as functionalizing
agents for the brushite particles.
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2.5. Mechanical properties

Disk-shaped specimens (12 × 1 mm, n = 12) were made using a
stainless steel split mold, each quadrant being photoactivated for 20 s
(24 J/cm2 per quadrant, Bluephase, Ivoclar Vivadent). The specimens
were fractured after 24 h or 60 days of storage in deionized water at
37 °C on a “piston on three spheres” testing accessory positioned under
the actuator of a universal testing machine (Instron model 5565, Instron
Corp, Canton, MA, USA). The center of the specimen was loaded at a
crosshead speed of 0.5 mm/min until failure. Deflection at the center of
the specimen was monitored by a contact transducer (model W-E401-E,
Instron). Biaxial flexural strength (σBFS, in MPa) was calculated using
the equations below:
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where P is the failure load (in Newtons); b is the specimen thickness (in
mm); ν is the specimen Poisson's ratio (0.3); r1 is the radius of the circle
where the spheres were positioned (5.0 mm); r2 is the loading piston
radius (0.6 mm); r3 is the specimen radius (in mm). Flexural modulus
(FM, in GPa) was calculated according to the following equation:

=FM Pa
h

2

3

where β is a constant related to the deflection at the center of the disk
(0.509), P is the load (in Newtons), a is the disk radius (in mm), ω is the
deflection corresponding to P and h is the disk thickness (in mm).

2.6. Ion release

Disk-shaped specimens (5 × 1 mm, n = 5) were prepared using a
silicone mold, with a single 20-s irradiation (24 J/cm2, Bluephase,
Ivoclar Vivadent). After 24 h storage at 37 °C the specimens were im-
mersed individually in 5 mL of NaCl solution (133 mol·L−1) buffered to
pH = 7 with 50 mmol/L HEPES solution (50 mmol·L−1). Specimens
were transferred to vials containing fresh medium every two weeks, and
calcium and phosphorous released concentrations up to 60 days were
quantified in the retrieved solution using inductively coupled plasma-
optical emission spectrometry (ICP-OES, 700, Agilent Technologies,
Santa Clara, CA, USA).

2.7. Atomic force microscopy

Particle surface topography was observed using atomic force mi-
croscopy (AFM; XE-70, Park Systems, Suwon, Korea). Images of the
surface were recorded in non-contact (i.e., tapping) mode using a silicon
tip (force constant: 42 N.m−1, resonance frequency: 32 KHz) at 0.5 Hz
scan rate. Scans were performed in areas ranging from 25 × 25 μm to
1 × 1 μm. Images were obtained at resolutions of 256 × 256 pixels or
512 × 512 pixels (for areas smaller than 5 × 5 μm).

2.8. Statistical analysis

Data sets were subjected to normality and homoscedasticity tests
(Levine and Anderson-Darling tests, respectively). DC was analyzed
using one-way ANOVA and Tukey test for multiple comparisons. Due to
the lack of homoscedasticity, FS, FM and ion release data were analyzed
using non-parametric tests (Kruskal–Wallis and Dunn's test for pair-wise
comparisons). In all cases, the global significance level was 5%.

3. Results

3.1. Particles characterization

The diffractograms in Fig. 2 show the presence of peaks character-
istic of the DCPD crystalline structure [26]. The four diffractograms are
shown using the same scale in the y-axis to evidence the lower intensity
of the peaks (i.e., lower crystallite size) for particles synthesized in the
presence of citric acid (DCPD_CA) and MOEP (DCPD_MOEP) in relation
to the control particles (“unmodified”, DCPD_U). Characteristics of the
synthesized particles are shown in Table 1. Monomer retention on the
particle surface was low, which agrees with the similar density values
recorded for particles obtained in all synthesis conditions. In relation to
DCPD_U, particles synthesized in the presence of CA showed lower
median size, while the use of MOEP resulted in larger particles. Zeta
potential varied within a relatively small range.

Images of the particles obtained in the scanning electron micro-
scope are shown in Fig. 3. DCPD_U and particles synthesized in the
presence of acrylic acid (DCPD_AA) presented similar morphology,
with elongated, thin plates. DCPD_MOEP were also plate-like, al-
though thicker and less elongated, with several large flower-like
clusters (as shown in Fig. 3C). The addition of citric acid in the
synthesis resulted in clusters of needle-like particles. Examples of AFM
images of the DCPD particles are shown in Fig. 4. The 3D topography
images (top row) of DCPD_U, DCPD_AA and DCPD_MOEP evidence the
stacking of the plates, each one with approximately 120 nm in
thickness. The bottom row shows the superimposed of topography and
phase contrast images. DCPD_U and DCPD_AA particles show no
contrast (i.e., uniform color throughout the surface), indicative of
uniform stiffness throughout the surface. On the other hand,
DCPD_MOEP and DCPD_CA show some phase contrast, suggesting the
presence of a less stiff layer of monomer on the surface.

Fig. 2. Diffractograms of the particles synthesized in this study. Asterisks in-
dicate diffraction peaks characteristic of DCPD. “Control” refers to the particles
synthesized without added monomers (DCPD_U). Notice that the same interval
was used in the y-axis for all the diffractograms to evidence differences in
crystal size.
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3.2. DCPD-containing resin materials

For DC, no statistically significant differences were detected among
composites, with values ranging from 76% to 82% (p>0.05, Table 2).
Flexural properties of the experimental composites are shown in Fig. 5.
In relation to the glass-only composite, the replacement of 20 vol% of
barium glass particles by DCPD in a 60 vol% total inorganic content
resulted in reduced initial strength between 16% and 32%. Only the
composite containing DCPD_AA presented flexural strength similar to
the glass-only composite and also statistically higher than the compo-
site with DCPD_U after 24 h (p<0.01). Composites containing
DCPD_CA and DCPD_MOEP were statistically similar to the material
with DCPD_U. After 60 days in water, all composites presented statis-
tically significant decreases in strength (between 23% and 35%) and no
differences were observed among DCPD-containing materials, regard-
less of the use of acidic monomers in the synthesis (p>0.05).

The presence of DCPD particles significantly increased composite
flexural modulus in relation to the control, except for those containing
DCPD_CA. Prolonged water storage did not affect the flexural modulus
for the glass-only composite and the material containing DCPD_CA. The
other three composites presented statistically significant reductions,
between 15% and 32%. Except for the composite containing DCPD_AA,
all the other DCPD-containing composites showed flexural moduli sta-
tistically similar to the glass-only composite after 60 days in water

(p<0.05). A cross-sectional view of the microstructure of the compo-
site containing DCPD_U is shown in Fig. 6. It is possible to observe the
homogeneous dispersion of the DCPD plates (dark grey) among the
barium glass particles (light grey). Interestingly, plates are fairly well-
oriented perpendicularly to the disk-shaped specimen axis.

Examples of 3D height topographic images of composite surface
observed under the atomic force microscope are shown in Fig. 7. The
aspect of the DCPD_U particles in the composite (Fig. 7A) did not differ
to what was presented in Fig. 4, with mostly flat surfaces and well-
defined corners, surrounded by smaller glass particles. For the com-
posites containing DCPD particles synthesized in the presence of acidic
monomers and for the silanized glass (shown in Fig. 7D), corners are
not well-defined. For the composite containing DCPD_MOEP was diffi-
cult to identify the particle contour (Fig. 7C). Phase contrast images
(not shown) suggest the presence of a resin layer on and accumulated
around the functionalized glass and particles synthesized in the pre-
sence of acidic monomers.

Calcium release at the first 15 days was statistically similar among
composites, ranging from 8 ppm to 10 ppm (Fig. 8, left). Statistically
significant reductions were observed after 30 days (for composite
containing DCPD_U and DCPD_AA) or 45 days (DCPD_CA and
DCPD_MOEP). At 60 days, calcium release was reduced to 3–5 ppm, and
the only statistically significant difference was between the composites
with DCPD_CA and DCPD_MOEP (p<0.05). Phosphate release was

Table 1
Characterization of the particles synthesized in the study.

Functionalizing agent Organic content (% mass fraction) Density (g/cm3) Particle size (D50, in μm) Zeta Potential (mV)

Acrylic acid (DCPD_AA) 0.1 2.41 21 −0.9
Citric acid (DCPD_CA) 1.4 2.45 10 −10.6
MOEP (DCPD_MOEP) 0.3 2.38 38 −14.2
Unmodified (DCPD_U) Not applicable 2.53 21 −5.2

Fig. 3. Scanning electron microscopy (SEM) images showing particles obtained with different syntheses conditions. (A) unmodified (DCPD_U), (B) acrylic acid
(DCPD_AA), (C) MOEP (DCPD_MOEP), (D) citric acid (DCPD_CA, with an inset at higher magnification).
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lower than calcium (Fig. 8, right). In general, similar concentrations
were observed among the materials for the same period, except for the
first 15 days when materials with particles synthesized in the presence
of acidic monomers presented a numerical tendency to release higher
phosphate concentrations than the group with DCPD_U. Materials
containing DCPD_AA and DCPD_CA presented the highest cumulative
phosphate release (15 ppm and 18 ppm, respectively) and no statistical
reductions were observed for both groups between the storage periods.

Fig. 4. Examples of atomic force microscopy images of the DCPD particles synthesized in the study (top row: 3D topography, bottom row: topography/phase contrast
overlay). A: DCPD_U, B: DCPD_AA, C: DCPD_MOEP, D: DCPD_CA.

Table 2
Means and standard deviations for degree of conversion (in %) of experimental
composites containing 40 vol% of barium glass and 20 vol% of DCPD particles
synthesized in the presence of acrylic acid, citric acid, MOEP or not (“un-
modified”). An experimental composite containing 60 vol% of silanated barium
glass was used as control. Similar letters indicate lack of statistically significant
differences (ANOVA/Tukey tests, p> 0.05).

Composite Degree of conversion (%)

Without DCPD (glass only) 77.7 (0.7) A
With DCPD 80.1 (1.2) A Acrylic acid (DCPD_AA)

76.8 (0.6) A Citric acid (DCPD_CA)
82.6 (6.6) A MOEP (DCPD_MOEP)
80.1 (4.4) A Unmodified (DCPD_U)

Fig. 5. Means and standard deviations for biaxial flexural strength (left) and flexural modulus (right) of resin-based materials containing 40 vol% of reinforcing glass
and 20 vol% of DCPD particles synthesized with acrylic acid (AA), citric acid (CA), MOEP or without added monomers (U). A composite containing 60 vol% of
reinforcing glass (“w/o DCPD”) was also tested. Similar upper-case letters indicate lack of statistically significant differences among materials for the same storage
time. Similar lower-case letters indicate lack of statistically significant differences among storage times for the same material (Kruskal–Wallis/Dunn tests, p>0.05).

Fig. 6. Example of scanning electron microscopy (SEM) image of a polished
cross sectional surface of the composite containing 20 vol% of DCPD_U and
40 vol% of silanated barium glass.
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The cumulative release for the materials containing DCPD_U or
DCPD_MOEP was similar (9 ppm and 12 ppm, respectively) and re-
ductions between periods were only observed between 15 and 30 days.

4. Discussion

4.1. Particles characterization

DCPD particles have been tested as ion-releasing filler in resin-based
materials in previous studies [5,10,11,13–16,27]. Its refractive index
(1.54–1.55) is similar to the barium glass used as reinforcement in
dental composites, as well as to the resin phase [28]. Matching the
refractive indices of the particles with the resin phase is fundamental to
maximize light transmission through the material during photoactiva-
tion and also to mimic the optical behavior of the tooth structure.
Furthermore, compared to other calcium orthophosphate phases, DCPD

presents an intermediate solubility [29], which may be advantageous in
terms of ion release.

Among the three acidic monomers added in the synthesis, citric acid
and MOEP substantially changed particle morphology, while acrylic
acid did not. DCPD_U and DCPD_AA presented the typical plate-like
morphology, already verified in previous studies [11,30,31]. On the
other hand, DCPD_CA showed acicular crystals, explained by the ability
of citrate ions to inhibit crystal growth in a specific axis, inducing the
formation of needle-shape crystals [32]. The presence of MOEP resulted
in thick plates, less elongated than DCPD_U, some of them arranged as
large flower-like clusters. Also, the more negative zeta potential values
presented by DCPD_MOEP and DCPD_CA indicate the presence of re-
sidual monomers, creating a slight excess of negative sites on the par-
ticles surface [33].

In spite of their influence on particle morphology, retention of
acidic monomers on the surface of the particles was very small. A

Fig. 7. Examples of atomic force microscopy topographic images showing DCPD (A: DCPD_U, B: DCPD_AA, C: DCPD_MOEP) and reinforcing glass particles (D) on the
surface of cured composite specimens.

Fig. 8. Means and standard deviations for calcium (left) and phosphorous (right) release from composites containing 20 vol% of DCPD particles and 40 vol% of
barium glass particles. Similar upper-case letters indicate lack of statistically significant differences among materials for the same storage time. Similar lower-case
letters indicate lack of statistically significant differences among storage times for the same material (Kruskal–Wallis/Dunn tests, p>0.05).
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possible explanation for this finding would be related to the pH con-
ditions during the synthesis. The pH of the reaction medium varied
from 6.2–6.6 at the beginning of the co-precipitation to 4.1–4.5 at the
end of the stirring period. Slightly acidic conditions are necessary for
the formation of DCPD [34]. However, within this range, monomer
acidic groups were not sufficiently dissociated, which may have com-
promised their interaction with calcium ions in solution. Citric acid
presents three carboxyl groups (-COOH) with dissociation constants
(pKa) of 3.1, 4.7 and 6.4. As such, at pH 6.5, the dissociation percentage
expected for each carboxylic group is 77% (HA−), 22% (HA2−) and
0.2% (HA3−), as calculated using CurTiPot software (http://www.iq.
usp.br/gutz/Curtipot.html); however, as the pH of the reaction medium
becomes more acidic, dissociation rates decrease. At pH 4.5 the ex-
pected dissociations are 50% (HA−), 46% (HA2−) and 1.6% (HA3−). In
either case, citric acid was only partially dissociated. Acrylic acid pKa is
4.25. At the beginning of the synthesis, its carboxylic group is expected
to be almost fully dissociated (99.7%), but the dissociation reduced to
64% as the pH became more acidic. As MOEP presents pKa1 = 7.21 and
pKa2 = 12.67, the dissociation of the –OH groups during the synthesis
was small: 25% (pH 6.5) and 0.4% (pH 4.5). Thus, it could be hy-
pothesized that monomer retention on the particle would have been
effective if pH during synthesis was kept at the highest possible value
necessary for DCPD formation (i.e., pH = 6). Despite the lack of an
effective functionalization, atomic force microscopy showed evidence
of areas with lower stiffness at the surface of DCPD_MOEP and
DCPD_CA, suggestive of the presence of residual monomer.

4.2. Flexural properties of DCPD-containing composites

The lack of statistically significant differences between groups for
degree of conversion was expected based in previous reports [5,11,14]
and it is important to exclude the influence of polymer network char-
acteristics on the evaluated properties. Flexural strength after 24 h
ranged from 98 MPa (composite with DCPD_CA) to 145 MPa (glass-only
composite). It is noteworthy that the difference in particle size (DCPD_U:
21 μm; DCPD_CA: 10 μm) did not affect strength results. On the other
hand, the composite containing DCPD_AA and DCPD_MOEP presented
similar strength, but only the former was similar to the control
(122 MPa). Probably, the thin plate morphology of particles obtained
with the addition of acrylic acid resulted in less defects within the resin
matrix when compared to thicker plates and clusters presented by
DCPD_MOEP. Moreover, the irregular shape of the DCPD_CA and
DCPD_MOEP may contribute for stress concentration at the particle-
matrix interface [35] and facilitate crack propagation [36]. However,
even without a significant amount of monomer retained on the particles,
some residual monomer may have persisted, as suggested by their similar
aspect compared to that of the silanized glass particle, when composites
were observed under the AFM. Their irregular edges differ from those of
DCPD_U and DCPD_CA, which show well-defined edges and flat surfaces.

After 60 days in water, all composites presented statistically sig-
nificant reductions in strength (DCPD-containing composites: 23–35%,
glass-only composite: 28%), which can be ascribe to the hydrolysis of
the resin matrix [37]. It is important to notice that the replacement of
20 vol% of glass particles with DCPD did not contribute to a more se-
vere reduction in fracture strength, even considering that resin matrix
hydrolysis may be more severe due to the increased interparticle spa-
cing as a result of the presence of large DCPD plates. Also, transit of
fluids at the DCPD-matrix interface is facilitated by the absence of
chemical interaction, in agreement with previous results [38].

The glass-only composite and that containing DCPD_CA showed the
lowest elastic modulus, while the composite with DCPD_MOEP pre-
sented the highest values. Composite stiffness is related to filler content
and particle-particle interaction [39]. Though the replacement of small
glass particles by large DCPD particles leads to an increase in inter-
particle spacing which may reduce composite stiffness, this relationship
is not linear [38]. Furthermore, is modulated by particle morphology.

In the present study, the presence of large DCPD particles had a positive
effect on the flexural modulus after 24 h. Additionally, the lack of
statistical difference between the materials containing DCPD_U and
DCPD_MOEP or DCPD_AA confirms that the chemical bond between the
organic matrix and inorganic phase is not a determining factor for
material stiffness [40]. Different from what was observed for flexural
strength, after 60 days statistically significant reductions were observed
only for composites containing large plate-like DCPD particles (namely,
DCPD_U, DCPD_AA and DCPD_MOEP), which may be the result of in-
creased transit of fluids (and consequent matrix plasticization) resulting
from larger interparticle spacing. The fact that the composite con-
taining DCPD_CA (with the smallest size among the synthesized parti-
cles) did not show a significant reduction in modulus and also presented
the lowest percent reduction in strength after water storage supports
this hypothesis. It is important to highlight, though, that (with one
exception) flexural modulus of DCPD-containing composites after pro-
longed water storage was similar to the glass-only material.

4.3. Ion release

Cumulative ion release after 60 days ranged from 21 ppm to 28 ppm
(Ca2+), and between 9 ppm and 17 ppm (HPO4

2−), and are similar to
concentrations reported in previous studies [12,41]. Overall, with very
few exceptions, ion release was not affected by the type of DCPD par-
ticles used in the composite formulation. However, particles synthe-
sized with acidic monomers presented a numerical tendency to release
higher concentrations in comparison to DCPD_U at 15 days. It could be
speculated that particles with residual monomer become more hydro-
philic, increasing the transit of fluids at the interface in relation to the
material containing DCPD_U, somewhat facilitating ion release initially
[42]. Noteworthy, the composite with DCPD_CA showed higher calcium
release (at 60 days) and phosphate release (at 30, 45 and 60 days) than
the composite with DCPD_MOEP, suggesting that the small particle size
of the former (and, consequently, higher surface area) had a positive
effect on this variable.

It has been shown that calcium and phosphate ions released from
bioactive composites in concentrations of 30 ppm and 17 ppm, re-
spectively, were able to promote enamel remineralization in vitro [1].
Also, experimental composites containing 40 vol% amorphous calcium
phosphate and/or tetracalcium phosphate were able to promote sub-
stantial dentin remineralization (43–48% mineral gain) after eight
weeks of cyclic demineralization/remineralization treatment, with
calcium concentrations of approximately 47 ppm being released after
56 days in pH 7.0 [43].

In summary, the incorporation of acidic monomers in the DCPD
synthesis changed particle morphology. Composite initial flexural
strength values suggest that particles synthesized with acrylic acid and
MOEP presented a more favorable morphology, in comparison to those
synthesized in the presence of citric acid and the unmodified DCPD.
Similarly, initial flexural modulus was improved by the presence of
large DCPD particles (i.e., DCPD_U, DCPD_AA and DCPD_MOEP).
However, these effects were not observed after 60 days aging in water.
DCPD-containing materials showed lower flexural strength in compar-
ison to the control composite, both initially (16–32% lower strength)
and after aging (22–28% lower strength), which may limit their use in
load-bearing restorations. Sustained ion release was observed for
60 days, with statistically significant differences between composites
containing DCPD_CA (D50: 10 μm) and DCPD_MOEP (D50: 38 μm).
Future studies will focus on the influence of pH on DCPD particle
synthesis in the presence of acidic monomers.
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