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ABSTRACT: Calcium phosphate-based biomaterials are being increasingly
used as bone substitutes in dentistry and in reconstructive and orthopedic
applications because of their good biocompatibility, osteoconductivity and/or
bone-bonding properties. In this study, the in vitro cytotoxicity of the amor-
phous calcium phosphate (ACP) filler, the copolymer matrix derived from the
polymerization of a resin system and the corresponding ACP composite was
analyzed utilizing cell culture techniques. The photo cured polymer was
derived from an activated resin comprised of an ethoxylated bisphenol A
dimethacrylate, urethane dimethacrylate, triethylene glycol dimethacrylate,
and 2-hydroxyethyl methacrylate. The resin was admixed with a zirconia-ACP
filler to prepare the composite. Specimens were extracted in media overnight
and then MC3T3-E1 osteoblast-like cells were cultured in the extracts for 3
days. Cytoxicity was evaluated by phase contrast microscopy and an enzymatic
assay for mitochondrial dehydrogenase activity (Wst-1). Cellular response to
the experimental ACP composite was compared to the cellular response of
commercially available light-cure orthodontic adhesive. In addition to the cyto-
toxicity testing the ion release profiles of ACP composites was determined.
Furthermore, a degree of vinyl conversion (DVC) attained in the experimental
composite and in the commercial control was compared. No adverse response
regarding cell morphology and/or viability was observed with ACP composites
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compared to the unfilled copolymers or to the commercial adhesives. Sustained
release of potentially remineralizing calcium and phosphate ions and favorable
DVC of these composites confirms their value in a variety of dental and pos-
sibly orthopedic applications where anti-demineralizing/remineralizing efficacy
is the primary goal.

KEY WORDS: amorphous calcium phosphate, composites, cellular response,
cytotoxicity, degree of vinyl conversion, extract test, ion release profiles.

INTRODUCTION

The main advantages of calcium phosphate (CP)-based biomateri-
als designed for dental and/or orthopedic bone tissue regeneration
are their osteoconductivity and biocompatibility [1-3]. The latter arises
from their chemical composition which resembles that of the inorganic
phase of natural bone tissues. CPs with solubility above that of hydrox-
yapatite (HAP) are reactive and expected to contribute to bone forma-
tion by osteoblasts [4]. We have recently focused on one of the more
soluble CPs, ACP. When embedded in polymerized methacrylate matri-
ces [5,6] and exposed to an aqueous environment, ACP releases suffi-
cient levels of calcium and phosphate ions in a sustained manner to
promote redeposition of thermodynamically stable, apatitic tooth
mineral [7]. A problem with dental composites of all types is their inabil-
ity to resist cracking under masticatory stress due to their low strength
and toughness. This is particularly so in the case of ACP composites
which are mechanically inferior to glass-filled composites. To overcome
this shortcoming we have focused on several strategies for improving
the ACP filler/polymer matrix interfacial properties (as well as compos-
ite properties) by controlling the particle size distribution and surface
properties of ACP fillers and/or by fine-tuning of the resin [8-10].

It has been documented in the literature that biocompatibility and
osteoconductivity of CP biomaterials vary with the type of CP utilized
[2,11-15]. However, despite considerable research efforts, the mechan-
ism by which the more soluble CPs promote osteogenesis remains
unclear [4,16-18]. We have found that copolymers derived from highly
converted resins, e.g., ethoxylate bisphenol A dimethacrylate
(EBPADMA) as a base monomer and triethylene glycol dimethacrylate
(TEGDMA) and 2-hydroxylethyl methacrylate (HEMA) as
comonomers, also yield polymeric ACP composites with high degrees of
vinyl conversion (DVC) (i.e., the low leachability of unreacted
monomeric species which is taken as an indirect measure of high bio-
compatibility) and favorable ion (calcium and phosphate) release pro-
files [10]. In this study, the cytotoxicity of bioactive ACP composites
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has been assessed in an attempt to shed light on the possible interac-
tions between this relatively soluble filler and osteoblast-like cells. To
test the hypothesis that ACP has no adverse effect on cell morphology
and/or viability, an osteoblastic cell culture system MC3T3-E1 [19] was
exposed to extracts of the ACP filler, the experimental copolymers and
their ACP composites [20]. Additionally, cellular response to extracts
of our experimental composites was compared to commercially avail-
able orthodontic adhesive of similar matrix composition. Cytotoxicity
data were correlated with DVC and the kinetics of the release of the
remineralizing calcium and phosphate ions from the composites.

MATERIALS AND METHODS
Synthesis, Milling and Evaluation of ACP Filler

Zirconia-hybridized ACP (Zr-ACP) filler was synthesized by utilizing
a modified preparation protocol of Eanes et al. [21]. Zr-ACP precipi-
tated instantaneously in a closed system at 23°C upon rapidly mixing
equal volumes of a 800mmol/L Ca(NO,), solution, a 536 mmol/L
Na,HPO, solution that contained a molar fraction of 2% Na,P,0, as a
stabilizing component for ACP, and an appropriate volume of a
250 mmol/L ZrOCl, solution (mole fraction of 10% ZrOCl, based on Ca
reactant). The reaction pH varied between 8.6 and 9.0. The suspension
was then filtered, the solid phase was washed with ice-cold ammoni-
ated water and acetone and the product was lyophilized.

Wet milling of the lyophilized Zr-ACP was performed as follows: the Zr-
ACP powder was mixed with very high density ZrO, balls (2mm in dia-
meter; Glen Mills Inc., Clifton, NJ, USA) at ZrO,/Zr-ACP mass ratio of
approximately 20: with isopropanol added in an amount sufficient to cover
the mixture. The milling (ball-milling machine, Dayton Electric MFG Co.,
Chicago, IL, USA) was performed at 57rad/s (540rpm) for 2.5h. The Zr-
ACP solid slurry was then separated from the ZrO, balls by sieving, the
isopropanol was removed by rotary evaporation (approximately 2h at
50°C) and finally the milled filler was dried in a vacuum-oven at 40°C for
24h. Milled Zr-ACP was kept in a desiccator under a moderate vacuum
(2.7kPa) until utilized in the preparation of composites.

The amorphous state of milled ACP was verified by powder X-ray
diffraction (XRD: Rigaku X-ray diffractometer, Rigaku/USA Inc.,
Danvers, MA, USA; standard uncertainty of the measured d-values
within 0.05% of the reported values of NIST SRM® 640 silicon powder)
and Fourier-transform spectroscopy (FTIR: Nicolet Magna-IR FTIR
System 550 spectrophotometer, Nicolet Instrument Corporation,
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Madison, WI, USA). Morphology/topology of Zr-ACP particles was
examined by scanning electron microscopy (SEM; JSM-5400 instru-
ment, JEOL Inc., Peabody, MA, USA). The particle size distribution
(PSD) was determined by gravitational/centrifugal sedimentation
analysis (SA-CP3 particle size analyzer, Shimadzu Scientific Instru-
ments, Inc., Columbia, MD, USA) following dispersion of the solids in
isopropanol by ultrasonication for 10min. Water content of the fillers
was determined by thermogravimetric analysis (TGA; Perkin Elmer 7
Series Thermal Analysis System, Norwalk, CT, USA). The TGA was
performed by heating 5 to 10mg of the filler at the rate of 20°C/min
over a temperature range of 30 to 600°C in air. Ca/PO, ratio of the
solids after dissolution in HCI was calculated from solution Ca®* and
PO, values [UV/VIS Carey Model 219 spectrophotometer (Varian
Analytical Instruments, Palo Alto, CA, USA)] [22,23]. Results of the
physicochemical characterization of the milled Zr-ACP filler are
summarized in Table 1 and Figure 1(a)-(c).

Formulation of the Resin

The experimental resin was formulated from commercially available
dental monomers and activated with a visible light initiator system
consisting of camphorquinone and ethyl-4-N,N-dimethylaminoben-
zoate (Table 2). The acronyms indicated in Table 2 will be used
throughout this manuscript.

Preparation of Composite and Copolymer Disk Specimens

The first step in ACP composite preparation involved blending
the liquid resin (mass fraction 60%) and milled Zr-ACP filler (mass
fraction 40%) by hand spatulation. Once a homogeneous consistency of

Table 1. Physicochemical characteristics of milled Zr-ACP
filler utilized in the study.

Parameter Value*
Particle size range (um) 0.2t03.0
Median particle diameter, d., (nm) 09=02
Specific surface area, SSA (mé/g) 38+1.0
Water content (mass fraction, %) 16.9+1.4
Calcium/phosphate ratio** 1.89+0.10

*Except for the particle size range, results represent mean value = SD. The
number of repetitive runs in each group 6=n=3.

**Due to the co-precipitation of HCl-insoluble amorphous Zr-phosphate (mass
fraction 21.9%). Theoretical (expected) value: 1.50.
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Figure 1. XRD pattern (a), FTIR spectrum (b) and the SEM image (c) of milled Zr-ACP
filler utilized in the study.
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Table 2. Mono- and di-methacrylate monomers and components of
photo-initiator system employed in resin formulation and composition of the
experimental resin evaluated in the study.

Mass fraction

Chemical name Acronym Manufacturer (%)
ethoxylated bisphenol A dimethacrylate EBPADMA Esstech, PA, USA 28.07
urethane dimethacrylate UDMA Esstech, PA, USA 27.99
triethylene glycol dimethacrylate TEGDMA Esstech, PA, USA 24.97
2-hydroxyethyl methacrylate HEMA Esstech, PA, USA 16.81
camphorguinone caQ Aldrich, WI, USA 0.40
ethyl-4-N,N-dimethylaminobenzoate 4EDMAB Aldrich, WI, USA 0.79

the paste was achieved, the paste was molded into cylindrical disks
(diameter 5.25+0.13mm; thickness 3.08 =0.03mm) by filling the cir-
cular openings of flat Teflon molds, covering each side of the mold with
a Mylar film and a glass slide, and then clamping the assembly
together. The disks were photo-polymerized by irradiating sequentially
each face of the mold assembly for 60s with visible light (Triad 2000,
Dentsply International, York, PA, USA). The same protocol was used
to prepare unfilled copolymer disk specimens. Disk specimens of the
commercial product, a light-cured, fluoride-releasing orthodontic
bracket adhesive (COA) were prepared by following the manu-
facturer’s curing instructions: 35s per each side.

Cell Culture Maintenance

MC3T3-E1 cells (Riken Cell Bank, Hirosaka, Japan) were main-
tained in «-modification of Eagle’s minimum essential medium
(Biowhittaker, Walkersville, MD, USA) with a volume fraction of 10%
fetal bovine serum (Gibco-BRL-Life Technologies, Rockville, MD, USA)
and 60mg/I. kanamycin sulfate (Sigma, St Louis, MO, USA) in a fully
humidified atmosphere with a volume fraction of 5% CO, at 37°C. The
medium was changed twice a week. Cultures were passaged with
EDTA-containing (1mmol/L) trypsin solution (mass fraction of 0.25%;
Gibco, Rockville, MD, USA) once a week.

Extract Experiments

During the first 24 h of the experiment, all disk specimens were ster-
ilized in a 50 mL tube containing 25mL of 70% ethanol for 5min and
then placed in 24-well plates (BD Biosciences, Bedford, MA, USA) with
one disk per well. Each disk was washed with 2mL of media for 1h and
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then fresh media was placed on each disk for an overnight extraction
in the cell incubator. There were six disks for each type of specimen
(ACP composite, unfilled resin, COA) plus twelve control wells. Six
were positive controls that contained media with Triton X-100 deter-
gent (0.1% mass fraction) and six were negative controls that con-
tained only media. ACP alone was also tested by extracting 37.5mg
(amount of ACP used in a composite disk specimen was calculated
from the average volume of the composite disk specimens used in the
study (66.6mm?), the average density was 1.4g/cm® and the average
mass fraction ACP load was 40%) of unsterilized ACP powder. A total
of 30 extraction wells were prepared. In parallel, a flask of 80% confiu-
ent MC3T3-E1 cells was passaged and cells were seeded into 24-well
plates with 10,000 cells per well in 2mL of media. Thirty “cell wells”
were seeded and then placed in the incubator overnight. On the second
24h of the experiment, the medium from each “cell well” was removed
and replaced with the 2mL of extraction medium from one of the disk
specimens (or with the positive or negative control media). The cells
were incubated in the extracts for 3 days, photographed (digital photo-
graphy using an inverted phase contrast microscope, Nikon TE300,
Melville, NY) and then prepared for the Wst-1 assay. All 6 wells for
each experimental condition (6 wells X6 conditions =36 wells total)
were examined with microscopy and photographed.

Wst-1 Viability Assay

The Wst-1 assay, a colorimetric assay of cellular dehydrogenase activ-
ity, was used (the absorbance at 450 nm is proportional to the amount of
dehydrogenase activity in the cell) [24]. Cells cultured in the extracts
were rinsed with 1mL of Tyrode’s HEPES buffer (140mmol/L NaCl,
0.34mmol/L Na,HPO,, 2.9mmol/LL KCl, 10mmol/L. HEPES, 12mmol/L
NaHCO;, 5mmol/L glucose, pH 7.4). One mL of Tyrode’s HEPES buffer
and 0.1 mL of Wst-1 solution (5mmol/L Wst-1 and 0.2mmol/L 1-methoxy
PMS in water) were then added to each well. After a 2h incubation at
37°C, a 0.2mL aliquot from each well was transferred to a 96-well plate
and absorbance was measured with a plate reader (Wallac 1420 Victor?,
PerkinElmer Life Sciences, Gaithersburg, MD). Blank wells that con-
tained only Tyrode’s HEPES buffer and Wst-1 solution, were also pre-
pared, incubated and read. The blank value was subtracted from each of
the experimental values as background. Wst-1 (2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) and
1-methoxy PMS (1-methoxy-5-methylphenazinium methylsulfate) were
obtained from Dojindo (Gaithersburg, MD).
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Degree of Vinyl Conversion (DVC)

Fourier-transform infrared (FTIR) spectroscopy was used to deter-
mine the DVC of the experimental ACP composite and the COA. DVC
was calculated from the decrease in the integrated peak area for the
vinyl group (1,637cm™" absorption band) against that of the phenyl
ring (1,582 ¢cm™ absorption band) in going from the unpolymerized
(monomer) to polymerized composites (polymer) using the following
expression:

DVC = {1 — [area(1637/1582),ym/area(1637/1582) .. ome] } X 100 (1)

FTIR spectra were acquired by collecting sixty-four scans at wave-
length accuracy =0.01em ™' at 2,000cm™". A minimum of five repetitive
measurements were performed for each experimental group.

Kinetics of Ion Release from ACP Composites

Mineral ion release from each individual ACP composite disk
specimen (six replicate runs) was examined in continuously
stirred, HEPES-buffered (pH=7.40) saline solutions (ionic
strength = 0.13mol/L) at 37°C. Ca®* and PO, levels released into solu-
tion were determined colorimetrically [22,23] at predetermined time
intervals (up to 790h). Ion-release data were corrected for variations in
the total surface area of the disk exposed to saline solution. Normal-
ized value for a given surface area, A (in mm? was calculated as
follows; normalized value = (measured value) X (500/A).

The thermodynamic stability of the saline solutions containing the
maximum concentrations of ions released from the disk was calculated
with respect to stoichiometric apatite (HAP; Ca,,(OH),PO,),) by using
the Gibbs free-energy expression [10]:

AG® = —2.303(RT/n)In(IAP/K,,) (2)

where IAP is the solution ion activity product for HAP (calculated by
using the Chemist software, MicroMath Research, St Louis, MO, USA),
K, is the thermodynamic solubility product of the HAP, R is the ideal
gas constant, T is the absolute temperature, and n = 18 is the number
of ions in the IAP. Negative AG® value indicates the solution supersat-
urated with respect to HAP.
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Statistical Analysis of the Experimental Data

Experimental data were analyzed by ANOVA (a=0.05). Significant
differences between specific groups were determined by Turkey’s pair-
wise comparisons (95% confidence interval). One standard deviation is
indicated as a measure of the standard uncertainty of the measurements.

RESULTS

Cell Morphology

Negative control cells cultured in only media displayed a normal,
spread, polygonal morphology (Figure 2(e). Cells cultured in ACP or

Figure 2. Representative phase contrast images of MC3T3-E1 cells cultured in extracts
from ACP powder and different resin composites for 3 days. The size bar in the bottom
of panel A applies to all panels. “Unfilled resin” is EBPADMA/UDMA/TEGDMA/HEMA
copolymer, “COA” is a light-cure, fluoride releasing orthodontic adhesive, “Nothing” is a
negative control and “Detergent” is a positive control (6 wells were examined and
photographed for each experimental condition).
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resin extracts (Figures 2(a)-(d)) had a polygonal morphology similar to
negative controls (Figure 2(e)) irrespective of the extract in which they
were cultured (Figures 2(a)-(d)). The presence of only cell remnants in
Figure 2(f) indicates that 0.1% detergent is cytotoxic which serves as a
positive control for the assay. Qualitative comparison of the negative
control panel (Figure 2(e)) with the experimental panels (Figures
2(a)—(d)) reveals that there are approximately an equivalent amount of
cells in each of the panels which suggests no adverse cellular response
to ACP powder, copolymer (unfilled resin), ACP composite and COA.

Cell Viability

Based on the Wst-1 assay (Figure 3) of the extracts from the resins
caused a mild drop in the viability of MC3T3-E1 cells compared to the
negative control. This drop was statistically significant for ACP powder,
ACP composite and COA (p <0.05) but was not significant for unfilled
resin (p >0.05). However, there was not a significant difference between
ACP composite and the unfilled resin or the commercial composite.
These results suggest that the experimental ACP composite is no more
toxic than the commercial adhesive chosen as the control.
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Figure 3. Cell viability (Wst-1 assay) for the experimental ACP composite, ACP powder,
unfilled resin (copolymer) and COA compared to negative (Nothing) and positive control
(Detergent) (number of samples in each group was n = 6).
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Degree of Vinyl Conversion

The mid-FTIR conversion results for the experimental ACP compos-
ite and the COA are presented in Figure 4. The attained DVC of the
ACP composite was consistently higher than the DVC of COA at 1h
and 24 h post-cure (29% and 24%, respectively).

Ion Release Profiles

Milled ACP-filled EBPADMA/UDMA/TEGDMA/HEMA composites
steadily released mineral ions upon immersion in buffered saline; the
kinetic profiles are given in Figure 5. The Ca’* and PO,® released
were sufficient to maintain a favorable remineralization potential, i.e.
the required supersaturation for the internal (intracomposite) repre-
cipitation of apatite to occur (the average AG® = —4.92 kJ/mol).

DISCUSSION

CP biomaterials are biocompatible because the main inorganic con-
stituent of bone, hydroxyapatite (HA), is comprised of calcium and
phosphate. HA is the main inorganic constituent of hard tissues and
free calcium and phosphate ions can be used in metabolism [3,25].
Reported biocompatibility of various CP cements [2,12,13,15,26-30] is
attributed to either the biocompatibility of their individual con-
stituents [a- and B-tricalcium phosphate, dicalcium phosphate dihy-
drate (DCPD), tetracalcium phosphate and HA] or the biocompatibility
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Figure 4. Mean values and standard deviation (indicated by bars) of the DVC of the
experimental ACP composite and COA attained 1h and 24h after curing (number of
runs in each experimental group was n=5).
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Figure 5. Kinetic profiles of Ca?* and PO, ion release (mean value * standard devia-
tion) from the experimental ACP composites (number of repetitive runs was n = 6).

of the reaction product(s) (predominantly calcium-deficient HA, traces
of DCPD). It is, therefore, of no surprise that ACP (best described by
the compositional formula Caz(HPO,), 105(PO,); & for pH 7.4 to 9.0 [31])
itself as well as the ACP-based composite had only a mild toxic effect
on MC3T3-E1 cells.

It is important to mention that in preparing the fast-setting CP
cements described in the literature, no ions other than calcium, phos-
phate, sodium and/or potassium were utilized. As detailed in the
Materials and Methods section, the ACP used in our experimental
composites was synthesized in the presence of zirconyl chloride for the
purpose of improving ACP’s stability upon exposure to aqueous milieu
[32]. Such Zr-stabilized ACPs usually contained 8.6+ 1.4% Zr [10].
Although the significance of calcium in bone mineralization is well
established, the ability of extracellular calcium to regulate specific cell
responses has been demonstrated only recently [33,34]. The ability of
osteoblasts to transport phosphate was also recognized as a prerequi-
site for bone mineralization [36] Cellular receptors for both calcium
and phosphate have been identified [33,35]. There is also evidence that
silicon plays an important role in bone metabolism [34,36] but a cellu-
lar receptor for Si has not been identified. At this point no evidence on
the potential role of zirconia in hard tissue mineralization and its
interaction(s) is available. It is, however, possible that the coprecipita-
tion of Zr with the ACP could have some effect on mitochondrial dehy-
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drogenase activity of cells cultured in the extract of Zr-ACP-filled
EBPADMA/UDMA/TEGDMA/HEMA matrices. A series of cell viability
experiments utilizing non-stabilized ACP (ACP synthesized without
any hybridizing/stabilizing ion) would be necessary to test this possibil-
ity.

Polymerization of dental resin composites is usually less complete
than that of the unfilled resin, and almost every component can be
detected in the extracts of polymerized materials [37,38]. Some of the
released, unpolymerized resin monomers may elicit various biological
effects such as genetic mutations in vitro [39]. Among commonly used
methacrylate monomers, TEGDMA has been reported as directly
mutagenic in a mammalian cell gene mutation assay while no muta-
genic effects were detected with UDMA and HEMA. No information
was available for EBPADMA, a base monomer utilized in our experi-
mental copolymer and composite. On the other hand, cytotoxicity of
the resin components of composites and adhesives (expressed as a
concentration that suppresses the mitochondrial activity by 50%,
i.e, TC50 concentration) was ranked as follows UDMA>
TEGDMA > HEMA after 72h exposure to Balb/c 3T3 mouse fibroblasts
[40]. In summary, it is likely that the mild effects of the resins on cell
viability observed in this study are a result of the effects of leachable
monomers or initiator components or byproducts on cells.

There are a number of factors that determine the cytotoxicity of
dental polymers and composites. The chemical-structure property rela-
tions of the monomers in the resin system are undoubtedly involved in
determining cellular response. Furthermore, compositional differences
involving polymers and photoinitiator systems can be a significant con-
tributor. Finally, the DVC, especially as it relates to the leachable
monomers, is an important factor that determines the cytotoxic
response of the polymerized materials. The DVC attained in ACP com-
posite vs. COA specimens (Figure 4) may be attributed to the differ-
ences in the resin and photoinitiator composition (other than the
statement that COA resin is a mixture of aromatic and aliphatic
methacrylates no other information is available from the manu-
facturer) and/or the curing conditions (1min vs. 35s per side). The
total residual vinyl unsaturation from photopolymerization, measured
by FTIR (DVC), consisted of pendent vinyl groups in the matrix phase
plus residual monomers and other unsaturated species that arise from
the polymerization process. Cytotoxicity is more likely to depend on
leachable residual monomers and other leachable organic species in
the composite. Therefore, for ACP composites, and traditional dental
composites, the correlation of cytotoxicity with the extent of vinyl
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conversion requires the assessment of leachable organic moieties as
well as the total vinyl groups in the composite. Therefore, the results
presented in this study can only be taken as an assessment of the in
vitro cytotoxicity of these materials. In future studies we will assess
how the monomer system and the photopolymerization process affect
the concentration of leachable moieties and presumably the cytotoxicity
of these composites.

CONCLUSION

The results of this study show no adverse effects on cellular mor-
phology or viability with ACP composites compared to the commercial
orthodontic adhesive chosen as a control. The observed mild reduction
in viability may be attributed to the leachability of unreacted resin
components rather than the cytotoxicity of ACP filler itself. Favorable
degrees of vinyl conversion and sustainable release of mineral jons
coupled with the satisfactory cellular response make these bioactive
composites a promising tool in regenerative hard tissue applications
where redeposition of the mineral is of primary concern.

DISCLAIMER

Certain commercial materials, instruments and/or equipment are
identified in this work for adequate definition of the experimental pro-
cedures. In no instance does such identification imply recommendation
or endorsement by the American Dental Association Foundation or the
National Institute of Standards and Technology, nor does it imply that
the materials, instruments and/or the equipment identified is necessar-
ily the best available for the purpose.
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