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Abstract There is an increased interest in the development
of bioactive polymeric dental composites and related mate-
rials that have potential for mineralized tissue regeneration
and preservation. This study explores how the substitution of
ethyl o-hydroxymethylacryate (EHMA) for 2-hydroxyethyl
methacrylate (HEMA) in photo-activated 2,2-bis[p-
(2'-hydroxy-3'-methacryloxypropoxy)phenyl]propane (Bis-
GMA) and Bis-GMA/tri(ethylene glycol) dimethacrylate
(TEGDMA) resins affected selected physicochemical
properties of the polymers and their amorphous calcium
phosphate (ACP) composites. Rate of polymerization and
the degree of conversion (DC) of polymers {EHMA (E),
HEMA (H), Bis-GMA/EHMA (BE), Bis-GMA/HEMA
(BH), Bis-GMA/TEGDMA/EHMA (BTE) and Bis-GMA/
TEGDMA/HEMA (BTH)} were assessed by photo-differ-
ential scanning calorimetry and Fourier-Transform Infrared
(FTIR) spectroscopy. ACP/BTE and ACP/BTH composites
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were evaluated for DC, biaxial flexure strength (BFS), water
sorption (WS) and mineral ion release. Mid-FTIR and
near-IR measurements revealed the following order of
decreasing DC: [E, H polymers (97.0%)] > [BE copolymer
(89.9%)] > [BH copolymer (86.2%)] > [BTE, BTH
copolymers (85.5%)] > [ACP/BTH composite (82.6%)] >
[ACP/BTE composite (79.3%)]. Compared to HEMA,
EHMA did not adversely affect the BFS of its copolymers
and/or ACP composites. Lower WS of BTE copolymers and
composites (28% and 14%, respectively, compared to the
BTH copolymers and composites) only marginal reduced the
ion release from ACP/BTE composites compared to ACP/
BTH composites. More hydrophobic ACP composites with
acceptable ion-releasing properties were developed by
substituting the less hydrophilic EHMA for HEMA.

1 Introduction

When embedded in photo-polymerizable methacrylate
matrices [1, 2] and exposed to aqueous milieu, amorphous
calcium phosphate (ACP), an intermediate phase [3] in the
formation of thermodynamically stable hydroxyapatite
(HAP), has strong potential to re-deposite tooth mineral
[4]. ACP’s bioactivity (i.e., the sustained release of Ca and
PO, ions and the subsequent spontaneous conversion of
ACP into HAP) makes ACP-filled polymeric composites
attractive as anti-demineralizing/remineralizing materials
for the preservation or repair of enamel, dentin and/or
bone. However, despite moderate improvement in their
mechanical performance and the modest reduction in their
polymerization shrinkage and water sorption [5-8], ACP
composites still need further enhancement of their physi-
cochemical properties to extend their clinical utility.
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Generally, our strategies for improving ACP composite
properties have involved studies of the surface properties
and particle size distribution of ACP fillers and fine-tuning
of various resin systems.

The majority of the resin formulations we have
investigated so far comprised 2,2-bis[p-(2’-hydroxy-3'-
methacryloxypropoxy)phenyl]propane (Bis-GMA; base
monomer), tri(ethylene glycol) dimethacrylate (TEGDMA;
diluent monomer) and 2-hydroxyethyl methacrylate
(HEMA). Hydrophilic HEMA is widely used in dental
adhesive systems and in resin-modified glass ionomers. In
polymeric forms it is utilized in soft contact lenses, vas-
cular grafts, soft tissue substitutes, and as hydrogels for
controlled-release delivery systems.

In this study, we focused on assessing the effect of
substituting ethyl o-hydroxymethylacryate (EHMA),
unique isomer of HEMA (Fig. 1, [9, 10]), for HEMA in
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Fig. 1 Chemical structure of EHMA and HEMA monomers

Fig. 2 Synthesis of EHMA
from ethyl acrylate

Bis-GMA and in Bis-GMA/TEGDMA resins. Hypotheti-
cally, compared to HEMA-containing resins, EHMA-
containing resins should exhibit considerably more intra-
molecular than inter-molecular hydrogen bonding and are,
thus, expected to have lower water solubility. To test this
hypothesis, HEMA and EHMA homo-polymers as well as
their Bis-GMA copolymers were evaluated for their rela-
tive rate of polymerization and degree of polymerization.
Additionally, Bis-GMA/TEGDMA/HEMA and Bis-GMA/
TEGDMA/EHMA copolymers and their composites were
assessed for biaxial flexural strength (BFS), water sorption
(WS) and ion release upon aqueous exposure.

2 Materials and methods

The following analytical methods/techniques were utilized
to characterize EHMA, HEMA and their homo-polymers,
copolymers, the ACP filler and ACP composites: Fourier-
transform infrared spectroscopy (FTIR), photo-differential
scanning calorimetry (DSC), gravimetry, mechanical test-
ing (biaxial flexure strength (BFS)), '"H and "°C nuclear
magnetic resonance (NMR) spectroscopy, ultraviolet/visi-
ble spectrophotometry and X-Ray diffraction (XRD).
Indicated acronyms will be wused throughout this
manuscript.

2.1 EHMA synthesis and characterization

EHMA was synthesized (Fig. 2) in a stoppered flask from a
reaction mixture containing 10 mmol ethyl acrylate,
10 mmol para-formaldehyde, 1.25 mmol 3-quinuclidinol,
2.5 g dimethyl sulfoxide (DMSO) and 0.85 g distilled

H‘/ —{ono}
~ -

/on

HO O\/

OH O

EHMA

3-quinuclidinol

\\\v//o\\T(/Jl\\v//o

@ Springer

dimer



J Mater Sci: Mater Med (2008) 19:3263-3271

3265

water [11]. The mixture was heated at 100°C for 30 min
while magnetically stirred. It was then cooled to 23°C and
3-quinuclidinol was removed by extraction with diluted
hydrochloric acid. The crude product yielded a mass
fraction (75-80) % EHMA. The addition of DMSO pro-
vided a homogeneous reaction mixture resulting in reduced
reaction times and high conversion of acrylate to EHMA
with minimal dimer formation. The presence of water in
the reaction mixture favorably influenced the EHMA-
dimer equilibrium since water is liberated during dimer-
ization. Purifitd EHMA was obtained upon vacuum
distillation, which successfully separated it from the dimer.
Purified EHMA was characterized by FTIR (Nicolet
Magna-IR FTIR 550 spectrophotometer, Nicolet Instru-
mentations Inc., Madison, WI, USA). The deconvoluted
spectra were obtained using PeakFit version 4.12 (Sea-
Solve Software, Richmond, CA, USA). The structure of
EHMA was confirmed by 'H and '*C nuclear magnetic
resonance (NMR) spectroscopy (JEOL GSX-270, Peabody,
MA, USA). Computer modeling of the cyclic and linear
EHMA and HEMA structures was performed by utilizing
CAChe software, Oxford Molecular, Portland, OR, USA.

2.2 ACP synthesis and characterization

ACP was synthesized as detailed earlier [1, 2]. It precipi-
tated instantaneously in a closed system at 23°C upon
rapidly mixing equal volumes of a 800 mmol/l Ca(NOj3),
solution and a 536 mmol/l Na,HPO, solution that con-
tained a molar fraction of 2% Na,P,0; as a stabilizing
component for ACP (to prevent premature conversion to
HAP). The suspension was filtered, the solid phase washed
subsequently with ice-cold ammoniated water and acetone,
and then lyophilized. To avoid exposure to humidity, ACP
was kept under vacuum (2.7 kPa) until used in composite
formulations.

The amorphous state of ACP was verified by powder
XRD (Rigaku DMAX 2000 X-ray diffractometer, Rigaku/
USA Inc., Danvers, MA, USA) and FTIR. XRD patterns
were recorded from 4° to 60° 20 with CuKa radiation
(A = 0.154 nm) at 40 kV and 40 mA. ACP samples were
step-scanned in intervals of 0.010° 20 at a scanning speed
of 1.000°/min. The FTIR spectra of ACP specimens were
recorded using a KBr pellet technique ((0.8—1.0) mg solid/
400 mg KBr).

2.3 Formulation of the resins and evaluation
of homopolymers and copolymers

The experimental resins were formulated from EHMA
(synthesized as described above; Fig. 2) and the commer-
cially available Bis-GMA, TEGDMA and/or HEMA

Table 1 Composition (mass fraction, %) of experimental resins
employed in the study

Resin Bis- TEGDMA EHMA HEMA CGI Irgacure
acronym  GMA 1700 1850

E - - 97.00 - 3.00 -

H - - - 97.00 3.00 -

BE 63.05 - 33.95 3.00 -

BH 63.05 - - 3395 3.00 -

BTE 37.00 37.00 2400 - - 2.00
BTH 37.00 37.00 - 2400 - 2.00

monomers, and then photo-activated for visible light
polymerization by the inclusion of either bis(2,6-dime-
thoxy benzoyl)-trimethylpentyl phosphine oxide & 2-
hydroxy-2-methyl-1-phenyl-propan-1-one (1:3 mass ratio;
CGI 1700; Ciba-Geigy Additives Division, Hawthorne,
NY, USA) or bis(2,6-dimethoxy benzoyl)-trimethylpentyl
phosphine oxide & 1-hydroxycyclohexyl phenyl ketone
(1:1 mass ratio; Irgacure 1850;Ciba Specialty Chemicals
Corporation, Tarrytown, NY, USA). The composition of
the resins (% mass fraction) is provided in Table 1.

2.4 Photo-initiation of resins and composites

In this study we utilized two bis-acyl phosphine oxide-
containing photo-initiators (CGI 1700 and Irgacure 1850)
to prepare the homopolymers, copolymers and ACP com-
posites. On exposure to blue light (470 nm) bis-acyl
phosphine oxides undergo o«-cleavage to form several
polymerization initiation radicals.

2.5 Photo-polymerization studies

Photo-polymerization studies of homo-polymers derived
from EHMA (E) or HEMA (H) as well as the corre-
sponding copolymers with Bis-GMA (BE and BH resins)
were conducted utilizing the DCS (Differential Photo-
calorimeter; TA Instruments, New Castle, DE, USA) under
following conditions: 30°C; 6 min nitrogen purge before
irradiation; 150 W Xe source; irradiation wavelength
470 nm; irradiation intensity 4.3 mW/cmz; resin sample
mass (2—4) mg. Degrees of vinyl conversion (DC) of E
and H homo-polymers and BE and BH copolymers were
calculated based on the enthalpy of the exothermic poly-
merization process [12-14]. The DC of E, H, BE and BH
resins was also determined by mid-FTIR after polymer
films approx. 20 pm thick were formed between glass
slides by visible light irradiation (16 mW/cm?) for 60 s per
side (Triad 2000, Dentsply International, York, PA, USA)
and post-cured at 37°C for 24 h. The DC rates were
calculated as described elsewhere [15-17].
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The DC of Bis-GMA/TEGDMA/EHMA (assigned BTE)
and Bis-GMA/TEGDMA/HEMA (assigned BTH) copoly-
mers and their ACP composites were measured by
near-infrared (NIR) spectroscopy [18]. NIR spectra (3
specimens/group) were acquired before photo cure (60 s
per side; Triad 2000), immediately after and 24 h post-
cure. DC was calculated from the % change in the inte-
grated peak area of the 6,165 cm™' methacrylate=CH,
absorption band normalized to the 4,623 cm™' aromatic
C-H absorption band area [18, 19] between the polymer
and monomer.

2.6 Preparation of composite specimens

Composite pastes were made by mixing the BTE or BTH
resin (mass fraction 60%) with ACP filler (mass fraction
40%) using hand spatulation. The homogenized pastes
were kept under a moderate vacuum (2.7 kPa) overnight to
eliminate the air entrained during mixing. The pastes were
molded into disks (14.9-15.3 mm in diameter and 1.31-
1.53 mm in thickness) by filling the circular openings of
flat Teflon molds, covering each side of the mold with a
Mylar film plus a glass slide, and then clamping the
assembly together with spring clips. The disks were photo-
polymerized by irradiating sequentially each face of the
mold assembly for 60 s with visible light (Triad 2000). The
unfilled copolymer disk specimens were prepared and
irradiated in an identical manner.

2.7 Physicochemical testing of composites

Biaxial flexure strength (BFS) testing of the disk specimens
was employed to compare the mechanical strength of BTE
and BTH ACP composites. Piston-on-three-ball loading
cell and a computer-controlled Universal Testing Machine
(Instron 5500R, Instron Corp., Canton, MA, USA) operated
by Testworks 4 software were utilized for these measure-
ments. The BFS values of dry (after 24 h storage in the air
at 23°C) and wet (after 1 month immersion in HEPES-
buffered saline solution (0.13 mol/l NaCl; pH = 7.4) at
23°C; 100 ml saline solution/specimen) composite speci-
mens (three specimens per group) were calculated
according to ASTM F-394-78 [20].

Water sorption (WS) of BTE and BTH copolymers and
composites was determined as follows. Specimens (five/
group) were initially dried over CaSO, at 23°C until a
constant mass was achieved (£0.1 mg) and then each
immersed in 40 ml saline solution for 1 month. Gravi-
metric mass changes of dry tissue-padded specimens were
recorded at predetermined time intervals. The degree of
WS of any individual specimen at a given time interval (t),
expressed as mass fraction (%), was calculated using the
equation:

@ Springer

WS = [(W, — Wo)/W,] x 100 (1)

where W, is the sample mass at the time t, and W, repre-
sents the initial mass of dry sample.

Mineral ion release from composite disk specimens was
examined at 23°C, in continuously stirred, saline solutions
(initial volume of saline per composite specimen: 100 ml).
Two milliliter of aliquots were taken at predetermined time
intervals and the kinetic changes in the Ca and PO, con-
centrations were determined in triplicate by utilizing
spectro-photometric analytical methods [21, 22]. From the
solution concentration data, the ion activity product, IAP,
and the Gibbs free-energy, AGO, were calculated (Chemist
software, MicroMath Research, St Louis, MO, USA) as
described in detail in previous studies [23, 24]. The value
of the solubility product, K, for the stoichiometric
hydroxyapatite, Ca;o(OH),(PO,)s, used in calculations was
117.1. Negative AG® value signifies solution supersaturated
with respect to Ca;o(OH),(POy4)s; the more negative the
AG® value is, the higher the potential for hydroxyapatite
formation under given experimental conditions.

2.8 Statistical data analysis

One standard deviation (SD) is identified in this paper for
comparative purposes as the estimated standard uncertainty
of the measurements. Experimental data were analyzed by
ANOVA (o = 0.05). Significant differences between the
groups were determined by all pair-wise multiple com-
parisons (two tail t-test; unequal variances).

3 Results

For comparison, typical FTIR spectra of EHMA and
HEMA are shown in Fig. 3. Similarly, spectra of the
corresponding homo-polymers (PEHMA and PHEMA,
respectively) are compared in Fig. 4 and showed virtually
no residual vinyl absorption bands. The expanded FTIR
spectra emphasizing both the carbonyl and vinyl absorption
bands of the monomers are given in Fig. 5. Both carbonyl
bands have unresolved structure and the vinyl band of
EHMA is a doublet. Hydrogen bonding for the carbonyl
groups in HEMA and EHMA are shown in Fig. 6.

The "H NMR spectral data for EHMA (also confirmed
by '>*C NMR) were as follows: 1.33 (CH,CHs), 4.26
(CH,CH3), 4.32 (CH,OH), 5.84 and 6.27 (=CH,). These
are the chemical shifts in CDCIl; and they are reported with
units of ppm.

The ACP filler employed in this study showed the typ-
ical features of amorphous calcium phosphate solid with
two broad phosphate absorbance bands at (1,200—
900) cm ™! and (630-550) cm™ " in its FTIR spectrum and
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Fig. 5 Expanded FTIR spectra showing carbonyl and vinyl absorp-
tion bands of EHMA and HEMA monomers

two diffuse broad bands in the 20 = (4-60)° region of its
XRD pattern (Fig. 7a, b).

Photo-DSC measurements revealed the maximum heat
flow values of (3.2 &£ 0.1) W/g and (7.6 £ 0.2) W/g for
EHMA and HEMA homo-polymers, respectively. Heat
flow maxima obtained for Bis-GMA/EHMA and Bis-
GMA/HEMA copolymers were (12.9 + 0.4) W/g and
(15.9 £ 0.5) W/g, respectively. The values of DC calcu-
lated from the photo-DCS data and that measured by mid-
FTIR and/or NIR spectroscopy are compiled in Table 2.
Mean DC values (DSC data) obtained for the homo-poly-
merizations were essentially identical (72.6% and 73.5%
for EHMA and HEMA, respectively). BE and BH
copolymers attained on average 59.9% and 63.4% vinyl
conversion, respectively. Under different polymerization
conditions, the mean DC values (mid-FTIR and NIR
measurements) decreased in the following order: [E, H
homo-polymers (97.0%)] > [BE copolymer (89.9%)] >
[BH copolymer (86.2%)] > [BTE, BTH copolymers
(85.5%)] > [ACP/BTH composite (82.6%)] > [ACP/BTE
composite (79.3%)].

The results of the BFS testing of dry (before immersion)
and wet (after 1 month immersion in saline) specimens are
summarized in Fig. 8. The higher BFS values of dry BTE
copolymer and dry ACP/BTE composite specimens
[(134 £ 35) MPa and (85 £ 12) MPa, respectively] com-
pared to the BFS values of the corresponding BTH
specimens [(117 £ 36) MPa and (74 £ 17) MPa, respec-
tively] were not statistically significant (P > 0.05).
Similarly, there was no statistically significant difference
between the BFS values of wet BTE copolymer [(103 £
10) MPa] and wet BTH copolymer [(107 £ 21) MPa]
specimens. The BFS values of wet composite specimens
after 1 month of saline immersion were practically iden-
tical for both groups: (43 £ 5) MPa for ACP/BTE
composites vs. (40 £ 6) MPa for ACP/BTH composites. In
both groups, the mechanical strength of wet ACP com-
posites decreased approximately 60 % compared to the
corresponding wet copolymers.

The WS kinetic data are presented in Fig. 9. BTE
copolymer absorbed a maximum mass fraction (W,,x) of
(4.39 + 0.16)% water compared to (6.07 £ 0.25)% in
BTH copolymers. These WS levels were reached within
(168-192) h in both copolymer and composite systems.
Significantly, after reaching maximum values ((5.14 +
0.14)% and (5.59 + 0.33)% for ACP/BTE and ACP/BTH
composites, respectively), the overall mass change of
composites started to decline (the WS values recorded
at 768 h were 21% and 16% lower than the WS, ..
values attained in ACP/BTE and ACP/BTH composites,
respectively).

Kinetics of Ca and PO, release from BTE/ACP and
BTH/ACP composites are shown in Fig. 10. The
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Fig. 6 Schematic presentation
of hydrogen bonding in HEMA
and EHMA derived from
deconvoluted FTIR spectra
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thermodynamic calculations for the 1 month immersion
solution concentration of Ca and PO, revealed that super-
saturation with respect to hydroxyapatite (the measure of
the anti-demineralizing/remineralizing capacity) was sig-
nificantly above the minimum required (AG° <0) for
mineral redeposition to occur in both BTH/ACP (AG® = —
(3.4 4+ 0.2) kJ/mol) and BTE/ACP (AG® = —(2.8 £ 0.2)
kJ/mol) composites.

4 Discussion
A facile high yield synthesis for the preparation of

highly pure EHMA has been developed involving the 3-
quinuclidinol-catalyzed reaction of ethyl acrylate with
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paraformaldehide in a mixed solvent of DMSO/water.
EHMA'’s structure was characterized by FTIR and NMR
spectroscopy. Additionally, computer modeling of the lin-
ear and cyclic structures of EHMA vs. HEMA (Fig. 11)
indicated that EHMA forms a much more stable intra-
molecular hydrogen bonded structure than HEMA (6-
membered vs. 7-membered ring structure). These structural
differences appear to be validated by FTIR analysis of the
carbonyl absorption band of each monomer (Fig. 5). The
simplest way to look at the relative degrees of hydrogen
bonding for the carbonyl groups in HEMA and EHMA is to
compare the peak maxima before any data processing.
HEMA C=0 max occurs at 1,719 cm ! vs. 1,712 cm™! for
EHMA. The lower wavenumber (longer bond) for EHMA
is indicative of stronger overall hydrogen bonding. One can
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Fig. 9 Water sorption (WS) of BTE and BTH copolymers and their
ACP composites. Indicated values represent mean + standard devi-
ation (indicated by bars) for five specimens in each experimental
group

Table 2 Photo-DSC results and

degree of conversion (DC: Material group Polymerization kinetics (photo-DCS data) DCpsc (%) DCrrr (%)
mean =+ standard deviation) Time to Ry (5) Romax (W/g)
calculated from photo-DSC
(DCpsc) and FTIR (DCgrir) E homopolymer 82.8 3.2 72.6 £22 97.0 £ 0.9*
measurements (24 h post-cure) 1y homopolymer 56.4 76 735+£22 970+ 09°
BE copolymer 6.0 12.9 599 £ 1.8 89.9 £ 0.8*
BH copolymer 6.0 15.9 634+ 19 86.2 £+ 0.8"
BTE copolymer - - - 85.5 £0.2°
BTH copolymer - - - 854 + 1.7°
L BTE ACP composite - - - 79.3 £ 0.8°
Mid FTIR data BTH ACP composite ~ — - - 82.6 + 1.7°

® NIR data

also look at the free C=0 peak contribution to the overall
carbonyl absorbance. The deconvoluted spectra (not
shown) for HEMA show about half of the carbonyl is in the
non-bonded state [25] while the fraction for EHMA is
considerably less (between 20% and 28% depending on the
deconvolution technique). The schematic presentation of
hydrogen bonding in HEMA and EHMA derived from
deconvoluted FTIR spectra is shown in Fig. 6. To explain
the presence of the significant third peak in the EHMA

carbonyl, the hydrogen bond has to be significantly stron-
ger than that of the normal hydrogen bond (1,697 cm ™" vs.
1,712 ecm™ ). Just invoking an intramolecular hydrogen
bond does not generally mean the bond is any stronger than
a similar intermolecular H bond. Stronger hydrogen bonds
involving the same functionality arises when there is
cooperative interaction resulting in additive effects.
Therefore, the 3rd peak in EHMA may be a result of
intramolecular hydrogen bonding only when this
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Fig. 10 Kinetics of ion release [mean values + standard deviation
(indicated by bars)] from BTE/ACP and BTH/ACP composites
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Fig. 11 Results of the computer modeling indicating the minimized
energies for the linear and cyclic HEMA and EHMA structures

configuration is augmented by an additional cooperative
intermolecular hydrogen bonding interaction. The inter-
mediate peak in EHMA is the combination of singly
bonded interactions, both intra- and inter-molecular. The
reason this is not seen to any significant extent in HEMA is
probably because the intramolecular interactions are min-
imal, which means three HEMA molecules would have to
line up with high entropy costs relative to the overall sta-
bilization factor. Conversely, the HEMA OH region does
show singly and doubly bonded interactions because the
OH-OH interactions are more favorable and allow the
entropy barrier to be overcome in that case.

Compared to HEMA, EHMA is more hydrophobic and
significantly less soluble in water, probably as a result of
the different patterns of hydrogen bonding in the two iso-
mers. The rates of photo-polymerization of EHMA, as
determined by photo-DSC, were somewhat lower than
those obtained with HEMA (see Table 2). However, with
Bis-GMA as a co-monomer, the rates of copolymerization
were practically identical for both isomers. Significantly,
the final DC values of both homo-polymers as well as BE
and BH copolymers, determined by both photo-DSC and
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FTIR measurements (Table 2), were essentially equivalent.
Ternary monomer mixtures BTE and BTH yielded well
formed polymers and ACP composites. Their DC values
were over 85% and were reduced only slightly upon
introduction of AP filler (7% and 4% for EHMA- and
HEMA-containing resin, respectively).

The mechanical strength (i.e., BFS) of both dry and wet
ACP/BTE and ACP/BTH composites was lower than the
corresponding copolymers under both dry and wet condi-
tions (Fig. 8). Multiple factors may have contributed to this
reduction in strength of ACP composites: (1) uneven dis-
persion of large ACP agglomerates throughout the
composite; (2) excessive water sorption, (3) the intra-
composite ACP to apatite conversion taking place during
aqueous immersion and (4) rigidity at the filler/matrix
interface originating from spatial changes that may have
occurred during mineral ion release. It appears that, as
already shown in our earlier work with different resin
formulations [2, 7, 8], the inability of ACP filler to closely
interact with the resin again had a major role in controlling
the mechanical behavior of these composites. A high
number of non-bonding spaces (voids at the filler/matrix
interface) that existed in both ACP/BTE and BTH com-
posites is liable for their mechanical behavior.

The overall WS by ACP filled composites is a result of
the water absorbed by both the resin matrix and the ACP
filler. The copolymers formulated with more hydrophilic
HEMA absorbed on average 37% more water compared to
copolymers formulated with less hydrophilic EHMA.
However, the WS, values of ACP/BTE and ACP/BTH
composites were only slightly higher (15%) in EHMA-
containing composites and 8.5% lower in HEMA-con-
taining composites compared to the corresponding unfilled
copolymers. This is most likely due to the loss of calcium
and phosphate due to the intra-composite dissolution of
ACP and its conversion to hydroxyapatite, a water-cata-
lyzed process that occurs in parallel to water sorption.
Overall, the affinity for water sorption in BTE and BTH
resin composites has been only marginally affected by
substituting EHMA for HEMA in the resins.

Ca and PO, solution concentrations resulting from the
conversion of ACP filler into apatite upon aqueous expo-
sure (Fig. 10) suggest that, under given experimental
conditions (buffered saline solution; pH = 7.40), ion
release kinetics was similar for both BTE and BTH resin
composites. No accelerated ion release was seen in more
hydrophilic BTH formulations although they had, expect-
edly, shown moderately higher overall WS values. This,
minimally higher ion release in ACP/BTH composites
compared to ACP/BTE composites, could be possibly
attributed to somewhat higher internal mineral saturation
levels as a result of water being more easily absorbed by
HEMA-containing composites. Since both solutions were
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significantly supersaturated with respect to hydroxyapatite,
substituting EHMA for HEMA in ternary Bis-GMA/
TEGDMA-based resins did not compromise the reminer-
alizing potential of their ACP composites.

5 Conclusions

EHMA shows decreased affinity for water compared to
HEMA. Despite the somewhat lower rates of polymeriza-
tion of EHMA homo-polymers and copolymers, their final
conversion values are essentially equivalent to those of
HEMA homo-polymers and copolymers. Significantly, the
WS and BFS of BTE and BTH copolymers and the cor-
responding ACP/BTE and ACP/BTH composites were
equivalent and the ion release from both types of com-
posites was also practically identical. In light of these
results, EHMA can be considered as a suitable substitute
for HEMA in dental and, possibly, biomedical applications.
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