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Abstract

The short average service life of traditional dental composite restorative materials and increasing
occurrence of secondary caries adjacent to composite restorations and sealants are necessitating
the development of new, longer lasting compositions. Novel monomers and their polymers,
reinforcing fillers, and adhesive components are needed. The goal of this research is to develop
resin systems for use in restorations, sealants, and other dental services that are superior in
properties and endurance to currently used bisphenol A glycidyl dimethacrylate/triethylene glycol
dimethacrylate (Bis-GMA/TEGDMA) and urethane—dimethacrylate products. Ether-based
monomers and their polymers that were not susceptible to enzymatic or hydrolytic degradation
were prepared and characterized. They showed no degradation under hydrolytic and enzymatic
challenges, whereas the hydrolysis of ester links weakened contemporary resins within 16 days
under these challenges. The success of the ether-based materials is promising in making durable
systems that are subjected to long-term biochemical and hydrolytic challenges in oral
environments.
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INTRODUCTION

In the USA alone, 122.7 million dental composite restorations were placed in 2006, an
increase of ~ 40 % from 1999 (ADA Health Resources Policy Survey). The current trend in
clinical dentistry indicates that this number is likely to increase. These contemporary dental
compositesl~ generally contain three key components: (1) a bisphenol A glycidyl
dimethacrylate/triethylene glycol dimethacrylate (Bis-GMA/TEGDMA), and/or a urethane
dimethacrylate (all containing intramolecular hydrolyzable ester connecting groups) that
produces the resin network, (2) reinforcing filler particles treated with coupling agents
(containing intramolecular hydrolyzable ester connecting groups) to bind the resin to the
particles, and (3) dentin/enamel bonding agents (also containing intramolecular
hydrolyzable ester connecting groups).

These composites have been in service since Dr. Rafael Bowen first introduced them into
dentistry in the early 1960s.5 However, many if not most of the currently available materials
and their accompanying instructions for use do not produce satisfactory durability and
esthetics over time. Composites based on Bis-GMA/TEGDMA contain undesirable ester
groups [-C(=0)0O-C-]. Many of these linking ester groups can eventually come apart by
acidic, basic, or enzymatic-induced hydrolysis or saponification in the stressful intraoral
environment, especially at or near polymer-tooth interfaces.34 Human saliva contains
esterase, including cholesterol esterase and pseudocholine esterase, which can hydrolyze
ester-containing compounds. Also, cariogenic bacteria such as Streptococcus mutans secrete
esterase that can split ester groups.5-14 When subjected to thermal, mechanical, and
biochemical challenges, contemporary composite restorations can lose interfacial-sealing
integrity leading to staining and secondary decay. The short average service life of these
systems and concerns regarding leached unreacted monomers, and possibly bisphenol A
(BPA),1516 and degradation products from these systems are evincing a need for new, long
lasting composites to improve the dental and oral health globally.

New materials have been designed and new concepts proposed to enhance the performance
and durability of the dental resin composites. Click chemistryl” and thiol-ene!8.19 were
introduced into dentistry by groups in Colorado to provide smart, reconfigurable, and
responsive network.20-21 Adding thio-urethane oligomers improved the performance of resin
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composites.?2:23 In-situ formation of antibacterial nanoparticles showed very promising
results.24

The objective of the present work is to design and develop ether-based monomers that are
superior in resistance to esterase and hydrolytic degradation in oral environments to the
currently used Bis-GMA/TEGDMA, ester-containing monomers. The hypothesis to test is
that the ether-based compounds will not be susceptible to salivary and/or other esterases,
and thereby be more resistant to degradation in the oral cavity. Figure 1 illustrates a tooth
restorative system, including tooth mineral, adhesive, resin network, coupling agent, and
reinforcing filler, with ether-based compounds. As an example, three copolymerizable
compounds, erythritol divinylbenzyl ether (E-DVBE), triethylene glycol divinylbenzyl ether
(TEG-DVBE), and Glycine, N-2-hydroxy-3-(4-vinylbenzyloxy)-propyl-N-(4-methylphenyl),
monosodium salt, (NTG-VBGE) (see Figure 1 for their structures) are applied as substitutes
for the currently used Bis-GMA, TEGDMA, and NTG-GMA (Glycine, N-(2-hydroxy-3-(2-
methyl-1-oxo-2-propenyl)propyl)-N-(4-methylphenyl), monosodium salt) [CAS No.
133736-31-9],2° respectively. The new compounds implement the good functionalities of
Bis-GMA/TEGDMA. The E-DVBE and TEG-DVBE have two terminal double bonds,
which can each readily copolymerize using the existing photopolymerization systems in
dentistry. The TEG-DVBE will likewise be used to adjust and control the viscosity of the
monomers to obtain good handling properties of dental composite restorative systems. The
NTG-VBGE, incorporated in the form of the sodium, or other salt, will be the active
ingredient in redesigned dentin/enamel bonding agents.2é Physical and chemical properties
of restoration systems can be adjusted through subtle changes in the structure of the new
compounds. E-DVBE is an amphiphilic compound with two hydrophobic vinylbenzyl
groups at its ends and a flexible hydrophilic center (two hydroxyl groups from erythritol).
The vicinal hydroxyl groups can more easily form clusters of hydrogen bonds with the
readily accessible hydroxyl groups of other such monomers.2’” Modeling suggests that such
“clustering” increases monomer density relative to its polymer, which should contribute to
polymerization shrinkage reduction.28 Other properties that can be improved through
chemical structure changes include viscosity?® and hydrophilicity/hydrophobicity for
enhancing adhesion to enamel and dentin.30:31

Three ether-based monomers were synthesized and characterized. TEG-DVBE and its
polymers were used to evaluate the resistance of new ether-based materials to hydrolytic and
enzymatic degradation challenges in sodium phosphate buffer, cholesterol esterase, and
pseudocholine esterase, respectively. The performance of TEG-DVBE and its polymer was
compared with Bis-GMA and TEGDMA monomers and their copolymers. The hydrolysis
sequence of the two ester groups on TEGDMA was discussed. In addition, the hydrolysis of
the ester groups of the traditional resin monomers and their copolymers were assessed by
high performance liquid chromatography (HPLC) in terms of monomer recovery and the
production of methacrylic acid, which was further correlated with the change of mass and
surface hardness of the copolymer/polymer.
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MATERIALS AND METHODS

Enzyme Preparation

Cholesterol esterase from Pseudomonas sp. (CE; C9281, Sigma, Saint Louis, MO, USA)
and pseudocholine esterase from horse serum (PCE, C4290, Sigma, Saint Louis, MO, USA)
were reconstituted at desired concentrations in phosphate-buffered saline (D-PBS,
14190-144, Gibco, Grant Island, NY, USA). The prepared enzyme solutions used for
replenishing enzyme activity in the biodegradation experiments were stored at —20 °C until
needed.

Enzyme Activity Assay

The activity of CE was determined by para-nitrophenyl acetate (p-NPA) hydrolysis assay.
The substrate, p-NPA (N8130, Sigma, Saint Louis, MO, USA), was prepared by dissolving
p-NPA in methanol (100 mM), and diluting with a 100 mM sodium acetate buffer, pH 5.0,
to give a final p-NPA concentration of 1 mM.32 In a typical CE activity assay, 50 pL of p-
NPA solution, 50 uL of CE solution (1 unit/mL) and 100 pL sodium phosphate buffer (50
mM), pH 8.8, were added to a 96-well plate to give a final pH of 7.0,33 and the change of
absorbance over time was measured at 410 nm at 25 °C using a SpectraMax Microplate
reader (Molecular Devices, Sunnyvale, CA, USA). The absorbance was corrected by light
path length correction from the absorbance of water at 975 nm and background at 900 nm
from D-PBS blank samples on cuvettes with 1 cm path length compared to 200 pL filled
microplate wells. One unit of CE activity was defined as a change of absorbance of 0.01 per
minute.33 CE enzyme inhibition was assessed with the addition of 4 pL of
phenylmethanesulfonylfluoride (PMSF, 50 mM in methanol). PCE (1 unit/mL) activity was
determined with acetylcholinesterase activity assay kit (MAK119, Sigma, Saint Louis, MO,
USA) by measuring a change in absorbance at 412 nm, using butylthiocholine (BTC)3* as a
substrate. One unit of PCE activity was defined as the formation of 1.0 pmol of butyrate
released per 1 mL of enzyme per minute at pH 7.5 and 25 °C.35:36

Synthesis and Characterization of Monomers

General Information—Commercially available materials purchased from Alfa Aesar,
Sigma-Aldrich, and TCI America were used as received. Proton and carbon nuclear
magnetic resonance (*H and 13C NMR) spectra were recorded on Bruker (600 MHz) or
JEOL GSX (270 MHz) spectrometers using 5 mm tubes. Chemical shifts were recorded in
parts per million (ppm, ¢) relative to tetramethylsilane (5= 0.00), dimethyl sulfoxide (5=
2.50), or chloroform (5= 7.26). 1H NMR splitting patterns are designated as singlet (s),
doublet (d), triplet (t), quartet (g), dd (doublet of doublets), m (multiplets), etc. All first-
order splitting patterns were assigned on the basis of the appearance of the multiplet.
Splitting patterns that could not be easily interpreted are designated as multiplet (m) or
broad (br). Melting points were measured on a METTLER FP62 melting point instrument in
open capillary tubes. Hi-Res mass spectra were recorded on a JEOL AccuTOF, and 0.1 %
ammonium formate in water (50 %) and MeOH (50 %) was used as the mobile phase for
ESI analysis. Fourier transform infrared spectroscopy analysis (FTIR) was performed on a
Thermo Nicolet NEXUS 670 FTIR spectrometer. Column chromatography was performed
on silica gel (VWR, 230-400 mesh). Analytical thin-layer chromatography (TLC) was
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carried out on EMD Millipore 60 F254 precoated silica gel plate (0.2 mm thickness).
Visualization was performed using UV radiation (254 nm).

1,12-Bis(4-vinylphenyl)-2,5,8,11-tetraoxadodecane (TEG-DVBE)—Triethylene
glycol (8.02 mL, 9.01 g, 60 mmol) in DMF (30 mL) was added dropwise to a stirred
suspension of NaH (95 %, 3.79 g, 150 mmol) in DMF (120 mL) at 0—4 °C under argon
atmosphere over 30 min. After the reaction mixture was stirred for 2 h at room temperature,
4-vinylbenzyl chloride (90 %, 20.3 mL, 22.0 g, 120 mmol) in DMF (50 mL) was added
dropwise over 30 min, and the reaction mixture was stirred at room temperature for 18 h.
The reaction mixture was quenched by slow addition of a saturated NH,Cl aqueous solution
(50 mL) at room temperature. The resulting solution was diluted with distilled water (600
mL) and extracted with ethyl acetate (3 x 200 mL). The combined ethyl acetate layers were
washed with distilled water (2 x 200 mL). The organic layer was dried over anhydrous
magnesium sulfate, and the solvent was removed under reduced pressure to give crude
product as a dark orange oil. Flash column chromatography (silica gel, 30 % ethyl acetate in
hexane) afforded pure product as a pale yellow oil (27.5 g, 60 %). Log P: 4.36 (calculated by
ChemBioDraw Ultra 14.0, CambridgeSoft Corporation, PerkinElmer, Waltham, MS,

USA); IH NMR (600 MHz, DMSO-dg) §7.43 (d, J = 8.1 Hz, 4 H), 7.29 (d, J = 8.1 Hz, 4 H),
6.72 (dd, J=17.8,11.0 Hz, 2 H), 5.81 (d, J = 17.8, 2 H), 5.24 (d, J = 11.0 Hz, 2 H), 4.47 (s,
4 H), 3.55 (m, 12 H) ppm; 13C NMR (600 MHz, DMSO-dg) §138.7, 136.9, 136.7, 128.2,
126.5, 114.5,72.2, 70.4, 70.3, 69.6 ppm. Hi-Res MS (ESI): m/z calcd. for Cp4H3004,
382.2144; found [M-NH4]*: Co4H34NO4*, 400.2481.

(4R,5R)-2,2-Dimethyl-4,5-bis(((4-vinylbenzyl)oxy)methyl)-1,3-dioxolane—
(-)-2,3-O-1sopropylidene-D-threitol (5 g, 30.8 mmol) in DMF (20 mL) was added dropwise
to a stirred suspension of NaH (95 %, 1.95 g, 77.1 mmol) in DMF (60 mL) at 0-4 °C under
argon atmosphere over 30 min. After the reaction mixture was stirred for 2 h at room
temperature, 4-vinylbenzyl chloride (90 %, 9.60 mL, 10.4 g, 61.2 mmol) in DMF (50 mL)
was added dropwise over 30 min, and the reaction mixture was stirred at room temperature
for 18 h. The reaction mixture was quenched by slow addition of a saturated NH,Cl aqueous
solution (20 mL) at room temperature. The resulting solution was diluted with distilled
water (300 mL) and extracted with ethyl acetate (3 x 100 mL). The combined ethyl acetate
layers were washed with distilled water (2 x 200 mL). The organic layer was dried over
anhydrous potassium carbonate, and the solvent was removed under reduced pressure to
give crude product as a dark orange oil. The crude product was used without further
purification.

(2R,3R)-1,4-Bis((4-vinylbenzyl)oxy)butane-2,3-diol (E-DVBE)—(4R,5R)-2,2-
Dimethyl-4,5-bis(((4-vinylbenzyl)oxy) methyl)-1,3-dioxolane crude was added to a stirred
suspension of Dowex 50W2X (10 g) in MeOH (200 mL) at room temperature. The reaction
mixture was then stirred and refluxed at 70 °C for 18 h. The mixture was filtered, and the
filtrate was evaporated under reduced pressure. The resulting mixture was diluted with
distilled water and extracted with CH,Cl, (3 x 150 mL), and the combined organic layers
were washed with distilled water (3 x 200 mL). The organic layer was dried over anhydrous
magnesium sulfate, and the solvent was removed under reduced pressure to give crude
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product as a yellow solid. Flash column chromatography (silica, 0-5 % MeOH in CH,Cl5)
afforded pure product as a pale yellow oil (7.8 g, 71 %). Log P: 3.59; 1H NMR (600 MHz,
CDCl3) 67.37 (d,J=8.2 Hz, 4 H), 7.26 (d, J = 8.2 Hz, 4 H), 6.70 (dd, J = 17.6, 10.9 Hz, 2
H), 5.74 (d, J = 17.6, 2 H), 5.25 (d, J = 10.9 Hz, 2 H), 4.49 (s, 4 H), 3.85 (m, 2H), 3.55 (m,
4H), 3.31 (br, 2H) ppm; 13C NMR (270 MHz, CDCls) §137.6, 137.3, 136.6, 128.1, 126.4,
114.0, 73.3, 71.9, 70.7 ppm. Hi-Res MS (ESI): m/z calcd. for C,H»604, 354.1831; found
[M-NH4]+: C22H30NO4+, 372.2175.

Sodium N-(2-Hydroxy-3-(4-vinylbenzyloxy)propyl)-N-(p-tolyl)-glycinate (NTG-
VBGE)—In a preliminary synthesis (by AMG) to obtain NTG-VBGE, sodium hydroxide
solution (2 M) was added dropwise to a mixture of the acid and sodium salt forms of N-p-
tolylglycinate in water/tetrahydrofuran (THF; 1:1, 20 mL) until the nominal pH reached 8.7.
After this mixture was stirred for 30 min at room temperature, 1.0 g of 4-vinylbenzyl
glycidyl ether was added dropwise over 30 min and stirred at room temperature for 48 h.
The resulting reaction mixture was diluted with acetone (200 mL), prompting the formation
of a needle-like crystalline precipitate, and was then kept at 4 °C for 18 h. The crystals were
isolated by gravity filtration, followed by drying under reduced pressure to afford white
needle-like crystals (1.13 g, 57 %). Log P: 3.35; IH NMR (270 MHz, DMSO-dg) §8.41 (s,
1H), 7.47 (d, J=7.3 Hz, 2 H), 7.33 (d, J = 8.0 Hz, 2 H), 6.90 (d, J = 8.1 Hz, 2 H), 6.73 (dd,
J=18.9,10.8Hz, 1 H),6.39(d,J=79Hz,2H),583(d,J=17.7Hz, 1 H),5.24 (d, J =
11.0 Hz, 1 H), 4.51 (s, 2 H), 3.82 (d, J = 15.1 Hz, 1 H), 3.62 (d, J = 16.2 Hz, 1 H), 3.42 (m,
4 H), 3.15 (d, J = 5.4 Hz, 1 H), 2.13 (s, 3 H) ppm; 13C NMR (270 MHz, DMSO-dg) &
176.23, 145.73, 138.46, 136.47, 135.32, 129.23, 127.72, 126.12, 122.77, 114.12, 111.12,
72.51,72.17, 66.13, 58.73, 57.12, 19.93 ppm; mp 91.0-91.2 °C; Hi-Res MS (ESI): m/z
calcd. for Co1Hp4NO4Na, 378.1760; found [M-H]*: C1HosNO4Nat, 378.2116.

Monomer Degradation Assay—TEGDMA was dissolved in DMSO (20 mM), and
diluted in D-PBS with or without enzymes to give a final concentration of 0.4 mM. In a 48-
well plate, monomer solutions (750 uL) were incubated with six different media for 24 h at
37 °C (n = 3) to reach a total volume of 1.5 mL in each well. The four media were, D-PBS
as blanks, CE (2 units/mL), PCE (2 units/mL), and PCE (2 units/mL) + PMSF (0.5 mM).
Samples (400 pL of media from each well) were taken at 1, 8, and 24 h of incubation, and
their enzyme activity was quenched by adding 266 pL methanol. The mixtures were then
centrifuged at 16000 rcf for 30 min to eliminate large particles and stored at 4 °C for HPLC
analysis.

Monomer Recovery Assay after Enzymatic Challenges—In a 48-well plate, Bis-
GMA, TEGDMA, and TEG-DVBE were each dissolved in DMSO (20 mM), and diluted in
D-PBS with or without enzymes [CE (2 units/mL) or PCE (2 units/mL)] to give a final
concentration of 0.4 mM. These monomer solutions (325 pL) were incubated for 24 h at 37
°C (n = 3). Then, 500 uL of methanol was added to each well and incubated for an hour to
quench the enzyme activity. The mixtures were subsequently transferred to a new plate. The
residue in the wells were collected by rinsing the well with methanol (500 pL). These two
fractions per well were centrifuged at 16 000 rcf for 30 min to eliminate large particles and
stored at 4 °C separately for HPLC analysis. Monomer concentration in these two fractions
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were determined separately by HPLC and combined to calculate the percentage of monomer
recovery.

Polymer Preparation—The composition of conventional resin was 50:50 wt % Bis-
GMA:TEGDMA (Esstech, Essington, PA, USA) with 0.2 wt % Camphorquinone (CQ,
124893, Aldrich, Saint Louis, MO, USA) and 0.8 wt % ethyl 4-(diamethylamino)benzoate
(4E, E24905, Aldrich, Saint Louis, MO, USA) as the photoinitiator system. TEG-DVBE
was mixed with 1 wt % IRGACURE 819 (1-819) and 1 wt % bis(4-tert-
butylphenyl)iodonium hexafluorophosphate (DPI) as a photoinitiation system.
Photoinitiation systems for each composition were selected to achieve resins with high
degree of conversion. Monomers were sandwiched into an 8 mm radius 1 mm height
cylindrical Teflon mold between two Mylar films. The samples were photo cured with a
Triad 2000 visible light curing unit (Dentsply, York, PA, USA) for 1 min on each side. The
hardened pellets (surface area =75 mm?) were postcured overnight in a vacuum oven at 60
°C, and then incubated in D-PBS at 37 °C with stirring for 24 h to remove any unreacted
monomers. Pellets were then rinsed with distilled water three times and vacuum-dried until
they reached a constant mass (My).

Polymer Mass Retention after Enzymatic Challenges—Cured polymer pellets were
incubated with 500 uL 1 unit/mL CE or PCE, with media volume to polymer resin surface
area ratio of 6.6 ul per mm?2, for up to 16 days at 37 °C (n = 3). The incubation media was
replaced every 48 h to maintain nominal enzyme activity. The enzyme in old media was
quenched with addition of 400 uL methanol. The recurrent old media was pooled together
for HPLC evaluations. The HPLC results on 2, 8, and 16 days of incubation periods
evaluated the pooled media which was a collection of 1, 4, and 8 recurrent old media,
respectively. Pooled media were centrifuged at 16000 rcf for 30 min to eliminate large
particles and stored at 4 °C until analysis with HPLC. After 16 days of incubation, polymer
pellets were rinsed with distilled water three times and vacuum-dried until they reach a
constant mass (M5). The mass retention of the polymer pellets after enzyme degradation was
(M5/M1) *100 %.

Degree of Vinyl Conversion (DC)—The DC of resin monomer and polymers was
determined with the use of FTIR spectroscopy (Nexus 670 FTIR spectrophotometer
(Thermo Scientific, Madison, Wisconsin, USA) equipped with attenuated total reflectance
(ATR). FTIR spectra were acquired after polymer degradation. DC was calculated as the
percentage change in the integrated peak area of the vinyl absorption band (1646-1616
cm™1) normalized to the peak area of aromatic C—H absorption band (1535-1496 cm™1)
between the polymer (value after cure) and monomer (values before cure).37-39 The
standard uncertainty associated with the DC measurement was < 1 %.

HPLC Analysis—An Agilent 1290 Infinity Binary HPLC System was used for the
chromatographic separation and quantification of the degradation products. Specifically,
these were the disappearance of TEGDMA, Bis-GMA, and TEG-DVBE monomers, and the
appearance of methacrylic acid (MA, 155721, Aldrich, Saint Louis, MO, USA) derived from
TEGDMA and Bis-GMA, and also bishydroxy propoxy phenyl propane (bisHPPP, 15137,
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Fluka, Saint Louis, MO, USA) derived from Bis-GMA degradation. A Zorbex Extend 5 pm
Cyg 4.6 x 250 mm column (770450-902, Agilent Technology, Santa Clara, CA, USA) was
used for the separation of products. The mobile phase consisted of 2 mM buffer solution of
HPLC-grade ammonium acetate (AX1222, EMD Chemicals Inc., Billerica, MA, USA) with
pH adjusted to 3.0 with 6.0 N hydrochloric acid (A144-500, Fisher Scientific, Fair Lawn,
NJ, USA) and HPLC-grade methanol (MX0475, EMD Chemicals Inc., Billerica, MA,
USA). The separation was achieved with 50 % to 100 % methanol in ammonium acetate
buffer gradient for 30 min in order to provide comparison with previous published studies.!
Degradation products were detected by absorbance at 215 nm using a 1290 Infinity variable
wavelength UV detector. Calibration curves were created by linear correlation of peak area
to known concentrations of the analytes in methanol, and the amount of products formed
from both monomer and polymer degradation were analyzed.

Knoop Hardness—The Knoop hardness was measured in accordance with ASTM
standard E 384. A Leitz Miniload 2 microhardness machine was used with indentation loads
of 0.25 N 0.5 and 1 N. Indentation sizes were measured with the same machine using a 10x
objective. The loading time for an indentation was of the order of 15 s with a dwell at peak
load of 15 s. Knoop hardness was the result of test force divided by the indentation projected
surface area: HK = 14.229(p/d?), where P is the indenter force and d is the long diagonal
length.*% The Knoop hardness test was performed on polymer pellets that had been
incubated in D-PBS or with PCE. The hardness was an average of 45 measurements that
were made on three specimens using three indentation loads, and five measurements per
load. The standard uncertainty associated with the microindentation measurement is 5 %.

Statistical Analysis—The monomer recovery, polymer mass retention, DC, and Knoop
hardness were analyzed using one-way analysis of variance (ANOVA) with a 95 %
confidence interval to indicate significant differences.

AND DISCUSSION

The ether-based monomers were synthesized to enable simultaneous, side-by-side,
comparative testing of new versus traditional compounds under the same challenges.
Scheme 1 is a simplified outline of the synthesis procedures for the new compounds. NTG-
VBGE was synthesized by the same ring opening reaction that has been used to prepare
NTG-GMA.25 To make E-DVBE, an acetonide-protected threitol was reacted with 4-
vinylbenzyl chloride by SN2 reaction using NaH as base, followed by deprotection of the
diol to form E-DVBE. The TEG-DVBE was synthesized using the same Sy2 procedures.
The chemical structures of these compounds were confirmed by 1H NMR, 13C NMR, and
high-resolution mass spectroscopy.

Ester function groups are subjected to hydrolyisis by acid, base, and esterases. An esterase is
a hydrolase enzyme that splits esters into an alcohol and a carboxyl moiety in a chemical
reaction with water, which is called hydrolysis. Both Bis-GMA and TEGDMA contain two
hydrolyzable ester groups. The breakdown of ester groups in Bis-GMA and TEGDMA
produces methacrylic acid (MA) and two other products of each monomer (Scheme 2). For
TEGDMA, 2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl methacrylate (TEGMA) is
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produced when the first ester group is cleaved; and TEG is generated when both of the ester
groups are hydrolyzed.

The enzymatic activity (Figure 2A,2B) of Pseudomona CE was 0.15 + 0.02 units/ug protein
using p-NPA as a substrate, approximately half of the reported enzymatic activity of human
serum CE on p-NPA, and was within the range of the enzymatic activity found in human
saliva: 0.09-0.26 unit/ug.1! The addition of PMSF, with a final concentration of 1 mM, as
esterase inhibitor decreased the CE activity to 0.10 + 0.01 units/ug protein, which was 33 %
lower than that without inhibitor. The enzymatic activity of PCE (Figure 2C,D) from horse
serum was 0.055 + 0.01 units/pg protein when BTC was used as a substrate, which was
much higher than activities of human saliva on BTC in literature (0.004-0.018 units/pug
protein).1 The addition of PMSF with a final concentration of 1 mM reduced the PCE
activity to 0.001 + 0.001 ug protein, which was a 98 % reduction on enzymatic activity.1!
The change of enzyme sources lead to substantial variances in enzymatic activities. Using
enzymes with stronger activities provided opportunities to correlate the hydrolysis of
compounds with material performance in a short period of time.

The TEGDMA degraded and produced MA in different challenges. D-PBS was the medium
and was also used as a negative control for esterase CE and PCE. PMSF was used as an
inhibitor for PCE. The mass change of monomer TEGDMA (retention time: 11.6 min),
TEGMA (retention time: 4.6 min), and MA (retention time: 4.3 min) over time (1, 8, and 24
h in D-PBS, CE, and PCE and 24 h in the presence of PMSF) are shown in Figure 3. Only a
small amount (4 % and 10 %) of TEGDMA was lost at 24 h in D-PBS and CE, respectively.
Significant loss of TEGDMA was seen under PCE challenges. No TEGMDA was detected
after 8 h incubation. Approximately 25 % by mass of TEGDMA was decomposed in the
first hour of incubation. We believe that the extraordinary high PCE activity contributed to
the complete disappearing of TEGDMA within a short time. The addition of PMSF
significantly reduced the degradation rate and approximately 35 % by mass of the
TEGDMA survived after 24 h of incubation.

The relative molar ratio of MA and TEGMA for samples in PCE at 1 h, 8 h, 24 h, and 24 h
with PMSF were analyzed according to peak area, which was approximately 1, after 1 h
incubation with PCE and 24 h incubation with PMSF. In both cases, large amounts of
TEGDMA were still present. However, after 8 and 24 h incubation with PCE peak-area
ratios of MA/TEGMA were 1.8 and 5.8, respectively, and TEGDMA was not detected. In-
depth stoichiometric correlation analysis indicated that one ester group of TEGDMA was
hydrolyzed first, and the majority of the second ester groups on the same molecule were
split after TEGDMA monomers were all consumed.

A monomer recovery assay was carried out to evaluate the degradation of Bis-GMA and
TEG-DVBE and cross-check the finding in TEGDMA. Figure 4 shows the percentage of
recovered monomers under challenges of D-PBS, CE and PCE, respectively. The results
from monomer recovery of TEGDMA agreed well with the findings by the monomer
degradation assay: A small amount of TEGDMA degraded under challenges of D-PBS and
CE, and TEGDMA had completely disappeared after 24 h incubation with PCE. Bis-GMA
had no degradation in D-PBS, whereas enzyme CE was more effective on Bis-GMA than
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PCE. This selectivity of CE and PCE on Bis-GMA and TEGDMA was also reported in the
literature.41:42 In contrast to the traditional monomers, no mass loss of TEG-DVBE was
detected in any of the culture conditions.

We maximized the degradation rate without using filler. The degradation rate of traditional
resins increased as the amount of filler decreased.? No new peaks were detected by HPLC
when TEG-DVBE pellets were subjected to all of the challenges. The MA production of the
traditional polymer was evaluated by HPLC to indicate the progress of polymer degradation
(Figure 5). After 2 and 8 d of incubation, no significant difference in terms of MA
production was detected when the polymer pellets under challenges of CE or PCE;
significantly more MA was produced under PCE challenges after 16 d of incubation. The
MA production can only come from unpolymerized methacrylate groups because
polymerized methacrylate groups do not produce MA. Table 1 lists the degree of conversion
of pellets under different challenges. Although the DC of Bis-GMA/TEGDMA pellets after
PCE challenges is the lowest (P < 0.05), the difference is too small to be correlated with the
amount of MA released.

The sudden increase of the MA production at 16 days under PCE challenges suggested that a
large amount of ester groups were hydrolyzed between 8 to 16 days, which should associate
with a mass change. The mass retention of the polymer pellets are showed in Figure 4B.
After 16 days of incubation, the mass retention of Bis-GMA/TEGDMA pellets under the
PCE challenge was significantly smaller than those under the other two challenges, while
there was no mass loss in TEG-DVBE pellets under all of the challenges.

In addition, the Knoop hardness of the Bis-GMA/TEGDMA pellets was statistically lower
(p < 0.05) after PCE challenge than that of the pellets after D-PBS challenges, while the
Knoop hardness of the TEGDVBE pellets showed no significant change (Figure 5C). The
ANOVA analysis on Knoop hardness was based on 45 measurements for each composition
per challenge. Three specimen were evaluated per composition, and each composition was
evaluated under three loads (0.25 N, 0.5 and 1 N), with five measurement per load. Overall,
the hydrolysis of ester groups on Bis-GMA/TEGDMA pellets caused mass loss of the
polymer and softening of the resin.

CONCLUSIONS

Three ether-based monomers were synthesized and characterized. TEG-DVBE monomer
and its polymer showed no degradation under the challenges from D-PBS and esterase
including CE and PCE, while the traditional dental resins were decomposing to different
levels under these challenges. By using a highly active esterase enzyme from horse serum,
the two ester groups on one TEGDMA compound were completely split in less than 8 h. The
two ester groups on TEGDMA were hydrolyzed sequentially, and the majority of the second
ester group was decomposed after no TEGDMA was detected. The ester hydrolysis results
were consistent with mass loss of monomers and polymers. Furthermore, the hydrolysis of
ester caused significant damage, in terms of mechanical performance, to the polymer within
16 days. The resistance of ether-based materials to esterase degradation made them good
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ndidates for making durable compositions that are subjected to long-term biochemical and

hydrolytic challenges in oral environments.
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Illustration of a tooth restorative system, including tooth mineral, adhesive, resin network,
coupling agent, and reinforcing filler with ether-based compounds.
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Figure 2.
CE and PCE activity assay. (A) Absorbance from the degradation of p-NPA substrate by CE

with/without PMSF measured at 410 nm; (B) absorbance from the degradation of BTC
substrate by PCE with/without PMSF measured at 415 nm; (C) enzymatic activity of CE
with/without PMSF measured spectroscopically; and (D) enzymatic activity of PCE with/
without PMSF measured spectroscopically. All data is reported as mean + standard error (N
=3).
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Figure 3.

HPLC analysis of hydrolysis sequence of the two ester groups on TEGDMA.
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Figure4.
Monomer recovery after enzymatic degradation evaluated by HPLC. Cumulative amounts of

monomer recovered from aliquots and methanol wash from wells.
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Polymer biodegradation. (A) MA released from degradation of Bis-GMA:TEGDMA (1:1)

resins with CE and PCE esterase. (B) Mass retention of Bis-GMA: TEGDMA and TEG-
DVBE resins after 16 days incubation with and without CE or PCE enzyme. (C) Relative
hardness of Bis-GMA:TEGDMA and TEGDVBE resins with and without the presence of
PCE. (N =45, P < 0.05).
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Synthetic Approaches to Make the Ether-Based Monomers
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Table 1

Degree of Conversion of Samples under Different Challenges

BisGMA/TEGDMA TEG-DVBE
DC STDEV DC STDEV
average DC before degradation? 84.7 05 97.2 21
PBS only 83.9 0.3 95.6 0.8
CE 84.0 0.3 94.2 15
PCE 825 0.6 95.5 1.9

a . .
Note: These pellets were prepared at the same time as those being challenged.
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