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Abstract
Dentin adhesives may undergo phase separation when bonding to wet demineralized dentin. We
hypothesized that adhesives exhibiting phase separation will experience enhanced biodegradation of
methacrylate ester groups. The objective of this project was to study the effect of enzyme-exposure
on the release of methacrylic acid (MAA) and 2-hydroxyethyl methacrylate (HEMA) from adhesives
formulated under conditions simulating wet bonding. HEMA/bisGMA(2,2-bis[4(2-hydroxy-3-
methacryloyloxy-propyloxy)-phenyl] propane), 45/55 w/w ratio, was formulated with different water
content: 0 Wt % (A00), 8 wt % (A08), and 16 wt % (A16). After a three day prewash, adhesive discs
were incubated with/without porcine liver esterase (PLE) in phosphate buffer (PB, pH 7.4) at 37°C
for 8 days. Supernatants were collected daily and analyzed for MAA and HEMA by HPLC. For all
formulations, daily MAA release in the presence of PLE was increased compared to MAA release
in PB. HEMA release in the presence of PLE was not detected while HEMA release was consistently
measured in PB. A08 and A16 released significantly larger amounts of HEMA compared to A00.
Analysis of the cumulative release of analytes showed that the leachables in PLE was significantly
increased (p < 0.05) as compared with that released in PB indicating that MAA release was not only
formed from unreacted monomers but from pendant groups in the polymer network. However, the
levels of analytes HEMA in PB or MAA in PLE were increased in A08 and A16 as compared with
A00, which suggests that there could be a greater loss of material in HEMA/bisGMA adhesives that
experience phase separation under wet bonding conditions.
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INTRODUCTION
The main function of dentin adhesives is to provide bonding between materials, such as
composite, and the tooth structure. As evidenced by clinical investigations, the durability of
this bond is integral to the success of composites restorations, for example, the failure of the
bond at the composite/tooth interface is a major factor in the premature breakdown of moderate
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to large composite restorations.1–4 The breakdown of the bond between the tooth and
composite has been linked to the failure of our current adhesives to consistently seal and adhere
to the dentin.4–9 Results from both in vitro and in vivo studies indicate that adhesive failure
allows bacterial enzymes, oral fluids, and even bacteria to infiltrate the spaces between the
tooth and composite.10 The penetration of these agents into the spaces between the tooth and
composite undermines the restoration and leads to recurrent caries, hypersensitivity, and pulpal
inflammation.11–13 Thus, the adhesive/dentin bond can be regarded as the first defense against
substances that may penetrate and ultimately undermine the composite restoration in vivo.

Water is a major interfering factor when bonding adhesives and/or composites to the tooth.
14 The water content of the dentin surfaces varies as a function of depth,15–18 nature of the
substrate, that is, caries-affected or healthy dentin 19 and the presence of residual rinse water.
Current commercial dentin adhesives combine the primer and adhesive in one bottle. In the
presence of water, the adhesive may undergo phase separation. Within the wet demineralized
dentin matrix, adhesive phase separation leads to very limited infiltration of bisGMA, the
critical dimethacrylate component.20 Under these conditions, the adhesive/dentin bond has
neither structural integrity nor durability. Adhesive phase separation inhibits the formation of
an impervious, structurally integrated bond at the composite/tooth interface.8,9 Water is also
known to facilitate the chemical degradation of adhesives. Water may be trapped within the
matrix during photopolymerization in the mouth or it can enter the adhesive matrix by diffusion
into the loosely cross-linked or hydrophilic HEMA-rich domains. The hydrophilic domain
exhibits limited monomer/polymer conversion because of adhesive phase separation20 and
lack of compatibility between the photoinitiator and hydrophilic phase.18 The poorly
polymerized hydrophilic polymer domain degrades rapidly in the aqueous oral environment.
9,21

The enzyme-catalyzed hydrolysis of ester linkages in methacrylate-based monomers and
polymers has been largely reported from studies with dental composites.22–28 Esterases
known to activate ester hydrolysis include salivary esterases, cholesterol esterase,
pseudocholinesterase, porcine liver esterase, and acethylcholinesterase. In contrast to
composites, there has been very limited investigation of the biodegradation of dentin adhesives
in the presence of esterases.29,30 The objective of this project was to study the effect of enzyme
exposure on the release of MAA and unpolymerized HEMA from HEMA/bisGMA adhesives
formulated under conditions simulating wet bonding. The overall hypothesis was that the
enzymatic biodegradation of HEMA/bisGMA formulations exhibiting heterogeneous phase
structure would be enhanced as compared to homogeneous adhesive without phase separation.
Adhesive phase separation has been modeled previously using HEMA/bisGMA resins
formulated with water where a percent of water concentration at which phase separation occurs
could be determined.9,20

MATERIALS AND METHODS
Materials

The model resin consisted of hydroxyethylmethacrylate (HEMA, Acros Organics, NJ) and 2,2-
bis[4-(2-hydroxy-3-methacryloxypropoxy) phenyl]-propane (BisGMA, Poly-sciences,
Washington, PA) at 45/55 wt/wt ratio. Distilled water at concentrations of 0, 8, 16 wt % was
selectively added into the neat resins. The concentration of water was based on the total final
weight of the model resin. Shaking and sonication were required to yield well-mixed resin
solutions. A loss in clarity, as noted by visual examination, was interpreted as evidence of
macro-phase separation. The following photoinitiators (from Aldrich, Milwaukee, WI) were
used in this study: camphorquinone (CQ), ethyl-4-(dimethylamino) benzoate (EDMAB) at 0.5
and 0.5 mol %, respectively, with respect to the total amount of monomer. Porcine liver esterase
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(PLE, EC 3.1.1.1) was obtained from Sigma Chemical Co., St. Louis, MO. All other chemicals
were reagent grade and used without further purification.

Adhesive Disc Preparation and Characterization
The preparation of the cylindrical specimens, which were used in this investigation, has been
described previously.31 In brief, the model resins were injected into circular aluminum molds
(ID 4.0 mm) and sealed with a cleaned cover glass. Each specimen was light-cured for 20 s
using a dental curing light (Spectrum® 800, Densply, Milford, DE) operated at 550 mW/
cm2. After 24 h, the cover slips were carefully peeled off and the cylindrical specimens (4.0
mm diameter × 1.0 mm thickness) were obtained for the degradation study.

The degree of conversion (DC) was determined from the surface of randomly selected discs
using micro-Raman spectroscopy. Spectra were collected using a Horiba Jobin Yvon LabRam
HR Raman spectrometer. The DC was based on the ratio of the Raman spectral features: 1640
cm−1 (C=C)/1608 cm−1 (deformation of phenyl) calculated from three separate spectra.
Adhesive sample discs were weighed before and after biodegradation to determine mass loss.
For SEM analysis, the biodegraded specimens were mounted on aluminum stubs, sputter coated
with 20 nm of gold-palladium and imaged at a variety of magnifications in a Philips XL30
ESEM-FEG (Philips, Eindhoven, The Netherlands) at 5–15 kV.

Enzymatic Biodegradation and Analysis of MAA and HEMA
Five adhesive discs with a surface area of about 2 mm2 (2 mm2/mL) were placed in sterile
bottles and pre-washed in 0.01M phosphate buffered saline (PBS), pH 7.4, for 3 days to remove
most of the unpolymerized monomers. Following the prewash, adhesive discs were incubated
in 1 mL 0.2M phosphate buffer solution containing porcine liver esterase (PLE, EC 3.1.1.1.,
Sigma E 3019), 30 U/mL, at 37°C for 8 days with shaking; concurrent analysis without enzyme
consisted of incubations of test specimens in 0.2M phosphate buffer (PB). Daily changes with
PLE enzyme were necessary to maintain its optimum activity. PLE was selected for its
nonspecific effect on ester bonds and its optimum activity was routinely checked at zero and
24 h using ethyl butyrate. One Unit PLE hydrolyzed 1.0 µM of ethyl butyrate to butyric acid
and ethanol per minute at pH 8.0/25°C, after 24 h the activity was 96–98%.

Daily changes of fresh enzyme allowed daily collection of the aqueous phase supernatants,
which on collection was immediately centrifuged to remove the enzyme (15 min at 10,000g).
The supernatants were then stored at −20°C until ready for HPLC analysis. The HPLC (Waters
500 system, C18 column) conditions included CH3CN:10 mM potassium phosphate buffer
(80:20, v/v), 1 mL/min flow rate, 20 µL injection volume and UV detection at 208 nm.24
Samples were thawed and centrifuged again (15 min at 10,000g) before injection into the HPLC
system for analysis. The retention times for MAA and HEMA were 2.2 and 2.9 min,
respectively. The supernatants of test specimens were evaluated against a HEMA or MAA
standard curve to determine the release of each chemical. At the end of 8 days, the adhesive
discs were oven-dried in a vacuum (45°C) for 4 weeks and weighed again to determine mass
loss.

Statistical Analysis
Data were obtained in µg/mL and were reported in µg/mg, relative to the weighed adhesive
for data normalization. One way ANOVA and Scheffe multiple comparison test (p < 0.05)
were used to detect significant differences in (a) the concentration of each analyte in the same
medium at different times and (b) the concentration of each analyte release in the presence and
the absence of enzyme for the three different concentrations of water in the adhesive.
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RESULTS
Adhesive Characterization

The appearance of adhesives cured in the absence of water (A00) was transparent while those
cured in the presence of water (A08 and A16) were opaque (Table I). Under the conditions of
this study, the degree of conversion for all adhesives was in the range of 73.6 to 81.3% (Table
I). Macro/micro-level phase separation was observed by SEM in a previous study.32,33
Adhesive A16 discs with 16% water concentration in their formula caused the polymerized
resin to separate from water droplets. Void size ranged from submicron to several microns as
shown on the resin surface (Figure 1). Even for adhesive A08, our previous work using tapping
mode atomic force microscopy (TMAFM)/Imaging technique, showed that nano-scale phase
separation is a general feature of model crosslinked polymethacrylate, even for visibly void-
free polymerized resin.

The final mass of adhesive type per treatment with and without PLE enzyme was not
significantly (p > 0.05) different from its initial mass. However, except for A16, there were
significant differences (ANOVA/Scheffe post hoc testing, p < 0.05, n = 3) in mass loss for
most adhesives formulated with water compared to the control adhesive, A00 (Table II).

Release of MAA and HEMA in Prewash Eluates
The concentration of HEMA release in the prewash step was greater than MAA levels for all
adhesive formulations. HEMA levels were six-, nine-, and sevenfold larger than MAA levels
for A00, A08, and A16, respectively. Adhesives formulated with water facilitated the release
of HEMA in the prewash step. The release of HEMA was significantly increased (p < 0.05)
for adhesives A08 (3.69 µM/mL) and A16 (2.99 µM/mL) compared with HEMA release from
the control A00 (0.64 µM/mL).

Release of Residual HEMA in the Biodegradation Studies
The daily HEMA release measured in buffer [HEMA (in PB)] is presented in Table III. Release
of residual monomer HEMA was consistently measured from all adhesive types incubated in
buffer without enzyme. For adhesives formulated with water, the daily content of
HEMA in PB was higher for A08 than A16 in the first days and then decreased leveling off by
the fourth day (Figure 2, bottom). Because of high release on the first days, the average 8-day
cumulative release of HEMA for the adhesive A08 (11.88 ± 0.45 µM/mL) was significantly
higher (p < 0.05) than A16 (8.25 ± 0.57 µM/mL), and both significantly (p < 0.05) increased
relative to A00 (1.01 ± 0.07 µM/mL). However, there was no HEMA release detected from
adhesives incubated in the presence of enzyme.

Release of MAA
MAA release in daily eluates from A00, A08, and A16 adhesives is presented in Table III. In
systems with buffer (−E), the daily release of MAA remained fairly similar, however, levels
of MAA from A08 and A16 were increased compared to the control A00. As expected, MAA
release from all the formulations in the presence of enzyme (+E) was significantly increased
(p < 0.05) compared with MAA levels in phosphate buffer (−E). In systems with esterase, the
daily levels of net MAA for A08 and A16 were significantly increased in the first days and
then decreased sharply, leveling off to similar levels by the third day. The plot of the net
cumulative release of MAA in the presence of the enzyme PLE is depicted in Figure 2 (top)
and was obtained by subtracting the MAA levels measured in buffer [MAA(in PLE) −
MAA(in PB)]. Because of the large amount of MAA release in the first day (Table III), the total
cumulative release of MAA for A08 (21.87 µM/mL) was significantly greater than A16 (17.48
µM/mL) and both showed significantly greater (p < 0.05) cumulative MAA release than A00
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(8.14 µm/mL). Moreover, the cumulative HEMA and MAA release measured in the presence
of esterase [MAAin PLE] was also significantly different (p < 0.05) from the sum of analytes
[MAA in PB + HEMA in PB] in buffer over the 8 day period of incubation as seen in Table III.

DISCUSSION
The structure of methacrylate adhesives suggests a general mechanism for their chemical and
enzymatic degradation in oral fluids. On prolonged exposure of the restoration to oral fluids,
water begins to penetrate the resin. Water initially enters the matrix by diffusion into loosely
cross-linked or hydrophilic domains or may be trapped within the matrix during
photopolymerization in the moist environment of the mouth. Portions of the matrix may also
be directly exposed to oral fluids, particularly at the gingival margin of Class II and V composite
restorations. The presence of water promotes the chemical hydrolysis of ester bonds in
methacrylate materials. This reaction is expected to be relatively slow at the neutral pH typical
of saliva, but excursions in pH caused by foods or cariogenic bacteria may lead to transient
acid or base catalysis. The carboxylate and alcohol degradation products of ester hydrolysis
are more hydrophilic than the parent ester, further enhancing the local ingress of water. Over
years of exposure to salivary fluids, local domains of the methacrylate network may become
sufficiently degraded and/or hydrophilic to permit access by esterases which greatly accelerate
ester bond hydrolysis.

In this study, the resins HEMA/bisGMA polymerized in the presence of water (A08 and A16)
were considered models of polymers with phase separation as has been observed under wet
bonding protocols and also models of enhanced local ingress of water that may permit
accelerated ester bond hydrolysis by esterases with subsequent elution of the breakdown
product MAA.1,34 The effect of water contained in dentin on the quality of the bonding
interface has been investigated for one-bottle adhesives.35,36 The water concentration values
(0, 8, and 16 wt %) were selected on the basis of our previous work.31,32 It is noted that the
formulations containing 0 or 8% water present one solution phase prior to photopolymerization.
Based on the finding of nano-phase separation in dentin adhesive, the 8 wt % concentration of
water is still below that required for visible macro-phase separation in HEMA/bisGMA
formulations with a mass ratio of 45/55. This concentration was controlled to maintain visually
homogeneous specimens prior to photopolymerization and simulated the situation in which
the homogeneous adhesives confront the threshold of water/monomers (liquid/liquid) phase
separation. Nanolevel phase separation was found for A08 formulation.32

Wet bonding means that the dentin is kept fully hydrated throughout the bonding procedure;
the surface morphology of the demineralized layer does not change because the water
supporting the collagen matrix is not removed.37 During acid etching, the mineral phase is
extracted from a zone that measures between 1 and ~10 µm of the dentin surface.38–40 The
composition of the exposed substrate differs radically from mineralized dentin. For example,
mineralized dentin is 50% mineral, 30% collagen, and 20% water by volume,41 whereas
demineralized dentin is 30% collagen and 70% water.38,42 With removal of the mineral phase,
the collagen fibers are suspended in water. The only mechanism available for adhesive resin
infiltration is diffusion of the resin into the water that is in the spaces of the substrate and along
the collagen fibers.43,44 As we know, the adhesive/primer combination in one-bottle dentin
adhesives must infiltrate the water-laden collagen fibril matrix before polymerization. Water
is actually a major interfering factor when bonding adhesive and/or composites to the tooth.
8,20,45–47 This relationship was the basis for our investigations of the behavior of the
monomer in the presence of water.

In this project, we analyzed the formation of MAA as a hydrolytic biodegradation product from
HEMA/bisGMA adhesive discs (A00, A08, and A16), which were prewashed to eliminate
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most of the un-reacted monomer. Prewash was done based on the observation that components
that are leached during laboratory tests would not necessarily be found clinically because of
chemical changes occurring with time during intraoral surface interactions with saliva, food
and enzymes. The prewash step indicated that adhesives simulating wet bonding protocols,
A08 and A16, allowed the release of large amounts of HEMA compared with the control
adhesive A00. Furthermore, the amounts of HEMA released were seven- to eightfold higher
than MAA release, which suggests that HEMA hydrolysis in water in the prewash step is
relatively slow. The measurement of MAA release in the prewash indicated a general hydrolytic
instability of the adhesives.

In the enzymatic biodegradation studies, the release of MAA and HEMA (Table III) were
measured to evaluate the overall biodegradation of the polymer in the presence or absence of
porcine liver esterase. In systems without esterase, MAA release [MAA(in PB)] was similar in
daily eluates up to 8 days for all adhesives (Table III). However, HEMA release in the system
without esterase [HEMA(in PB)] was higher for adhesives A08 and A16 compared with A00
(Figure 2, bottom). In comparison, in systems with esterase, the levels of [MAAin PLE] were
significantly increased relative to systems without esterase, and the levels of MAA release
were high in the first days and decreased in time. This was particularly evident with adhesives
formulated with water, A08 and A16 (Figure 2, top). On the other hand, no HEMA release was
observed with any of the adhesives incubated in the presence of esterase; these results indicate
accelerated hydrolysis of residual unpolymerized HEMA to MAA.

To indicate that esterase significantly accelerated the overall polymer biodegradation process,
we analyzed our results in regards to the formation of MAA and the release of HEMA (Table
III). If we assume all the MAA measured came from the hydrolysis of unpolymerized HEMA
then the concentration of MAA in the presence of esterase [MAAin PLE] would be similar to
the sum of analytes in buffer, [MAA(in PB) + HEMA(in PB)]. However, our results as presented
in Figure 3, illustrate that the cumulative MAA release measured in the presence of esterase
[MAAin PLE] was significantly different (p < 0.05) from the sum of analytes [MAA in PB +
HEMA in PB] in buffer over the 8 day period of incubation. While this was seen for all adhesives,
the adhesives formulated with water, A08 and A16, exhibited increased release of the analytes
compared to A00, which is in line with the increase release of HEMA from these adhesives.
Another way to appreciate accelerated ester bond hydrolysis in the polymer is that the net MAA
concentration in PLE [MAA(in PLE) − MAA(in PB)] (Figure 2, top) is relatively larger than the
HEMA release in PB. This is seen in Figure 2, which top and bottom figures were plotted on
similar Y-axis scale.

The effect of PLE on the overall biodegradation of the polymer could be further evaluated with
other enzymes that have greater affinity for bisGMA. Previous studies indicated that in contrast
to HEMA, bisGMA has greater susceptibility to hydrolysis by cholesterol esterase and acetyl
cholinesterase,24 Biodegradation of HEMA/bisGMA adhesives in the presence of either
enzyme would be more clinically relevant since these were found to simulate salivary enzyme
activity.24,48

Theoretically, the hydrolysis from unreacted pendant groups in a HEMA/bisGMA polymer
network would release ethylene glycol if derived from poly-HEMA repeated units; and MAA,
bisGMA diol, or monomethacrylate alcohol of bisGMA if derived from poly-bisGMA pendant
groups. From these hydrolytic reactions, acidic groups would remain in the polymer. This
process of polymer biodegradation indicates that MAA is released from pendant methacrylate
groups in polymerized bisGMA and not from poly(HEMA) units. Since the increase of MAA
in the presence of esterase [MAA (in PLE)] was 1.2- to 1.5-fold higher relative to the sum of
analytes in buffer, [MAA(in PB) + HEMA(in PB)], the results suggest partial biodegradation of
the HEMA/bisGMA polymer.
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From the above analyses, all the adhesives investigated A00, A08, and A16, underwent
hydrolytic instability in the presence of PLE. Since adhesives formulated with water A08 and
A16 release greater amounts of analytes compared to A00 (Figure 3), they reflect their higher
release of HEMA in the elution process in the aqueous incubation system. The implications of
this effect suggest that the overall loss of material could be greater in adhesives that experience
phase separation under wet bonding conditions.

Differences in MAA release between the control A00 and adhesives A08 and A16 can be
attributed to phase separation that occurred in the adhesives formulated with water (Figure 1).
Because of phase separation, poorly polymerized hydrophilic polymer domains degrade
rapidly in the aqueous oral environment.9,21 Under these conditions, adhesives formulated
with water provide models to study the effect of water on structural integrity. However,
increasing water content in the resins from 8 to 16% did not increase MAA release (A08 >
A16 > A00, Figure 2, top). Comparisons of mass loss with and without esterase for each
adhesive type indicated that A16 was the only adhesive with a significant mass loss after
biodegradation with esterase (Table II). Overall, our mass loss analysis reflected the trend that
adhesives A08 and A16 exhibited greater MAA and HEMA release than A00 (Figure 2 and
Figure 3). However, these mass losses did not change the final weight of the sample discs
(Table II) suggesting that weight loss analysis may not be a suitable method for evaluating
biodegradation. The differences between the A08 and A16 require further investigation to
develop a comprehensive argument, however this difference was not the focus of this study.
The hypothesis is accepted, that is, the enzymatic biodegradation of HEMA/bisGMA
formulations exhibiting heterogeneous phase structure (nano-level A08 or macro-level A16)
would be enhanced as compared with homogeneous adhesive without phase separation (A00).

Results with our model adhesives for phase separation lay the groundwork for future
investigations focused on determining the esterase resistance of new water-compatible
adhesives with different hydrophilic/hydrophobic properties. This type of comparison could
provide more information on the release of HEMA and MAA from esterase resistant HEMA/
bisGMA-based adhesives where the concentration of MAA release in systems with esterase
would be less than or equal to the sum of MAA and HEMA release in systems without esterase.
This in turn could reflect more biocompatible and/or durable adhesives.

CONCLUSIONS
Adhesives formulated with water to simulate phase separation, A08 and A16, exhibited
significantly larger release of HEMA in PB compared to adhesives without phase separation,
A00. This trend was reflected for MAA release in the presence of esterase; MAA release from
adhesives A08 and A16 was significantly increased compared with A00. Mass loss analysis
within groups of adhesive types strengthened this trend. These results indicate that adhesives
formulated in the presence of water to simulate wet bonding exhibited greater release of
HEMA, which underwent enhanced hydrolysis of its ester group to MAA in the presence of
PLE. Within differences among adhesive types, the cumulative release of MAA in the presence
of PLE was significantly increased (p < 0.05) as compared with the sum of MAA and HEMA
released in PB indicating that MAA release was not only formed from HEMA but perhaps
from pendant groups in the polymer network. Thus, PLE significantly accelerated the overall
biodegradation process of A00, A08, and A16 adhesives during the 8 days of enzymatic
biodegradation. The increased levels of analytes obtained with A08 and A16 relative to A00
suggest that phase-separated HEMA/bisGMA adhesives may experience accelerated
degradation under clinical conditions.
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Figure 1.
Representative SEM micrographs of A00, A08, and A16. Adhesive discs A16 with 16% water
concentration in their formula caused the polymerized resin to separate from water droplets.
Void size ranged from submicron to several microns as shown on the resin surface.
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Figure 2.
Adhesives formulated with water (A08 and A16) exhibited significantly increased levels of
net MAA in PLE (top) and HEMA in PB (bottom) relative to the adhesives formulated without
water (A00). Furthermore, the daily release of net MAA in PLE exceeds that of HEMA release
in PB for all adhesives.
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Figure 3.
The cumulative release of MAA in the presence of porcine liver esterase (PLE) was
significantly different (p < 0.05) from the sum of analytes [MAA + HEMA] released in the
buffer (PB). These differences indicate that MAA formation in the 8-day enzymatic
biodegradation study is attributable to hydrolysis of unpolymerized HEMA, pendant groups
of bisGMA in the polymer and/or unpolymerized bisGMA. In addition, adhesives simulating
wet bonding, A08 and A16 exhibited significantly larger release of analytes compared with
the control A00.
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TABLE I
Adhesive Disc Appearance and Degree of Conversion (DC) of disc surfaces (Mean ± SD)

Adhesive ID A00 A08 A16

Adhesive appearance

Bottom surface DC (%) 76.5 ± 1.1 76.0 ± 1.2 77.8 ± 1.4

Top surface DC (%) 81.3 ± 0.1a 73.6 ± 0.4 76.8 ± 1.2

a
Significantly different from all other DC values, one way ANOVA, Scheffe test, n = 3.
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TABLE II
Adhesive Mass Loss after Biodegradation (Mean ± SD)

Adhesive ID E Initial Mass (mg) Final Mass (mg) Mass Loss (mg)

A00 (−) 100.7 ± 1.1a 99.8 ± 0.5a 0.22 ± 0.27a

(+) 98.3 ± 1.7a 97.2 ± 2.1a 1.03 ± 0.41a

A08 (−) 84.5 ± 1.9b 81.4 ± 1.8b 3.09 ± 0.13b

(+) 81.1 ± 1.3b 77.6 ± 1.3b 3.56 ± 0.06b

A16 (−) 77.3 ± 3.0b,c 75.6 ± 2.3b,c 1.73 ± 0.29a

(+) 74.1 ± 0.6c 71.4 ± 0.6c 2.65 ± 0.21b

Values are expressed as mean ± SD of n = 3. Within values of initial mass, final mass and mass loss, similar superscripted letters (a,b,c) indicate no
significant differences among values (ANOVA/Scheffe post hoc testing, p > 0.05) n = 3, vertical comparisons). Final mass values per treatment with (+)
or without (−) enzyme esterase (E) was not significantly different from its initial mass (Paired t-test, p > 0.05, horizontal comparison).
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