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Abstract

Under in vivo conditions, the adhesive/dentin bond at the gingival margin of class Il composite
restorations can be the first defense against substances that may penetrate and ultimately undermine
the composite restoration. Deterioration of this bond during aqueous aging is an area of intense
investigation, but to date, the majority of our techniques have provided only an indirect assessment
of the degrading components. The purpose of this study was to analyze the in situ molecular structure
of adhesive/dentin interfaces in class || composite restorations, following aging in aqueous solutions.
Class Il preparations were cut from 12 unerupted human third molars, with a water-cooled, high-
speed, dental handpiece. The prepared teeth were randomly selected for restoration with single bond
(SB) and Z100 (3M). Teeth were restored, as per the manufacturer’s directions, under environmental
conditions that simulated humidity and temperature characteristics of the oral cavity. Restored teeth
were kept in sterile Delbecco’s phosphate saline for 48 h or 90 days. The samples were sectioned
occlusogingivally and micro-Raman spectra were acquired at ~1.5 um spatial resolution across the
composite/adhesive/dentin interfaces at the gingival margins. Samples were wet throughout spectral
acquisition. The relative intensity of bands associated with the adhesive in the interfacial region
decreased dramatically after aqueous storage. This decrease in concert with the similar depth of dentin
demineralization provides direct spectroscopic evidence of leaching of adhesive monomer from the
interface during the 90 days of storage. SB adhesive infiltrated 4 -5 um of 12-um demineralized
dentin at the gingival margin. After 90 days of aqueous storage, SB adhesive infiltration was reduced
to ~2 um, leaving ~10 um of demineralized dentin collagen exposed at the gingival margin. The
unprotected collagen at the gingival margin of the aged class I composite restorations was
disorganized, suggesting hydrolysis of the collagen, with 90 days of aqueous storage.
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INTRODUCTION

Replacement of failed restorations accounts for nearly 75% of operative dentistry,ll2 and this
emphasis on replacement therapy is expected to grow, as the public’s concern about mercury
release from dental amalgam forces dentists to select alternative restorative materials, for
example, composite resin. The failure rate for large to moderately sized posterior composite
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restorations can be 2-3 times high than that of copper amalgam.3 The higher failure rate of the
composite restoration means increased frequency of replacement, with loss of additional tooth
structure, that is, sound tooth structure is inevitably removed with each replacement.“v5

The premature failure of moderate to large composite restorations can be traced to a breakdown
of the bond at the tooth surface/composite material interface3:6:7 and increased levels of the
cariogenic bacteria, Streptococcus mutans, at the perimeter of these materials.8:9 The
breakdown of this bond has been linked to the failure of our current materials to consistently
seal and adhere to the dentin.10 Acid-etching provides effective mechanical bonding between
the composite restoration and treated enamel, but breakdown at the dentin surface continues
to threaten the long-term viability of large posterior composite restorations.”+8:11 Failure of
the bond formed at the interface between the dentin and adhesive allows bacterial enzymes,
oral fluids, and bacteria to infiltrate the spaces between the tooth and composite, undermining
tflf restoration and leading to recurrent caries, hypersensitivity, and pulpal inflammation.12=

Recent studies have identified the hybrid layer as the weakest link in the bond formed between
the adhesive and dentin.1® This characterization is based on the results of several laboratory
investigations that suggest that the hybrid layer is unstable in aqueous environments.15-17 ¢
is quite likely that this degradation is related to several factors, including incomplete adhesive
infiltration of the demineralized dentin,18 =22 \yhich leads to zones of exposed collagen fibrils
within the hybrid layer. The resultant exposed collagen could breakdown in aqueous
environments, undermining the integrity of the hybrid layer, the adhesive/dentin bond, and
ultimately, the composite restoration.

The majority of investigators have relied on bond strength studies in combination with
morphologic examination, to identify the myriad of factors that affect bonding at the adhesive/
dentin interface. These techniques assess adhesive/dentin reactions primarily at the point of
fracture. Bond strength measurements and the associated fractographic analyses of specimens
stored in aqueous solutions provide evidence of deterioration, but these analyses do not permit
direct identification of the degrading components. The loss of bond strength over time could
be due to deterioration of the resin or degradation of the collagen that was not fully enveloped
by the adhesive resin. Authors of previous publication523v24 have reported that many esterases
can degrade methacrylate polymers over time. To date, there has been no investigation of
chemical changes that occur within the hybrid layer during storage. The purpose of this study
was to compare the molecular structure at the adhesive/hybrid layer/dentin interface in class
I composite restorations over time in aqueous storage.

MATERIALS AND METHODS

Class Il Restoration Preparation

Extracted unerupted human third molars, stored at 4°C in 0.9% w/v NaCl, containing 0.002%
sodium azide, were used in this study. The teeth were collected after the patients’ informed
consent was obtained under a protocol approved by the UMKC adult health sciences
institutional review board. As shown in Figure 1, the specimen preparation proceeded as
follows: Class Il preparations were cut from 12 unerupted third molars, using a high-speed
dental drill, with copious water cooling. The occlusal portion was 1.5-2.0 mm wide and 1.0
mm deep in the dentin, and the cervical margin of the proximal box was situated at the
cementum-enamel junction. The box was prepared with a bucco-lingual width of 3.0 -3.5 mm
at the gingival wall and 2.0 —3.0 mm at the occlusal wall. The bonding and restoration of the
cavity preparations were completed using single bond (SB) adhesive and Z100 composite (3M
ESPE, St. Paul, MN, USA), as per the manufacturer’s instructions, under environmental
conditions that simulated humidity and temperature characteristic of the oral cavity (at 37°C
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and 90% humidity). The prepared specimens were etched with 35% phosphoric acid gel (15
s) and rinsed with water, excess water is removed, but the dentin surface remains visibly moist.
The composition of SB adhesive include 2,2-bis[4(2-hydroxy-3-methacryloyloxy-propyloxy)-
phenyl] propane (BisGMA), 2-hydroxyethyl methacrylate (HEMA), polyalkenoic acid
polymer, and ethanol; camphoroquinone and dihydroxylethyl-p-toluidine are included as
photoinitiators. The adhesive is applied and polymerized for 30 s by exposure to visible light
(Spectrum light, Dentsply, Milford, DE, USA). Composite is adapted to the preparation in 1-
mm increments, and each increment is polymerized by exposure to visible light for 60 s.

The restorations were finished using fine diamond burs and soflex discs (3M ESPE). Prepared
teeth were randomly divided into two groups, that is, six teeth per group. The restored teeth
were stored at 37°C (shaking) in sterile Delbecco’s phosphate buffered saline(pH 7.0), with 5
mM sodium azide for either 48 h or 90 days. To reduce the possibility of bacterial growth in
the vials, the solution was changed biweekly. Following storage for either 48 h or 90 days, the
samples were cleaned with distilled water and sectioned occlusogingivally through the
proximal box by means of a water-cooled, low-speed, diamond saw (Buehler, Lake Bluff, IL,
USA) [Figure 1(A)]. These sections provided representative interfaces from the gingival seat
of the proximal box. Then, ~1-mm thick crosssection specimens of the composite/adhesive/
dentin interface were used for micro-Raman spectroscopic analysis.

Micro-Raman Spectroscopy

RESULTS

The composite/adhesive/dentin interface specimens were mounted and covered with distilled
water, in preparation for micro-Raman spectroscopic analysis. Raman spectra were recorded
using a Jasco NRS-2000 Raman spectrometer, which consisted of an argon ion laser beam
(514.5 nm), and focused through a 60x Olympus Plan Neofluor water-immersion objective
(NA, 1.2) to an ~1.5 um beam diameter. Raman backscattered light was collected through the
objective and resolved with a monochromator. The spectra were recorded with a liquid
nitrogen-cooled CCD detector. The slit width of the spectrograph was set at 140 um, providing
a spectral resolution of 8 cm™L. Spectra were recorded at positions corresponding to 1-um
intervals across composite/adhesive/dentin interface, two consecutive scans of spectra (with
60 s accumulation time each) were obtained from each site. The laser power was ~3 mW, and
no thermal damage of the tissue specimens was observed during measurement. Spectra were
Raman-shift-frequency-calibrated using known lines of neon and silicon.

Each composite/adhesive/dentin slab was mounted at the focus of the objective and covered
with distilled water, in preparation for micro-Raman spectroscopic analysis. Spectra were
acquired at positions corresponding to 1-um intervals, across the adhesive/dentin interface,
with the use of the computer-controlled xyz stage, with a minimum step width of 50 nm.
Multiple sites across the interface at the gingival margins of each specimen were examined
spectroscopically.

The light microscopic image of the adhesive/dentin interface at the gingival margin of a
representative class Il composite restoration is shown in Figure 1(B). As noted in this image,
the interface is very irregular and gaps are readily identified at the gingival margin. In the
photomicrographs of a 5-um thick Goldner’s trichrome-stained section of the adhesive/dentin
interface [Figures 1(C,D)], the mineralized dentin is green, while the adhesive appears as a
very pale color [Figure 1(D)]. An irregular, distinct red region at the gingival margin is visible
in Figure 1(D). The red color represents unprotected collagen at the adhesive/dentin interface
that was available for reaction with the trichrome stains. Using a 60x water immersion lens,
the sample was imaged and Raman spectra were acquired at 1-um intervals across the
composite/adhesive/dentin interface. Representative spectral maps collected from the
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adhesive/dentin interface at the gingival margin of specimens stored in aqueous solution for
48 h and 90 days are presented in Figures 2 and 3, respectively. All spectra were recorded from
875 to 1785 cm™1, which spans the fingerprint region associated with adhesive, collagen, and
mineral. The peaks associated with the adhesive occur at 1720 cm™ (carbonyl), 1609 cm™1
(phenyl C=C), and 1113 cm~1 (C—O—C),and the major peaks associated with the collagen
appear at 1245 cm™1 (amide 111), 1273 cm™1 (amide 111), 1453 cm™1 (CH), and 1667 cm ™1
(amide 1), respectively. Additional features associated with the collagen appear at 938 cm™1
(o backbone) and 921 cm™1 (C=C stretch) and the spectral features associated with the mineral
occur at 961(P—O symmetric stretch) and 1072 cm™1 (CO3), respectively.

As shown in Figures 2 and 3, the first spectrum was acquired from the pure adhesive. Peaks
associated with the adhesive and collagen components of dentin were noted in the second
spectrum. The Raman peak of the P—O group in the twelfth spectrum of the 48-h specimen
suggested that this represented the bottom of the demineralized dentin layer. In the 90-day
specimens (Figure 3), features associated with demineralized dentin collagen dominate the
second through 13th spectra; note the very limited contribution from spectral features
associated with the adhesive (1720 and 1609 cm™1) beyond the second micrometer position.
The spectra recorded at the second, fourth, and fifth micrometer positions of the interface are
presented in detail, and major spectral changes have been marked with arrows (Figures 2 and
3). The intensity of the Raman bands associated with the adhesive decreased as a function of
depth, indicating the gradual decline of adhesive penetration. At the fifth micrometer position,
there is almost no contribution from spectral features associated with the adhesive. After water
storage for 90 days, the relative intensity of the adhesive bands is reduced, indicating that there
has been leaching of adhesive resin from the interfacial region. It was also noted that the relative
intensity of the band at 1640 cm™1 in the spectra recorded at the second and fourth micrometer
positions was relatively high. This band is associated with the content of C=C bond, indicating
that the degree of conversion is lower in the adhesive that penetrated into the demineralized
Zone.

The ratios of the relative integrated intensities of the spectral features from the mineral (961
cm~1, P—O) and collagen (1453, CH,) (mineral/matrix ratios) were used to determine the
extent of dentin demineralization at the gingival margin (Figure 4). The depth, degree, and
profile of dentin demineralization at the gingival margin of specimens stored for 48 h and 90
days were clearly seen. At the gingival margin, the depth of dentin demineralization was ~12—
13 um for both the 48-h and 90-day specimens. To determine differences in adhesive
penetration as a function of spatial position across the interface, the ratios of the relative
integrated intensities of the spectral features associated with the adhesive and collagen were
calculated. The C—O—C (1113 cm™1) was used to monitor the adhesive concentration, and
the amide | peak (1667 cm™1) was selected for collagen. Figure 4 shows the ratios of 1113/1667
as a function of spatial position across the interface at the gingival margin of specimens stored
for 48 h and 90 days. SB adhesive infiltrated about 4 -5 um of the 12-um demineralized dentin
in the 48-h specimen. In comparison, after 90 days of aqueous storage, SB adhesive infiltration
was reduced to ~2 um.

The Raman spectra of unprotected collagen in the demineralized dentin layer after 48 h and
90 days of aqueous storage are compared in Figure 5. The spectral features are present at 1667
(amide ), 1453 (CH def), 1245 (amide I11), 939 (o backbone), and 921 (C—C stretch). Table
| presents the ratios of the relative integrated peak areas of key features associated with the
collagen. The amide I (C=0 stretching vibration) mode is sensitive to the molecular
conformation of the polypeptide chains.29:26 The position and intensity of this band is typical
of collagen fibril with triple helical structure. In comparing this region in the spectra of
unprotected collagen, there is a relative increase in the ratios of Amide I/CH and Amide I/
Amide 111 in the 90-day specimens. These spectral changes indicate that the ordered collagen
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structure has become disorganized25'27’28 The relative difference in intensity of these spectral
E%atures could be caused by a loosening of the collagen fibril structure from water absorption.

DISCUSSION

The hybrid layer has been described as the weakest link, that is, the “Achilles heel” of the
adhesive/dentin bond.1® This characterization is based on the results of several in vitro and in
vivo investigations, which point to a breakdown of the hybrid layer in wet environments. 19~
17,30 =32 1t was speculated that this degradation could be attributed to a variety of factors,
including the leaching of unreacted monomers and oligomers as well as exposed demineralized
dentin collagen. Authors of previous publications theorized that decreased tensile and shear
bond strength values in adhesive/dentin interface specimens stored in aqueous media for 3-12
months can be attributed to incomplete adhesive polymerization.33

Two main reasons for the release of substances from polymeric materials are (1) unbound
monomers or additives or both are extracted by solvents after polymerization; (2) leachable
components are created by degradation or erosion over time.3% In the degradation process,
polymer chains are cleaved into oligomers, and finally, under specific conditions into
monomers.34 Polymer degradation may be associated with photo, thermal, mechanical, or
chemical factors.

It is generally reported that methacrylate-based resins are polymerized to the extent of 50 —
75%; thus, there are unreacted methacrylate groups in these resins.3° In addition, previous
authors have suggested that the resin between collagen fibrils is not as well-polymerized, as
resin immediately adjacent to the fibrils.36 Under these conditions, the poorly polymerized
resin within the demineralized dentin matrix may be slowly extracted by solvent. Wet bonding
may also interfere with the polymerization of the adhesive that infiltrates the collagen network.
Under the conditions associated with wet bonding, there is residual conditioner, solvent, water,
and Ca2*/PO43~ ions within the demineralized dentin matrix. The effect of these reagents on
the polymerization of the adhesive within the demineralized dentin matrix has not been defined,
but in test tubes, the monomer/polymer conversion of HEMA/BisGMA bonding resins
decreases from 53.5 to 22.7% when 0.2 mL of water is added per milliliter of resin.37 A related
study showed that at water concentrations >25 vol %, SB adhesive/water solutions mimicked
oil and water mixtures, in which they separated into distinct phases immediately following
sonication.38 At this concentration of water, the SB adhesive separates into distinct particles
that are made up primarily of BisGMA,; the matrix or material surrounding the particles is
primarily HEMA. If a similar phenomenon occurs within the demineralized dentin matrix, the
hybrid layer would be composed of isolated pockets of HEMA and BisGMA rather than a
three-dimensional integrated polymer network.

The spectroscopic results in the present study suggest that, as a result of adhesive phase
separation, nearly 70% of the demineralized intertubular dentin matrix at the gingival margin
of these in vitro class Il composite restorations is not protected by the critical dimethacrylate
component (BisGMA). The dimethacrylate BisGMA is the formulation component, which
contributes most to the crosslinked polymeric adhesive; the monomethacrylate HEMA cannot
crosslink with itself and can only become part of a crosslinked system by copolymerizing with
the BisGMA. Under these conditions, the hybrid layer is not the “ideal” three-dimensional
integrated collagen/polymer network, instead, a portion of the hybrid layer will be only made
of collagen that is protected by the hydrolytically unstable monomethacrylate HEMA 19,38

In the present study, distinct differences are noted in the adhesive infiltration patterns as a
function of aging in aqueous solution. The spectral differences in adhesive infiltration in
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concert with the similar depths of dentin demineralization provide direct evidence that there
is compositional gradient with less of the bulky BisGMA/HEMA tied into the network than
was originally present in the early stage. These results represent loss of adhesive monomers or
oligomers from the interface during the 90 days of storage. The lower degree of conversion of
adhesive that penetrated the demineralized layer provides direct evidence of incomplete
polymerization and associated unreacted monomers and oligomers. These results provide the
first direct evidence of leaching of monomers and oligomers from the adhesive/dentin interface
formed at the gingival margin of class Il composite restorations following aqueous storage.

Differences noted in the spectra recorded from unprotected collagen in the aged class Il
composite restoratlons quite likely reflect a loosening of the collagen fibril structure as a result
of water absorptlon 9 The amide I (C=0 stretchmgswbratlon) mode is sensitive to the
molecular conformation of the polypeptide chains.22:26 The broadening and relative increase
in intensity of the amide | feature in the 90-day specimens suggest disorder in the collagen.
39 The relative decrease in the intensity of the spectral feature associated with a backbone
would similarly support disordered arrangement in the collagen following aqueous storage. A
change in collagen helicity is more Ilkela/ associated with a change in the number of carbonyls
that form hydrogen bonds with water.40:41 |n other words, loss of helicity in collagen could
influence the water—protein interaction, and this change should consequently be reflected in
the protein bands in the Raman spectra. For example relative decrease in the ratio of the features
associated with o backbone (939)/CH (1453) and relative increase in the amide I/CH and amide
I/amide 111 ratios in the 90-day specimens.

These spectral results are in general agreement with recent high resolution morphologic
investigations, which reported degradation of denuded, acid-etched collagen fibrils during
aqueous aging.42v4:'3'44 In these studies, the degradation was noted in the absence of bacteria.
Previous investigators have suggested that the degradation is linked to the slow release of
proteolytic enzymes from the mineralized dentin matrix. 42

In the mouth, clinicians have reported that there is frequently a gap between the composite and
the tooth at the gingival margin of class Il composite restorations.11 When sucha gap is present,
it is quite likely that the adhesive/dentin interface at the gingival margin will be exposed to
oral fluids as illustrated in Figure 6. On the basis of the results presented in the present study,
these fluids would promote the degradation of hydrolytically unstable components in the
adhesive. A direct consequence of this degradation would be exposure of the subjacent
demineralized dentin matrix to oral fluids. With the degradation of the hydrolytically unstable
components, approximately 10 um of collagen at the gingival margin would be exposed to oral
fluids.

If water absorption occurs at the adhesive/dentin interface, there may be fluid movement at the
junction of the adhesive resin and hybrid layer durlng flexing of the restoration and tooth..

On the basis of the investigation by Paul et al., 43 this exchange of fluid could promote
degradation of the HEMA-rich phase in a BisGMA/HEMA adhesive that undergoes phase
separation in the presence of a hydrated demineralized dentin matrix. In the mouth, the network
of collagen fibrils that had been infiltrated by the HEMA-rich phase would now be exposed to
oral fluids. The exposed collagen could be attacked and degraded by bacterial enzymes. 17,
46 The cumulative effect would be breakdown of the adhesive/dentin bond, and ultimately,
undermining of the marginal integrity of the composite restoration.

One of the primary req;urements for any dentin bonding system is resistance to degradation in
the oral environment.#7 This study provides direct evidence of the breakdown of hydrolytically
unstable adhesive monomers or oligomers at the hybrid layer/dentin interface in class 11
composite restorations, following 90 days of aqueous aging. The results also provide direct
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evidence of deterioration in the unprotected collagen at the gingival margin in the aged class

I
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composite restorations. Two distinct advantages of micro-Raman spectroscopy are minimal
mple preparation and nondestructive nature of this technique. By combining this method of
alysis with an excitation source that minimizes the sample fluorescence, the adhesive/dentin
mple can be studied without altering or damaging the interface. Because the technique is

nondestructive, the same sample can be evaluated prior to and subsequent to storage.
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Figure 1.

Light microscopic picture of the adhesive/dentin interfaces of the proximal and gingival walls
of class Il composite restorations. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 2.

Micro-Raman mapping spectra acquired at 1-um intervals across SB adhesive/dentin interface
at gingival margin (for 48 h of aqueous storage). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 3.

Micro-Raman mapping spectra acquired at 1-um intervals across SB adhesive/dentin interface
at gingival margin (for 90 days of aqueous storage). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 4.

Adhesive penetration and degree of demineralization as a function of depth at gingival margins
(for 48 h versus 90 days of aqueous storage). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 5.
Raman spectra of dentin collagen recorded in the exposed collagen region at the adhesive/
dentin interface (for 48 h versus 90 days of aqueous storage).
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Figure 6.
Crosssectional illustration of gingival seat of class Il composite restoration. 1 arrow indicates

migration of oral fluid at gingival margin. | arrows indicate movement of oral fluid through
demineralized dentin (collagen) matrix that has been exposed as a result of hydrolytic
breakdown of the HEMA-rich phase. In this illustration, the resin tags are not visible, because
they are embedded below the plane of observation.
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TABLE |
Relative Ratios of Micro-Raman Spectral Bands?®
1667/1453 1667/1245 939/1453 939/921P
48h 123 134 161 0.68
90 days 152 1.63 1.28 057

a . .
Integrated band areas were calculated using a two-point base method.

b -
Curve fitting was used to separate these two bands.
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