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Abstract. To date, much of our understanding of dentin bonding has
been based on investigations performed on sound, healthy dentin.
This is not the substrate generally encountered in clinical practice,
rather dentists must frequently bond to caries-affected dentin. Because
of the extreme complexity and variability of the caries-affected dentin
substrate, conventional characterization techniques do not provide
adequate information for defining those factors that impact bond for-
mation. Using Fourier-transform infrared imaging, we characterized
the inhomogeneities and compositional differences across the length
and breadth of the caries-affected dentin/adhesive interface. Differ-

ences in mineral/matrix ratio, crystallinity, and collagen organization
A“'“ Misra . were noted in the comparison of caries-affected and healthy dentin.
gcr;:;gsgz’coén’\:"Zst?:”'a':]‘znéis i%ggrin As compared to healthy dentin, there were striking differences in
Kansas City, Misouﬁ 64108 & 8 depth of demineralization, adhesive infiltration, and degree of conver-
sion at the interface with caries-affected dentin. © 2005 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1914844]
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Introduction on sound, flat polished healthy dentin. Although the results

Replacement of failed restorations accounts for nearly 75% of &€ Useful when comparing bonding systems, healthy dentin is

all operative dentistd? and this emphasis on replacement not the substrate most frequently encountered in clinical situ-
therapy is only expected to grow as the public’s concern about ations. Instead, clinicians usually must bond adhesives to

mercury release from dental amalgam forces dentists to selectC@'ies-affectedc-a) dentin or abraded-sclerotic dentin.
alternative restorative materials, e.g., composite resin. The Results from both morphologic and bond strength studies

failure rate for large to moderate posterior composite restora- suggest that the characteristics of the substrate directly impact
tions can be 23 times that of high copper amaldafihe the bond formed at the dentin/adhesive interf&c8 For ex-

higher failure rate means increased frequency of replacement®Pl€, using the same material on both healthy and affected

with loss of additional tooth structufé.At 9.6 years, 30% of  (caries-affected or sclerojidentin previous authors have re-
the class Il composites in one clinical study had failed and POrted nearly a 30%-40% drop in bond strength with both

half of these failures were due to recurrent caries at the gin- &fected dentin substraté * The hybrid layers formed on

gival margin® Generally there is very little enamel available C-@ dentin were thicker than those formed on healthy dentin.
for bonding at this site and thus, the integrity of the gingival Presumably, the thicker hybrid layer is related to the fact that
margin depends on the bond formed with deftfailure of c-a dentin is already par'ually dem|_nerallzed and offers a
the dentin bond allows bacterial enzymes, oral fluids, and bac-MOre porous substrate for acid etching than healthy dentin.

teria to infiltrate the spaces between the tooth and composite, | N€S€ results, which describe distinct differences between
undermining the restoration and leading to recurrent caries, bonding characteristics to healthy and caries-affected dentin,
hypersensitivity, and pulpal inflammatiént® highlight the need for investigations on clinically relevant

Current adhesives bond to dentin via a hybrid layer sgbstrates as part pf our efforts- tg develop gdhesives that pro-
(HL).**2 The HL is formed when adhesive resin penetrates vide (_1urable functlon undt_ar cllnlcal_condltlons. Our under-
the demineralized dentin, infiltrating the exposed collagen to Standing of adhesive bonding to clinically relevant substrates
create a continuous integrated collagen/resin network thatSUch as caries-affected dentin is very limited. The factors and
bonds the bulk adhesive to the intact dedfin’ The durabil- mechanisms involved in the very low bond strengths to
ity of the dentin/adhesivéd/a) bond is directly related to the ~ caries-affected dentin remain unclear.
quality of the HL that connects the bulk adhesive to the sub-  Fourier-transform infrared imagin@=TIRI) represents the
jacent, intact dentin. combination of spectroscopy with microscopy and allows the

Much of our understanding of dentin bonding has been collection of molecular information at the microscopic level.

based on results froiin vitro bond strength studies performed 1he Fourier-transform infrareFTIR) images represent the
inherent contrast associated with the unique chemical bonds
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of the components within the analyzed sample. A chemical were cut perpendicular to the adhesive-dentin face of the
image of each component is created by plotting the unique beam using a tungsten carbide knife mounted on a Leica Poly-
frequencies as a function of spatial position and spectral in- cut S microtome(Leica, Deerfield 1. The knife edge and
tensity. A color scheme can be applied to the intensity values beams were moistened with distilled water while cutting. As
to permit the creation of a “false-color composite” image. In  each single section is cut, it is allowed to slide onto the knife,
this study, FTIRI was used to characterize the interface struc-the microtome is stopped, and the thin section was collected
ture of adhesive bonded to caries-affected and healthy dentinon a 13 mm diameter, 2-mm-thick barium fluoride disk with
and provide insight into those factors that impact dentin bond- the aid of a fine paintbrush. Most important for high quality
ing to clinically relevant substrates. image is the flatness of the sections at the end of procedure.
For this reason, sections were covered by andBferdisk to

. keep them flat. These sections were placed directly on the
Materials and Methods motorized stage for FTIR microspectroscopic and imaging
Specimen Preparation analyses.

Three extracted unerupted human third molars and three ex-
tracted human molars with coronal caries were collected from FTIR Microspectroscopic Imaging Analysis

the Oral Surgery Clinic at the University of Missouri-Kansas ET|R microspectroscopic and imaging analyses were com-
City (UMKC) School of Dentistry. The teeth were collected pleted using the Spectrum Spotlight FTIR imaging system
after the patient’s informed consent was obtaingd undgr a pro-(perkin Elmey with both single point and imaging mode. The
tocol approved by the UMKC adult health sciences institu- jiquid nitrogen cooled detector incorporates a narrow band
tional review board. Following extraction the teeth were mercury-cadmium-telluridéMCT) array detector and single
placed in separate vials containing 0.9% normal saline and point medium band MCT detector on a single substrate. It
0.002% sodium azide and stored4atC. For healthy teeth,  ffers the wavelength range from 7800 down720 cni %,
initial specimen preparation proceeded as follows: the oc- gypplying the mineral fingerprint detail missing from all other
clusal one-third of the crown was sectioned perpendicular to IR imaging systems. This system provides 25 and g.26
the long axis of the tooth by means of a water-cooled low pixel resolution, and could generate chemical image size up to
speed diamond saBuehler, Lake Bluff, ID. The exposed 1 4 cnf. Images were scanned between 4000 a2@ cni
dentin surfaces were inspected with a microscope to ensuregi 4 oyt spectral resolution, with two scans per pixel. Image
that no enamel remained. A uniform smear layer was createdgjze was~300 by ~300.m, using 6.25um pixel resolu-
by abrading the expgged dentin surface with 600 grit SiC tjon, Approximately 2600 spectra were acquired in less than 5
under water for 30 & _ _ min. An atmosphere correction was applied to the raw image,
The preparation ofc-a dentin specimens followed the g ptracting the contribution of atmosphere absorbance, i.e.,
technique described by Nakajima et'&f’ Characteristically,  ater vapor and carbon dioxide. Images were created using
carious dentin is described as consisting of infected and af- gpectrum Spotlight software. In some cases, individual spec-
fected layers. The affected layer is generally not removed dur- 3 were extracted from selected areas for more detailed
ing treatment. The carious material could be identified by vi- gpalysis. The amide | band and thev; PO, domain between
sual inspection following staining with a caries detector 1509 and900 cm! were deconvoluted with Spectrum 3.3

solution. The occlusal surface was ground perpendicular to software(Perkin Elmey. The deconvolution parameters were:
the long axis of the tooth until a flat surface composed of the gamma at 1.2 and no smoothifigngth=0).

carious lesion surrounded by normal dentin is exposed.
Prepared healthy dentin as well as prepaced dentin
substrates were selected for treatment with a current commer-Results
cial dentin adhesive Sin_gle_Bor(&M/ESPE Dgntal Products, FTIR Spectra of Adhesive and Dentin
St. Paul, MN. The application of the adhesive followed the . . )
manufacturer's instructions. The different dentin surfaces |N€ infrared spectra for Single Bond adhesive as well as

were etched for 15 s with 35% phosphoric acid. After acid Nealthy and carious dentin are presented in Figs. 1 and 2,
etching, the teeth were rinsed with water for 10 s and blotted "€SPectively. The tentative assignments of the spectral features
dry, leaving the dentin surface moist. Two consecutive coats [0F @dhesive and dentin are presented in T?E)Ie 1. For Single
of Single Bond were applied with a fully saturated brush. The B0nd, the more intense bands occu @20 cm - (carbony),

—1 ~1
surface was gently dried f® s and light cured for 20 s. These 1457 CTI (CH,CH;) 1165cm ™ (C-O §tretcb1 . and
specimens were stored for a minimum of 24 hHgO at 832 cm * (C-C-0Q. These bands are associated with meth-

37 °Cbefore proceeding with the sectioning. The treated den- acrylate' monomers in ao!hesive liquid. Representa}tive' healthy
tin surfaces were cut perpendicular to the bonded surface at 22nd caries-affected dentin spectra are Pf?fe“ted in Fig. 2. Al
mm increments by means of 4,0 cooled low-speed dia- spectra were recorded from 7202000 cm -, which spans

mond saw. The specimens were then cut at a depthdimm the fingerprint region associated with collagen and mineral.
below the interface to create a number of resin bonded beams' "€ Principal IR active bands associated with dentin have

or slabs. The final dimensions of these slabs wedx 2 been well E?aracter!zed. T_he mqst int_ense t?a“d at
%2 mm. 900-1100 cm- range is associated with the inorganic com-

L. ponent. Collagen features are preserit&0 cn ! (amide ),
Sectioning 1550 cm'! (amide I), 1450 cmi'! (CH), and 1240 cm!
The rectangular beams were mounted on a methacrylate sup{amide Ill). The differences in spectra are clearly noticed in
port with cyanoacrylate adhesive andu®-thick sections both the protein amide bands amgv; PO, bands. The ap-
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Fig. 1 Infrared spectrum of the single bond adhesive in the region 2000—720 cm™'.

parent feature is the mineral/collagen area ratio that is signifi-  The v,v3 PO, domain between 1150 ar@B0 cni ! is ex-
cantly smaller for caries-affected dentin as compared to plored to obtain data essentially on mineral crystallinity
healthy dentin. [Figs. 2 and ®)]. The v;v; PO, domain is shifted from

Changes in the spectral features associated with the col-1040 cnvt in the healthy dentin tdl014 cni? in the c-a
lagen component are also shown in Figs. 2 atal. Amide
bands are thought to be representative of protein conforma-
tion. The amide | band is shifted from 16551638 cm * and

dentin. In thec-a dentin spectrum, the greater broadness of
the v,v3 PO, domain band and shift to low frequencies indi-

amide Il band also is shifted from 1553 1646 cm * (Fig. cate thf_;lt the mineral structure and crystallinity alter_ dramati-
2). In a comparison of this reported region in the deconvo- cally (Fig. 2. The healthy an@-a dentin shows the different
luted spectra of healthy ara dentin[Fig. 3a)], the relative 173 PO, deconvolution patterniFig. 3(b)]. The1032 cm'*
intensity of this amide | band has changed dramatically and is representative of stoichiometric apatites andf20 cm *

lost its asymmetrical structure in-a dentin. The amide | of less crystalline apatites. TH®20/1030 cm? intensity ra-
(C=0 stretching vibrationmode, with three bands at 1694, tio is frequently used for measuring degree of crystallinity. In
1660,1634 cmi 1, is sensitive to the molecular conformation the c-a dentin, the most intense band is shifted to
of the polypeptide chains. These spectral changes indicate that 011 cn !, indicating the decreased crystallinity. The bands
the ordered collagen structure became disorganized and denapcated between 1050 anfl00 cmi (1060, 1070, 1095,
tured. The broadening and shift to low frequencies of this 1100 cnt?! due to differentPOZ’ environments also shows

233gtfrcéu]!ﬂ)ﬁewﬁgfﬁgp%égOsen'ng of the collagen fibril some differences between healthy ana dentin.

T,
Armida 11,
\1.

1242
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Fig. 2 Infrared spectra of healthy dentin (solid line) and caries-affected dentin (dotted line) in the region of 2000~720 cm™".
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Table 1 Infrared spectroscopic band assignments for the Single Bond Investigation of all of the images indicates that the interface is
adhesive and dentin. not a thin slice through the images. Its width appears to indi-
cate an interaction between the adhesive and dentin layers,
Wavenumber range (cm™1) Assignment which is not obvious from observation of the visible image
(Fig. 4). The interfacial width ofLl027 cn ! image appears to
Adhesive be bigger than that 0721 cm'! image. This indicates that

the width of demineralized dentin layer is much deeper than

1690-1740 carbonyl C=0 that of the adhesive could penetrate, which is consistent with
1635-1645 Cc=C our previous micro-Raman results showing the gradient pen-
etration of adhesive into the demineralized dentin |&{é}.
1605-1609 phenyl C=C Since these images contain thousands of very high quality
1445-1457 CH, spectra at a pixel resolution of 6.24n, the relative compo-
sition and other chemical information can be determined
1402-1406 —CH, deformation across the length and breadth of i@ interface. As an ex-
1165-1180 C_O stretch ample, a series of mapping spectra across the healthy dentin/

adhesive interfacgthe position was represented by the dotted
830-836 C-C-O stretch line in Fig. 5d)] are shown in Fig. 6. The chemical charac-
teristics of the two layers are apparent in the spectra. The

Dentin three bottom spectra were acquired from pure adhesive, a
_ methacrylate-based polymer. Vibrational bands associated
1596-1715 Amide | with both adhesive and dentin components are noted in the
1540-1582 Amide Il fourth spectrum. The spectral intensity of ther; PO4 do-
main increase gradually as a function of depth. The high spec-
1445-1456 CH, tral intensity of thev,;v; PO4 domain in the top spectrum
1145 HPO?~ indicates mineralized dentin. Spectral features associated with

both adhesivg(1721 cn!) and collagen(1658 cmt) ap-
1100-1109 vy PO}~ pear in several spectra across the interface. This indicates that
within the limits of resolution of this technique, the adhesive
resin has penetrated into the dentin matrix, although the width
of the interface layer could be overexaggerated due to the low
spatial resolution of FTIR.

1020 v3 PO, in poorly crystalline apatites Representative microspectroscopic images across the
caries-affected dentin/adhesive interface are shown in Fig. 7.
Figure 7a) shows the total absorbance image of the
860-890 col” dentin/adhesive interface collected from 380X 280 um?
area. While there is no chemical information in the total ab-
sorbance image, it is noted, however, that a more complicated
absorbance pattern is observed in this image. As shown in
Figs. 1b)—7(d), three images of spectral parametétg21,
Adhesive Interface 1658, and1027 cm'!) were generated, representing the spa-
By combining spectroscopy with microscopy, molecular in- tial distribution of the adhesiv_e, collagen gnd m_inéematite)
formation can be obtained with great spatial resolution at the €Omponents across tieea d/a interface. It is noticed that the
microscopic level. Specimens can be analyzed directly, in air, Images of adhesive, collagen and mineral reveal very complex
at room temperature and without destroying the specimen. In Patterns in the interface. As compared to the healthy dentin/
this study, the dentin/adhesive interface was analyzed byadhesive interface, the width of the interface is much bigger,
FTIR imaging. Figure 4 presents the visible image of the mi- and also the interface is not a uniform layer; it appears to
crotomed healthy dentin/adhesive interface slice. The two lay- intrude into either layer.

ers, i.e., dentin and adhesive are clearly visible, although lack- Due to the wide interface, two series of mapping spectra
ing in detail. Figure ) shows the total absorbance image of across thec-a dentin/adhesive interface are shown in Figs.
the above healthy dentin/adhesive interface collected from a8(@ and 8b) separatelffthe position was represented by the
200X 150 um? area. While there is no chemical information dotted lines 1 and 2 in Fig.(@), respectively. As shown in

in the full absorbance image, it is a spatial representation of Fig. 8@), the amide | band is gradually shifted from 1656 to
the energy impinging on the detectors. It is noted, however, 1637 cm t across from healthy dentin to caries-affected den-
that some additional features are observed, indicating strongertin. This frequency shift indicates that the ordered collagen
absorbanceless energy impinging the detectpia the bot- structure in healthy dentin changes to the disorganized and
tom half of the image. Inspection of Figs(bp—5(d) reveals denatured structure in theea dentin. Similarly, they,v3; PO,
clear delineation between layers. Images of three spectral pa-domain becomes broad and is gradually shifted from 1038 to
rameters(1721, 1658, and.027 cnT?) provide information 1015 cm ! across from the healthy dentin to thea dentin.
about the spatial distribution of the adhesive, collagen and The broadening of the;v; PO, domain band and gradual
mineral(apatit¢ components across the healtiia interface. shift to low frequencies indicate that the mineral structure

1060-1075 v3 PO}~ in poorly crystalline apatites

1030 v3 PO}~ in stoichiometric apatites

957-961 v PO}~

Two-Dimensional FTIR Imaging of the Dentin/
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Fig. 3 Deconvoluted spectra of healthy dentin (solid line) and caries-affected dentin (dotted line). (a) In the region of 1710-1350 cm™'; (b) v, v,
PO, domain between 1150 and 930 cm™".

undergoes dramatic changes when the dentin becomes carie¥he DC of adhesive on the top ofa dentin surface is lower
affected. The relative intensity of the v; PO, domain also as compared to that of the adhesive layer on healthy dentin
gradually decreased, indicating the caries-affected dentin hassurface. The DC of resin monomer differs substantially, and
less mineral content as compared to the healthy dentin. Aoverall, the DC is lower in the region close to dentin surface.
series of mapping spectra across thea dentin/adhesive in- The differences in resin monomer conversion are likely due to
terface are presented in Figb3. Spectral features associated outward water from dentin tubules as it interacts with the wet
with both adhesivd1721 cm'!) and collagen(1658 cm' 1) demineralized dentin matrix. Such survey maps of molecular
are observed in several spectra across the interface. This ininformation provide a reliable and powerful means of identi-
dicates that the adhesive resin has penetrated into the demfying resin monomer conversion distribution and flaws or de-
ineralized dentin layer. fects in the pattern of adhesive/dentin interface.
Representative microspectroscopic images collected from
the adhesive region close to the healthy dentin and caries- | .
affected dentin surface are presented in Figs. 9 and 10, respecDiscussion
tively. Images were generated based on the band ratios ofUnderstanding the structure of clinically relevant dentin sub-
1640 (C=C)/1606 (pheny), which are used to measure the strates is vital to the development of improved dentin bonding
degree of double bond conversigBC) in the light-cured agents and ultimately, composite restorations. However, the
adhesive resin. Red-yellow represents the highest relative in-complexity of the biopolymer that forms at the interface with
tensity (lowest DQ while blue represents the lowestighest clinically relevant substrates presents a formidable challenge.
DC). The image representing distribution of the degree of Conventional characterization techniques, e.g., bond strength
conversion in the adhesive layer on the top of the healthy measurements, cannot adequately define the factors that lead
dentin surface is shown in Figs. 9 and 10. Two spectra corre- to crack initiation or the elements that affect premature failure
sponding to the demarcations in the image were also shown.at the complex interface that forms between synthetic adhe-
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Fig. 4 Visible image of the microtomed slice of the dentin-adhesive interface. The regions associated with the adhesive and dentin are indicated on
the figure.
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Fig. 5 Infrared spectroscopic images of the healthy dentin-adhesive interface (a) total absorbance image; (b) 1721 cm™' image (carbonyl); (c)

1658 cm™" image (amide I); (d) 1027 cm™' image (phosphate).
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Fig. 6 Mapping spectra across the healthy dentin-adhesive interface. These spectra are associated with the black dots noted across the dentin-
adhesive interface in Fig. 5(d).

Fig. 7 Infrared spectroscopic images of the caries-affected dentin-adhesive interface (a) total absorbance image; (b) 1721 cm™

(c) 1658 cm™ ! image (amide 1); (d) 1027 cm™' image (phosphate).
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1800 1700
(b)

Fig. 8 Mapping spectra across the caries-affected dentin-adhesive interface. (a) These spectra are associated with the black dots identified as 1 in
the infrared spectroscopic image shown in Fig. 7(d). (b) These spectra are associated with the black dots identified as 2 in the infrared spectroscopic
image shown in Fig. 7(d).

sive and caries-affected dentin. As an example, testing meth-presents visible images thus, spectroscopic survey maps of the
ods that measure fracture resistance of kaile specimens d/a interface can be collected in a very time and labor-
before and after water immersion are not sensitive enough toefficient manner.
identify interfacial defects where aqueous degradation In comparing the results from the health and caries-
begins?’ Analytical techniques that allow direct nondestruc- affected dentin, striking differences are noted in the spectra
tive, in situ detection of the variable composition and inho- collected from these substrates. Features associated with the
mogeneity across the length and breadth of the interface aremineral component are broadened and shifted to lower fre-
required. guencies in the caries-affected specimens; these changes indi-
By combining spectroscopynfrared and Ramarwith mi- cate poorly crystalline apatite in thea dentin[Figs. 2 and
croscopy, molecular information can be obtained with great 3(b)]. Similar differences are noted in the spectral features
spatial resolution at the microscopic level. FTIR microspec- associated with the organic component. The amide | region
troscopy can be used to determine the relative composition, shows a dramatic loss of structure and intensity in the spectra
degree of cure and homogeneity across the length and breadtlmecorded from the-a dentin, indicating disorganized and de-
of the d/a interface. The spotlight imaging system displays natured collagen in these specimegifsg. 3). Of particular
false color IR images almost as fast as an optical microscopenote is the substantially smaller mineral/collagen area ratio in
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naoe 1658, and1027 cm* provide information about the spatial
w - o . . . .
£ \ ) distribution of adhesive, protein, and mineral, respectively.
£ 2080 . o The variability and complexity of the composition is por-
£ z trayed clearly in these chemical images. The interfacial chem-
0400 2 istry between Single Bond and-a dentin reflect a highly
iy - PRI 3 irregular composition and lack of homogeneity as compared

Micrometers to healthy dentin. The chemical images contain thousands of
very high quality spectra at a pixel resolution of 6.25m;
further analyses of these spectra reveal detailed information
about the substrates and their interaction with the adhesive.

The mapping spectra in Fig. 6 provide information about
the depth of demineralization and adhesive infiltration into the

T —— i "-5 prepared healthy dentin substrate. The interfacial width of the
A image associated with the mineral compongh®27 cnm %)
. /J \ appears larger than the interfacial width in the image associ-
i Thas ' ated vyith the adhesivel721 cm ?). This indicat_es thgt the
_—y adhesive did not penetrate the width of the demineralized den-
“u.\ J/ tin; these results are consistent with our previous investiga-
1670 1650 1630 1610 1500 1570 1550 1530 tions using micro-Raman spectroscopy. It is likely that differ-
cau- ences in the spatial resolution of the two techniques accounts
Fig. 9 Infrared spectroscopic image of the spatial distribution of for some of the quantitative differences in the extent of adhe-
double bond conversion in adhesive layer of healthy dentin-adhesive sive infiltration.
interface. In comparing the mapping spectra of the healthy and

caries-affected dentin, distinct differences are noted in the
demineralization depth and adhesive infiltratigtigs. 6 and
the c-a dentin. In concert the spectral differences reflect a g) The width of the interface in the caries-affected dentin is
dramatic alteration in the structure ofa dentin including @ much larger than the healthy dentin specimens. The interfacial
loss of crystallinity in the mineral, reduced mineral content strycture and compositional differences in the caries-affected
and loss of organization in the collagéfigs. 2, 3a), and  gentin are profoundly complex in comparison to healthy den-
3(b)]. ) ) o _ . tin. The substantial area of demineralization in tha speci-

The FTIRI data provided visualization of the spatial distri-  eng indicates a porous, poorly mineralized structure that was
bution of the components across the length and breadth of theg iy penetrated by the acid etchant. The degree of conver-
dentin/adhesive interfaces. The chemical images are COn-gjon of the adhesive that penetrated the demineralized dentin
structed by plotting the intensity for an IR band that corre- i, e ¢4 specimens is lower than in the healthy dentin speci-
sponds to a selected component. A false-color composite im'mens. This difference is likely related to the very wet envi-

age is created by. applying a color. scheme to the intensity ronment present within the-a dentin specimens.
values. As shown in Figs. 5 and 7, images recorded at 1721, Previous results from our laboratory have provided direct

spectroscopic evidence of the limitations associated with

Single Bond adhesive when applied to wet demineralized den-

tin substrate$®?® Based on these previous micro-Raman
‘_@ ‘ spectroscopic investigations, water within the demineralized
. dentin matrix led to partitioning of the components such that
the photoinitiator was not available to react with one of the
phases within the adhesive. Thus, limited monomer/polymer
conversion has been reported previously by our group when
this adhesive was applied to wet dentin surfaces. The dramatic
effect of the wet environment was not, however, as apparent
with normal, healthy dentin. In contrast, analysis of the map-
ping spectra from the&-a dentin/adhesive specimens reveal
the profound effect of the increased moisture on monomer/
polymer conversion in this adhesive.

MCromebers

1607 . . .
Most current methods of bonding an adhesive to dentin
o 1642 — rely on effective adhesive penetrgion into demineralized den-
tin to form the resin hybrid layé?®! or resin-dentin interdif-
B e fusion zone® The last term clearly reflects the complexity of
1670 1660 1650 1640 1630 1620 1610 1600 1590 1580 1570 1560 this layer; ideally, this layer is a structurally integrated
cim-1 collagen-resin biopolymer hybrid that provides both a con-
Fig. 10 Infrared spectroscopic image of the spatial distribution of tinuous and stable I{nk petween t_he t?u”‘ adh(_a5|\7/<§3and dentin
double bond conversion in the adhesive layer of caries affected substrate. Howeverin vitro and in vivo studie$”* have
dentin-adhesive interface. shown that this objective is not achieved. The resin-collagen
Journal of Biomedical Optics 031104-9 May/June 2005 « Vol. 10(3)
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biopolymer hybrid that forms at the dentin/adhesive interface References

is instead characteristically porous thus, it can be easily pen-
etrated and potentially degraded by aqueous solutions, oral

fluids and/or proteolytic enzyméé33 2.

Quantitative differences in the distribution, structure and
character of the bonding resin, collagen and mineral at the
dentin/adhesive interface have been recorded in our
laboratory*®72435The structure of the collagen varies from

denatured and disorganized to finally, its native conforma- 4.

tional state. The amount and distribution of mineral varies
from complete to partial demineralization. The distribution as ¢
well as the monomer/polymer conversion of the bonding resin
varies as a function of position. Differences in the structure

and properties of the dentin substrates are key factors contrib- &

uting to the complexity and the variability of the collagen-

resin biopolymer hybrid formed at the dentin/adhesive 7.

interface.

FTIR microspectroscopic imaging does not offer the high 8

spatial resolution capabilities of other techniques such as

micro-Raman spectroscofy-1 «m). In spite of this limita- 0.

tion, it offers the advantage that IR spectra, with acceptable
signal/noise ratio, can be collected from areas measuring sev-
eral hundred square micrometers in a manner of minutes. Re-

gions of interest can be quickly identified and analyzed using 11.

higher spatial resolution techniques. A research protocol has

been developed in our laboratory that permits analysis of the 12:

same interface specimens using multiple, complementary ,,
methods. Separate microtomed sections recovered from the
samed/a interface slab are prepared for FTIR imaging and

light microscopic examination using a novel staining 14

technique®’*233These samal/a interface slabs are also

analyzed by high resolution micro-Raman and scanning 1s.

acoustic microscopy techniqi@sthat allow direct nonde-
structive,in situ detection of chemical structure and microme-

chanics, after which the same slabs are observed by field 16

emission-scanning electron microscépy’ These comple-

mentary analytical methods provide direct and comprehensive17.

information regarding quality of the interface.

Dentin can be regarded as a biological composite of a col-
lagen matrix which is highly filled with nanometer-sized apa-
tite crystals. After extracting the mineral from the collagen

fibrils, we can replace them with a resin to form a new com- 19.

posite of a resin matrix filled with a fibrous collagen. This
new structure is a hybrid of resin and collagéri®In this first

FTIRI study of the dentin/adhesive interface, there is clear 20.

evidence that a structurally integrated collagen-polymer ma-
trix is not formed at the interface between adhesive and
caries-affected dentin. The chemistry of caries-affected dentin
leads to greater variability and highly irregular composition

along the length and breadth of the interface. The complexity 22.

of this clinically relevant substrate and its interface with den-

tin bonding agents cannot be readily conceived or appreciated,s

without the global view provided by the FTIR images.
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