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interface using FTIR chemical imaging
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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
were noted in the comparison of caries-affected and healthy dentin.
As compared to healthy dentin, there were striking differences in
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
Replacement of failed restorations accounts for nearly 75% o
all operative dentistry1,2 and this emphasis on replacement
therapy is only expected to grow as the public’s concern abou
mercury release from dental amalgam forces dentists to sele
alternative restorative materials, e.g., composite resin. Th
failure rate for large to moderate posterior composite restora
tions can be 2–3 times that of high copper amalgam.3 The
higher failure rate means increased frequency of replaceme
with loss of additional tooth structure.4,5 At 9.6 years, 30% of
the class II composites in one clinical study had failed and
half of these failures were due to recurrent caries at the gin
gival margin.6 Generally there is very little enamel available
for bonding at this site and thus, the integrity of the gingival
margin depends on the bond formed with dentin.7 Failure of
the dentin bond allows bacterial enzymes, oral fluids, and bac
teria to infiltrate the spaces between the tooth and composit
undermining the restoration and leading to recurrent caries
hypersensitivity, and pulpal inflammation.8–10

Current adhesives bond to dentin via a hybrid layer
~HL!.11,12 The HL is formed when adhesive resin penetrates
the demineralized dentin, infiltrating the exposed collagen to
create a continuous integrated collagen/resin network tha
bonds the bulk adhesive to the intact dentin.13–17The durabil-
ity of the dentin/adhesive(d/a) bond is directly related to the
quality of the HL that connects the bulk adhesive to the sub
jacent, intact dentin.

Much of our understanding of dentin bonding has been
based on results fromin vitro bond strength studies performed
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on sound, flat polished healthy dentin. Although the resu
are useful when comparing bonding systems, healthy dent
not the substrate most frequently encountered in clinical s
ations. Instead, clinicians usually must bond adhesives
caries-affected(c-a) dentin or abraded-sclerotic dentin.

Results from both morphologic and bond strength stud
suggest that the characteristics of the substrate directly im
the bond formed at the dentin/adhesive interface.18,19 For ex-
ample, using the same material on both healthy and affe
~caries-affected or sclerotic! dentin previous authors have re
ported nearly a 30%–40% drop in bond strength with bo
affected dentin substrates.20,21 The hybrid layers formed on
c-a dentin were thicker than those formed on healthy den
Presumably, the thicker hybrid layer is related to the fact t
c-a dentin is already partially demineralized and offers
more porous substrate for acid etching than healthy den
These results, which describe distinct differences betw
bonding characteristics to healthy and caries-affected den
highlight the need for investigations on clinically releva
substrates as part of our efforts to develop adhesives that
vide durable function under clinical conditions. Our unde
standing of adhesive bonding to clinically relevant substra
such as caries-affected dentin is very limited. The factors
mechanisms involved in the very low bond strengths
caries-affected dentin remain unclear.

Fourier-transform infrared imaging~FTIRI! represents the
combination of spectroscopy with microscopy and allows
collection of molecular information at the microscopic leve
The Fourier-transform infrared~FTIR! images represent the
inherent contrast associated with the unique chemical bo
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Spencer et al.: Physicochemical interactions at the dentin/adhesive interface . . .
of the components within the analyzed sample. A chemica
image of each component is created by plotting the uniqu
frequencies as a function of spatial position and spectral in
tensity. A color scheme can be applied to the intensity value
to permit the creation of a ‘‘false-color composite’’ image. In
this study, FTIRI was used to characterize the interface struc
ture of adhesive bonded to caries-affected and healthy dent
and provide insight into those factors that impact dentin bond
ing to clinically relevant substrates.

Materials and Methods
Specimen Preparation
Three extracted unerupted human third molars and three e
tracted human molars with coronal caries were collected from
the Oral Surgery Clinic at the University of Missouri-Kansas
City ~UMKC! School of Dentistry. The teeth were collected
after the patient’s informed consent was obtained under a pro
tocol approved by the UMKC adult health sciences institu-
tional review board. Following extraction the teeth were
placed in separate vials containing 0.9% normal saline an
0.002% sodium azide and stored at4 °C. For healthy teeth,
initial specimen preparation proceeded as follows: the oc
clusal one-third of the crown was sectioned perpendicular to
the long axis of the tooth by means of a water-cooled low
speed diamond saw~Buehler, Lake Bluff, IL!. The exposed
dentin surfaces were inspected with a microscope to ensu
that no enamel remained. A uniform smear layer was create
by abrading the exposed dentin surface with 600 grit SiC
under water for 30 s.22,23

The preparation ofc-a dentin specimens followed the
technique described by Nakajima et al.19,24 Characteristically,
carious dentin is described as consisting of infected and a
fected layers. The affected layer is generally not removed dur
ing treatment. The carious material could be identified by vi-
sual inspection following staining with a caries detector
solution. The occlusal surface was ground perpendicular t
the long axis of the tooth until a flat surface composed of the
carious lesion surrounded by normal dentin is exposed.

Prepared healthy dentin as well as preparedc-a dentin
substrates were selected for treatment with a current comme
cial dentin adhesive Single Bond~3M/ESPE Dental Products,
St. Paul, MN!. The application of the adhesive followed the
manufacturer’s instructions. The different dentin surfaces
were etched for 15 s with 35% phosphoric acid. After acid
etching, the teeth were rinsed with water for 10 s and blotted
dry, leaving the dentin surface moist. Two consecutive coat
of Single Bond were applied with a fully saturated brush. The
surface was gently dried for 5 s and light cured for 20 s. These
specimens were stored for a minimum of 24 h inH2O at
37 °Cbefore proceeding with the sectioning. The treated den
tin surfaces were cut perpendicular to the bonded surface at
mm increments by means of aH2O cooled low-speed dia-
mond saw. The specimens were then cut at a depth of;2 mm
below the interface to create a number of resin bonded beam
or slabs. The final dimensions of these slabs were1032
32 mm.

Sectioning
The rectangular beams were mounted on a methacrylate su
port with cyanoacrylate adhesive and 3-mm-thick sections
031104Journal of Biomedical Optics
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were cut perpendicular to the adhesive-dentin face of
beam using a tungsten carbide knife mounted on a Leica P
cut S microtome~Leica, Deerfield IL!. The knife edge and
beams were moistened with distilled water while cutting.
each single section is cut, it is allowed to slide onto the kn
the microtome is stopped, and the thin section was collec
on a 13 mm diameter, 2-mm-thick barium fluoride disk wi
the aid of a fine paintbrush. Most important for high qual
image is the flatness of the sections at the end of proced
For this reason, sections were covered by anotherBF2 disk to
keep them flat. These sections were placed directly on
motorized stage for FTIR microspectroscopic and imag
analyses.

FTIR Microspectroscopic Imaging Analysis
FTIR microspectroscopic and imaging analyses were co
pleted using the Spectrum Spotlight FTIR imaging syst
~Perkin Elmer! with both single point and imaging mode. Th
liquid nitrogen cooled detector incorporates a narrow ba
mercury-cadmium-telluride~MCT! array detector and single
point medium band MCT detector on a single substrate
offers the wavelength range from 7800 down to720 cm21,
supplying the mineral fingerprint detail missing from all oth
FTIR imaging systems. This system provides 25 and 6.25mm
pixel resolution, and could generate chemical image size u
1.64 cm2. Images were scanned between 4000 and720 cm21

at 4 cm21 spectral resolution, with two scans per pixel. Ima
size was;300 by ;300mm, using 6.25mm pixel resolu-
tion. Approximately 2600 spectra were acquired in less tha
min. An atmosphere correction was applied to the raw ima
subtracting the contribution of atmosphere absorbance,
water vapor and carbon dioxide. Images were created u
Spectrum Spotlight software. In some cases, individual sp
tra were extracted from selected areas for more deta
analysis. The amide I band and then1n3 PO4 domain between
1200 and900 cm21 were deconvoluted with Spectrum 3.
software~Perkin Elmer!. The deconvolution parameters wer
gamma at 1.2 and no smoothing(length50).

Results
FTIR Spectra of Adhesive and Dentin
The infrared spectra for Single Bond adhesive as well
healthy and carious dentin are presented in Figs. 1 an
respectively. The tentative assignments of the spectral feat
for adhesive and dentin are presented in Table 1. For Sin
Bond, the more intense bands occur at1720 cm21 ~carbonyl!,
1457 cm21 (CH2CH3) 1165 cm21 ~C–O stretch!, and
832 cm21 ~C–C–O!. These bands are associated with me
acrylate monomers in adhesive liquid. Representative hea
and caries-affected dentin spectra are presented in Fig. 2
spectra were recorded from 720 to2000 cm21, which spans
the fingerprint region associated with collagen and mine
The principal IR active bands associated with dentin ha
been well characterized. The most intense band
900– 1100 cm21 range is associated with the inorganic com
ponent. Collagen features are present at1650 cm21 ~amide I!,
1550 cm21 ~amide II!, 1450 cm21 ~CH!, and 1240 cm21

~amide III!. The differences in spectra are clearly noticed
both the protein amide bands andn1n3 PO4 bands. The ap-
-2 May/June 2005 d Vol. 10(3)
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Fig. 1 Infrared spectrum of the single bond adhesive in the region 2000–720 cm21.
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parent feature is the mineral/collagen area ratio that is signifi
cantly smaller for caries-affected dentin as compared to
healthy dentin.

Changes in the spectral features associated with the co
lagen component are also shown in Figs. 2 and 3~a!. Amide
bands are thought to be representative of protein conforma
tion. The amide I band is shifted from 1655 to1638 cm21 and
amide II band also is shifted from 1553 to1546 cm21 ~Fig.
2!. In a comparison of this reported region in the deconvo-
luted spectra of healthy andc-a dentin@Fig. 3~a!#, the relative
intensity of this amide I band has changed dramatically and
lost its asymmetrical structure inc-a dentin. The amide I
(CvO stretching vibration! mode, with three bands at 1694,
1660,1634 cm21, is sensitive to the molecular conformation
of the polypeptide chains. These spectral changes indicate th
the ordered collagen structure became disorganized and den
tured. The broadening and shift to low frequencies of this
band could be caused by a loosening of the collagen fibri
structure from water absorption.25
031104Journal of Biomedical Optics
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Then1n3 PO4 domain between 1150 and930 cm21 is ex-
plored to obtain data essentially on mineral crystallin
@Figs. 2 and 3~b!#. The n1n3 PO4 domain is shifted from
1040 cm21 in the healthy dentin to1014 cm21 in the c-a
dentin. In thec-a dentin spectrum, the greater broadness
the n1n3 PO4 domain band and shift to low frequencies ind
cate that the mineral structure and crystallinity alter dram
cally ~Fig. 2!. The healthy andc-a dentin shows the differen
n1n3 PO4 deconvolution patterns@Fig. 3~b!#. The1032 cm21

is representative of stoichiometric apatites and the1020 cm21

of less crystalline apatites. The1020/1030 cm21 intensity ra-
tio is frequently used for measuring degree of crystallinity.
the c-a dentin, the most intense band is shifted
1011 cm21, indicating the decreased crystallinity. The ban
located between 1050 and1100 cm21 ~1060, 1070, 1095,
1100 cm21 due to differentPO4

32 environments! also shows
some differences between healthy andc-a dentin.
Fig. 2 Infrared spectra of healthy dentin (solid line) and caries-affected dentin (dotted line) in the region of 2000–720 cm21.
-3 May/June 2005 d Vol. 10(3)
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Two-Dimensional FTIR Imaging of the Dentin/

Adhesive Interface
By combining spectroscopy with microscopy, molecular in-
formation can be obtained with great spatial resolution at the
microscopic level. Specimens can be analyzed directly, in air
at room temperature and without destroying the specimen. I
this study, the dentin/adhesive interface was analyzed b
FTIR imaging. Figure 4 presents the visible image of the mi-
crotomed healthy dentin/adhesive interface slice. The two lay
ers, i.e., dentin and adhesive are clearly visible, although lack
ing in detail. Figure 5~a! shows the total absorbance image of
the above healthy dentin/adhesive interface collected from
2003150mm2 area. While there is no chemical information
in the full absorbance image, it is a spatial representation o
the energy impinging on the detectors. It is noted, however
that some additional features are observed, indicating strong
absorbance~less energy impinging the detectors! in the bot-
tom half of the image. Inspection of Figs. 5~b!–5~d! reveals
clear delineation between layers. Images of three spectral p
rameters~1721, 1658, and1027 cm21) provide information
about the spatial distribution of the adhesive, collagen and
mineral~apatite! components across the healthyd/a interface.

Table 1 Infrared spectroscopic band assignments for the Single Bond
adhesive and dentin.

Wavenumber range (cm21) Assignment

Adhesive

1690–1740 carbonyl CvO

1635–1645 CvC

1605–1609 phenyl CvC

1445–1457 CH2

1402–1406 vCH2 deformation

1165–1180 C–O stretch

830–836 C–C–O stretch

Dentin

1596–1715 Amide I

1540–1582 Amide II

1445–1456 CH2

1145 HPO4
22

1100–1109 n3 PO4
32

1060–1075 n3 PO4
32 in poorly crystalline apatites

1030 n3 PO4
32 in stoichiometric apatites

1020 n3 PO4
32 in poorly crystalline apatites

957–961 n1 PO4
32

860–890 CO3
22
031104Journal of Biomedical Optics
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Investigation of all of the images indicates that the interface
not a thin slice through the images. Its width appears to in
cate an interaction between the adhesive and dentin lay
which is not obvious from observation of the visible imag
~Fig. 4!. The interfacial width of1027 cm21 image appears to
be bigger than that of1721 cm21 image. This indicates tha
the width of demineralized dentin layer is much deeper th
that of the adhesive could penetrate, which is consistent w
our previous micro-Raman results showing the gradient p
etration of adhesive into the demineralized dentin layer.17,26

Since these images contain thousands of very high qua
spectra at a pixel resolution of 6.25mm, the relative compo-
sition and other chemical information can be determin
across the length and breadth of thed/a interface. As an ex-
ample, a series of mapping spectra across the healthy de
adhesive interface@the position was represented by the dott
line in Fig. 5~d!# are shown in Fig. 6. The chemical chara
teristics of the two layers are apparent in the spectra.
three bottom spectra were acquired from pure adhesiv
methacrylate-based polymer. Vibrational bands associa
with both adhesive and dentin components are noted in
fourth spectrum. The spectral intensity of then1n3 PO4 do-
main increase gradually as a function of depth. The high sp
tral intensity of then1n3 PO4 domain in the top spectrum
indicates mineralized dentin. Spectral features associated
both adhesive(1721 cm21) and collagen(1658 cm21) ap-
pear in several spectra across the interface. This indicates
within the limits of resolution of this technique, the adhesi
resin has penetrated into the dentin matrix, although the w
of the interface layer could be overexaggerated due to the
spatial resolution of FTIR.

Representative microspectroscopic images across
caries-affected dentin/adhesive interface are shown in Fig
Figure 7~a! shows the total absorbance image of thec-a
dentin/adhesive interface collected from a3003280mm2

area. While there is no chemical information in the total a
sorbance image, it is noted, however, that a more complica
absorbance pattern is observed in this image. As show
Figs. 7~b!–7~d!, three images of spectral parameters~1721,
1658, and1027 cm21) were generated, representing the sp
tial distribution of the adhesive, collagen and mineral~apatite!
components across thec-a d/a interface. It is noticed that the
images of adhesive, collagen and mineral reveal very comp
patterns in the interface. As compared to the healthy den
adhesive interface, the width of the interface is much bigg
and also the interface is not a uniform layer; it appears
intrude into either layer.

Due to the wide interface, two series of mapping spec
across thec-a dentin/adhesive interface are shown in Fig
8~a! and 8~b! separately@the position was represented by th
dotted lines 1 and 2 in Fig. 7~d!, respectively#. As shown in
Fig. 8~a!, the amide I band is gradually shifted from 1656
1637 cm21 across from healthy dentin to caries-affected de
tin. This frequency shift indicates that the ordered collag
structure in healthy dentin changes to the disorganized
denatured structure in thec-a dentin. Similarly, then1n3 PO4
domain becomes broad and is gradually shifted from 1038
1015 cm21 across from the healthy dentin to thec-a dentin.
The broadening of then1n3 PO4 domain band and gradua
shift to low frequencies indicate that the mineral structu
-4 May/June 2005 d Vol. 10(3)



Spencer et al.: Physicochemical interactions at the dentin/adhesive interface . . .
Fig. 3 Deconvoluted spectra of healthy dentin (solid line) and caries-affected dentin (dotted line). (a) In the region of 1710–1350 cm21; (b) n1n3
PO4 domain between 1150 and 930 cm21.
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undergoes dramatic changes when the dentin becomes car
affected. The relative intensity of then1n3 PO4 domain also
gradually decreased, indicating the caries-affected dentin ha
less mineral content as compared to the healthy dentin. A
series of mapping spectra across thec-a dentin/adhesive in-
terface are presented in Fig. 8~b!. Spectral features associated
with both adhesive(1721 cm21) and collagen(1658 cm21)
are observed in several spectra across the interface. This i
dicates that the adhesive resin has penetrated into the dem
ineralized dentin layer.

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, respe
tively. Images were generated based on the band ratios o
1640 (CvC)/1606 ~phenyl!, which are used to measure the
degree of double bond conversion~DC! in the light-cured
adhesive resin. Red-yellow represents the highest relative in
tensity ~lowest DC! while blue represents the lowest~highest
DC!. The image representing distribution of the degree of
conversion in the adhesive layer on the top of the healthy
dentin surface is shown in Figs. 9 and 10. Two spectra corre
sponding to the demarcations in the image were also shown
031104Journal of Biomedical Optics
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The DC of adhesive on the top ofc-a dentin surface is lower
as compared to that of the adhesive layer on healthy de
surface. The DC of resin monomer differs substantially, a
overall, the DC is lower in the region close to dentin surfa
The differences in resin monomer conversion are likely due
outward water from dentin tubules as it interacts with the w
demineralized dentin matrix. Such survey maps of molecu
information provide a reliable and powerful means of iden
fying resin monomer conversion distribution and flaws or d
fects in the pattern of adhesive/dentin interface.

Discussion
Understanding the structure of clinically relevant dentin su
strates is vital to the development of improved dentin bond
agents and ultimately, composite restorations. However,
complexity of the biopolymer that forms at the interface wi
clinically relevant substrates presents a formidable challen
Conventional characterization techniques, e.g., bond stre
measurements, cannot adequately define the factors that
to crack initiation or the elements that affect premature failu
at the complex interface that forms between synthetic ad
-5 May/June 2005 d Vol. 10(3)



Spencer et al.: Physicochemical interactions at the dentin/adhesive interface . . .
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.

Fig. 5 Infrared spectroscopic images of the healthy dentin-adhesive interface (a) total absorbance image; (b) 1721 cm21 image (carbonyl); (c)
1658 cm21 image (amide I); (d) 1027 cm21 image (phosphate).
031104-6Journal of Biomedical Optics May/June 2005 d Vol. 10(3)



Spencer et al.: Physicochemical interactions at the dentin/adhesive interface . . .
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 cm21 image (carbonyl);
(c) 1658 cm21 image (amide I); (d) 1027 cm21 image (phosphate).
031104-7Journal of Biomedical Optics May/June 2005 d Vol. 10(3)



Spencer et al.: Physicochemical interactions at the dentin/adhesive interface . . .
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).
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sive and caries-affected dentin. As an example, testing meth
ods that measure fracture resistance of bulkd/a specimens
before and after water immersion are not sensitive enough t
identify interfacial defects where aqueous degradation
begins.27 Analytical techniques that allow direct nondestruc-
tive, in situ detection of the variable composition and inho-
mogeneity across the length and breadth of the interface a
required.

By combining spectroscopy~infrared and Raman! with mi-
croscopy, molecular information can be obtained with grea
spatial resolution at the microscopic level. FTIR microspec-
troscopy can be used to determine the relative composition
degree of cure and homogeneity across the length and bread
of the d/a interface. The spotlight imaging system displays
false color IR images almost as fast as an optical microscop
031104Journal of Biomedical Optics
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presents visible images thus, spectroscopic survey maps o
d/a interface can be collected in a very time and lab
efficient manner.

In comparing the results from the health and carie
affected dentin, striking differences are noted in the spe
collected from these substrates. Features associated with
mineral component are broadened and shifted to lower
quencies in the caries-affected specimens; these changes
cate poorly crystalline apatite in thec-a dentin @Figs. 2 and
3~b!#. Similar differences are noted in the spectral featu
associated with the organic component. The amide I reg
shows a dramatic loss of structure and intensity in the spe
recorded from thec-a dentin, indicating disorganized and de
natured collagen in these specimens~Fig. 3!. Of particular
note is the substantially smaller mineral/collagen area ratio
-8 May/June 2005 d Vol. 10(3)
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Fig. 9 Infrared spectroscopic image of the spatial distribution of
double bond conversion in adhesive layer of healthy dentin-adhesive
interface.
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the c-a dentin. In concert the spectral differences reflect a
dramatic alteration in the structure ofc-a dentin including a
loss of crystallinity in the mineral, reduced mineral content
and loss of organization in the collagen@Figs. 2, 3~a!, and
3~b!#.

The FTIRI data provided visualization of the spatial distri-
bution of the components across the length and breadth of th
dentin/adhesive interfaces. The chemical images are con
structed by plotting the intensity for an IR band that corre-
sponds to a selected component. A false-color composite im
age is created by applying a color scheme to the intensit
values. As shown in Figs. 5 and 7, images recorded at 1721
 ect
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1658, and1027 cm21 provide information about the spatia
distribution of adhesive, protein, and mineral, respective
The variability and complexity of the composition is po
trayed clearly in these chemical images. The interfacial che
istry between Single Bond andc-a dentin reflect a highly
irregular composition and lack of homogeneity as compa
to healthy dentin. The chemical images contain thousand
very high quality spectra at a pixel resolution of 6.25m m;
further analyses of these spectra reveal detailed informa
about the substrates and their interaction with the adhesiv

The mapping spectra in Fig. 6 provide information abo
the depth of demineralization and adhesive infiltration into
prepared healthy dentin substrate. The interfacial width of
image associated with the mineral component(1027 cm21)
appears larger than the interfacial width in the image ass
ated with the adhesive(1721 cm21). This indicates that the
adhesive did not penetrate the width of the demineralized d
tin; these results are consistent with our previous investi
tions using micro-Raman spectroscopy. It is likely that diffe
ences in the spatial resolution of the two techniques acco
for some of the quantitative differences in the extent of ad
sive infiltration.

In comparing the mapping spectra of the healthy a
caries-affected dentin, distinct differences are noted in
demineralization depth and adhesive infiltration~Figs. 6 and
8!. The width of the interface in the caries-affected dentin
much larger than the healthy dentin specimens. The interfa
structure and compositional differences in the caries-affec
dentin are profoundly complex in comparison to healthy de
tin. The substantial area of demineralization in thec-a speci-
mens indicates a porous, poorly mineralized structure that
readily penetrated by the acid etchant. The degree of con
sion of the adhesive that penetrated the demineralized de
in thec-a specimens is lower than in the healthy dentin spe
mens. This difference is likely related to the very wet en
ronment present within thec-a dentin specimens.

Previous results from our laboratory have provided dir
spectroscopic evidence of the limitations associated w
Single Bond adhesive when applied to wet demineralized d
tin substrates.28,29 Based on these previous micro-Ram
spectroscopic investigations, water within the demineraliz
dentin matrix led to partitioning of the components such th
the photoinitiator was not available to react with one of t
phases within the adhesive. Thus, limited monomer/polym
conversion has been reported previously by our group w
this adhesive was applied to wet dentin surfaces. The dram
effect of the wet environment was not, however, as appa
with normal, healthy dentin. In contrast, analysis of the ma
ping spectra from thec-a dentin/adhesive specimens reve
the profound effect of the increased moisture on monom
polymer conversion in this adhesive.

Most current methods of bonding an adhesive to den
rely on effective adhesive penetration into demineralized d
tin to form the resin hybrid layer30,31 or resin-dentin interdif-
fusion zone.32 The last term clearly reflects the complexity o
this layer; ideally, this layer is a structurally integrate
collagen-resin biopolymer hybrid that provides both a co
tinuous and stable link between the bulk adhesive and de
substrate. However,in vitro and in vivo studies27,33 have
shown that this objective is not achieved. The resin-collag
Fig. 10 Infrared spectroscopic image of the spatial distribution of
double bond conversion in the adhesive layer of caries affected
dentin-adhesive interface.
-9 May/June 2005 d Vol. 10(3)
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biopolymer hybrid that forms at the dentin/adhesive interface
is instead characteristically porous thus, it can be easily pen
etrated and potentially degraded by aqueous solutions, or
fluids and/or proteolytic enzymes.27,33

Quantitative differences in the distribution, structure and
character of the bonding resin, collagen and mineral at th
dentin/adhesive interface have been recorded in ou
laboratory.16,17,34,35The structure of the collagen varies from
denatured and disorganized to finally, its native conforma
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
interface.

FTIR microspectroscopic imaging does not offer the high
spatial resolution capabilities of other techniques such a
micro-Raman spectroscopy(;1 mm). In spite of this limita-
tion, it offers the advantage that IR spectra, with acceptabl
signal/noise ratio, can be collected from areas measuring se
eral hundred square micrometers in a manner of minutes. Re
gions of interest can be quickly identified and analyzed using
higher spatial resolution techniques. A research protocol ha
been developed in our laboratory that permits analysis of th
same interface specimens using multiple, complementar
methods. Separate microtomed sections recovered from th
samed/a interface slab are prepared for FTIR imaging and
light microscopic examination using a novel staining
technique.16,17,32,33These samed/a interface slabs are also
analyzed by high resolution micro-Raman and scanning
acoustic microscopy techniques36 that allow direct nonde-
structive,in situ detection of chemical structure and microme-
chanics, after which the same slabs are observed by fiel
emission-scanning electron microscopy.29,37 These comple-
mentary analytical methods provide direct and comprehensiv
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-
posite of a resin matrix filled with a fibrous collagen. This
new structure is a hybrid of resin and collagen.31,38In this first
FTIRI study of the dentin/adhesive interface, there is clea
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 denti
leads to greater variability and highly irregular composition
along the length and breadth of the interface. The complexity
of this clinically relevant substrate and its interface with den-
tin bonding agents cannot be readily conceived or appreciate
without the global view provided by the FTIR images.
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