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Abstract

The dentin-enamel junction (DEJ) plays an important role in preventing crack propagation from
enamel into dentin. This function stems from its complex structure and materials properties which
are different from either dentin or enamel. The molecular structural differences in both mineral and
organic matrix across the DEJ zone were investigated by means of 2-dimensional confocal Raman
microspectroscopic mapping/imaging technique. The intensity ratios of 1450(CH, matrix)/960(P-O,
mineral) decreased gradually to nearly zero across the dentin-enamel junction. The width of this
transition zone was dependent on the intratooth location, with 12.9+3.2 microns width at occlusal
positions and 6.2+1.2 microns at cervical positions. The difference in width was significant
(P<0.001). Concurrently, spectral differences in both organic and inorganic matrices across the DEJ
were also noted. For example, the ratios of 1243(Amide 111)/1450(CH) within the DEJ were lower
than the values in dentin, however, the ratios of 1665(Amide 1)/1450(CH) within the DEJ were higher
than those values in dentin. In addition, the ratios of 1070(carbonate)/960 (phosphate) within the
dentin were lower than the values in the DEJ. Raman images indicated that the distribution of the
above ratios across the DEJ zone were also different at occlusal and cervical positions. The results
suggest that the intratooth-location-dependent structure of the DEJ may be related to its function.
Micro-Raman spectroscopic/imaging analysis of the DEJ provides a powerful means of identifying
the functional width and molecular structural differences across the DEJ.
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Introduction

The human tooth or more specifically, the tooth's crown, is composed of dentin covered by
enamel. Dentin, which is derived from the mesoderm, is a flexible, mineralized tissue
composed of 70% (weight%) inorganic material, 20% organic material, and 10% fluid. In
contrast, enamel, which is derived from ectoderm, is a very brittle tissue composed of mostly
hydroxyapatite mineral (~96%), water (~3%), and trace organic matrix (~1%) [1]. Thus, the
dentin-enamel junction, (DEJ) is an interface between two mineralized tissues with different
compositions and biomechanical properties [2]. The DEJ is believed to play an important role
in preventing crack propagation from enamel to dentin and inhibiting further catastrophic tooth
fracture.
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The complex microstructure and composition of the DEJ at various levels is supposedly linked
to its function as an effective obstacle for crack propagation. The DEJ structure has been
described as a series of 25-200 um diameter scallops that contain 80-120 nm parallel Type-I
collagen fibrils extending from the dentin into enamel, which might play a role in crack
prevention [3]. Crack deflection near the DEJ has also been potentially linked to a mechanical
property gradient, i.e. modulus, across the zone [4-9]. The modulus gradient has been
associated with variations of mineralization and the associated collagen to mineral ratio within
the DEJ as compared to dentin and enamel [5,7,10]. Recently, finite-element models [11]
showed that in the scallop model, the net-compression towards the DEJ was consistently higher
than net-tension away from it. As a consequence, the dentin and enamel would be pushed
towards each other during loading.

Because of this crack-prevention function, the physical properties, for example, the width,
microhardness and elastic modulus of the DEJ, become very critical information. So far, the
conclusions on these issues have been in disagreement. Nano-indentation was carried out using
arange of 40 to 60 um across the DEJ zone with loads up to 30,000 pN. The values of modulus
and hardness decreased from E = 65 GPa and H = 3.5 GPa in the enamel region to E = 20 GPa
and H = 0.7 GPa in the dentin region. An average DEJ width range of 11.8 um was identified
[6]. The results from micro-indentation measurements [1] revealed similar hardness and
modulus values. However, another study [12] showed that the microhardness gradient occurred
within ~100 um range. Some results from optical spectroscopy [13] showed that the median
DEJ width was 10 um ranging from 7 ym to 15 um, which was similar to the width obtained
from the nano-indentation method. However, previous results did not appear to be dependent
on the intratooth location [6,13].

Although the previous studies provide useful information for understanding the DEJ
morphology and the associated mechanical properties, to date, there has been no in-depth
analysis of the DEJ's chemical structure at the molecular level. The chemical structural
information is critical for a more complete understanding of crack-prevention behavior in the
DEJ zone, since material properties are dependent on the material chemical composition. This
information is also critical in terms of being able to create a biomimetic approach for connecting
dissimilar biomaterials.

Confocal micro-Raman spectroscopy has been widely used to investigate chemical/molecular
structure of various materials and tissues [14-18] because of its many advantages including
minimal specimen preparation and non-invasive sampling capability. In addition, compound-
specific molecules can be detected with little spectral interference from H,O. As a result, it
has been introduced into the biophysics field to obtain the molecular structure information for
both in vivo [19,20] and in vitro studies [15,21,22]. Raman microscopy's high spectral
resolution (up to 1 cm™1) and high spatial resolution (up to 1 um) make it an excellent tool for
mapping the components of the DEJ specimens at the micrometer level. Therefore, the purpose
of this investigation was to characterize the molecular/structural differences across the DEJ
zone using 2-dimensional confocal Raman microspectroscopic mapping/imaging technique.

Materials and Methods

Specimen preparation

Five non-carious, human third molars were collected according to the protocol approved by
the UMKC adult health sciences institutional review board. After removing any remaining soft
tissues, the extracted teeth were stored at 4°C in 0.9% phosphate-buffered saline (PBS) with
0.002% sodium azide added to inhibit bacterial and fungal contamination (pH 7.4). A slow-
speed water-cooled diamond saw (Buehler Ltd., Lake Bluff, IL), was used to remove the roots
from the molars. The remaining crowns were then sectioned bucco-lingually to generate a 2-
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mm thick cross-sectional slice centered on the mesio-buccal and mesio-lingual cusps. The
specimens with the exposed DEJ were further manually polished under water with 600 grit
SiC paper. To prevent dehydration, all sectioned specimens were placed into PBS solution and
then the Raman microscopic analysis immediately followed.

Raman microspectroscopy/imaging

A LabRam HR 800 Raman spectrometer (HORIBA JOBIN YVON, Edison, NJ, USA) using
monochromatic radiation emitted by a He-Ne laser (632.8 nm) and operating at excitation
power of 20 mW was used to collect Raman spectra and images. It was equipped with a confocal
microscope (Olympus BX41), a piezoelectric (P1) XYZ stage with a minimum step width of
50 nm, and an air-cooled CCD detector of 1024x256 pixels. During Raman imaging, the
following parameters were used: 600 grating, 140-um confocal hole, and 100-pm slit width.
Spectra were Raman-shift-frequency-calibrated using known lines of silicon.

Specimens were removed from the PBS and placed into distilled water for the micro-Raman
analysis. Micro-Raman spectra using a 100X water immersion objective (Olympus, 1.00w)
focused on the specimens. Using the optical DEJ as a landmark, mapping spectra were acquired
at positions corresponding to 1-um intervals across a 35-micron length using the computer-
controlled x-y-z stage. Spectra were obtained over the spectral region of 400 to 1750 cm~2 and
with a 90-s integration time. Six spectral maps were obtained at the buccal cusp and cervical
area of each specimen (see Figure 1 (A and B insets indicate buccal and cervical mapping
areas). An imaging system and high-resolution monitor enabled visual identification of the
position at which the Raman spectra were obtained.

Spectral data analysis

Labspec 5 software (HORIBA JOBIN YVON) was used to analyze the acquired Raman spectra
and mapping data. Without additional spectral smoothing, the individual spectra were adjusted
using multiple-point baseline correction and mapping spectra for imaging were adjusted using
polynomial baseline correction. Two representative Raman spectra obtained from dentin and
enamel are shown in Fig. 2. The peaks at 960 cm™! are assigned to vy vibration peak of phosphate
group in mineral. The peak at 1070 cm™1 is assigned to vy vibration of carbonate group (B-type
of carbonate) from mineral. In addition, the peaks at 1246/1270 cm™1, 1450 cm™® and 1667
cm are assigned to Amide 111, CH and Amide | from organic components. The vy vibration
peak of phosphate at 960 cm™ was selected as the internal standard for the normalization
adjustment (Fig. 1).

Raman images based on the ratios of CH at 1450 cm to v4 of phosphate at 960 cm™ were
obtained to measure organic matrix mineral content. Using the generated mapping spectra, the
width of the DEJ was measured based on the matrix mineral ratios at occlusal and cervical
sites. The mean DEJ width of each site/tooth was calculated based on the 6 maps per site. A
one-way analysis of variance (ANOVA, o= 0.05) was used to analyze the DEJ width as a
function of tooth location, occlusal versus cervical.

In addition, after normalization adjustment based on the CH stretching peak at 1450 cm™1,
Raman images based on the ratios of Amide | at 1667 cm™! to CH peak at 1450 cm™ and the
ratios of Amide 111 at 1240 - 1270 cm™! to CH peak at 1450 cm™ were obtained. The ratios of
B-type carbonate at 1070 cm™! to v; of phosphate at 960 cm™ were obtained to analyze
differences in mineral composition across the specimens.
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Representative Raman mapping results of the DEJ at occlusal and cervical sites of a human
molar are shown in Fig. 3 A and B, respectively. Raman images were obtained based on the
intensity ratios of CH at 1450 cm™! (matrix) to phosphate at 960 cm™ (mineral). The relative
matrix/mineral (1450/960) ratios are represented by the color differences. Yellow/white
represents higher relative intensity ratios, while black/dark blue represents lower ratios. A
region where the color gradually changes from blue to red or pink is related to the DEJ transition
zone. Comparison of the two images indicated that the width of the transition zone at the
occlusal position was wider than that at the cervical position. The representative relationships
of the matrix/mineral (1450/960) ratios as a function of positions across the DEJ transition
zone are shown in Fig. 4A and B. The matrix/mineral ratios of the DEJ were higher than those
of enamel and lower than those of dentin. These ratios of the DEJ gradually increased during
the transition from the enamel to dentin zone. The widths of the transition zone were measured
across the 5 teeth presented in Table 1. There was a significant difference (P<0.001) between
the overall mean occlusal DEJ width, 12.9+3.2 um and the cervical DEJ width, 6.3+1.3 um.

Raman spectra from the dentin and DEJ zone in the protein-derived spectral region of
1200-1750 cm! are shown in Fig. 5 A and B, in which the vibration peak of CH at 1450
cm 1 was selected as internal standard for the normalization adjustment. As compared to dentin
spectra, the amide | peak increased, but the amide |11 peak decreased in the DEJ spectra. In
addition, evaluation of the spectra also shows notable changes in protein-derived peaks in the
regions of 1350-1430 cm™ and 1550-1600 cm™L. For example, there was a pronounced peak
at ca. 1425 cmL in the dentin spectra, while this peak was not obvious in the DEJ spectra. The
relative intensities of the peaks at ca. 1380 and 1396 cm™ were higher in the dentin spectra.
The above results indicated that molecular structure of organic matrix in the DEJ was different
from that in dentin. The distinctions in organic matrix and its distribution across the DEJ zone
at occlusal positions and cervical positions were observed when Raman images were obtained
based on the relative intensity ratios of the peaks from amide I-111 spectral regions (Fig. 5C-5F).
In the amide I/CH images, the values from the intensity ratios of 1667 to 1450 were non-
uniformly distributed in the zone across the enamel to dentin. Overall, these values were higher
in the enamel zone than those in the dentin zone. However, the DEJ zones at both occlusal and
cervical positions were not distinguishable within those images. In contrast to the amide I/CH
images, in the amide 111/CH images the values from the intensity ratios were lower in the enamel
zone, higher in the dentin zone. The DEJ zone was distinguishable in the amide 111/CH images
with the DEJ being wider at the occlusal position (Fig. 5). The above results indicate that the
molecular structure of organic matrix varied between dentin, enamel and DEJ, and was also
dependent on the intratooth location.

Raman spectra from the dentin and DEJ zone in the spectral region of 900-1150 cm are shown
in Fig. 6 A and B. The spectra were normalized based on the 960 cm phosphate peak.
Evaluation of the spectra shows some notable changes in mineral-derived peaks. For example,
as compared to dentin spectra, the relative intensities of the carbonate peak at 1070 cm™ (B-
type of carbonate) increased in the DEJ spectra at both occlusal and cervical positions. The
distribution of 1070/960 ratios across the DEJ zone at occlusal positions and cervical positions
are shown in Fig. 6 C and D. Overall, the values of these ratios indicated that the content of
type B carbonate in enamel was relatively higher than that in dentin. At the cervical position,
the type B carbonate content gradually decreased from the enamel to dentin, and the DEJ zone
was uniform. However, at the occlusal position the DEJ zone was not distinguishable in the
image (Fig. 6C), indicating the distribution of the type B carbonate content was more
heterogeneous and complicated across the occlusal DEJ zone.
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Discussion

As an interface between two materials with dissimilar composition and properties, the DEJ has
been identified since 1835 [23]. However, there have been inconsistent conclusions reported
about the functional width of the DEJ zone due to measurements with different instruments
with diverse spatial resolutions. For example, when traditional fracture mechanics [4] in
combination with SEM approach was used, the width of the DEJ zone was reported as a
functional width of 50 to 100 um, which was the deviation depth of the associated crack path.
Furthermore, a Vickers microhardness profile [12] obtained with loads of 15 g across the DEJ
revealed a broad transition zone of ~100 um. However, with the nano-indentation method
[6], although similar values of hardness and elastic modulus were reported as compared to
previous studies, the DEJ width was much smaller (~12 pum). Using a new modulus mapping
technique, the same group of investigators reported a DEJ width as low as 2-3 um [24]. The
variations in width measurements can be explained by not only the differences in the spatial
resolutions of the instruments, but also by whether the matrices surrounding the interface were
included in the measurements. Goldberg et al. suggested that the DEJ is not a simple inert
interface between two mineralized structures, but instead should be regarded as a complex that
includes the inner aprismatic enamel and the mantle dentin [25].

In the present study, the chemical composition profiles (matrix/mineral ratios) were used to
measure the width of the DEJ as a function of tooth position (Fig. 4). The intensity ratios of
1450(CH, matrix)/960(P-O, mineral) remained unchanged in dentin, then decreased gradually
to nearly zero across the dentin-enamel junction. The width of this transition zone was
determined to be in the range of 5-16 um. Interestingly, based on the matrix/mineral ratios, it
was shown that the mean DEJ width was 12.9+3.2 um at occlusal positions and 6.3+1.3 um at
cervical positions. Previous research has shown that the enamel initially forms at the occlusal/
cuspal locations followed by enamel formation across the crown to the cervical area [26,27].
The difference in development times of enamel at occlusal and cervical positions might account
for the difference in structural width of the DEJ between positions. The difference might also
be related to differences in function with the occlusal surfaces exposed to greater loads during
mastication than the cervical area.

The difference in DEJ width dependent on intratooth location has not been previously reported
in investigations using measurements of mechanical properties, such as hardness or modulus.
The direct relationship between mechanical properties and chemical compositions across the
DEJ zone needs to be further explored and correlated. However, it's expected that the
mechanical properties might not be directly related to chemical compositions such as the
matrix/mineral ratios. Many other factors such as porous structure within the DEJ complex
may also affect the mechanical properties. But the chemical structural information obtained in
this study is very critical in understanding the function of this DEJ complex.

To date, there has been minimal chemical information related to the DEJ transition zone due
to its small size. The current micro-Raman results indicate that both chemical structure and

composition of organic and inorganic matrices within the DEJ zone are different from either
dentin or enamel. In terms of organic matrix, the spectral region of amides | and 11 was thought
to be the best possible region for studying the protein structural changes [28,29]. The position
and intensity of these amide bands are sensitive to the molecular conformation/structure of the
polypeptide chains [30] and/or orientation of collagen/proteins [31]. To separate the orientation
effects from molecular/structural changes, we collected spectra before and after rotating the

specimens. The differences in the dentin and DEJ spectra were unchanged, and insensitive to
orientation effects. This indicated that the spectral differences were mainly due to molecular/
structural changes. In a comparison of the amides region in the spectra of dentin and DEJ (Fig.
5), the amide | peak increased but the amide 111 peak decreased in the DEJ spectra. In the images
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of amide I/CH and amide I11/CH, the distribution of these ratios was more heterogeneous in
the DEJ transition zone. Besides the amides region, the differences in the region of 1350-1430
cm-1 were also noticeable (Fig. 5). The peaks in this region were pronounced in the dentin
spectra. The peaks at ca. 1380, 1396 and 1425 cm! are associated with CH, deformation
[32,33]. The peak at ca. 1396 cm™L is usually seen in native collagen [33]. The decrease in these
peak intensities might be associated with increasing disorder of the functional groups in organic
matrix [32]. These spectral changes indicate that the structure of organic matrix in the dentin
and DEJ was diverse. Formation of the DEJ begins at the early stages of tooth morphogenesis
and is thought to be linked to a mixture of dentin proteins secreted by odontoblasts and enamel
proteins from ameloblasts [34-36]. The proteins associated with DEJ formation and collagen
fibril bundles that cross the transition zone and insert into enamel [3] might be responsible for
the variations and distribution deviations in composition and structure of the organic matrix
within the DEJ.

In terms of inorganic matrix variations, it was revealed that the crystal structure of mineral in
enamel and dentin is different [37-39]. Based on our micro-Raman results, the position, shape
and width of phosphate peak at 960 cm were similar to those for dentin (data not shown),
indicating the mineral crystallinity within the DEJ is not much different from the mineral in
dentin. However, the intensity ratios of peak at 1070 cm™ to 960 cm increased from dentin
to enamel across the DEJ zone, indicating a higher carbonate content in enamel. However,
further Raman study indicated that this relatively higher carbonate content was demonstrated
in only a narrow enamel region adjacent to the DEJ (data not shown). For enamel close to the
tooth surface, the carbonate content was reported to be very minimal, much lower than that in
dentin [40]. These differences in carbonate content are important, because the higher the
carbonate the more susceptible to mineral dissolution [10,41,42]. Thus, minimal carbonate at
the outer enamel surface should provide superior resistance to attack from the acidic by-
products associated with dental plaque. However, the increased carbonate within enamel near
the DEJ may help explain why dental decay tends to penetrate more rapidly once it nears the
DEJ [43].

Besides the difference in width based on matrix/mineral intensity ratios, the intratooth-
location-dependent structure of the DEJ was also noticed in other Raman intensity ratios. At
cervical positions, the interfacial margins were easily visible in the images from different
intensity ratios. For example, these margins usually appeared at x position of about -10 um,
and the interfacial zone was relative uniform across the DEJ. However, at occlusal positions,
the margins were hard to differentiate, and appeared at different positions in the images from
different intensity ratios. The overall interfacial zone was not uniform, and more heterogeneous
as compared to that at cervical positions.

In summary, Raman spectroscopy equipped with confocal microscope proved to be useful in
investigating the microstructure of the DEJ at the micrometer scale. The Raman results suggest
there are difference in the DEJ width as function of intratooth location along with differences
in the DEJ organic and inorganic components between the occlusal and cervical sites.
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Fig. 1.

Representative photograph of a cross-sectional tooth slice illustrating where spectral maps were
obtained at the buccal cusp and cervical area. A and B insets indicate buccal and cervical
mapping areas.
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Fig. 2.
Representative Raman spectra of dentin and enamel.
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Representative Raman image of the DEJ based on intensity ratios of 1450/960 at occlusal

positions (A) and at cervical positions (B).
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Relative intensity ratios of 1450/960 across the enamel/DEJ/dentin zone at occlusal positions

(A) and at cervical positions (B).
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Fig. 5.

Raman spectra in protein-derived spectral regions from dentin and the DEJ at occlusal positions
(A) and at cervical positions (B); representative Raman image of the DEJ based on intensity
ratios of amide 1/1450 at occlusal positions (C) and at cervical positions (D); representative
Raman image of the DEJ based on intensity ratios of amide 111/1450 at occlusal positions (E)
and at cervical positions (F).
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Fig. 6.
Raman spectra in mineral-derived spectral regions from dentin and the DEJ at occlusal

positions (A); at cervical positions (B); representative Raman image of the DEJ based on
intensity ratios of 1070/960 at occlusal positions (C); at cervical positions (D).
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Table 1
Occlusal and cervical DEJ transition zone mean width and standard deviation (um)

Page 15

Tooth Buccal cusp occlusal site Buccal cervical site
1 10.8+£3.5 6.3+1.4
2 12.2+2.6 6.0+0.9
3 12.7+2.8 5.8+1.0
4 14.2+2.5 6.2+1.5
5 14.8+3.3 7.3+1.8
™ Overall Mean +SD 12.9+3.2 6.3+1.3

*
There was a significant difference (P<0.001) in DEJ width between sites.

N = 30 Raman mappings/site (6 measurements/site/tooth)
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