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Dentin-enamel junction (DEJ) is the boundary layer located between dentin and covering enamel. DEJ has a distinct
chemical, mechanical and energetical features than surrounding tissues. Its role lies in the transport of materials between
dentin and enamel. At the same time DEJ, mainly due to its scalloped structure, protects the dentin against diffusing of
mechanical shocks originating at the enamel boundary.
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| 1. Introduction

Recently, an increasing number of studies have been focusing on the mechanical properties of the dentin-enamel junction
(DEJ). While challenging, micro and nano levels of DEJ analyses provide valuable information. Intermolecular interactions
at the nanometer level and interactions of nano- and microcrystalline structures strongly determine the properties of each
material, also biological ones. The bone and the dental structures are special examples of nano- and micro-composite
materials, of which the constituent particles and macromolecular structures are both of organic and inorganic nature 2],

The dentin-enamel junction has attracted the attention of scientists for years. Dentists and biomaterial science specialists
have been interested in the determination of the structure and role of this small fragment of the tooth. The tooth is a
partially living organ (role of pulp-dentin complex), strong and well-protected (role of enamel and cementum). In between,
the narrow, clearly distinctive layer is located, strictly joining the abovementioned phases. Together with the function of
integration of the phases in the tooth structure, this strip avoids expansion of mechanical pressures inside the dentin and
prevents sliding of the phases each other. The DEJ layer provides the integrity to the agglomerates of both above phases.
As it was explained by Arsenault and Robinson B and confirmed by Fang et al. 4!, the matrix composed of organic matter
plays a basic role in setting the continuity between dentin and enamel crystallites along the DEJ. The dentin and enamel
are composed of roughly the same inorganic matter (modified hydroxyapatites), supplemented with an organic matrix, the
latter different in quality and quantity in both phases. The need for research on the DEJ and its considerable role results
from the awareness that two dissimilar phases should be joined in a durable way to buffer the spread of cracks from the
damaged enamel into the dentin zone Bl At the same time, the possibility of material transport between dentin and
enamel through the junction should be guaranteed. The optical images and the sizes of the DEJs are surprisingly uniform
across various species from different locations and epochs such as extinct dinosaurs, horses, and recent beaver [EIE],
with exception of the inverted coloration of dentin and enamel in living tissues and fossils 19, However, the estimation of
the size of the junction in humans varied greatly depending on the kind of tooth as well as the method of observation and
measurement, with the data ranging from 2—3 pm up to several tens of pm BRI For example, it was found in the
study by Gallagher et al. 24! that the DEJ width derived from their micromechanical measurements was in the range 4.7—
6.9 um, while it was 7.6-8.5 um as estimated from micro-Raman measurements. Another important factor of the variability
in DEJ size is the scalloped structure of the tooth which makes the width vary in different places. However, our thesis is
that the linear cross-sections through DEJ show self-affinity, i.e., they look extremely similar, independent of the spectral
and spatial resolution of the instrument used for the studies. As a rule, a single method of measurement was considered
for the estimation of the width. A complex topographical structure was observed at the junction, with some convex
structures directed inside the dentin and some cavities in the enamel on the junction-enamel boundary 22123, The spread
of the parallel organic fibrils of collagen | can be detected via SEM observations L€l The fibrils expand from the dentin
towards the dentin-enamel junction where they enter at a shallow depth within the enamel zone. The problem in studies
on DEJ is that the layer cannot be isolated from the enamel and the dentin.

The progress in atomic force microscopy (AFM) associated with nano-indentors has enabled measurements of the
microhardness and elastic modulus RAR8ILAN20 \yhile an attachment of the nanoscratch tester provided the opportunity to
measure the friction coefficient on the border of the DEJ-dentin [Zl. There have been attempts to maps the results of
nanoindentation 22123, regardless of the challenges due to the small width of the DEJ. It is worth considering that AFM,



although a typical nanoscale device, was applied at a microscale level in the measurements for microhardness and elastic
modulus, except in the investigations described by Habelitz et al. [29. It was due to the fact that the mechanical tests had
damaged the material structure in the measured area on a micrometer range. Each next undisturbed measurement was
only possible in a location some micrometers far away from the previous trial. The application of scanning acoustic
microscopy (SAM) seems to be a non-damaging alternative for the mentioned mechanical tests 24l: however, it depends
on spatial resolution of the method which is important for studies of DEJ.

| 2. Cross-Sectional Outline of the DEJ

We have collected three sets of results from the electron probe microanalysis (EPMA), p-particle induced X-Ray emission
(PIXE), and p-Raman measurements. The results are presented in Figure 1, Figure 2 and Figure 3, respectively. All the
scans were carried out at distances up to 250 um, centered around the DEJ, to cover fully the DEJ zone together with
surrounding regions of enamel on one side and dentin on the other side. Scanning for P, Ca, C, Na, and Mg was possible
with EPMA, using the Kal lines of the elements and for carbon-Ka. Here, in Figure la, we could observe the clear
anticorrelation between the concentrations of P and C in the enamel layer, the DEJ zone, and the first layer of the dentin,
which testifies to mainly the inorganic, carbonate form of the C in this zone. At the same time, the levels of Ca
concentrations seemed to be stable. Where the carbonate ion was included in a greater amount into the apatite structure,
an automatic deficit of the phosphate ions occurred 22, and it could testify to the “B-type” substitution of CO32™ ion in the
previous PO,3~ site [24. One can suppose that it occurred mainly in a direction oblique to the “c” axis of the apatite crystal,
i.e., on a x a plane. This relationship is especially pronounced in the first layer of the enamel, adhering to the DEJ. The
mentioned relationship is much more obscure in the deeper dentin locations, due to the mainly organic form of the carbon
here. One can observe very clear oscillations in the composition of magnesium along the whole scan length, with
consecutive maxima distant by more or less 50 um. In the dentin phase, Mg seems to be anticorrelated with the C signal,
except the DEJ region, and it is shown in Figure 1b. Similarly, Na content also shows oscillations, although in locations
other than those of Mg. Figure 1c shows the delimitation of the DEJ from these measurements, emphasized by the same
delimitation derived from the optical microscope. There is an occasion to define the size of DEJ. Here, we estimate that
such delimitation should be set between the halves of slopes on the enamel/DEJ and DEJ/dentin boundaries. Essentially,
although not always, the half of the slope is equivalent to the inflexion points on the relevant curves (e.g., on the linear
scan of Ca concentrations). It can be observed in Figure 1c, where crossbeam shows the width of DEJ touches on both
ends the deflection points on optical, P and C curves.
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Figure 1. (a) Results of EPMA measurements along the DEJ zone. The direction is from the enamel (left) towards the
dentin and always the same direction is preserved in the next figures (where relevant), and the length is equal to 250 pm.
1 step = 1 um. (b) Sequence of C and Mg variability, in majority cases inversely directed. (c) Outline of the DEJ space
with optical signal and in parallel by two spectral signals of P and C. On multiscale figures the numerical markers were
introduced where the first number denotes x-axes, calculated in the system down-up and the second one y-axes,

calculated from left to right side of the figure.
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Figure 2. (a) Results of u-PIXE measurements. 1 step = 1.25 pm. (b) Outline of the DEJ space with optical signal and
with P signal, for left boundary only; please observe missing boundary DEJ-dentin due to the air path of measurements
and inability of detection of carbon. (c) Parallelism of Mg measurements with the use of EPMA and p-PIXE.
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Figure 3. (a) Results of p-Raman measurements around the DEJ. PO,3"-v; oscillation; CH,-v symmetric oscillation; NH
line; CO32, sub. B; 1 step = 1.61 pm; (b) Outline of DEJ space with optical and Raman PO,%~ and CH, signals. (c)
Divergent spatial profiles of PO,3~ and HPO42" ions, with visible DEJ.

The PIXE scans of P, Ca, and Mg were made (Figure 2). One should notice the very clear variable periodic oscillations in
the P and especially Mg signals, the latter distant from one another by about 50 pm. Once more, the clear local maximum
could be observed in the first layer of enamel, adhering to the DEJ. We can note some discrepancies between P and Ca
signals, reaching 15 and 45 pm on the length axis. They can be attributed to the elevated levels of CO32 ions, not
detected here due to the X-Ray detection threshold of the Si (Li) detector window. The profile of phosphor was
superimposed on the optical profile (Figure 2b). This time, only the left side of the DEJ was represented among chemical
signals, since the C signal was not observed. Both in the EPMA and PIXE measurements, the Mg elevated concentrations
were located even beyond the slope of Ca concentration towards the DEJ, thus, in half of the DEJ zone (Figure 2c). If one
compares the elemental scans from different methods, the correlation between the signals of the same element measured
often fails a little. It is not unexpected since the signals were collected along the lines shifted by micrometers; they were
collected from different depths (PIXE allows collecting signals from depths which are an order of magnitude greater than
in EPMA). However, the drop/growth of the measured values on the DEJ-enamel and DEJ-dentin boundaries is a very
stable factor in this environment.

For p-Raman, the lines of PO,3~ (960 cm™), C-H (~2935 cm™1), CO52", substitution B (1086 cm™), and NH (3470 cm™)
were detected. The two first of abovementioned lines, necessary for delimitation of the DEJ, were compared with the
optical profile (Figure 3). Interestingly, profiles of PO,%~ and HPO,?" lines are completely opposite (Figure 3c). Hence, we
might delimit the DEJ using those two lines.

The collection of chemical results by the use of three different methods is not a question of trivial repetition. The EPMA
and PIXE measurements inform us about the inorganic constituents of the sample while p-Raman gives some information
about the inorganic (phosphates, carbonates) and the organic (CH,, NH,) components. The PIXE data are collected from
deeper layers (useful signal range spans from the surface up to ~30 um) than the data from EPMA (~3 um) and are not so
disturbed by the surface roughness. In addition, a greater number of trace and/or heavier elements can be detected more
easily. Comparing the repeatability of the results of analyses made by different methods was not the least important aim.

The quality of the data was highest for p-PIXE measurements, but due to the X-Ray detection threshold of the detector,
the measuring of C and thus the delimitation of the DEJ-dentin boundary was impossible. Different data were used to
supplement one another. None of the results were repeated in strictly the same location on a particular sample, due to
different technical and preparative difficulties. The lateral deviations of scans were estimated as <3 um. Thus, the scans
express the self-affinity rather than the very rigorous identity of results.



One of the results is the observation of clear coincidence between the optical, microchemical, and micromechanical
images of the DEJ. The DEJ differs clearly in its optical characteristics both from the enamel and the dentin (e.g., Figure
4b). It is undoubtedly promising, since the optical observation is incomparably easier than by other applied methods and is

easy to use in diagnostics.
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Figure 4. (a) Parallel delimitation of the DEJ zone with the EPMA measurements and micromechanical results. The micro-
hardness and micro-friction results are adopted from Marshall et al. 12, The horizontal dashed line delimits the width of
the DEJ. (b) Superposition of Young modulus on the optical outline of DEJ. (¢) Superposition of changes in density from

Weatherell 22! on P measurement from PIXE.

Some tendency can be observed for the widening of the DEJ in the images from the optical microscope, but it is probably
associated with the poor level of the beam collimation in such a device. The beam collimation is the ultimate limit for the
accuracy in the DEJ delimitation. We tried to compare our chemical and optical results with the available results of the
ultrasonographic studies on the DEJ 281271 Some quite encouraging convergence of the general shapes of the DEJ was
observed. On the other hand, the significant widening of the zone in the resonant ultrasound approach is discouraging.
We understand that it results from the poor collimation and scattering of the ultrasound beam.



| 3. Discussion of DEJ Model

Our studies clarified some of the controversies concerning the DEJ. We suggested the following model of the junction,
taking the results of our investigations into account and comparing them with the micromechanical results by Marshall et
al. 22, Fong et al. 141, and finally, with our optical results. It is a zone with a width in the range of 15-35 um (see Figure 1,
Figure 2 and Figure 3, the split between P and C slopes in the halves of heights). Our results, although scattered for
different samples (here not shown), were kept in the mentioned range. In our opinion, although it is a scatter in the
estimation of the width, there is no support to the much lower widths suggested by Schultze et al. 28 and Balooch et al.
(23] Moreover, the higher values often result from the too great measurement steps (insufficient spatial resolution), as in
an otherwise very interesting paper by Kolmas et al. 22, The zone is of a complex structure. One can imagine both the
existence of the enamel-DEJ boundary (it can be called the frontal wall) and a second boundary DEJ-dentin (the rear
wall) and the middle zone—in-between. Therefore, not only the DEJ is different from the bulk enamel and dentin, but the
adhering layers of enamel and dentin have their specific features as well. The DEJ imagination is shown in Figure 4. This
figure is supported by our chemical studies from EPMA and the results of Marshall et al. 12 (hardness and friction)—
tailored to our data. Please note that even with such mixed data (the teeth were taken from different European and
American populations; ours are for molars, other for incisors) the variables can be matched very easily to one another. It
acts as the self-affinity rule. From the enamel side, a rapid drop in the hardness occurs. This drop certainly coincides with
the sudden decrease in the P and Ca (not shown here) concentrations. The drop in the Ca concentration is about 4% and
in P about 2% over the distance of ~15 um and corresponds to a drop in hardness by ~2.75 GPa over the same distance
of 15 pm, and in a reduction of the elasticity modulus by ~50 GPa, as shown in Figure 4b (see Marshall et al. 12, their
Figure 7). The density data, taken from Weatherell 221 and Anderson et al. B can also be tailored to our results which it is
shown in Figure 4c.

Here, we invoke Figure 3 from our previous paper 1. We presented the relative influence of Ca drop on the mechanical
parameters. Figure 5 in recent contribution resembles to much extent Figure 3 in the mentioned paper. The order of
devastation occurring when the relative content of Ca diminishes is the same: density < Young modulus < hardness, but
the degree of devastation is much greater for the DEJ. One must remember that the point of convergence of curves for
relative values, which is equal to one, is another for the DEJ (it is point in enamel very close to DEJ) and another for
enamel (it is point very close to the enamel-air boundary). Nevertheless, the influence of Ca drop is much more serious in
the enamel-DEJ boundary than inside whole enamel and it occurs on a much smaller distance.
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Figure 5. Comparison of the linear fits to the correlation relationships between relative values of density and Ca (solid
line); Young modulus and Ca (dotted line); hardness and Ca (dot-drop line). Relevant equations are: RDen = -1.27 +
2.287 x [RCa]; RYM = -4.68 + 5.678 x [RCa]; RH = -6.61 + 7.609 x [RCa].
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