
Abstract The development of dentin and of enamel share
a common starting locus: the dentinoenamel junction
(DEJ). In this study the relationship between enamel and
dentin crystals has been investigated in order to highlight
the guiding or modulating role of the previously mineral-
ized dentin layer during enamel formation. Observations
were made with a high-resolution electron microscope
and, after digitalization, image-analysis software was
used to obtain digital diffractograms of individual crys-
tals. In general no direct epitaxial growth of enamel
crystals onto dentin crystals could be demonstrated. The
absence of direct contact between the two kinds of crys-
tals and the presence of amorphous areas within enamel
particles at the junction with dentin crystals were always
noted. Only in a few cases was the relationship between
enamel and dentin crystals observed, which suggested a
preorganization of the enamel matrix influenced by the
dentin surface structure. This could be explained either
by the existence of a proteinaceous continuum between
enamel and dentin or by the orientation of enamel pro-
teins by dentin crystals.
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Introduction

Dentin and enamel development share a common start-
ing locus: the dentinoenamel junction (DEJ). Another
important common characteristic of both tissues is the
nature of their mineral crystals (Frank et al. 1960). Even
if the size and the shape of dentin crystals are very differ-

ent from those of enamel, both crystal types are consti-
tuted by carbonated, calcium-deficient hydroxyapatites
(HAs; Brès et al. 1990; Schroeder and Frank 1985).
These two characteristics were also considered as their
only common property for a long time. Recent cellular
biology data on the extracellular matrix (ECM) compo-
nents and their expression in odontoblast and ameloblast
cells showed complex relationships between both tissues
(Nanci et al. 1994). The development of individual ena-
mel and dentin crystals appeared, however, to be roughly
comparable and was described in a four-step process
(Houllé et al. 1997). The first two steps included the ini-
tial nucleation process and the formation of nanometer-
sized particles. They were followed by ribbon-like crys-
tal formation, which up until recently was considered as
the first step of biological crystal formation (Cuisinier et
al. 1995; Houllé et al. 1997). These complicated proces-
ses, starting with heterogeneous nucleation of inorganic
calcium phosphate on an organic extracellular matrix,
are controlled in both tissues by the organic matrix and
are under cellular control (Mann 1993).

Enamel proteins are ephemeral and only a small
amount of proteinaceous material remains in the adult
tissue. The organic matrix of enamel is constituted by
two major matrix proteins; the amelogenin and the non-
amelogenin proteins (Zeichner-David et al. 1997). Amelo-
genins are also present in the developing mantle dentin.
Amelogenin exists in the form of a liquid crystal meso-
phase, constituted in vitro and in vivo by nanospheres
structurally stable at 37°C, and may be as a thixotropic
gel implicated in the growth of enamel crystal
(Moradian-Oldak et al. 1998). On images of developing
enamel, amelogenins clearly appear to be organized in
rows neighboring the c-axis of the ribbon-like enamel
crystallites (Meyer et al. 1999). In dentin this function
was devoted to type I collagen, which provides the phy-
sical support and the environment favoring mineral de-
position (Weiner and Wagner et al. 1998). Amelogenins
such as osteopontin in the case of bone crystal formation
could also play a role in inhibition of crystal growth
(Hunter et al. 1996). The role of the nonamelogenin pro-
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teins is not clearly defined, but it is widely accepted that
they are involved in crystal nucleation, as suggested by
their accumulation in crystal growth sites. The identi-
fication in the enamel matrix of a 70-kDa phosphorylat-
ed protein by a protein kinase (Salih et al. 1998) is per-
haps also comparable with the presence in the dentin ma-
trix of the dentin sialoprotein (DSP) phosphorylated by
casein kinase (Sfeir and Veis 1996). It is tempting at this
stage to suggest for both tissues that these two different
proteins play similar roles with respect to the mineraliza-
tion process.

Enamel crystals were described as growing either epi-
taxially on the preexisting dentin crystals because of a
high continuity between enamel and dentin crystals
(Arsenault and Robinson 1989; Hayashi 1993) or at a
distance from the dentin surface (Diekwisch et al. 1998)
followed by subsequent growth to bring them into con-
tact with dentin crystals (Takano et al. 1996). The re-
lationship between enamel and dentin should be thus in-
vestigated to highlight, during enamel formation, the
guiding or modulating role of the previously mineralized
dentin layer.

The aim of this work was thus to investigate the
development of the DEJ using high-resolution electron
microscopy (HREM). We focused our attention on the
relationship between enamel and dentin crystals and on
the function of organic matrices in DEJ formation. Our
intimate knowledge of both enamel (Cuisinier et al.
1992, 1993) and dentin crystal growth processes
(Bodier-Houllé et al. 1998; Houllé et al. 1997) was a
useful prerequisite in the investigation of such a complex
relationship.

Materials and methods

Specimen preparation

The specimens (incisors) were collected from 5-month-old human
fetuses (Gynecological Department, Université Louis Pasteur,
Strasbourg, France) according to a protocol conforming to univer-
sity standards. They were fixed for 3 h in a 2% glutaraldehyde and
2% paraformaldehyde solution in 0.1 M sodium cacodylate buffer,
pH 7.4. After 2 h postfixation in 1% OsO4 solution in the same
buffer, the specimens were embedded in Epon 812.

Nondecalcified, ultrathin sections were obtained with an MT-
2b Sorvall-Porter (Newtown, USA) microtome equipped with a
diamond knife. The sections were floated on water saturated
against HA (200 mg.l–1) by Biogel HTP HA (Biorad, Richmond,
USA), in order to prevent crystal dissolution.

High-resolution electron microscopy

The unstained sections were observed in a transmission electron
microscope (Philips EM 430 ST, Eindhoven, The Netherlands)
operating at 300 kV, using a double-tilt specimen holder and a ni-
trogen-cooled anticontamination device. The microscope posses-
ses a spherical aberration constant of 1.1 mm and a Scherzer reso-
lution of 0.19 nm. The micrographs were recorded on SO163 films
(Kodak, Rochester, USA). For each selected image, the absence of
astigmatism and drift was checked by optical diffraction on an op-
tical bench (Micro-contrôle, Evry, France).

Image digitalization

The micrographs were digitized by the SERTIT (Service Regional
de Traitement d’Image et de Télédétection, Strasbourg, France). A
very high resolution drum microdensitometer (Wirth 105D, Frank-
furt am Main, Germany) with analysis steps of 25 µm was used.
For deeper analyses, the images were then transferred onto a Sili-
con Graphics Indigo-2 station (Silicon Graphics, Mountain View,
USA).

Image analyses

The numerical analyses were realized with a Khoros software
package (Khoral Research, Albuquerque, New Mexico, USA).
The Khoros programs allow information processes, data explora-
tion, and visualization. The programs, as well as the library, are
presented in toolboxes. Multidimensional operators were used for
data handling such as arithmetic calculation, data conversion, data
organization, and size treatment, and some others to visualize the
images such as an image presentation program and animation pro-
gram. We used Khoros software mainly to select a small area in-
side the crystals and to perform fast Fourier transform (FFT) of
these selected areas. The FFT algorithm allowed us to work on
rectangular images.

Results

The low-magnification (LM) image analysis was of great
importance in understanding crystal organization in the
DEJ, whereas high-magnification (HM) images were es-
sential to perform structural analyses.

At LM the junction between enamel and dentin
appears to be irregular (Fig. 1), and it was quite easy to
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Fig. 1 Low magnification of the human dentinoenamel junction
(DEJ), delineated by a white dotted line



locate the frontier between both areas. Owing to the
weak contrast at HM (×500,000 on the microscope
screen) and to the small size of the observed area, it was
very difficult (and absolutely unrealistic) to try to deter-
mine which particle belongs to dentin or to enamel. For
this reason, we have always combined LM and HM
images in our figures to locate the DEJ precisely. At LM
it was also possible to distinguish the dentin from
enamel crystals by their shape. The dentin crystals
appeared to be round, small, and apparently randomly
distributed, whereas enamel crystals possessed ribbon-
like habits, with longer and larger sizes. In given do-
mains, they exhibited a parallel orientation and a darker
contrast. Enamel crystals seem to emerge from the den-
tin surface, and no clear separation between both crystals
was seen at the DEJ. Further from the DEJ, the discrimi-
nation between dentin and enamel crystals was obvious.
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Fig. 2 a Low-magnification (LM) image of the DEJ, indicated by
the dark dotted line. In the window delimited by the white line, an
enamel crystal emerging from the dentin surface can be seen.
b High-magnification (HM) image of the same area. (HM is not an
enlargement of LM). The HM image corresponds to the window
selected in the LM image. Areas a and c correspond to enamel
particles and b to a dentin crystal. c Numerical diffractogram cor-
responding to particle a. Zone axis [100]. d Numerical diffracto-
gram corresponding to particle b. Zone axis [100]

The DEJ area at LM is clearly visible in Fig. 2a. The
enamel particles presented a typical dark contrast that, at
first sight, could be assimilated to a better mineralized
state than dentin particles. The dentin particles were also
smaller and less dark. On a HM image of the same area
(Fig. 2b), we observed an enamel crystal constituted by
two particles (a and c) separated by a thin, clear amor-
phous zone (az). The numerical diffractogram of particle
a (Figs. 2, 3) shows that the observation axis was [100].
The numerical diffractogram of particle c, with an ab-
sence of dots (not presented), was due to completely
amorphous material. This showed that the (dark) contrast
of particle c was not related to a crystallized state. The
contrast of the LM observations then suggested the pres-
ence of a thick organic matrix and/or a high local con-
centration of atoms, as in the case where amorphous apa-
tite material is present. Owing to the imaging conditions
used, the image contrast results from electron absorption,
more precisely from a quantity proportional to the atom-
ic potential (Spence 1988). The shapes of particles a and
c were comparable with the ribbon-like habit of a secre-
tory enamel crystal. The well-defined border suggested
that the dark contrast could result from the deposition of
calcium phosphate atoms in an amorphous state onto an
organic substrate. This step could thus constitute an in-
termediate situation before a better-organized crystalliza-
tion. The numerical diffractogram (Fig. 2d) of particle b,



which belonged to the dentin domain, showed diffraction
spots characteristic for the [100] zone axis of hydro-
xyapatite (HA). The two particles a and b were thus ob-
served with the same zone axis, indicating that they pos-
sess a common orientation along the [100] axis. Particle
orientation in the plane perpendicular to the [100] axis,
i.e., the {100} plane, was estimated by determining the
orientation of the <001> planes of both diffractograms.
The angular difference was of 3.9°. Such a small dis-
orientation was close to the disorientation generally ob-
served for epitaxial growth. Thus by a subsequent
growth both particles could come in close contact and a
small angle grain boundary could be formed. 

In the case of the DEJ shown in Fig. 3a, the long rib-
bon-like habit of the particles constituted also character-

istics of the enamel crystals in the secretory formation
stage (Cuisinier et al. 1992).

This enamel particle appeared homogeneous and
curved (white box in Fig. 3a). The same particle on the
HM image seemed to be formed by two different areas
(Fig. 3b). The area az, which is close to dentin, is com-
pletely amorphous, whereas the other part (a in Fig. 3b)
possessed a crystalline structure. The numerical diffrac-
togram in Fig. 3c of crystal a indicated that the crystal
was observed along the [221] zone axis of HA. In the
close vicinity of the enamel particle extremity az, we ob-
served also a small dentin particle b (Fig. 3b). The nu-
merical diffractogram in Fig. 3d of this small b particle
showed also the characteristic spots of the [221] zone
axis of HA. The orientation of the two crystals (a and b)
in the plane perpendicular to the [221] axis was deter-
mined by measuring the angle between the <2

–
12> planes

on each numerical diffractogram (Fig. 3c,d). The angle
formed was 16°. The curved morphology of the enamel
particle and the long distance between areas a and b
separated by the az zone certainly contributed to this large
angular value. Such a high angular disorientation angle
is practically incompatible with an epitaxial relation be-
tween particles a and b. This observation was also
strengthened by the long distance between both crystals.
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Fig. 3 a LM image of the DEJ, indicated by the white dotted line.
In the window delimited by a white line, an enamel crystal can be
seen (dark contrast) emerging from the dentin. The HM image
corresponds to the window selected in the LM image. b HM
image of the same area; az and a correspond to two areas of the
enamel particle observed in a. The area in the white circle corres-
ponds to a dentin crystal (b). c Numerical diffractogram of enamel
area a, which is observed along the [221] zone axis. d Numerical
diffractogram of dentin crystal b observed along the [221] zone
axis



Two different images of the same DEJ are given in
Fig. 4. The LM image (Fig. 4a) shows the dark contrast
of an enamel crystal. Crystal d (Fig. 4b) seems to emerge
from the dentin and its long needle-like habit was rather
characteristic for the enamel tissue. On the HM image,
the three particles termed “a, b, c” corresponded to den-
tin-like structures due to their dot-like aspect and their
more random arrangement. Their numerical diffracto-
grams (Fig. 4a,b,c) indicated that they were observed
along the [101], [112], and [111] zone axes, respectively.
Particle d (Fig. 4b), apparently completely amorphous,
corresponded to an enamel particle because of its ribbon
like habit; it had no crystalline arrangement. In this spe-
cific area, no structural relationships between enamel
particles and the surrounding dentin crystals were found.

Discussion

The first main point that emerged from the careful LM
image analyses of the enamel and dentin crystallites in
the DEJ was the density and darkness of the enamel

crystals not necessarily related to a fully organized crys-
talline structure. Enamel ribbon-like particles, which
appeared dark and uniform in LM images, actually
showed different features on HM images, corresponding
either to amorphous or crystalline structures. This aspect
implies the presence of amorphous material zones in the
very early developmental stages.

In LM observations, the contrast resulted from the
electron absorption by the specimen and it was enhanced
by the strong defocalization of the objective lens of the mi-
croscope (Spence 1988). The interactions between elec-
trons and specimen, therefore the absorption too, are pro-
portional to the atomic potential of the specimen. Under
such conditions, the contrast can be due mainly to a local
accumulation of heavy atoms of different origins. While
specimens were observed without staining, the contrast
could not be related to accumulation of uranyl or lead
atoms. The only possible staining procedure was OsO4
postfixation. In the present case, we can thus also suggest
that calcium and phosphate ions can also be involved in the
contrast formation. Due to the important image density,
this would also suggest the presence of a high local con-
centration of calcium and phosphate ions. The well-defined
shape and the tissue-specific habit (ribbon-like) of the par-
ticles suggest also that this accumulation is well controlled
and could perhaps occur on an organic substrate.

Both observations seem to indicate clearly that the
dark structures are not due to electron-microscopic arti-

393

Fig. 4 a LM image of DEJ; b HM image of DEJ (a–c dentin crys-
tals, d enamel particle). c Numerical diffractogram of particle a,
observed along the [101] zone axis. d Numerical diffractogram of
particle b, observed along the [112] zone axis. e Numerical dif-
fractogram of particle c, observed along the [111] zone



facts. The calcium and phosphate ions accumulated on
the substrate are often in an amorphous state, as demon-
strated by the numerical diffraction of some enamel par-
ticles. At this point, however, we have also to define
amorphous material precisely, which is characterized by
the absence of long-range order dimensions (Bursill et
al. 1981). In contrast to this, a material with short-range
order dimensions could be formed by small crystals of a
few nanometers. Earlier we described such nanometer-
sized particles in enamel (Cuisinier et al. 1993). In this
study, nanometer-sized particles were not observed close
to the enamel crystallites found at the DEJ. The fact that
no amorphous precursor was detected previously in enam-
el tissues shows that amorphous states have a short life
span before conversion into crystallized calcium phos-
phate. Such amorphous materials could be related to a
precursor mineral phase. Two main theories have been
advanced to explain the formation of HA crystals in bio-
logical tissues. The first one explains bone crystal forma-
tion as a continuous mechanism in which a poorly
crystallized HA (PCHA) was transformed to well-
crystallized HA. The second theory is based upon the
existence of a precursor mineral phase. The two most
prominent precursors that have been considered are octa-
calcium phosphate (OCP; Bodier-Houllé et al. 1998;
Brown 1965) and amorphous calcium phosphate (ACP;
Glimcher et al. 1981). Electron-microprobe analysis
could not be considered for the determination of the na-
ture of the growing crystals due to the semi-quantitative
nature of the measurements. Such transformations from
amorphous to crystallized states were also described for
calcium carbonate mineralization (Beniah et al. 1997).

The enamel crystal growing steps at the DEJ are a
matter of considerable debate. Some authors claim that
the enamel crystals grow epitaxially on the preexisting
dentin crystals because of a high continuity between
enamel and dentin crystals (Arsenault and Robinson
1989; Hayashi 1993). Others have shown that enamel
crystals are formed at a given distance from the dentin
surface (Diekwisch et al. 1998) and could either reach
dentin crystals by a subsequent growth (Takano et al.
1996) or remain distant (Dong and Warshawsky 1996).
In the present study, we found only two types of crystal-
lographic orientations between enamel and dentin crys-
tals, and in both cases no direct contact between particle
types was found (Figs. 2, 3). Owing to the small number
of observations and the difficulties in clearly identifying
enamel or dentin crystals at such early developmental
stages, the proposed interpretations must be received
with caution. The presence of low- and high-angle dis-
orientations between dentin and enamel particles could
indicate epitaxial relations between certain particles.
However, this hypothesis cannot be confirmed because
of the absence of direct contact between the crystals. In
contrast, the existence of amorphous domains within
enamel particles in the close vicinity of the dentin crys-
tals suggests the absence of an epitaxial growth.

The presence of amorphous areas in enamel particles
at the junction with dentin crystals shows the existence

of different temporal events. One could thus speculate
that at the beginning of the process an organic substrate
must be present onto which calcium and phosphate ac-
cumulate, and that later on a progressive, inorganic
phase transformation from an amorphous to a crystalline
state could occur. In the case of an epitaxial growth
mechanism for enamel crystals on dentin crystals, the
crystallization must directly start on the dentin crystal
surface. The enamel crystal formed under such condi-
tions would thus be homogeneously crystallized, with no
amorphous area between the two zones. Such an epitaxi-
al growth mechanism would also completely exclude
any role of the organic matrix in the control of the ena-
mel crystal formation at the DEJ.

In conclusion our observations strongly suggest that
no epitaxial growth of enamel crystals on dentin crystals
occurs. The small disorientation angles found between
enamel and dentin crystals could be simply a result of
the preorganization of the enamel extracellular matrix
under the influence of dentin components. This also im-
plies interactions between both tissue types. Such preor-
ganization can result from different mechanisms. It is
well documented that amelogenins are secreted by ame-
loblasts and are present during DEJ mineralization in
both tissues (Nanci et al. 1994). The mineralization of
the outer dentin layer could induce an immobilization of
amelogenins. This could constitute fixed starting points
for the formation of supramolecular nanosphere columns.
In the case of anionic enamel proteins, a consensus
exists on their possible involvement in the heterogeneous
nucleation process of enamel crystals. Uncleaved ename-
lin is believed to constitute a nucleation substrate during
crystal elongation (Hu et al. 1997). Our observations are
compatible with the existence of a protein layer on
which calcium and phosphate accumulate. The main
question arising is the nature of the relationship between
this enamel organic substrate and the dentin components.
An elaborate hypothesis concerns the existence of spe-
cific interactions between enamel anionic proteins and
dentin crystals. It has been demonstrated that proteins
have a high affinity for apatite crystal surfaces, especial-
ly HA surfaces (Kandori et al. 1995). Such mineral sur-
faces could act as sites for supramolecular self-arrange-
ment of matrix proteins (Schwartz 1996). We could then
postulate the existence of an assembly and a linkage be-
tween the dentin crystal surface and immature proteins
originating from ameloblasts. These new aspects of enam-
el formation should provide new clues for cell biolo-
gists in determining the functions of enamel and dentin
proteins.
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