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STEM-HAADF electron microscopy analysis of the central dark
line defect of human tooth enamel crystallites
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Abstract When human tooth enamel is observed with the
Transmission Electron Microscope (TEM), a structural
defect is registered in the central region of their nanometric
grains or crystallites. This defect has been named as Cen-
tral Dark Line (CDL) and its structure and function in the
enamel structure have been unknown yet. In this work we
present the TEM analysis to these crystallites using the
High Angle Annular Dark Field (HAADF) technique. Our
results suggest that the CDL region is the calcium richest
part of the human tooth enamel crystallites.

Introduction

Human tooth enamel is composed by 96 wt% of inorganic
material, mainly hydroxyapatite (HAP), and 4% of organic
material, consisting essentially by two classes of proteins:
amelogenins and enamelins. Enamel is formed by prisms in
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the size range of tenths of microns, which run from the
enamel—dentin junction to the enamel surface. These
prisms are formed by many elongated-plate-like crystallites
whose diameter is from 50 nm to 100 nm wide and from
300 nm to 500 nm long, approximately. The enamel
crystallites are observed with the transmission electron
microscope (TEM), exhibiting a line of 1-1.5 nm width
along their centers [1-6]. This line has been named as
“central dark line” (CDL), although its contrast is focusing
dependent: it is dark in under-focus, disappears when the
image goes through focus, and it is white in over-focus [4],
resembling the Fresnel fringes behavior in a phase-contrast
image. The observance of this CDL both in plan view
(transversal) and along cross-sectioned view (longitudinal)
enamel samples indicates that it certainly corresponds to a
plane but not to a line. However, “central dark line” has
been the name used to identify it.

In order to visualize its structure, the CDL has been
attributed to the presence of planar defects such as dislo-
cations and grain boundaries [7-9], to the presence of a
layer of octocalcium phosphate (OCP) in dentine crystals
[10], and more recently to the presence of a central planar
defect which was observed in human tooth enamel crystals
using Atomic Force Microscopy [11]. The study of this
“line” in the human tooth enamel crystallites is of partic-
ular interest because it represents a zone that undergoes
preferential dissolution during early stages of the carious
process [6, 9, 12, 13]. Therefore the knowledge of its
structure, properties and chemical composition is crucial to
understand the role that it plays on the enamel structure
and, even, to combat and prevent the carious process.

In this work we carried out the structural analysis of the
CDL by TEM with the aim of find the differences, if there
is one, between the enamel HAP and its CDL. We have
used the techniques of high resolution TEM images
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(HRTEM) and high angle annular dark field (HAADF)
images produced in a scanning transmission electron
microscope (STEM) unit, which will be referred as STEM-
HAADF hereafter. STEM-HAADF is a technique that al-
lows us observing of electron-beam-sensible samples with
considerable reduced electron-beam damage, which is very
important in the case of enamel where the interaction with
the TEM electron beam produces severe structural changes
in a short time [5, 6, 9]. We must mention that the analysis
with characteristic X-ray by energy dispersive spectros-
copy (EDS) in TEM around the CDL has been already
carried out [14], but the results on its chemical composition
where not as conclusive as in the case reported in this
work.

The STEM-HAADF image is formed by detecting the
electron flux scattered in angles that are function of the
atomic number Z through the Z* dependence [15]. Thus,
the annular HAADF detector in a STEM produces inco-
herent images of crystalline materials with strong compo-
sitional information [16—19] representing an elemental map
(Z-contrast image) which can be quantified using an
appropriated cross section [20]. Therefore, the reversal
contrasts normally observed in the N-beam phase contrast
of HRTEM by thickness and defocus images are not pre-
sented in STEM-HAADF images. In the case of enamel,
then, the region with brighter contrast in STEM HAADF
images will indicate the presence of the heaviest element,
i.e. regions with high concentrations of Ca ions (Z = 20).
Regions with P (Z = 15), O (Z = 8), and lighter elements
will produce a gray contrast.

Experimental procedure

In order to perform the TEM analysis, human tooth enamel
was milling in an Agate mortar, calcinated at 200 °C for
removing any organic material, and filtered through a 325
mesh grid. The powder was supported on Cu grids that

Fig. 1 HRTEM images of two
human tooth enamel crystallites.
The CDL is indicated by the
arrow
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were covered previously with a lacey plastic and carbon
films. Afterwards these Cu grids, already with the enamel
powder, were re-covered again with a carbon film of 20 nm
thick to minimize both electron beam damage and elec-
trical charge effects produced during TEM observation of
the enamel grains [6, 9, 12, 21]. A JEOL-FEG-2010-EX
microscope was used for HRTEM and STEM-HAADF
observations. This microscope is equipped with Schottky-
type field emission gun, ultra-high resolution pole piece
(Cs = 0.5 mm), and a scanning transmission electron
microscope (STEM) unit with high angle annular dark field
(HAADF) detector operating at 200 kV. The Digital
Micrograph (DM) software from GATAN was used for
digital image processing and statistics measurements.

Results

For TEM of the enamel sample in powder all that have to
be done is to defocus the image of the enamel crystallite
under observation every moment to see the CDL contrast,
and the observation has to be so quickly because the
electron beam damage [15]. Figure 1 shows the HRTEM
images of two the enamel crystallites. It is worth men-
tioning that the CDL is always observed together with the
[1010] fringes, whose periodicity is 0.817 nm.

Figure 2 shows the best HRTEM image obtained for an
enamel crystallite with some traces of a CDL (indicated by
the arrow). The indexing of the Fast Fourier Transform
(FFT) of this image (Fig. 2b), taken with the DM software,
indicates that the image is along the [1210] zone axis of the
hydroxyapatite unit cell. Using once again the DM soft-
ware this image can be processed to enhance the CDL
contrast, as shown in Fig. 3. However, although these
images are very impressive, the analysis of the CDL
structure is not simple because the related information is
part of the diffuse scattering.
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Fig. 2 (a) HRTEM image of
one of the human tooth enamel
crystallite where the CDL
(indicated by the arrow) can be
observed. (b) FFT of the image
in (a) indicating that the image
is along the [1210] zone axis of
the HAP unit cell

Fig. 3 Images processed from
Fig. 2a using the FFT shown in
Fig. 2b. The filters used for the
processing are shown in the
insets. (a) [1010] lines, (b)
[0001] lines. The arrows in the
images indicate the CDL
positions and in the insets
indicate the direction

To get better information on the structure of the CDL,
let us analyze the STEM-HAADF images of the enamel
crystallites based on their contrast. Figure 4 shows the
comparison of the contrast in TEM images and their cor-
responding STEM-HAADF. Note the reverse in contrast
shown in these two types of images, for example the black
in TEM image (Fig. 4a) is white in the STEM-HAADF
image (Fig. 4b). The whiter zone in the STEM-HAADF
image shown in Fig. 4b corresponds to the CDL, which
indicates that the structure of the CDL is such that it
contains more calcium than the rest of the enamel crys-
tallite. Using the DM software, the image shown in Fig. 4b
was processed to enhance its contrast. The results are
shown in Fig. 5. In all the cases the contrast for the CDL
was the brightest one.

In order to obtain more information from the TEM and
STEM-HAADF images of the CDL, we measured the in-
ter-linear periodicity observed in these two types of images
(Fig. 6). Note in Fig. 6 that the mean value for this peri-
odicity in the HRTEM images was of 0.877 nm with a
standard deviation of 0.071, while in the STEM-HAADF
images it was of 0.863 nm with a standard deviation of
0.0298. These values are bigger than the one reported for
the [1010] fringes of HAP, which correspond to 0.817 nm.
What would be the meaning of this result? The way to

L ]
[0001]

obtain a HRTEM image is allowing many reflections
through the objective aperture, so the lines observed in this
image are produced by an interference process of these
reflexions, and although their periodicity is related with the
atomic spacing, the meaning for an increment as the one
observed in this work is not straightforward. However, in
the case of the STEM-HAADF images, the lines represent
the periodicity of the atomic rows of Ca. Therefore, it is
quite clear that the enamel crystallite shows an increment
in its lattice parameter with respect to the HAP unit cell.

Discussion

The STEM-HAADF images show that the CDL is richer in
calcium than the rest of the enamel crystallite. It is well
known that the inorganic material of the human tooth en-
amel is mainly composed of HAP, Ca;o(PO4)s(OH),, al-
though stoichiometrically speaking, HAP in enamel does
not correspond to the previous chemical formulae because
many elements such as Mg, Na, and Cl are also included
in its unit cell. Thus, a carbonated or deficient HAP,
Cas(P0O4,C0O;5);0H, was suggested as a better representing
compound. Both HAP and carbonated HAP (c-HAP) have
a Ca/P ratio of 1.67 [22-24].
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Fig. 4 Comparison between the
TEM (a) and STEM-HAADF
(b) images of the same human
tooth enamel crystallite. Note
the reverse of contrast between
them and the contrast shown by
the CDL

Fig. 5 Four processed images
from the STEM-HAADF image
shown in figure 4b to enhance
its contrast. Note that in all the
cases the contrast of the CDL is
the brightest one.
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Fig. 6 Frequency distribution of the inter-linear periodicity observed
both in the HRTEM images (a) and the STEM-HAADF images (b)
where the CDL was observed. For HRTEM images the mean value
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was 0.877 nm with a standard deviation of 0.071. For STEM-HAADF
images, the mean value was 0.863 nm with a standard deviation of
0.0298
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Based on some experimental results that indicated that
HAP is able to growth in an epitaxial way on the surface of
OCP [25, 26], it has been suggested that the CDL observed
in the nanometric-sized grains of human tooth enamel
corresponds to the growth of HAP on a one unit-cell- thick
layer of OCP [27-30]. A CDLs model such as this would fit
quite well with the HRTEM observations. Structurally
speaking there are some similarities between the unit cells
of HAP (hexagonal P6s/m, a = 9.418, ¢ = 6.884 A) and
OCP, whose chemical formulae is CagH,(PO4)s(H>O)s
(triclinic P1, a = 19.87, b = 9.63, ¢ = 6.87 A; o = 90.13°,
p =92.13° y = 108.36°), so it is not difficult to suggest
how an HAP-OCP interface can be built [28, 29]. How-
ever, a CDL structure related with OCP does not agree
quite well with the results that presented in this work. The
Ca/P ratio in OCP is 1.33; i.e. it has less calcium than in
HAP, where it is of 1.67. The concentration of atoms of Ca
in the OCP (~4.09 Ca atoms/nm?) is also much lower than
in HAP (~18.86 Ca atoms/nm®). This also excludes the
presence of an OCP layer as reported by Bodier-Houllé
et al. [10] in developing dentine.

One possible explanation for our results could be the
existence of a structural defect located at the CDL at which
an increase of Ca concentration is observed. Ferndndez
et al. [29] have already proposed the existence of structural
defect in the HAP-OCP interface. An X-ray topography
investigation of natural apatite [31] have shown the pres-
ence of grain boundaries and a large density of dislocations
with probable Burgers vectors b =a[1120] and
b = ¢[0001]. On the other hand, HRTEM studies on human
tooth enamel crystals [9] have shown the existence of two
types of planar defects: (1) a twin boundary parallel to the
(1100) plane, and (2) a low angle grain boundary with an
angle of 1.74° between (1100) planes on the two sides of
the crystals. Such these two defects are consistent with the
contrast of the CDL, additional that CDL type-like contrast
has been also observed in dislocations of grain boundaries
of NiO [32]. All this, together with our results, confirm the
fact that CDL type contrast could be observed in crystals
without OCP layers or with OCP layers with Ca-rich defect
at the interface. However the relationship between an OCP
layer and the presence of defects still remains as an open
question. Are these Ca-rich defects really formed during
the transformation of OCP into HAP?

Conclusion

STEM-HAADF images presented in this work indicated a
rich concentration of Ca around the CDL region. This is a
strongly experimental support against the model which
would like to interpret the CDL observance as an effect
associated to a OCP planar structure surrender by the

environment of HAP since the Ca/P ratio is bigger in HAP
(1.67) than in OCP (1.33). Moreover, the results here
presented indicate the possible existence of structural de-
fects rich in Ca at the zone of the CDL, which opens the
possibility of existence of a HAP-OCP interface with a
high density of Ca-rich structural defects.
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