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Abstract. The ultrastructure of the human tooth enamel
from a patient diagnosed with hypoplasia (HYP) was
investigated using atomic force microscopy (AFM) and
compared with the surface of normal human tooth
enamel. Hypoplasia is a hereditary defect of dental
enamel in which the enamel is deficient in either quality
or quantity. AFM results presented for the HYP tooth
enamel clearly demonstrate that the apatite crystal
morphology in hypoplasia tooth enamel is perturbed in
the diseased state which could result from a defective
synthesis of the extracellular matrix proteins, e.g.,
amelogenin, by the ameloblasts. HYP enamel consisting
of loosely packed, very small grains does not present a
tendency for association, as in the case of the normal
healthy tooth. Indeed, the enamel surface affected by
HYP is porous and is made of much smaller grains. In
some samples, the HYP part of enamel surface appeared
in the form of a point-defect, which we believe may be
associated with the early stages of the HYP deforma-
tion.
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Hypoplastic type amelogenesis imperfecta (AI) repre-
sents a group of hereditary disorders that result in de-
fective enamel. The enamel disorders are apparently
heterogeneous in their basic structural and chemical
defects with a prevalence rate of 1 in 14,000–16,000 re-
ported in the literature [1], depending on the specific
type of population. There has been at least one report on
the prevalence of enamel hypoplasia in Mexican chil-
dren [2]. Three major groups of enamel disorders have
been classified as hypoplastic (thin enamel), hypocalcified
(primary mineralization defect), and hypomaturation

(defect in enamel maturation) [3, 4]. The inheritance
patterns such as autosomal dominant and recessive, as
well as X-linked dominant and recessive, have been re-
ported in the literature [5, 6].

The mineral phase in healthy tooth enamel is com-
prised of high ordered packing of calcium hydroxyapa-
tite (HA) crystallites, more than ten times larger than
those of bones, organized into discrete substructure
‘‘prisms’’ in which the individual crystallites are collec-
tively oriented with their c-axes essentially normal to the
plane of the dentino-enamel junction [7].

It is widely accepted that the tissue-specific proteins
of the developing dental enamel, amelogenins, provide
the extracellular matrix essential for the formation of
the unique enamel mineral phase. Amelogenins [8, 9]
form a number of protein species that have been iso-
lated, characterized, purified, cloned, and expressed in
E. coli. The secondary structure of amelogenin has been
postulated to orchestrate the mineralization process in
enamel. The precise mechanisms underlying the miner-
alization process are not well understood at the present
time. However, it is clear that these unique tissue-spe-
cific proteins play a central role in amelogenesis. The
secondary structure of bovine amelogenin containing a
unique b-spiral structure in the core was derived from
circular dichroism (CD) [10], Fourier transform infrared
(FT-IR) spectroscopic studies, [11], Raman spectro-
scopic studies [12] from our laboratory and from mo-
lecular mechanics-dynamics refinement from Nuclear
Over Hauser (NOE) contacts from 3D NMR studies
[13–15]. The 3D structure of bovine amelogenin from
multi-nuclear 3D NMR has now been refined (Re-
nugopalakrishnan et al., unpublished data). Recently we
have also derived the tentative secondary structure of a
more soluble mouse amelogenin, M179, from FT-IR
studies (Renugopalakrishnan et al., unpublished data)
and its thermal unfolding was investigated using CD
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and differential scanning calorimetric (DSC) studies
(Oobatake et al., unpublished data). The secondary
structures of bovine and mouse amelogenin share com-
mon secondary structural motifs, despite differences in
their primary structures [9]. The absence of polar amino
acid residues and the occurrence of a single phosphor-
ylated Ser residue at position 16 suggested that the
b-spiral functional domain must derive its Ca++

sequestering capability from neutral carbonyl groups of
the amino acid residues present in calf amelogenin.

Similar proposals for calcification of tropoelastin
have been advanced where the neutral C=O groups are
involved in Ca++ binding by charge neutralization hy-
pothesis. A cluster of C=O groups aligned on the inner
surface of staircase-like structures formed by repetitive
b-turns occurring contiguously from Gln-Pro-His-Gln-
Pro-Leu-Gln-Pro-His-Gln-Pro-Leu-Gln-Pro-Met-(Gln-
Pro-Leu)4, from Gln112 through Leu138, offers as an
ideal but novel candidate for Ca++ binding. The
uniqueness of this structure, labeled as b-spiral, and its
putative role as Ca++ binding domain occurring be-
tween Gln112 through Leu138, was the basis for selecting
it for detailed molecular mechanics and dynamics
studies [13]. Molecular mechanics and dynamics studies
revealed a class of dynamic structure for the b-spiral
region which could be broadly categorized into b-spiral
structure with a �1 Å diameter pore and one where the
pore was blocked by Gln side chains. The �1 Å diam-
eter pore fits into it us nearly an unhydrated Ca++ ion.

The above class of structures are stabilized by 4 b-turn
H-bonds and Gln side chain to Gln side chain H-bonds.
The hydrophobic side chains are radially projecting
outwards with the C=O groups lining the interior
symmetrically. Entry of Ca++ ions causes a perturba-
tion of the hydrogen bond network and results in a
movement of Gln side chains allowing the passage of
Ca++ ions across the open pore.

Scanning electron microscopic study of hypoplasic
type AI in primary teeth was reported by Uzamis et al.
[16]. To date, at least three AFM studies of tooth
morphology have been reported in the literature [16–18].
There have been at least two reports in the literature of
scanning electron microscopic (SEM) studies of the
surface characteristics of enamel [18, 19]. We have re-
cently reported the ultrastructure of tooth enamel af-
flicted by amelogenesis imperfecta from our laboratory
[20]. The present study is the first report in the literature
on the ultrastructure of human tooth enamel from
normal patients and patients diagnosed with hypoplasia
using atomic force microscopy (AFM).

Materials and Methods

The female patient from whom the HYP tooth was extracted
was a patient at the Pedodontic Clinic at the Postgraduate and

Research Studies Division, Dental School of the National
Autonomous University of Mexico in Mexico City. The sam-
ple tooth with HYP was that of the central incisor of the right
temporal from a female patient, 10 years 5 months of age,
extracted because it was impossible to rehabilitate. The tooth
was extracted under local anesthesia and clinically diagnosed
by optical microscopic observations. It lacked continuity of
enamel and had a marked brownish color with white spots,
characteristic of hypoplasia. No family trends were detected,
thus it is possible that hypoplasia was developed in the fetal
stage of this patient.

Preparation of Human Tooth Enamel and Clinical Diagnosis

The healthy tooth sample, with no dental abnormalities (NA)
was from the third lower molar of a 25-year-old male patient.
The samples were dissected into small square like plates 1 mm
long and 1 mm wide (thickness around 2 mm; the lower side of
the sample was polished with carbide fissure burs and disks (SS
White, Buffalo, NY, USA) and then cleaned with absolute
ethanol. The samples were placed in an ultrasonic cleaner for 5
min and allowed to dry at an ambient temperature. Finally
they were fixed on a metal disk (sample holder) with cyanoa-
crylate adhesive and examined with an AFM microscope.

AFM Studies

The surface morphology of the tooth samples was probed by a
commercial Atomic Force Microscope (AFM), Nanoscope III
(Digital Instruments, Santa Barbara, CA, USA). Imaging was
performed ex-situ (laboratory atmosphere) under controlled
temperature and humidity. AFM was operated in ‘‘contact’’
and ‘‘tapping’’ mode (Digital Instruments, manual for Nano-
scope III-SPM) [21]. In a simplified manner, these two opera-
tional modes differ in terms of physical contact between the
AFM probe (tip) and the imaged surface. In the ‘‘contact’’
mode, physical contact between the tooth surface and the AFM
tip is maintained at all times with constant force. The three-
dimensional motion of the cantilever and the AFM tip attached
to the piezo corresponds to the surface morphology of the
scanned area. Imaging was performed with standard geometry
silicon nitride probes. AFM images were collected at a very
slow scan rate of 1 Hz in order to obtain details of the enamel
structure and to avoid damaging the tip. The ‘‘tapping’’ mode
imaging is a more sophisticated type of measurement, in which
the tip contacts the image surface in regular intervals, but does
not establish a permanent contact. Tapping mode imaging is
recommended for the surface-sensitive type of samples, which
could be damaged-during the tip rastering process. Another
advantage of the tapping mode imaging is the possibility to
collect frequency, amplitude, and phase type of data, which
offers complementary information to the surface topography
and often gives better lateral resolution. As it is demonstrated
in this paper, such extensive and sophisticated AFM analyses
have helped us to visualize very fine structural details of dif-
ferent enamel features found at the tooth surface. Shortly be-
fore imaging, by both methods, all samples were regularly
rinsed with ultra-pure water and dried in a stream of air. We
have used an optical stereo-microscope to select five different
places for AFM imaging on each sample. Images presented in
this paper are mostly plotted in the ‘‘height’’ mode, which is
typical for the presentation of surface topography. In this mode
the higher part of the surface appears brighter in the 2D or 3D
image. The tapping mode data (amplitude and phase imaging)
are presented in 2D or ‘‘top-view’’ mode.

Results and Discussion

The observed tooth morphological characteristics are
described qualitatively and quantitatively. For
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quantitative evaluation, only the ‘‘height’’ mode imag-
ing data and the software package for image analysis,
available with the Nanoscope III-AFM instrument,
were used. As described before in the experimental part,
the surface morphology of the outer part of the human
tooth (enamel) has been studied using a normal healthy
adult tooth (NA) and a tooth with hypoplasia (HYP-
tooth). Each sample was analyzed in terms of surface
topography, spatial arrangement, surface roughness,
and surface feature characterization, i.e., size and shape
of the surface features.

AFM Surface Morphology of the Normal Tooth

In order to learn how to differentiate the major mor-
phological characteristics of the outer surface of enamel
for the different samples (healthy and HYP-tooth), we
will first focus on characterization of the healthy an
tooth from an adult (NA).

AFM images presented in Figures 1a and b show the
top surface of the enamel in the NA tooth. Images were
collected using the ‘‘tapping’’ technique and presented in
‘‘height’’ (Fig. 1a) and ‘‘amplitude’’ (Fig. 1b) mode.
Images recorded in the ‘‘height’’ mode, most frequently
used in AFM microscopy, show surface morphology of
the imaged area. In these 3-dimensional images, the
upper part of the sample is colored brighter (light) than
in the lower parts of the surface. Accordingly, one could
qualitatively and quantitatively interpret data and
characterize such image features (as particle size, shape,
height of the observed features). Analysis of our images
shows that the tooth surface consists mainly of two kind
of grains: small grains (average diameter from 0.2–0.5
micrometers) and large grains (average diameter 2–4
lm). The small grains are incorporated into the large
grains. From our images it was difficult to discern any
order or some specific grain alignment, however, one
could clearly see that grains are in close proximity to
each other. In particular, the small grains and their

relation to the bigger associates could be clearly recog-
nized in the AFM image recorded in the ‘‘tapping’’
amplitude mode (Figure 1b). This image clearly reveals
the compact packing between the apatite grains during
the enamel formation. In order to characterize our
samples in a more quantitative manner, we also esti-
mated the average surface roughness of the imaged
surface for several samples. For NA tooth, the RMS
(Rq) (root-mean-square roughness) [22–25], a normal
measure used to express the surface roughness, was es-
timated to be 116.50 nm. The RMS (Rq) value was
calculated following a standard procedure previously
described in the literature, using the complete AFM
image, each of 512 points within each of 512 image lines.
Images recorded in the ‘‘amplitude’’ mode, as the one
presented in Figure 1b, are not 3D images in terms of
surface morphology, and could not be used for evalua-
tion of height of the observed features. However, they
reveal more details concerning lateral (in plane) dimen-
sion of the imaged object, due to better resolution in x
and y directions.

The AFM image in Figure 2 shows a three-dimen-
sional view of the same sample area presented in 1a, b.
In such SD-presentation one could clearly recognize HA
grains of different size as well as visualize the signifi-
cance (meaning) of the surface roughness. Note that in
this particular image the range of the z scale is about
eight times smaller than the x and y scale. In other
words, magnification in the z direction is about eight
times larger than for x and y. In case of the same pres-
entation scale, with the same magnification for x, y, and
z directions, the imaged surface will appear almost flat
(featureless).

AFM Surface Morphology Analysis of Tooth Enamel Affected
by Hypoplasia

In the present study we have analyzed several hypo-
plastic teeth collected from adult patients. For each

Fig. 1. Top view of AFM tapping mode
images of the healthy tooth recorded in
‘‘height’’ (surface morphology) mode (a)
and ‘‘amplitude’’ mode (b). These images
clearly reveal the distribution, size, and
shape of numerous closely packed grains
at the outer enamel surface.
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sample, we have scanned at least five different and
randomly chosen places. At first we usually scanned a
large portion of the sample, 10 · 10 lm (scanning area
of 100 lm2). Taking into account the total sample size (a
square with 1 mm by side) with a total area of 106 lm2

available for scanning, it means that for each height
resolution �0.01% of the surface area was examined. At
this point we routinely obtained images similar to those
presented in Figure 3 (a and b). These images show the
topography at the same location of the tooth surface but
one represents a two-dimensional image (Fig. 3a) and
the other represents a three-dimensional (Fig. 3b) image.
Closely packed, but not organized, grains of small (0.1
to 0.2 lm) and large (associates) size (0.7–0.8 lm) can be
observed on the enamel surface. The surface roughness
factor was found to be RMS[Rq] = 103.8 nm. The data
obtained present characteristics similar to those of a
healthy tooth. At this point we realized that the hy-
poplasia-affected tooth does not necessarily have a ho-
mogeneous topography all over the surface, but it seems
that hypoplasia affects the tooth over small localized
areas. Detailed inspection with a powerful optical ster-
eomicroscope (magnification of 400·) revealed that hy-
poplasia was causing point type defects on the enamel
surface that were difficult to be localized by AFM. As a
preliminary step, an area affected by hypoplasia was first
localized with the optical microscope and then analyzed
by AFM.

To illustrate the morphology of the tooth affected by
hypoplasia, we present the AFM image of the tooth
surface in Figure 4. It shows the enamel surface partially
affected by hypoplasia (the central part of the image).
Although the much larger grains (1–1.5 lm) of HA
could not be resolved with the height resolution, the part
affected by hypoplasia clearly shows different surface
texture, as can be observed in the central part of the
image. A better resolved image is presented in Figure 5,
where the hypoplastic surface consisted of very small
(0.05–0.06 lm) HA grains which are loosely associated

with the 0.5 lm particles. More importantly, these
grains do not show a tendency for close packing and the
enamel surface was found to be significantly more po-
rous than the surface of a healthy tooth. Note that in
AFM images recorded in height mode the lower part of
the surface appears to be of dark contrast. Quantitative
analysis from 3D images allows determination of the
pore depth. This is one of the major advantages of using
AFM instead of classical Scanning Electron Microscopy
(SEM).

The diameter of the observed pores was found to be
variable; in general, the pore size was between the larger
and smaller grains diameters. However, the size of the
pores found in between the smallest grains is about the
same size as the diameter of these grains. Therefore it
seems that the appearance of the pores is related to the
missing grains during the enamel formation process. We
have also estimated the pore depth to be approximately
8–10 nm. Since most of the surface features (pores and
grains) are very small, it is not surprising that the
RMS[Rq] for this area was found to be only 18.3 nm.
This value is significantly lower than the RMS[Rq] value
for the healthy tooth surface. To have a better insight
into the difference between these two surfaces, one
should also take note of a significant difference in the
z-scale between the two sets of images recorded in
the height mode. The surface affected by HYP is flat at
the nano-scale level. Figure 6 shows the AFM image
recorded at the amplitude mode with enhanced clarity
and illustrates the difference in the surface texture of the
healthy and the hypoplasia-affected tooth surface. This
image also emphasize the limited progress (local char-
acter) of the hypoplasia deformation as well as highly
irregular forms at the enamel surface.

In some cases we have also found enamel surfaces
largely affected with hypoplasia. They were found to be
uniform, with a large number of small pores and small
50–60 nm grains. In the absence of larger associated
grains, the surface roughness had a much lower value in

Fig. 2. Three-dimensional presentation of the AFM
tapping mode image of the healthy tooth recorded in
‘‘height’’ (surface morphology) mode.
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Fig. 3. 3-D presentation of the same AFM images
as in Fig. 2., emphasizing the height and
topography of the healthy area of the enamel
surface.

Fig. 4. The AFM image of the tooth surface
partially affected by hypoplasia (the central part
of the image). Difference in the surface texture of
the healthy enamel and part affected by
hypoplasia is obvious.
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the nanometer scale, RMS[Rq] = 10 nm. A three-
dimensional AFM image of such surface is presented in
Figure 7.

Conclusion

AFM visualization of the enamel tooth surface shows
significant and distinguishable differences between the
ultrastructures of the normal healthy tooth and the one
affected by HYP, a significant reduction in RMS [Rq]
from 116.5 to 18.3. In the normal healthy tooth the HA
is closely packed in the form of large and compact
grains. HYP enamel consisted of loosely packed very
small grains, which does not present a tendency for as-
sociation. Indeed the enamel surface affected by HYP is
porous, and is made of much smaller grains. It con-
tributes to the height level of smoothness detected as a

trait for the HYP surface. In some samples, the HYP
part of enamel surface appeared in the form of a point-
defect. In others, we found that the entire surface is
covered by HYP-type structures. We associate this be-
havior with HYP deformation progress. In the early
stages of the HYP deformation, the appearance of
point-defects with HYP surface seems to be the char-
acteristic trait.

According to these morphological findings, one could
deduce that the actual influence of amelogenin as a
major protein component of the extra cellular matrix is
on the development of dental enamel. It is hypothesized
that amelogenin acts as an inhibitor during the enamel
growth which preferentially forces the formation of
isolated apatite grains. Therefore, to study interaction of
amelogenin and the enamel surface during the early
stages of the biomineralization process will be of special

Fig. 5. Top-view AFM tapping mode image of
the HYP tooth, recorded in a ‘‘height’’ mode
reveals the porous nature of the enamel surface
and existence of very small HA grains.

Fig. 6. Details of the HYP tooth structure revealed
from the AFM image recorded in the ‘‘amplitude’’
mode, with higher resolution and clarity than one
recorded in Fig. 5 in ‘‘height’’ mode.
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interest. From our studies, the molecular mechanism of
hypoplasia remains unresolved. The disoriented pattern
of hydroxyapatite crystallites seen in the hypoplasia
tooth enamel presumably results from altered primary,
and hence the secondary structure of extra cellular
amelogenin through a cascade of events that are still
poorly understood. The secondary structure of human
amelogenin has not been reported in the literature.
Nevertheless, from the earlier studies of Collier et al.
[26], it has been reported that the amelogenin gene re-
sponsible for the X-linked AI undergoes the mutation of
a conserved Pro fi Thr and this presumably alters the
3D structure of the human amelogenin. Further studies
are in progress in our laboratories that will provide
more insight into the molecular basis of hypoplastic type
AI. For a better understanding of the molecular mech-
anisms underlying hypolastic type AI, more detailed
visualization of the enamel structure and related pro-
teins will be necessary.

Autosomal dominant amelogenesis imperfecta
(ADAI) has been mapped to the long arm of chromo-
some 4 in three Swedish families [27]. The gene is located
in the same region as that involved in dentinogenesis
imperfecta as well as genes thought to be involved in
enamel development. These genes are the albumin gene
and the ameloblastin gene. It is not yet clear whether
mutations in these genes are responsible for the ADAI in
these families. It seems clear that mutation of the human
amelogenin gene is associated with some X-linked types
of AI. Our results show that the structure of enamel
surface from the healthy tooth and HYP-affected tooth
is different and that it can be distinguished by AFM.
Indeed, AFM revealed details of the ultra-structure of
the enamel surface for both cases, and allows a detailed
qualitative and quantitative characterization.
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