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ABSTRACT

Dental enamel is comprised primarily of
carbonated apatite, with less than 1% w/w organic
matter and 4-5% w/w water. To determine the
influence of each component on the microhardness
and fracture toughness of rat incisor enamel, we
mechanically tested specimens in which water and
organic matrix were selectively removed. Tests
were performed in mid-sagittal and transverse
orientations to assess the effect of the structural
organization on enamel micromechanical
properties. While removal of organic matrix
resulted in up to a 23% increase in microhardness,
and as much as a 46% decrease in fracture
toughness, water had a significantly lesser effect
on these properties. Moreover, removal of organic
matrix dramatically weakened the dentino-enamel
junction (DEJ). Analysis of our data also showed
that the structural organization of enamel affects
its micromechanical properties. We anticipate that
these findings will help guide the development of
bio-inspired nanostructured materials for
mineralized tissue repair and regeneration.
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Compositional Determinants of
Mechanical Properties of Enamel

INTRODUCTION

Dental enamel is a highly mineralized tissue containing more than 95%
w/w of carbonated apatite (dahlite), less then 1% w/w of organic matter,
and 4-5% w/w of water (Robinson et al., 1971). Enamel is a uniquely
organized, nanostructured material, comprised of long, thin crystals
arranged in parallel arrays, 2-3 pm in diameter (enamel rods), forming an
intricate 3D pattern (Warshawsky and Smith, 1971; Ten Cate, 1994). The
organic content of mature enamel consists of short peptide fragments, rich in
Pro, GIx, and Gly (Glimcher et al., 1964; Belcourt and Gillmeth, 1979),
which are presumably breakdown products of the major enamel matrix
protein, amelogenin (Yamakoshi et al., 2006). Enamel and dentin are
coupled at the DEJ (Wang and Weiner, 1998; Fong et al., 2000; Marshall et
al., 2001; Zaslansky et al., 2006). Cracks generated in enamel are stopped at
the DEJ, preventing catastrophic failure of the tooth (Lin and Douglas,
1994; Xu et al., 1998) via a ligament-bridging reinforcement mechanism
provided by collagen fibrils of Von Korff fibers (Imbeni et al., 2005).

It has been previously reported that human enamel is much tougher than
geological apatites, suggesting that organic matrix and water have a
significant toughening effect on the tissue (White et al., 2001). Significant
differences in enamel hardness and toughness have also been observed
between planes with different orientations of enamel rods (Staines et al.,
1981; Xu et al., 1998; He et al., 2006), suggesting that structural
organization also contributes to the mechanical properties of enamel.

The objective of the current study was to obtain new information on
how the different components of enamel, specifically organic matrix and
water, as well as its structural organization, affect its microhardness and
fracture toughness. Special attention was paid to the effect of organic matrix
on crack propagation at the DEJ.

MATERIALS & METHODS

Sample Preparation

For this study, we used 24 mandibular incisors from 8-week-old rats.
The incisors were flash-frozen in liquid N, and lyophilized at -55°C for
48 hrs. These teeth were generously provided by Charles Smith
(Université de Montréal, Quebec, Canada). Murine incisors were chosen
since, unlike other tooth types, they have a homogenous enamel pattern
along their anterior-posterior axis (Fig. 1) (Warshawsky and Smith,
1971). Samples were mounted in Epofix (EMS, Hatfield, PA, USA) at
room temperature. Half of the samples were cut in the mid-sagittal plane
and half in the transverse plane (Fig. 1). All samples were ground (600-
grit sandpaper) and polished with diamond suspensions (6, 1, and 0.25
pm particle size) in a Minimet 1000 polisher (Buehler, Lake Bluff, IL,
USA). To ensure that the freeze-drying did not affect the mechanical
properties of enamel, we performed microhardness studies of wet vs.
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Figure 1. Optical micrographs of rat incisors cut in the mid-sagittal (a)
and transverse (b) planes, which are normal to each other; black lines
outline the dentino-enamel junction (DEJ). SEM-BSE micrographs of
enamel polished in the mid-sagittal (c) and transverse (d) planes
illustrate the difference in the enamel rod organization in these 2
planes. Note that the crack in (b) is a consequence of specimen
preparation. Since the samples were not embedged, but rather were
mounted in resin, the pulp cavity remained unfilled; this led to macro-
cracking of the sample cﬁ:ring polishing. However, this crack did not
affect the enamel integrity at the microscopic level.

freeze-dried and rehydrated human enamel and found no
difference in hardness values (Appendix 1).

For each orientation, 6 specimens were cold-ashed for 4 hrs
with O,, in a PlasmaPrep II (SPI Supplies, West Chester, PA,
USA) at 100 W and 0.5 torr, so that the maximal organic material
would be removed. This method of organic removal was chosen
since wet chemical techniques have been shown to alter the
mineral content of bone, which, like dental tissues, contains
carbonated apatite (Broz et al., 1997). The removal of proteins was
confirmed by FTIR microspectroscopy of dentin (Appendix 2),
since the organic content of mature enamel is at the detection limit
of FTIR, and it was impossible to identify changes in the enamel
organic content reliably by this approach. Furthermore, a SEM
study of untreated and plasma-treated enamel etched with EDTA
was carried out. SEM analysis of untreated samples revealed the
presence of sheaths of organic material throughout the depth of
enamel, whereas in the treated samples such organic material was
not observed (Appendix 3). To verify that the plasma ashing had
not affected the enamel mineral phase, we performed FTIR studies
on untreated and treated samples, showing that there were no
changes in the mineral phase (Appendix 4). Half of the plasma-
treated and half of the untreated samples were re-hydrated in a
humidity chamber at 37°C and 100% relative humidity for 72 hrs
before mechanical testing. Thus, for each orientation, 4
compositional groups of 3 samples each were obtained: wet
untreated, dry untreated, dry treated, and wet treated.

Micromechanical Analyses

We performed mechanical tests in mid-sagittal and transverse
planes to determine the influence of rod organization on the
mechanical properties of the tissue (Fig. 1). For each sample (n =
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3), 10-14 micro-indentations in the mid-sagittal plane and 5-9 in
the transverse plane were performed in enamel with the tip corner
oriented toward the DEJ at an average distance of 15 wm away. [It
is important to mention here that since the micromechanical tests
were performed close to the DEJ, the boundary effect could
influence the results to some extent. Nevertheless, since the
measurements were performed in exactly the same way in all
sample groups, such an effect would not influence the trends
observed in this study.] To minimize interactions, we made
indentations at a distance that was at least twice the crack lengths
from each other, from other artifacts, and from the samples' edges
(Xu et al., 1998). Tests were carried out at room temperature with
a load of 0.98 N and a dwell time of 5 sec, by means of a Leco M
400 H1 microhardness tester equipped with a Vickers diamond tip
(St. Joseph, MI, USA). Vickers hardness and fracture toughness
were computed according to previously published equations
(Anstis et al., 1981; ASTM, 1991). Specifically, fracture toughness
was calculated from optical images taken within 5 sec after the
test. For each indentation, a circle enclosing all induced cracks was
drawn, and its radius, developed from the center of the indentation,
was taken as the crack length of the indentation (Anstis et al.,
1981). (See Appendix 5 for more details.)

Statistical Analyses

Hardness and fracture toughness values were statistically
compared among samples (n = 3) within each compositional group
and in the same orientation (ANOVA; a = 0.05). Since no
significant difference was found within each group (p = 0.14),
further comparisons were made for wet-untreated, dry-untreated,
dry-treated, and wet-treated compositional groups. Comparisons
among groups of the same orientation (ANOVA; a = 0.05) and
between mid-sagittal and transverse groups with the same
composition (7 test; a = 0.05) were performed.

Scanning Electron Microscopy (SEM) Analysis

Samples were air-dried, sputter-coated with Pd/Au, and analyzed
by scanning electron microscopy (JEOL 6400, Tokyo, Japan) in
the back-scattered (BSE) and secondary (SE) electron modes at 15
KV and a working distance of 8 mm.

RESULTS

In the mid-sagittal plane, the lowest hardness values were
observed in wet-untreated samples, followed by dry-untreated,
dry-treated, and wet-treated specimens, which were found to be
23% harder than wet-untreated samples (Table, Fig. 2a). A
similar trend was observed in the transverse orientation (Table,
Fig. 2a). However, in this plane, the change was much smaller,
and the hardness was only 7% higher in wet-treated vs. wet-
untreated samples. The differences between treated and
untreated specimens were significant in both mid-sagittal and
transverse planes (Table). In the mid-sagittal plane, water had a
considerable effect on the hardness of untreated enamel, which
was 15% harder in dry vs. wet samples (Table; Fig. 2a). In the
transverse plane, the effect of drying on hardness values in
untreated samples was very small (2%), although statistically
significant (Table; Fig. 2a). At the same time, water had no
significant influence on the hardness of treated samples (Table;
Fig. 2a).

The fracture toughness and hardness values were inversely
correlated (Table, Fig. 2). Wet-untreated samples had the
highest toughness, followed by dry-untreated, dry-treated, and
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wet-treated, in which the toughness values were 42% and 46%
lower than those of wet-untreated samples in mid-sagittal and
transverse planes, respectively (Table, Fig. 2). Removal of
organic matter led to a substantial and statistically significant
drop in fracture toughness in both planes (Fig. 2b, Table). In
the mid-sagittal plane, water had a significant effect on
toughness values in both treated and untreated samples (Table).
They were 22% lower in dry vs. wet samples in untreated and
10% lower in wet vs. dry samples in treated preparations
(Table, Fig. 2b). In the transverse plane, water had no
significant effect on toughness values in both treated and
untreated samples (Table).

Within each compositional group, hardness and toughness
values were all significantly different between midsagittal and
transverse orientations (p < 0.001) (Fig. 2). Hardness values
were significantly higher in the mid-sagittal vs. the transverse
plane for all groups except wet-untreated samples (p < 0.001)
(Fig. 2). Remarkably, in the treated samples in the mid-sagittal
orientation, toughness values remained relatively high, whereas
in the transverse orientation they dropped to the level
previously found for geological hydroxyapatite (0.37 + 0.04
MPa*m!?) (Fig. 3, Table) (White et al., 2001).

Optical microscopy and SEM analysis of the samples
revealed that, in both orientations, removal of organic matrix
led to the formation of longer and more numerous cracks and to
buckling around the indentation (Fig. 3). In some cases, voids
in the polished surface were observed around the indentation,
suggesting that some of the material had been chipped away
from the tissue (Fig. 3d). In the treated samples, delamination
of dentin and enamel along the DEJ occurred, and cracks
propagated through this junction (Figs. 3c, 3d). Interestingly,
delamination occurred not exactly at the interface between
dentin and enamel, but at the dentin side, suggesting a stronger
physical bond between dentin and enamel crystals at the
interface (Figs. 3¢, 3d). Although the water content did not
seem to have an influence on the appearance of the indented
areas in SEM, we cannot safely conclude this, since all samples
were dehydrated before SEM analysis.

DISCUSSION

The results of our study demonstrated that the organic
content of enamel, although it comprises less than 1% of
w/w, significantly influenced its mechanical properties,
confirming previous hypotheses (Jameson et al., 1993;
Spears, 1997; White et al., 2001; Zhou and Hsiung, 2006).

Micromechanical Properties of Tooth Enamel
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Figure 2. Plots of the hardness (a) and fracture toughness (b) of rat
incisor enamel in 4 experimental groups, namely, wet untreated, dry
untreated, dry treated, and wet treated, collected in the mid-sagittal (m)
and transverse (#) planes. Error bars represent standard deviation
values based on data obtained from 3 incisors per compositional group.

However, those studies were performed on enamel with
organic matrix, and their analyses were based on several
assumptions concerning the mechanical properties of enamel
components. To the best of our knowledge, our study is the

Table. Micromechanical Characteristics of Murine Enamel from 4 Compositional Groups* Used in the Study (Values represent x + SD) and Their

Statistical Comparison (t test, o = 0.05)

p values
Wet Untreated vs. Dry Unfreated vs. Wet Untreated vs. Wet Treated vs.
Wet Untreated Dry Untreated Dry Treated ~Wet Treated Wet Treated Dry Treated Dry Unfreated Dry Treated

Hardness (HV, og;) Mid-saggital plane 301 8 345+ 4 364+8 369 +12 < 0.001 < 0.001 < 0.001 0.09

Transverse plane 319+5 325+ 11 336+5 341 =11 < 0.001 < 0.001 0.02 0.06

Fracture toughness  Mid-saggital plane  1.57 + 0.1 1.22+0.1 1.01£0.1 091+0.13 < 0.001 < 0.001 < 0.001 0.04

(MPa*m'/2) Transverse plane 0.57 £0.1 0.52+0.1 0.33+£0.06 0.31+0.06 <0.001 < 0.001 0.13 0.23
Crack length (um) ~ Mid-saggital plane  13.8 £0.9 15709 17411 18719
Transverse plane 27.1+3.5 288+4.4 384+55 402x5.1

*

sample.

Three samples per group were tested; from 10 to 14 micro-indentations in the mid-sagittal plane and from 5 to 9 in the transverse plane were performed on each
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m— 10 pm
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Figure 3. Optical micrographs representing characteristic damage
produced by the microincﬁenfer in dry-untreated (a) and dry-treated ﬁ))
samples in fiv'\e mid-sagittal plane. SEM-BSE micrographs demonstrating
indentation damage in dry-treated samples in the micﬁsogiﬂd plane (c),
and dry-treated samples in the transverse plane (arrows indicate areas
of dentin attached to enamel) (d).

first direct observation of the effect of organic matrix on the
mechanical properties of enamel.

Several reports have suggested that the organic matrix of
mature enamel is primarily composed of residual enamel
protein (Glimcher et al., 1964; Belcourt and Gillmeth, 1979;
Yamakoshi et al., 2006). Hence, the results of our study imply
that the enamel matrix proteins are not only essential during
amelogenesis, but also play a functional role in the mature
tissue.

In general, water had a less prominent effect than organic
matrix on the mechanical properties of enamel. Interestingly,
the way in which water affected the mechanical properties of
enamel depended on the presence of organic matrix. In the
untreated samples, drying contributed to a decrease in
toughness, in agreement with previous findings (Staines et al.,
1981; Cuy et al., 2002). Hence, we can assume that
dehydration leads to stiffening of enamel proteins that affects
their ability to absorb and dissipate impact energy. In contrast,
among plasma-treated samples, wet samples were less tough
than dry samples. This phenomenon could be due to the
differences in energy dissipation in aqueous medium vs. air and
their interfaces with mineral. A model has been proposed in
which the toughness of enamel can be influenced by
interactions between an aqueous solution and the crystal
surfaces in enamel pores, which could explain the differences
observed between treated wet vs. dry samples (Fox, 1980).

In our experiments, the absolute fracture toughness values,
as well as the magnitude of their variability among different
compositional groups, were much higher in the mid-sagittal
plane than in the transverse plane. Since murine incisor enamel
is an anisotropic structure, with mineral rods arranged
differently in the mid-sagittal vs. the transverse orientation
(Warshawsky and Smith, 1971), analysis of these data
suggests that the structural organization of enamel influences
its mechanical properties. In the mid-sagittal plane, more rods
are oriented at small angles to the plane, whereas they transect
the transverse plane at much wider angles. As a result, the load
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applied normal to the transverse plane is more aligned with the
direction of the enamel rods than when a load is applied
normal to the mid-sagittal plane. Consistent with these
findings, it has been previously shown that the structural
organization of mineral rods in the plane of indentation
significantly affects the mechanical properties of enamel
(Staines et al., 1981; Xu et al., 1998; Habelitz et al., 2001; He
et al., 2006). A model of micromechanical properties of
human enamel, based on a finite element analysis, has been
developed (Spears, 1997). This model suggests that when the
applied forces are parallel to the general direction of the
enamel rods, the mineral component has greater influence on
the mechanical properties, making it harder and more brittle,
whereas when rods are perpendicular to the direction of
indentation, the organic matrix have more influence, making it
softer and tougher. Our findings are consistent with this
hypothesis. The difference in fracture toughness between mid-
sagittal and transverse orientations in murine incisors may be
functionally important. Murine incisors are constantly
growing, self-sharpening teeth, with the proximal part ground
down under a sharp angle to the transverse plane. It is
possible, therefore, that the observed fracture toughness
anisotropy is related to this self-sharpening mechanism and
protects the enamel from cracking along the tooth axis during
this essential process.

SEM analysis revealed significant differences between
plasma-treated and untreated samples with and without
organics. Specifically, in the plasma-treated samples, cracks
generated in enamel crossed the DEJ. These observations are
in agreement with a previous hypothesis suggesting that the
organic content at the DEJ, specifically, collagen fibrils, is
responsible for the prevention of crack propagation from
enamel into dentin (Lin et al., 1993; Marshall et al., 2001,
Imbeni et al., 2005). Delamination of enamel and dentin after
plasma treatment suggests that the organic content is also
important in maintaining the integrity of the interface
between these two tissues, as has been previously suggested
(Imbeni et al., 2005). At the same time, cracks occurring on
the dentin side along, but not exactly at, the DEJ suggest
strong physical interactions between dentin and enamel
crystals.

In conclusion, our findings provide important information
on the role of the residual enamel matrix, water, and
microstructural organization of enamel mineral in its
micromechanical properties. We have also provided new data
regarding the role of organic matrix in maintaining the integrity
of the interface between enamel and the underlying dentin.
These results emphasize how even small differences in material
composition can lead to significant changes in their mechanical
properties. Analysis of these data contributes to a better
understanding of the relationships among structural,
compositional, and functional properties of dental tissues and
should help guide the design of novel bio-inspired materials for
hard-tissue repair and regeneration.
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