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Abstract: The attachment between cementum and dentin
has been given several definitions and nomenclature, in-
cluding: interzonal layer, intermediate cementum, collagen
hiatus, Hopewell-Smith’s hyaline layer, and more com-
monly, cementum–dentin junction (CDJ). Understanding
the attachment of two structurally dissimilar hard tissues
such as cementum and dentin defined by a junction may
provide information necessary to engineer functionally
graded materials that can be used for efficient tooth resto-
rations in clinical dentistry and other bioengineering appli-
cations. Hence, in this study, as a first step toward under-
standing the CDJ using a biomechanical approach, it was
hypothesized that the CDJ between cementum and dentin is
a wide zone with mechanical properties significantly lower
than the neighboring tissues. The structure of the CDJ was
studied using an atomic force microscope (AFM), and site-
specific mechanical response of the three regions; cemen-
tum, CDJ, and dentin were determined using an AFM-
nanoindenter under dry and wet conditions. The AFM
results of the CDJ demonstrated a valley under dry condi-
tions and a peak under wet conditions. The magnitude of the
depth of the valley was approximately the same as the
height of the peak of the CDJ, ranging from 10 to 40 �m. The

nanomechanical properties under dry conditions indicated
no significant difference (p � 0.05) in elastic modulus and
hardness of the CDJ (Er � 17.5 � 2.7 GPa, H � 0.6 � 0.1 GPa)
and cementum (Er � 18.7 � 2.5 GPa, H � 0.6 � 0.1 GPa). The
mechanical properties of the CDJ were significantly lower (p
� 0.05) than dentin (Er � 19.9 � 2.9 GPa, H � 0.6 � 0.1 GPa)
under dry conditions. However, under more relevant hy-
drated conditions, the mechanical properties of CDJ (Er
3.0 � 0.7 GPa, H � 0.1 � 0.0 GPa) were significantly lower
(p � 0.05) than those of cementum (Er 6.8 � 1.9 GPa, H �
0.2 � 0.1 GPa) and dentin (Er 9.4 � 2.3 GPa, H � 0.3 � 0.1
GPa). Based on the results from this study, it can be con-
cluded that the CDJ can be regarded as a wide zone con-
taining large quantities of proteins including collagen that
contribute to hydration and significantly reduce mechanical
properties, compared with the adjacent hard tissues, cemen-
tum, and dentin. The lower mechanical properties of the
CDJ may make it possible for it to redistribute occlusal loads
to the alveolar bone. © 2003 Wiley Periodicals, Inc. J Biomed
Mater Res 68A: 343–351, 2004

Key words: cementum; interface; AFM; nanoindentation;
cementum–dentin junction; CDJ

INTRODUCTION

Understanding the attachment of two structurally
dissimilar hard tissues such as cementum and dentin
could provide information necessary to engineer func-
tionally graded materials that can be used for efficient
tooth restorations in clinical dentistry and other bio-
engineering applications. Cementum is an intermedi-

ate hard tissue that joins root dentin to alveolar bone
by way of a periodontal ligament.1 Cementum, like
bone and dentin, is a composite of organic (collagen
and other proteinaceous substances) and inorganic
(apatite crystals) phases. Generally, cementum is the
least mineralized when compared with three other
hard tissues: enamel, dentin, and bone. The mineral
content on a weight percent basis in cementum is
approximately 65% with an organic content of 23%
and water the remaining 12%. The bulk of the inor-
ganic phase is composed of apatite, a calcium phos-
phate mineral, with other trace elements.2 The organic
phase of cellular cementum is composed of collagen
and other extracellular matrix proteins and cells.

The inner part of cementum is attached to root
dentin that contains more inorganic apatite phase
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(80%) than cementum.2 The bulk of dentin is an acel-
lular biological composite consisting largely of colla-
gen reinforced with apatite and smaller amounts of
noncollagenous proteins. Despite the composition
similarities, the structures are completely different.
The intertubular dentin contains a tubular structure
(approximately 1-�m diameter) extending from the
surface to the pulp chamber. In transverse sections,
the tubules appear to radiate out in all directions from
the pulp chamber. Cementum structure is similar to
bone, forming a lamellar and trabecular bone-like
structure with a lacunae-canaliculi system around the
root dentin surface.1,2 The mechanical properties of
cementum evaluated by Malek et al.3 provided an
elastic modulus ranging from 3.99 to 9.9 GPa and
hardness from 0.29 to 0.59 GPa. In a review article by
Kinney et al.,4 the range of elastic modulus assigned to
coronal dentin was 18 to 25 GPa whereas the hardness
was 0.29 to 0.68 GPa. The structural and chemical
composition differences between cementum and den-
tin result in hard tissues with significantly different
mechanical properties.

The region defining the attachment of dentin and
cementum has been called the following: the inter-
zonal layer, intermediate cementum, collagen hiatus,
Hopewell-Smith’s hyaline layer, and most commonly,
the cementum–dentin junction (CDJ).5–8 Bodecker5

qualitatively examined the region between the two
hard tissues and described it as an embryonic remnant
of cementum and termed it as an “interzonal layer.”
Benez6 termed the layer an “intermediary layer of
cementum,” which was later shortened to “intermedi-
ate cementum.” el Mostehy and Stallard7 defined the
intermediate zone as a narrow band containing colla-
gen fiber bundles and termed it a “collagen hiatus.”
Hopewell-Smith8 defined the region between cemen-
tum and dentin as an amorphous region and named it
the “Hopewell-Smith’s hyaline layer.” However,
Yamamoto et al.,9 in more recently published work,
suggested that the Hopewell-Smith’s and intermedi-
ate cementum layers are synonymous definitions of
the same region between cementum and dentin. Some
have suggested that cementum is attached to root
dentin by the intermingling of collagen fibrils from
both cementum and dentin. However, Yamamoto et
al., using enzyme digestion and sodium hydroxide
maceration techniques, stated that the CDJ is a narrow
zone 1–3 �m wide containing proteoglycans (PGs)
with enamel- and bone-related proteins.9,10 They con-
cluded that this adhesive layer forms the primary
attachment between cementum and dentin, and that
the intermingling of the collagen fibrils was less im-
portant.9,10 In this study, to avoid ambiguity, the nat-
ural zone defining the attachment between cementum
and dentin is referred to as the CDJ.

Despite the nomenclature and various definitions
provided in the literature, limited knowledge exists

about the native structure of the CDJ attaching cemen-
tum to dentin. Most current knowledge is based on
tissues that were fixed and demineralized or treated
with enzymes, which could cause artifacts when eval-
uating structure and mechanical properties. Thus, the
native structure and mechanical properties of the CDJ
connecting cementum to root dentin are not com-
pletely understood.

It is well documented in engineering that sharp
interfaces between materials with a mechanical prop-
erty mismatch contribute to stress concentrations11

within the interface. This suggests that the narrow
interface described by Yamamoto et al.9,10 might not
be optimized for biomechanical stress distribution and
that a wider zone would be more desirable, although
the direct region of attachment could correspond to
the layers described by Yamamoto et al. Hence, in this
study, as a first step toward understanding the CDJ
using the biomechanical approach, it was hypothe-
sized that the natural CDJ is a wider zone with lower
mechanical properties associated with higher organic
content. To evaluate the hypothesis, the objectives of
the work were to determine the: (i) native structure of
the CDJ, and (ii) nanomechanical properties (elastic
modulus and hardness) of the CDJ relative to the
adjacent hard tissues, cementum and dentin. The
structure of the CDJ was evaluated qualitatively and
quantitatively using an atomic force microscope
(AFM), and the site-specific mechanical response of
the three regions; cementum side of the CDJ (C-CDJ)
and dentin side of the CDJ (D-CDJ) and CDJ were
determined using an AFM-nanoindenter.

MATERIALS AND METHODS

Thick sections of tooth samples

Mandibular third molars (n � 5) of older males with ages
ranging from 65 to 80 yr were sterilized using 0.26 Mrad of
�-radiation.12 Longitudinal and transverse ground sections
of 100–200 �m were prepared from half of the tooth. Addi-
tionally, transverse sections 5 mm in thickness were ob-
tained from the apical third of the molars using a diamond
wafering blade and a low-speed saw (Buehler; Isomet, Lake
Bluff, IL) under wet conditions (Fig. 1). The samples were
ultrasonicated in deionized water for 10 s (Neysonic Ultra-
sonicator; UCSF, San Francisco, CA) after preparation to
remove any abrasives from coarse sectioning using the dia-
mond blade. The 5-mm-thick transverse sections were glued
to AFM steel stubs (Ted Pella, Inc., Redding, CA) using a
cyanoacrylate adhesive (MDS Products Inc., CA) for ultra-
sectioning using an ultramicrotome and a diamond knife.

Ground sections 100–200 �m thick were prepared using
basic metallography polishing techniques. The longitudinal
and transverse ground sections (n � 5 each) were prepared
by initially polishing using a series of silicon carbide grit
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paper with sizes 240, 400, 600, 800, 1200, and 2400 (Buehler).
The fine polishing of both surfaces was performed using a
diamond suspension slurry of grades 6, 3, 1, 0.5, 0.25, and 0.1
�m (Buehler). The samples were ultrasonicated for 10 s each
before proceeding to the next finer level of polishing. The
CDJ within the ground sections was studied under wet
conditions using deionized water. Qualitative analysis of the
CDJ was performed using transmission light microscopy
with an Image-Pro software (Image-Pro Plus Microscope,
version 4.0; Media Cybernetics, Silver Spring, MD). A series
of micrographs was taken and carefully placed in sequential
order to examine the structure of dentin, CDJ, and cemen-
tum.

Ultrasectioning of tooth samples

The mounted transverse samples were placed in an ultra-
microtome (Ultracut E, Reichert-Jung, Reichert Scientific In-
strument Technical Services, GA) ensuring that the final
sectioned surface would retain a high degree of flatness (Fig.
1). The samples were sectioned using a glass knife (Electron
Microscopy Laboratory, UCSF) set at a cutting angle of 6°
and a cutting speed of 0.75 mm/s. The final trimming of the
sample was performed using a diamond knife (Micro Star
Technologies, Huntsville, TX) at an angle of 4.5° and a
cutting speed of 0.75 mm/s. The 300-nm-thick ultrasections
were removed from the sample and discarded (Fig. 1). The

microtomed surface of the remaining specimen block was
characterized using an AFM and an AFM-nanoindenter. The
microtome surface preparation method was selected based
on preliminary experiments that demonstrated that a flat
surface with structural features similar to cryofractured
scanning electron microscopy surfaces was produced by the
method, as shown in Figure 1. Polishing introduced artifacts
and these structures were obscured.

Atomic force microscopy of the ultrasectioned
sample surfaces

The topographies of the ultrasectioned surfaces under dry
and wet conditions were scanned using a contact mode
AFM (Nanoscope III, Multimode; DI-Veeco Instruments
Inc., Santa Barbara, CA). The surface probing was per-
formed using a Si3N4 tip attached to a “V-shaped” type “D”
microlever with a nominal normal spring constant of 0.03
N/m (Thermo Microscopes, CA) at a scanning frequency of
0.5 Hz. The nominal radius of curvature of the tip was �50
nm. To obtain statistically significant data for the size of the
CDJ, three different areas (n � 3) on each ultrasectioned
sample (n � 5) were scanned. Areas as large as 100 � 100
�m2 were evaluated using a “J” type piezo scanner. For
higher resolution examination, smaller areas of 25 � 25 �m2

were also examined and the size of the CDJs was determined
using the scanned areas and Nanoscope III version 4.43r8

Figure 1. Schematic of a molar and longitudinal section (1), transverse sections (2), sample mounted on an AFM steel stub
(3), and ultrasectioned sample surface (4).
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software (Nanoscope III, Multimode; DI-Veeco Instruments,
Inc.).

Nanoindentation of the ultrasectioned samples

Nanomechanical tests on dry and wet samples (n � 5
each) were performed using an AFM, to which a load-
displacement transducer (Triboscope Micromechanical Test
Instrument Hysitron Inc., Minneapolis, MN) was attached.
A sharp diamond Berkovich indenter with a radius of cur-
vature �100 nm (Triboscope Micromechanical Test Instru-
ment; Hysitron Inc.) was fitted to the transducer. The scan
speed, scan area, and load displacement of the indenter on
the sample material were controlled by a computer.13 The
AFM piezo and respective control systems were used to
image the surface of the sample to find a specific site of
interest after which the load-displacement transducer was
used to indent the sample while collecting the load displace-
ment data. After indentation, the AFM piezo was used to
scan the indented area. However, if the indented areas are
small and the sample surface is textured, it is difficult to
distinguish the indents. Nanoindentation under wet condi-
tions was performed by immersing the sample and the
indenting probe in deionized water. The indents were made
on sample areas of 50 � 50 �m2 with a minimum of 20
indents on each area. The maximum load used was 1000 �N

[Fig. 2(a)]. Fused silica was used as a calibration standard for
the AFM-nanoindenter despite its limitations, especially for
softer materials, as stated by other researchers.14

In a typical indentation experiment, the load time curve
involves engaging the indenter with the sample surface and
loading to a specified maximum, causing indentation into
the surface and subsurface layers, holding at the maximum
load for a few seconds, and then unloading at the same rate
as for the loading [Fig. 2(a)]. A load-displacement curve for
purely elastic materials involves no displacement during the
hold phase and a full recovery of the material with the
unload phase retracing its path over the load phase [Fig.
2(b)]. However, in the case of materials such as polymers
and tissues that exhibit time-dependent properties, namely,
viscoelasticity, a significant displacement occurs during the
hold phase, with a partial recovery of the material, and the
unload phase does not retrace its path over the load phase
[Fig. 2(c)]. The unloading data are used to determine the
mechanical properties based on classical indentation theory
introduced by Boussinesq,15 simplified by Sneddon,16 and
generalized by Pharr et al.17 According to this theory, a
material experiences elastic recovery during the first 25% of
the unloading phase of the load–unload curve. The slope
(dP/dh) where P is the load and h is the indentation dis-
placement, is used to determine the stiffness S of the mate-
rial, from which the reduced elastic modulus is determined
using Equations (1) and (2) as follows:

Figure 2. (a) Representative load-time curve for a material with phase A � loading, phase B � holding, and phase C �
unloading. In this study, each phase was 3 s with a total loading–unloading cycle of 9 s. (b) Representative load-displacement
response for an elastic material where A � loading, B � hold (represented by a point in this case), and C � unloading
(retracing the loading path). (c) Representative load-displacement response for an inelastic material where A � loading, B �
hold, and C � unloading. Phase B of this curve illustrates the influence of time-dependent properties and in phase C the first
25% of the curve represents elastic recovery. The slope “S” is used to calculate the elastic modulus of a material using
Equation (1) shown within the text. Phases A and C do not overlap, illustrating permanent deformation within the material.
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S �
2E*Amax

1/2

�1/2 (1)

where Amax is the projected surface contact area at the
maximum displacement, and E* is the reduced elastic mod-
ulus given by:

E* � �1 	 
s
2

Es
�

1 	 
i
2

Ei
�	1

(2)

where E and 
 are the elastic modulus and Poisson’s ratio
and subscripts i and s denote the indenter and specimen
materials, respectively. However, the moduli of polymers
are significantly lower than the elastic modulus of a dia-
mond, which reduces Equation (2) to E* � [(1 	 
s

2)/Es]
	1.

After mathematical simplification, the reduced elastic mod-
ulus and hardness of a sample can be determined using the
following equations:

E* � �1
2 � �

Amax
�1/2

S� (3)

H � �Pmax

Amax
� (4)

where Amax is the maximum projected area for the maxi-
mum specified load Pmax. For the current state of art nanoin-
dentation equipment, the models used to determine the
nanomechanical properties do not account for the time-
dependent behavior of polymeric materials, both natural
and synthetic, in addition to the pile-up effects as stated by
Van Landingham et al.18 in a comprehensive overview

about nanoindentation of polymers. Hence, it is important to
note that the nanomechanical properties evaluated in this
study were used to determine the relative differences be-
tween the CDJ, cementum, and dentin. This approach has
been used extensively to study dentin and enamel, but not
for cementum or CDJ.19,20

RESULTS

Light microscopy of ground sections

The ground sections consistently illustrated a wide
CDJ between cementum and dentin in all samples
[Fig. 3(a)]. Moreover, the CDJ also was found within
the transverse sections as shown in Figure 3(b). How-
ever, at this resolution, it was difficult to study the
structure or mechanical properties of the zone relative
to its adjacent tissues. The cementum hard tissue was
identified by the lacunae-canaliculi structure and den-
tin was identified by its tubular structure (Fig. 3).

Atomic force microscopy of CDJ

The width of the CDJ determined using an AFM
indicated a range of 13–40 �m. AFM scans represen-

Figure 3. Light microscopy micrographs of (a) longitudinal and (b) transverse ground sections illustrating the CDJ between
the two hard tissues, cementum, and dentin. The micrographs were taken under wet conditions using a transmission light
microscope and Image-Pro Plus software.
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tative of the CDJ at a lower resolution with a scan area
of 100 � 100 �m2 and a higher resolution of 25 � 25
�m2 under dry and wet conditions are shown in Fig-
ures 4 and 5. In all cases, the CDJ resembled a valley
under dry conditions [Fig. 4(a)]. However, under wet
conditions, the CDJ appeared to be a peak, indicating
an increase in height [Fig. 4(b)]. Section plots of the

AFM micrographs (Fig. 5) indicated that the magni-
tude of the depth of the valley under dry conditions
[Fig. 5(a)] was approximately equal to the height of the
peak under hydrated conditions [Fig. 5(b)]. The trend
between the dry and wet conditions at both high and
low resolutions was the same. The hydration of the
CDJ was consistently higher compared with the im-

Figure 4. AFM micrographs 100 � 100 �m2 of the ultrasectioned samples illustrating the CDJ under (a) dry and (b) wet
conditions. Note: the CDJ absorbs water significantly relative to the adjacent hard tissues, cementum “C” and root dentin
“RD” under hydrated conditions.

Figure 5. Section plots of the AFM micrographs of 25 � 25 �m2 areas. (a) Under dry conditions, the CDJ is a valley between
cementum “C” and root dentin “RD.” (b) Under hydrated conditions, the same CDJ between the two hard tissues absorbs
water and is a peak. In this analysis, the magnitude of the depth of the valley under dry conditions was approximately the
same as the height of the peak under wet conditions.
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mediate adjacent hard tissues for all samples (n � 5)
(Figs. 4 and 5).

Nanomechanical properties of cementum, dentin,
and CDJ

The nanomechanical response of the three regions
(C-CDJ, CDJ, D-CDJ) under dry conditions indicated
that the stiffness of D-CDJ, C-CDJ, and CDJ was sim-
ilar (Fig. 2). Additionally, each region exhibited simi-
lar displacement during the hold phase “B” for 3 s at
1000 �N of the loading–unloading experimental cycle
[Fig. 6(a)].

The nanomechanical response of the three regions
varied when hydrated as shown by the stiffnesses
“S1,” “S2,” and “S3” [Fig. 6(b)]. Additionally, the hold
phase of the loading–unloading experimental cycle
exhibited higher displacement for the CDJ compared
with the cementum side and the dentin side of the CDJ
[Fig. 6(b)]. The displacements during the hold phase
were higher for all three regions under wet conditions
[Fig. 6(b)] compared with dry conditions [Fig. 6(a)].

A Student’s t test with 95% confidence level indi-
cated no significant difference (p � 0.05) in elastic
modulus and hardness between CDJ and C-CDJ under
dry conditions. However, the elastic modulus and
hardness of CDJ were significantly lower (p � 0.05)
than D-CDJ under dry conditions [Table I, Figs. 7(a)].
Under wet conditions, the elastic modulus and hard-
ness of CDJ were significantly lower (p � 0.05) than
C-CDJ and D-CDJ [Table II, Figs. 7(b)]. The mechanical
properties of C-CDJ, CDJ, and D-CDJ under dry con-
ditions were approximately 50, 63, and 80% higher
than the respective regions under wet conditions. The
p values shown in Tables I and II are relative to the
CDJ, with a confidence level of 95%.

Figure 6. Representative load-displacement curves for the
three regions, cementum, dentin, and CDJ under (a) dry and
(b) wet conditions. (a) Notice that the slope that defines the
stiffness “S” during the first 25% of the unloading curve is
similar for all three regions under dry conditions. (b) Notice
that the slopes “S1,” “S2,” and “S3” are different for all three
regions under wet conditions.

TABLE I
Reduced Elastic Modulus and Hardness Values for

Cementum, Dentin, and CDJ Under Dry Conditions

Characterized
Regions (Dry)

Reduced Elastic
Modulus

Er � SD (GPa)
Hardness

H � SD (GPa)

Cementum 18.67 � 2.50 0.59 � 0.13
p � 0.05* p � 0.12*

Dentin 19.89 � 2.69 0.65 � 0.12
p � 0.05* p � 0.05*

CDJ 17.48 � 2.69 0.56 � 0.12

*p values are relative to the CDJ, with a confidence level of
95%.

Figure 7. Reduced elastic moduli and hardness values for
the three regions under (a) dry and (b) wet conditions for
cementum, dentin, and CDJ. Note: the values for cementum
and dentin are representative of the areas very adjacent to
the CDJ.
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DISCUSSION

The results of this study confirm the hypothesis that
the natural CDJ between cementum and dentin is a
wide zone with mechanical properties relatively lower
than the immediately adjacent hard tissues (C-CDJ
and D-CDJ). Scanning the surfaces of the ultrasec-
tioned samples using an AFM facilitated the analysis
of the structural characteristics of the CDJ in both dry
and wet conditions. Testing in a wet environment
simulated in vivo conditions. The consistent expansion
of the CDJ under wet conditions [Figs. 4(b) and 5(b)]
suggests that it contains hydrophilic and lower min-
eral content constituents, such as collagenous and
noncollagenous proteins. This region of altered com-
position could facilitate both biological and biome-
chanical functions in addition to providing structural
integrity of the CDJ.

The CDJ is thought to have a high PG content, as
well as collagen content.9 PGs could contribute to the
structural integrity of the CDJ, especially under wet
conditions. The PGs act as hydrophilic monomers in
association with other more or less hydrophilic poly-
mers such as collagen, in both hard and soft tissues. To
date, works by Bartold et al,21,22 Cheng et al.,23 and
Yamamoto et al.,24 confirmed the existence of PGs
within bulk cementum as well as within the zone that
connects cementum to root dentin. Cementum con-
tains various glycosaminoglycans including chon-
droitin sulfate and probably small amounts of hyalu-
ronan and dermatan sulfate.21 Yamamoto et al.,24

using enzymes such as hyaluronidase and trypsin,
concluded that PGs were localized within a narrow
zone of 1–3 �m in thickness, which they termed the
CDJ. Bartold et al.22 have shown that these molecules
have a larger distribution by demonstrating chon-
droitin sulfate PGs in the pericellular spaces within
the lacunae and in the extracellular spaces of cemen-
tum. Localization of lumincan and fibromodulin PGs
in precementum walls of the lacunae and cemento-
cytes have recently been shown in bovine bulk cemen-
tum by Cheng et al.23 The existence of various PGs

within cementum is convincing, but the existence of
PGs within a limited width of 1–3 �m between cemen-
tum and dentin needs more investigation. From this
work, it appears that a 10–40-�m region exists that is
sensitive to hydration, contains low mineral content,
and may represent a broad region of PG-rich tissue.

The significantly higher hydration effects observed
in this study over a CDJ width of 10–40 �m (Figs. 4
and 5) could be attributed to the ability of the PGs to
retain large quantities of water, occupying space, thus
cushioning or lubricating other structures.25 The large
number of OOH groups and negative charges on the
molecules, which could separate carbohydrate chains,
may aid in the observed hydration effects within the
CDJ (Figs. 4 and 5).25 The high density of negative
charges attracts water, forming a hydrated gel (hydro-
gel) similar to cartilage. In this study, the hydration
effects in the 10–40-�m zone may indicate that the
localization of PGs is not limited to a narrow zone of
width 1–3 �m. However, a real time study using an
AFM and involving selective removal of PGs by en-
zyme digestion could confirm the spatial distribution
of the PGs within the CDJ and its adjacent hard tis-
sues.

The significantly lower nanomechanical properties
of the CDJ and higher displacements for the same
normal load of 1000 �N under wet conditions [Figs.
6(b) and 7(b), Tables I and II] suggest a lower mineral
content compared with cementum and dentin. Under
wet conditions, the mechanical resistance to loading
for the CDJ could be attributed to the presence of
hydrated PGs and collagen fibrils, and a lower amount
of apatite crystals. The mechanical response of the
adjacent regions demonstrates a higher amount of
apatite crystals, the content being higher for dentin
than cementum.2

Viscoelastic properties become important because
of the presence of organic constituents of noncollag-
enous and collagenous proteins in significant amounts
within these regions. These characteristics become ev-
ident during the “hold” portion of the loading cycle.
As might be expected, they were most apparent under
wet conditions [Fig. 6(b)]. Although the evaluation of
mechanical properties allowed us to demonstrate this
characteristic, it is not an optimized technique for
determining viscoelastic properties and additional
work is needed.

Depending on the testing environment conditions
(dry or wet), the mechanical response of a constituent
in a composite material may become dominant, sub-
sequently causing a change in the total mechanical
response of the tissue. In this study, all three materials
exhibited some viscoelasticity under dry and wet con-
ditions (Fig. 6). However, the dominance of viscoelas-
ticity was higher for the CDJ compared with cemen-
tum and dentin under wet conditions [Fig. 6(b)],
because the CDJ is a softer material composed of

TABLE II
Reduced Elastic Modulus and Hardness Values for

Cementum, Dentin, and CDJ Under Wet Conditions

Characterized Regions
(Wet)

Reduced Elastic
Modulus

Er � SD (GPa)
Hardness

H � SD (GPa)

Cementum 6.85 � 1.91 0.18 � 0.06
p � 0.05* p � 0.05*

Dentin 9.36 � 2.32 0.28 � 0.09
p � 0.05* p � 0.05*

CDJ 2.99 � 0.65 0.07 � 0.02

*p values are relative to the CDJ, with a confidence level of
95%.
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predominantly hydrophilic organic nanoconstituents
when compared with cementum and dentin [Figs. 6(b)
and 7, and Table II]. Although cementum and dentin
are more fortified with mineral, they continue to ex-
hibit some viscoelasticity. Under dry conditions, the
underlying harder matrix dominates, forming a valley
and contributing to higher mechanical and similar
time-dependent properties as the immediately adja-
cent hard tissues (C-CDJ and D-CDJ) [Figs. 5(a) and
6(a), and Table I]. The less mineralized organic con-
stituents may shrink, leading to the apparent overes-
timation of the hardness and elastic modulus. Similar
effects recently have been reported for partially de-
mineralized caries dentin.26

CONCLUSIONS

The results of this study show that the CDJ between
human cementum and dentin is a wide zone of lower
mechanical properties, probably because of lower
mineral content and higher organic content. The lower
mechanical properties of the CDJ in addition to a
larger width could facilitate in reducing the stress
concentrations between mechanically dissimilar tis-
sues such as cementum and dentin. The softer and
wider CDJ would aid in cushioning and lubricating as
well as allowing the passage of nutrients between
cementum and dentin. The overall function of the CDJ
could aid absorption and distribution of occlusal loads
between cementum and dentin before release into the
alveolar bone. Future studies should be performed to
determine the strain distributions across the CDJ in
relation to cementum and dentin as well as the alve-
olar bone. Finite element methods and Moiré inter-
ferometry techniques at micrometer and larger scales
may lead to a better understanding of such mecha-
nisms.
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