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Abstract
Dentin and bone derive their mechanical properties from a complex arrangement of collagen type I
fibrils reinforced with nanocrystaline apatite mineral in extra- and intrafibrillar compartments. While
mechanical properties have been determined for the bulk of the mineralized tissue, information on
the mechanics of the individual fibril is limited. Here, atomic force microscopy was used on
individual collagen fibrils to study structural and mechanical changes during acid etching. The
characteristic 67 nm periodicity of gap-zones was not observed on the mineralized fibril, but became
apparent and increasingly pronounced with continuous demineralization. AFM-nanoindentation
showed a decrease in modulus from 1.5 GPa to 50 MPa during acid etching of individual collagen
fibrils and revealed that the modulus profile followed the axial periodicity. The nanomechanical data,
Raman spectroscopy and SAXS support the hypothesis that intrafibrillar mineral etches at a
substantially slower rate than the extrafibrillar mineral. These findings are relevant for understanding
the biomechanics and design principles of calcified tissues derived from collagen matrices.

Introduction
Mammalian mineralized tissues derived from the mesenchyme are based on a type-I collagen
matrix that is reinforced by the incorporation of apatite mineral. The mineral forms in two
distinguished spaces: a) intrafibrillar (within the collagen fibrils, preferentially in the gap zone
between collagen molecules) and b) extrafibrillar (on the surface of the collagen fibril) (Landis
et al, (1996). Both types of mineral are associated with the organic matrix of the tissue bound
either directly to collagen or through a link facilitated by non-collagenous, most likely acidic,
proteins. In bone it is thought that as much as 75% of the mineral is extrafibrillar (Bonar et al,
1985; Pidaparti et al., 1996). The partitioning of this mineral, that is, the relative amounts of
mineral associated with each compartment is uncertain, and probably varies with the total levels
of mineral in the calcified tissues. In Dentinogenesis Imperfecta type II (DI-II) dentin, which
lacks intrafibrillar mineral, there is approximately 67% of the normal mineral level. (Kinney
et al, 2001b:2003). Prior work on demineralization of dentin showed the development of a
shoulder in the mineral profile, which is consistent with retention of about 35% of the mineral
in the intrafibrillar compartment (Kinney et al, 1995), although this was not the original
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interpretation of the finding. Thus there is significant evidence that most of the mineral is found
in the extrafibrillar compartment.

Collagen fibrils display a characteristic 67 nm banded structure of gap and overlap zones
(McEwen et al., 1992; Weiner and Wagner, 1998; Landis, 2002). The apatite crystals are
believed to nucleate initially in the gap zone, followed by secondary mineralization of the
interstitial positions between the fibrils (Landis et al, 1995) Mechanical properties of collagen
fibrils in the fibril’s long axis have been reported on mineralizing turkey leg tendon with
varying degrees of mineralization, and increased dramatically with increased mineral content
(Landis et al, 1995). The mechanical properties of the tissue depend on the degree of
mineralization, although the relative importance of intra- and extrafibrillar mineral has not
been established. There is some evidence, however, that intrafibrillar mineralization, is a
dominant contributor to the elasticity and hardness of the tissue, even though it is the minor
fraction of the mineral. In dry dentin lacking intrafibrillar mineral, a linear relationship between
indentation modulus and mineral content was reported, similar to that seen in normal dentin;
however this linear relationship vanished for the dentin without intrafibrillar mineral when the
tissue was hydrated (Kinney et al, 2003). To explain these results we proposed that the
extrafibrillar mineral acts as a granular material that can withstand load in dry tissue, but
without intrafibrillar mineral when hydrated the capacity to sustain load is quite low (Kinney
et al, 2003).

Atomic force microscopy (AFM) allows imaging in near-physiological conditions with
nanometer resolution (Chen and Hansma, 2000; Hansma, 2001, Scheruring et al 2001; Marshall
et al, 2001; Habelitz et al, 2002a). When applied to partially demineralized dentin, AFM reveals
collagen fibrils of varying topographical profile (Habelitz et al, 2002a) that we hypothesize
reflect different concentrations of the intrafibrillar mineral. Thus, smooth fibrils would contain
the most intrafibrillar mineral and have the highest modulus, while fibrils with the typical 67
nm periodicity would have little or no mineral and a correspondingly lower modulus.

To determine if extrafibrillar mineral was removed before the intrafibrillar mineral, bulk dentin
was monitored by Raman microspectroscopy and small angle x-ray scattering (SAXS) during
acid etching. Subsequently, the rate of intrafibrillar demineralization in correlation with the
topographic profiles of collagen fibrils was studied by AFM. In addition, we measured the
indentation elastic modulus, E, along the collagen fibril axis using AFM to associate the fibril
topography with modulus changes.

Materials & Methods
Tooth specimens were obtained from the UCSF Dental Hard Tissue Specimen Core, sterilized
with gamma irradiation (White et al, 1994) and stored intact in de-ionized water and thymol
at 4 °C until use. All specimens were non-carious human third molars that were extracted as
required for dental treatment in compliance with a protocol approved by the Institutional
Review Board at the University of California, San Francisco.

Raman Microspectroscopy and Small Angle X-Ray Scattering Studies (SAXS)
Raman microspectroscopy (HR 800 Raman, Jobin Yvon, Horiba, Japan) was carried out on
dentin powder at different intervals during demineralization for up to 35 minutes in 10% citric
acid to determine how long a detectable phosphate peak persisted. Approximately forty human
third molars extracted form patients between 18 and 40 years of age were used. Enamel cusps
and dentin roots were cut off using a diamond saw leaving behind mainly mid-coronal dentin.
Residual enamel was removed using a diamond bur and the pulp chamber was cleaned using
a dental scaler. Samples were air-dried immersed into liquid N2 for 15 sec and then crushed
into millimeter sized pieces. The dentin chips were subsequently milled in a ceramic ball mill
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for 24 hours at low temperature. The dentin powder was sieved and the fraction smaller than
1 μm was used for these experiments. About 12 g of dentin powder were obtained. Specimens
for each demineralization experiment consisted of 50 mg of 1 μm sized powder particles; the
powder was placed in a 5 ml centrifuge test tube with a 0.22 μm filter (Ultrafree-MC, Millipore,
USA) and 10 % citric acid was added to the test tube and demineralization initiated. Deionized
water was added at a specific demineralization time and immediately centrifuged at 2000 rpm
for 1 minute. This process was repeated to ensure that all acid was eliminated from the dentin
powder. Demineralization increments were 2 to 3 minutes. The 50 mg powder specimen for
each demineralization time was prepared individually and the whole set of demineralization
studies for periods up to 35 minutes was repeated twice. Raman spectra were obtained from
powder that was removed from the centrifuge test tube and placed on microscope glass slides.
The spectrometer was operated with monochromatic radiation emitted by a He-Ne laser (632.8
nm) at 20 mW. Spectra were obtained after focusing the laser beam using a 100x optical lens
(Nikon). Spectra between 600 and 1600 cm−1 were collected for 120 seconds and averaged
over five repeats.

The SAXS studies were conducted on 0.25 mm thick sections cut perpendicular to the occlusal
surface of the third molar using a slow-speed water cooled diamond saw (Isomet, Buehler Ltd.,
Lake Bluff, IL). SAXS patterns were obtained from identical locations before and after
demineralization conducted over 16 hours in 10% citric acid. As shown in Fig. 2, the two
external surfaces were demineralized leaving an unetched central portion of the section. SAXS
was performed on beamline 4–2 at Stanford Synchrotron Radiation Laboratory. The x-ray
beam was focused to a 250 μm spot size. Details of the experimental procedure have been
described previously (Kinney et al, 2001a).

Single Collagen Fibril Studies of Demineralization and Mechanical Properties
Occlusal sections of 1–2 mm were cut with a low speed water cooled diamond saw (Isomet,
Buehler Ltd., Lake Bluff, IL). The specimens were etched in 10% citric acid for 20 s to remove
extrafibrillar mineral to a depth of about 1 μm based on prior demineralization rate studies
(Marshall et al, 2001). We used ultramicrotomed (Model EM, UC6, Leica Microsystems
GmbH, Wetzlar, Germany Model: EM UC6. with 3 mm diamond knifes) sections that were
cut from the specimen and were extracted from the water bath behind the blade. Each section
was then transferred onto a glass slide and exposed to continuous flow of water in a liquid cell
of the AFM (Nanoscope IIIa, Veeco Instruments, Santa Barbara, CA) for one day prior to
imaging by AFM. This exposure to water may have had a limited effect on the surface protein
or mineral coating of the fibrils, as studies of enamel and dentin storage have shown a slow
demineralization can occur in water (Habelitz et al, 2002b). Single fibers were identified and
subsequently studied at various stages of demineralization and examined for their topographic
profile and nanomechanical properties. Although many sections were examined we were able
to conduct studies on three fibrils that were identified in this way and remained flat and stable
throughout the experiments. After identification of a fibril, water was replaced by acid in the
continuous flow liquid cell. At selected time intervals, acid was replaced by water again to stop
the demineralization. At each interval the fibril was studied by AFM for topographic
information (diameter and height variation between gap and overlap zones). At all times the
fibrils were kept wet, either exposed to fresh water or acid. The AFM images were obtained
with high aspect ratio Si tips in contact mode, since it provided good image quality and appeared
not to induce fibril movement.

We also studied recombinant human type-I collagen fibrils as a zero mineral control.
Recombinant human Type I collagen monomer was purchased from FibroGen, Inc (San
Francisco, CA). The monomers were derived from genes for human Type I collagen α1 and
α2 chains that were inserted into the genome of the yeast Pichia pastoris to produce

Balooch et al. Page 3

J Struct Biol. Author manuscript; available in PMC 2009 June 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



procollagen. The harvested procollagen was processed with protease to convert it to mature
collagen and kept as monomer in acidic media. The recombinant collagen fibrils were
assembled by diluting the purchased monomer stock to 100 μg/ml and dialyzing for 48 hrs
against buffer (15.75 g/L NaCl, 13.76 g/L Tes-Buffer, 16.08 g/L Na2HPO4·7H2O) at room
temperature, then dialyzing against water overnight at 4°C to remove salt from the solution. A
drop of the solution was deposited on a glass slide or cleaved mica for five minutes, then washed
with DI water and imaged in water using the same procedures described above for the dentin
fibrils.

Indentation Modulus Determination of Collagen Fibrils
Collagen fibrils exhibiting different height profiles of the gap-overlap zones of the 67 nm repeat
pattern during the demineralization experiments were studied to determine if the varying
appearance indicated different mechanical properties as was expected if they contained
differing mineral quantities. The indentations were determined using an AFM with pN force
generating capability (PicoForce Nanoscope IIIa, Veeco, Inc. Santa Barbara, CA). After
imaging an individual fibril in the liquid cell filled with deionized water, force displacement
curves were taken along the long axis of the fibril at multiple points to determine the mechanical
properties profile of the gap-overlap regions. Indentation modulus, E, was determined from
force displacement curves. Deflection of the AFM cantilever was related to displacement of
the piezo through a sensitivity factor, S, determined from deflection of the AFM tip on a quartz
standard. The indentation, X, into the sample is the difference between the z-piezo movement,

, and the cantilever deflection, i.e.

(1)

The force is assumed to be proportional to the cantilever deflection through spring constant
k which was estimated from Sader’s hydrodynamic model (Sader, 1998) and E, was evaluated
following Sneddon’s formulation (Sneddon, 1965) that is based on the geometry of a cylindrical
cone indenting an elastic half space,

(2)

where F is the force, v is the Poisson’s ratio (assumed to be 0.5) and ϕ is the tip opening angle
(18°).

Results
Powder and Bulk Demineralization

Raman spectra were obtained from dentin powder at different times of demineralization in 10%
citric acid. The intensity of the v1-mode of the PO4 groups in apatite mineral at 960 cm−1

decreased with exposure time to the acid, as shown in Fig. 1. The peak intensity was reduced
by about 80% after 10 min of acid exposure. After 29 min the peak at 960 cm−1 was not
distinguishable from the background. The intensity of the phenylanine peak at 1007 cm−1

increased slightly in the first two minutes of etching, but remained constant at later times,
perhaps due to released constraint on this group as mineral was removed. Thus it took
approximately 30 min to remove all detectable mineral from 50 mg of powered dentin.
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Small angle x-ray scattering (SAXS) studies were conducted before and after 16 hours of
demineralization in 10% citric acid. Fig. 2A shows the x-ray beam penetrated through the
external demineralized zones and an internal unetched zone after the demineralization
treatment. Fig. 2B shows the SAXS patterns from unetched (top) dentin and after 16 h of etching
(bottom). Prior to etching, background scattering from the extrafibrillar mineral partially
obscured the intrafibrillar diffraction peak. As the extrafibrillar mineral was removed, the
intrafibrillar peak became more pronounced against this scattering background (red arrows).
Fig. 2C shows intensity profiles before and after etching, which resulted in the development
of a pronounced peak at the 22 nm allowed harmonic of the 67 nm zone separation. The
presence of a resolved peak associated with 67 nm periodicity of the fibrils indicates that
mineral is regularly arranged in the gap zones (Kinney et al, 2001a). All of the other mineral
(non-periodic) contributes to the general scattering background. The SAXS data provides key
evidence that the extrafibrillar mineral is removed at a faster rate than is the intrafibrillar
mineral.

Collagen Fibril Demineralization
AFM reveals only the topography of collagen fibrils. We believe intrafibrillar mineral assists
in maintaining a smooth surface by filling the gap zones, while mineral removal causes the
structure to assume topographic features of the gap and overlap zones seen in unmineralized
collagen fibrils.

An isolated collagen fibril from human dentin is shown in Fig. 3A before controlled
demineralization. The fibril appears smooth with little apparent periodicity. However, exposure
to 10% citric acid gradually revealed periodicity over time such that a clear distinction between
overlap and gap zones became apparent. This is shown in Figs. 3B–D at times up to 1600 s.
Fig 4A shows the topographic profiles along the fibril axis (white lines in Fig 3) for the fibril
shown in Fig. 3. The periodicity is close to 67 nm. The gap-overlap profile changed with
demineralization starting from a flat profile (black data points). For short exposures, the profile
appeared sinusoidal. The gap-overlap profile continued to increase in height with
demineralization time until it reached about 6 nm between the peaks (overlaps) and valleys
(gaps). After 1600 s, the gap portion of the profile became almost flat and did not change
appreciably. The gap-overlap height difference as a function of t1/2 is plotted in Fig. 4B, and
its linearity suggests a diffusion-controlled process. Estimates of the diffusion coefficient based
on the slope are about 10−14 cm2/s.

Elastic Modulus Variations for Collagen Fibrils
We used recombinant human collagen type I as a control because it contains no mineral. The
reconstituted fibrils tended to kink and not lie as straight as the dentin collagen fibrils, but still
exhibited the typical periodicity of about 67 nm and cross-sectional profile similar to the
decalcified human dentin fibrils (having 5–7 nm gap-overlap height). Fig. 5A shows a relatively
straight section of a reconstituted fibril with the topographic profile (solid line) showing gap-
overlap periodicity near 67 nm and a gap-overlap height of 5 nm. Modulus measurements
(dotted line) along the fibril axis demonstrated a periodic variation of modulus values of
approximately 30–35 MPa at the gaps and 60 MPa near the center of overlaps.

The modulus variation along a collagen fibril after demineralization in 10% citric acid for 3600
s is shown in Fig. 5B. The topographic profile (solid line) was similar to variations seen in the
recombinant fibrils with gap-overlap height of about 6 nm. Modulus values measured along
the fibril (dotted line) also varied from about 10 MPa in gap zones to 40 MPa near the center
of the overlap zone, and had the normal fibril periodicity.
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Fig, 5C shows an isolated fibril from normal dentin with intermediate topography after 240 s
demineralization. The 67 nm periodic repeat pattern is apparent, but has a 2–3 nm gap-overlap
height variation (solid line), with a narrow width to the region associated with the gap zone
providing a sinusoidal appearance. The E variations (dotted line) were between 200 MPa near
the gap to approximately 800 MPa in the overlap zone, between those in the demineralized
fibrils and fibrils with apparently complete mineralization.

Fig. 5D shows an isolated fibril with a smooth appearance, in which the 67 nm period is barely
detectable, suggesting the fibril is essentially fully mineralized. Modulus measurements along
the fibril axis (dotted line) showed the typical undulating character seen in the fibrils without
mineral (Fig 5A–B), but the magnitude of the E variations oscillated between 1.2 GPa in the
gap zone to 1.5 GPa in the overlap zone.

The table summarizes the ranges of moduli measured on extracted collagen fibrils from three
normal human third molars, along with those determined for numerous indentations made on
recombinant collagen fibrils.

Discussion
A previous study (Kinney et al, 1995) in which demineralization was monitored dynamically
with synchrotron radiation computed tomography, showed that dentin etching appeared to
occur in two stages, each governed by an unique rate. About 70–75% of the mineral was
removed rapidly, while the remaining mineral etched at a significantly slower rate. No
satisfactory mechanism for the two-step behavior was proposed. However, since intrafibrillar
mineral appears to make up 25–30% of the mineral (Bonar et al, 1985; Pidaparti et al., 1996),
the two-step process is consistent with a much slower rate for intrafibrillar demineralization.

In this work, demineralization of fine dentin powder required prolonged exposure for complete
mineral removal. In addition, demineralization of single collagen fibrils required periods of
2000–3600 seconds before gap-overlap height became constant, indicative of total mineral
removal. The height change in the gap-overlap zone with demineralization time suggested a
diffusion controlled process. However the estimated diffusion coefficient was orders of
magnitude lower than would be expected for transport in a liquid medium. This suggests that
the mineral within the fibrils is protected from the extracellular fluids. It may also reflect the
indirect measurement of mineral removal by measurement of the fibril topography in which
the volume change due to mineral removal is partially compensated by replacement with water
or relaxation of the collagen fibril.

The elastic modulus of mineralized tissues depends on the amount of mineral deposited in the
collagen matrix. From a simple rule of mixtures, one expects an increase in E with increasing
mineral density (Currey, 1969, 1990). Experimental evaluation of the effect of intrafibrillar
mineral on mechanical properties in dentin or bone has had limited attention due to the difficulty
of its extraction, and problems associated with mechanical testing on single fibrils. Instead, as
an approximation, mineralized turkey leg tendon (MTLT) has been studied since its collagen
fibrils are arranged in a parallel fashion, and the tendon can be studied with varying degrees
of mineralization depending on the age of the animal. Young’s modulus increased more than
two orders of magnitude with increasing mineral deposited in the collagen structure using the
MTLT model (Landis et al, 1995). At the individual fibril level, the mechanical properties will
also depend on the precise arrangement of the crystals within the fibrils (Weiner and Wagner,
1998; Rho et al, 1998). Jager and Fratzl (2000) further modified previous models for the
mechanical properties of mineralized collagen fibrils (Wagner and Weiner, 1992) by
introducing a staggered arrangement of mineral instead of mineral within the gaps in parallel
arrangement. (Veis and Sabsay, 1987; Hulmes et al, 1995). Mineral contained within both gaps
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and overlaps is consistent with the results of our work. Gupta et al (2006) recently reported
tensile deformation characteristics that are in further agreement with the staggered model.

The moduli reported in the literature were mainly measured in the long axis of the fibrils
(Landis et al, 1995). In our study, the E measured perpendicular to the fibril by indentation
differs appreciably from that determined by tension in the axial direction, due to the fact that
the indentation occurs into the fibril bulk. This increased contact compliance caused by the
organic phase makes quantitative comparison of modulus values with previous studies
unjustified. Tai et al (2005) used nanoindentation to measure elastic modulus of bone
demineralized for various periods and reported 1.9 GPa for totally demineralized samples.
However that work did not probe individual fibers and was carried out dry. If demineralized
collagen from dentin (and presumably bone as well), is dried, the collagen network collapses
and E values are dramatically elevated. Balooch et al (1998) found that when desiccated,
demineralized dentin had values of about 2 GPa, but when wet the value for the static elastic
modulus was 134 KPa. We did consider that the wet measurement of the collagen network was
not a measurement of the demineralized collagen fibrils themselves, but this value is in the
range of values we see in this study and points to the importance of hydration. Ankler et al
(2004, 2005) reported the mechanical properties of dehydrated carious dentin increased
approximately 100-fold for the modulus of elasticity compared with hydrated dentin, with the
demineralized regions giving values of about 15 MPa, in approximate agreement with our
values. Ho et al (2004) used nanoindentation to compare wet and dry elastic modulus of
cementum and the cementum-dentin junction, which is less mineralized than cementum. On
hydration the elastic modulus of cementum was reduced from 18.7 to 6.6 GPa and the less
mineralized CDJ region was reduced from 17.5 to 3 GPa showing the dramatic effect of
hydration. Furthermore, highly accurate indentation data for soft and compliant materials are
quite difficult since we currently lack good standards and there are numerous complicating
factors (Carillo et al, 2005). Finally although we know there is an important effect of hydration
at the bulk level, we really do not understand the effect at the nanolevel at this time. Thus it is
quite possible that the absolute values are not highly accurate, although the relative trends are
thought to be reliable.

However, the present studies are in accord with the increases in E that accompany changes in
mineral content reported by Landis et al, (1995). Using this indentation method we found a
periodic variation in E that was associated with the periodic topographic variations along the
fibril axes. Smooth fibrils gave the highest modulus values, and as topography increased with
demineralization, the E variations became larger between the gap and overlap zones. The
measured variations were correlated to the topographic variations and occasional deviations
reflect experimental difficulty in precise location of the AFM tip on fibrils that are not perfectly
flat.

Our findings confirm that mineral is located in two different compartments in collagenous
mineralized tissues and reveal that the intrafibrillar mineral has a profound influence on the
fibril topography and its mechanical properties. This study provided further evidence that
intrafibrillar mineral is a major contributor to the strength of mineralized tissues and any
attempt to remineralize or synthesize such tissues must provide for crystallization in the gap
zones.
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Figure 1.
Raman spectra during demineralization of 50 mg powder specimens of human dentin. The
phosphate peak at 960 cm−1 decreased ~ 80% after 10 min. and was not distinguishable from
background at 29 min. A small peak at 1007 cm−1 attributed to phyenylanine increased slightly
in the first 10 min. and remained essentially constant subsequently.
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Figure 2.
SAXS experiment demonstrating enhancement of the 67 nm (22 nm third harmonic, red arrows)
associated with intrafibrillar mineral in collagen fibrils. A. experimental set up showing x-ray
beam penetrating the dentin slab. B. SAXS patterns were obtained after the beam penetrated
the unetched dentin slab (top) and after etching (bottom) for 16 h in 10% citric acid so that the
beam penetrated two surfaces that had been demineralized (etch zones in A.) and an unetched
central core. White line in the top pattern shows the line used for the intensity profile. C.
Intensity profiles before (black line) and after (red line) the 16 h etching experiment. Red arrows
in B and C show the development of a pronounced peak associated with the third harmonic of
scattering from the intrafibrillar mineral with 67 nm periodicity from apatite deposited in the
gap zones of mineralized collagen fibrils (Kinney et al, 2001a). The SAXS profiles were
adjusted so that the 16 h etch had the same maximum value as the unetched data. This
normalization was helpful in order to show the difference between the two scattering curves
in the same q range for scattering.
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Figure 3.
Demineralization sequence in 10% citric acid of an isolated human dentin collagen fibril with
white lines showing lines used to measure height variations in Fig. 4. A. initial appearance of
the fibril was smooth and appeared to have indistinct boundaries. B. After 360 s of
demineralization the underlying periodicity of the collagen fibril due to gap-overlap height
differences was apparent. C. gap-overlap height differences increased with further
demineralization at 484 s, labels G and O indicate gap and overlap zones, respectively. D.1600
s demineralization..
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Figure 4.
A. Gap-overlap height differences of the collagen fibril shown in Fig. 3 (along white lines).
The flat topography of the fibril (black line) increased with progressive demineralization shown
at 360 s (green), 484 s (blue) and 1600 s (red). Similar results were seen in other fibrils
demineralized for up to 3600 s. B. Gap-overlap distance increases with demineralization time
for several human dentin collagen fibrils plotted vs. square root of time (s), suggesting a slow
diffusion controlled process.
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Figure 5.
AFM images associating topographic variations (solid red lines) with indentation elastic
modulus values (broken red lines) along black dashed lines on isolated collagen fibrils with
varying appearance. A. recombinant collagen fibril without mineral had gap-overlap height
differences of 5 nm. Modulus values varied from about 30 MPa at gaps to 60 MPa at the
overlaps. B. Fully demineralized human dentin collagen fibrils showing gap overlap height
differences of about 6 nm and modulus variations between 10 MPa at gaps to 40 MPa in the
overlap zones. C. Dentin collagen fibril after 240 s demineralization showing sinusoidal
periodic variations in topography with gap-overlap height differences of 2–3 nm. Modulus
values at the gaps were 200–400 MPa and at the overlaps were 500–800 MPa. D. Smooth
dentin collagen fibril showing minimal gap-overlap height differences and modulus variations
between 1.2 and 1.5 GPa.
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Table

Collagen Fibril Source Indentation Elastic Modulus Range

Dentin with varying intrafibrillar mineral N = 3 200 MPa- 2GPa

Dentin without intrafibrillar mineral N = 3 8–20 MPa

Reconstituted fibrils N = 3 30–50 MPa
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