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a b s t r a c t

Molecular alteration in type I collagen, i.e., substituting the a2 chain with a1 chain in tropocollagen
molecule, can cause osteogenesis imperfecta (OI), a brittle bone disease, which can be represented by a
mouse model (oim/oim). In this work, we use dual-frequency Atomic Force Microscopy (AFM) and
incorporated with molecular modeling to quantify the ultrastructure and stiffness of the individual
native collagen fibers from wildtype (þ/þ) and oim/oim diseased mice humeri. Our work presents direct
experimental evidences that the þ/þ fibers have highly organized and compact ultrastructure and
corresponding ordered stiffness distribution. In contrast, oim/oim fibers have ordered but loosely packed
ultrastructure with uncorrelated stiffness distribution, as well as local defects. The molecular model also
demonstrates the structural and molecular packing differences between þ/þ and oim/oim collagens. The
molecular mutation significantly altered sub-fibril structure and mechanical property of collagen fibers.
This study can give the new insight for the mechanisms and treatment of the brittle bone disease.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Collagen is one of the basic building blocks in the multi-level
hierarchical structure of osseous tissues and provides the tem-
plate for mineralization in the formation of bone. Altered collagen
affects the mineralization process that occurs within and around
the fibril [1e3], resulting in smaller and disorganized mineral
crystals with different chemical composition and quantity [4,5]. Not
surprisingly, alterations in collagen have disastrous consequences
efelbine), mingdao@mit.edu
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at the whole bone level. One example is osteogenesis imperfecta
(OI or brittle bone disease), which originates from mutations of
genes coding for type I collagen [6] and results in extreme skeletal
fragility [5,7]. The OI mouse model has been widely used to
examine bone properties, and develop treatments [8e14]. In the
mouse model (oim/oim), in which has phenotypic features similar
to moderate to severe human OI [15] but with different mutation
origin, the oim/oim (�/�) collagen fibers are missing the a2 chain,
resulting in homotrimers comprising three a1 chains. In contrast,
the wildtype (WT or þ/þ) collagen molecule comprises two a1 and
one a2 chains. The typical hierarchical structures of normal type I
collagen from atomic to fibrillar level and the mutated homotrimer
are illustrated in Fig. 1. The missing a2 chain in oim/oim collagen
causes significant structural alterations and mechanical deficits in
homozygous bone at all levels of the hierarchy, such as reduced
ultimate strength, fracture toughness and modulus at the whole
bone level [8,9,16]; increased number of vascular pores [10], and
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Fig. 1. Schematics of hierarchical structures of normal type I collagen fiber and oim/oim homotrimer.
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more variable alignment of crystals [17] at the tissue level;
stretchier mineralized fibrils [8], altered mineral composition [11],
smaller mineral crystals [18], and altered crosslinking [8,19] at the
fibril to molecular level. These alterations have been found to result
in a loss of mechanical integrity of oim/oim bone structure and bone
fragility at the tissue and whole bone level. Generally speaking,
bones from oim/oim canmimic and study themild to severe human
OI features and characteristics [8e14], for example, nano-
indentation experiments have showed that the oim/oim bone had a
lower elastic modulus despite the higher mineralization [9]. Other
works also show that the elastic modulus, hardness, carbonate
content, and even crystallinity of OI bones have significantly
reduced, but the mineral density has increased in the OI bones
[20e22]. However, the effects of collagen alterations onmechanical
and structural integrity at the fibril and sub-fibril level have not
been explored due to the lack of tools with sufficient resolution to
probe the basic building blocks of bone.

To understand the mechanisms of molecular mutation induced
bone structure and property changes at sub-fibril level, both
experimental and theoretical modeling works are needed. For
example, AFM (Atomic Force Microscopy) technique together with
Fast Fourier Transform (FFT) were widely used to image the
collagen morphology and determine the D-space [23e26], on the
other hand, Li and colleagues has recently applied AFM to investi-
gate the mechanics of single peptide fibrils [27]. Different from
those studies, in this work, we conduct experimental investigations
of ultrastructure and properties of mineralized collagen using dual-
frequency Atomic Force Microscopy (AFM) technique, which en-
ables the stiffness quantification as well as corresponding
morphology observations at nanometer resolution [28,29] and
differentiates different compositions [30]. This technique is applied
tomeasure collagen properties at the fibril level (50e100 nm). Such
high resolution is attributed to the superior sensitivity of the tip-
sample interaction to the material properties due to the higher
eigenmode cantilever oscillations in the small amplitude regime
[28,31]. Parallel to this, molecular models are developed to explore
the underlying structure in the homotrimeric oim/oim fibril and
heterotrimeric þ/þ fibril.
2. Materials and methods

2.1. Animal model

Bone samples used in this study belongs to the B6C3Fe-a/
aCol1a2oim/oim strain (oim/oim), a mouse model that replicates
the moderate to severe condition of OI in humans. These bones
were compared to their wildtype controls (þ/þ) bone samples. The
bone samples from those animal model have been previously
characterized at whole-bone level, such as the fracture toughness,
nanoindentation, tomography (by synchrontron X-ray), in situ
tensile testing, as well as porosities [9e11].

2.2. Sample preparation

Humeri from two oim/oim and two þ/þ 8-week old female mice
were harvested and cleaned of surrounding soft tissue. The bones
were left to dry in air for an hour and embedded in epoxy resin
(EPOTHIN; Buehler, Lake Bluff, USA). The epoxy resin and hardener
weremixed and let cool for 10min prior to embedding the bones, in
order to increase its viscosity and avoid the infiltration of resin into
the pores. The resin-cast bone samples were left to polymerize at
room temperature. The embedded humeri were then cut trans-
versally at the mid-diaphysis using a low speed diamond saw
(Isomet, Buehler GmbH, Germany). The proximal sections were cut
in cubes and polished using increased grades of carbide papers
(P800 to P4000). The sections were further polished using alumina
powders (0.3 mm and 0.05 mm) to obtain a mirror-like surface for
AFM scan. The finished surface has roughness less than 10 nm RMS
when observed from 1� 1 mm2 images. Samples were stored under
ambient conditions (24 �C and 60% RH) for further AFM
characterizations.

2.3. AFM imaging

A commercial AFM system (MFP3D-SA, Asylum Research, USA)
was used to conduct all characterization study. The stiffness and
sensitivity of the AFM cantilever (PPP-FM, NANOSENSORS,
Switzerland) were calibrated using Sader and thermal noise
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methods before all imaging. The typical specifications of the can-
tilevers are listed in Table S1. The entire specimen surface of both
oim/oim andþ/þ bones were firstly scanned by tapping-mode AFM
to locate the collagen fibers once for all. In this study, no chemical
treatments were used to remove the mineral phase; hence, the
collagen fibers were preserved at their native state, i.e. mineralized
fibers. The drawback of such preservation is that only limit number
of collagen fibers are available for statistical analysis. But in this
study, at least tens of fibers were observed and available for the
imaging by AFM and dual-frequency AFMmethods. A description of
dual-frequency AFM method is included in the Supporting
Information Note 1.

The D-spacing of collagen fibers was determined using a two
dimensional Fast Fourier Transform (2D-FFT) method (Figure S1),
which decouples the D-spacing from both the pixel size and fiber
orientation [32]. The amplitude AFM images were used to measure
the D-spacing of collagen fibers. The area of interest was selected at
the straight sections of each fiber, and was undergone 2D-FFT to
measure the D-spacing (SPIP software, ImageMetrology, Denmark).
Thirty-three (33) fibers were measured for each þ/þ and oim/oim
bones. The statistical analysis of D-spacing distributions of collagen
fibers was performed using one-way ANOVA method.

2.4. Collagen microfibril modeling

The collagen microfibril model was generated based on the in
situ structure of full length collagen type I molecule [33] (Protein
Data Bank identification code 3HR2), which has a triclinic unit cell
(az 40.0 Å, bz 27.0 Å, cz 678 Å, az 89.2�, bz 94.6�, gz 105.6�).
Note that the structure reported in Ref. [34] includes only backbone
alpha carbons and the primary sequence of rattus norvegicus,
therefore, the homology modeling as described in Ref. [35] was
used to obtain a full-atomistic structure with the mus collagen
sequence. The real sequences of type I a1(I) and type I a2(I) chains
of mus musculus (þ/þ mouse) were used. The heterotrimer
collagen microfibril model was built of two a1(I) chains and one
a2(I) chain while the homotrimer collagen microfibril model was
built of three a1(I) chains. The sequences were adopted from NCBI
protein database (http://www.ncbi.nlm.nih.gov/protein):
AAH50014.1 for a1(I) chain and NP_031769.2 for a2(I) chain. In both
collagen microfibril models, ions were added to neutralize the
system. Full atomistic simulations were performed using modeling
code LAMMPS [36] (http://lammps.sandia.gov/) and the CHARMM
force field [37] that includes parameters for hydroxyproline amino
acids based on amodel put forth by Anderson (http://search.library.
utoronto.ca/details?6077393&uuid¼8d2a6e27-c600-4e13-9555-
b25f07b783c9) [38]. An energy minimization using a conjugate
gradient scheme was performed before molecular dynamics sim-
ulations. Rigid bonds were used to constrain covalent bond lengths
and an integration time step of 1 fs is used. Nonbonding in-
teractions were computed using a cut-off for neighbor list at 13.5 Å,
with a switching function between 10 and 12 Å for van der Waals
interactions. The electrostatic interactions were modeled by the
ewald/n style, which performs standard coulombic Ewald summa-
tions in a more efficient manner [39]. After energy minimization,
the collagen molecule was simulated through 5 ns at a constant
temperature of 310 K in molecular dynamics simulations to obtain
an equilibrium structure.

3. Results

The collagen fibers are in the native air-dried mineralized con-
dition from transverse sections of finely polished mice humeri
mounted in the epoxy resin. Usually collagen fibers run perpen-
dicular to this surface, but the fibers may be displaced by
mechanical polishing and piled near the bone/resin boundaries.
The diameter of oim/oim collagen fibers was found to be about half
of that of þ/þ fibers (Fig. 2A and B). The mean D-spacing (i.e., the
repeated gap/overlap banding pattern from the quarter staggered
arrangement of collagen molecules) of oim/oim fibers
(65.70 ± 2.83 nm) is significantly smaller than that of theþ/þ fibers
(68.19 ± 3.42 nm, p ¼ 0.002) (Fig. 2C, D and E). The oim/oim fibers
also exhibit smaller standard deviation in D-spacing distribution,
which indicates reduced heterogeneity. Within each D-spacing
unit, the oim/oim fibers show a wider gap zone and narrower
overlap zone compared to those of the þ/þ collagen fibers. Detail
statistical analysis of these morphology features is included in
Supporting Information Note 2.

To compare with experimental findings we conduct full atom-
istic molecular modeling of þ/þ and oim/oim collagen fibers. The
model revealed the same structural observations: larger D-spacing
and smaller gap/overlap ratio ofþ/þ collagen fibril than that of oim/
oim one (Fig. 3). More importantly, the model shows that replace-
ment of the a2 chain with a1 chain alters the structure of the
collagen at the molecular level and these alterations lead to a less
dense packing of the oim/oim collagen fibril. Although both theþ/þ
and oim/oim collagen molecules have the same length, the oim/oim
collagenmolecule has shorter end-to-end distance, which indicates
shorter persistence length (bending stiffness/kBT, where kB is the
Boltzmann constant, and T is the temperature) and thus smaller
bending stiffness. The oim/oim collagen forms more kinks
compared to theþ/þ collagen (Fig. 3 and Fig. S2), which agreeswith
previous study [40]. These kinks affect the packing of collagen
molecules at the fibril level, resulting in a fibril with larger lateral
spacing and larger gap/overlap ratio, and eventually makes the
packing of oim/oim collagen fiber looser. On the other hand, Fig. 3
and Fig. S2 actually illustrate the differences between the struc-
ture and morphology of the oim/oim and þ/þ collagens. For
example, the collagens in þ/þ bone is more straight and with
regular D-spacing, but the oim/oim collagens show more curling
structure, more kink and reduced D-spacing, hence those factors
will contribute to the reduction of the mechanical properties in the
oim/oim bones.

The different mechanical properties between þ/þ and oim/oim
collagen fibers were clearly revealed from the contact stiffness (kc)
mappings. kc was calculated from the measured contact resonance
frequency (fc) data together with the calibrated AFM cantilever
stiffness (k) and free resonance frequency (f0). According to the
cantilever dynamics, kcz 2kfc/f0, where k and f0 corresponds to the
cantilever eigenmode (3rd used in this study). Larger kc indicates
higher elastic modulus. More detailed description of the method is
included in Supporting Information Note 1. Fig. 4A and B shows
direct correlation between kc and morphology of þ/þ collagen fi-
bers. The narrow trench (expected to be gap zone) is generally
stiffer than the wide protrusion (overlap zone). The dramatically
low stiffness along the side walls (dark purple color) of fibers may
be due to the slippery tip-fiber contact, thus the analyses were
confined in the central region along the fiber axial direction. The
stiffness profile and the corresponding height profile were plotted
together along the line a-b (Fig. 4C). The profiles of averaged stiff-
ness across the fiber width (~88 nm) were plotted inside a periodic
unit with gap and overlap zones identified (Fig. 4D and E). It clearly
demonstrates that the stiffness maxima are at the gap zone,
whereas the minima are at the gap/overlap boundary. The spatial
stiffness variations can be clearly visualized by the first derivative of
the stiffness profile (Fig. 4F). The large peaks (±0.006) indicate
sudden stiffness change that located at the height minima with
slight offset. Moreover, there are minor peaks (magnitude smaller
than 0.002) along the entire fiber, which reveals the stiffness
fluctuation within the gap and overlap zones. Such higher order of
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Fig. 2. AFM amplitude images of þ/þ collagen fibers (A) and oim/oim collagen fibers (B). Scan size is 2 � 2 mm2 with 512 � 512 pixels. (C) Histogram of D-spacing distributions of þ/
þ and oim/oim collagen fibers. (D) CDF (cumulative distribution function) of all collagen fibers measured in each group. (E) D-spacing of the þ/þ and oim/oim collagens. The boxes
represent the interquartile range, the crosses represent the data extremes, the whiskers represent the 95% and 5% data range, the square is the mean, the line in the box is the
median, and the dashed horizontal line corresponds to the theoretical D-spacing of 67 nm.

Fig. 3. Molecular modeling of þ/þ and oim/oim collagen molecules. (A) Molecular structures. The blue box shows the triclinic unit cell of the full atomistic þ/þ and oim/oim fibrils.
(B) and (C) shows the structural differences between þ/þ and oim/oim collagen at single molecular and fibril levels respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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features are directly demonstrated by small stiffness variations in
the overlap zone (Fig. S3). In comparison, the sensitivity of either
the amplitude or phase at the fundamental eigenmode (i.e. the
typical AFM signal) is insufficient to detect detailed property
changes within individual gap and overlap zones (Fig. S4). TEM
images of stained mineralized collagen fibers showed sub-
structural features within both the gap and overlap zones that re-
flected the underlying amino acid residues in collagen fibers
[41,42]. The variations in the kc contrast and stiffness profile may
indicate these compositional differences. The stiffness variation
along single þ/þ fibers follow well-regulated patterns in the gap
and overlap zones, similar to those in Fig. 4D and E. Therefore, the
organized ultrastructure and the corresponding periodic stiffness
variation along þ/þ collagen fibers indicate that the mineralization
is well controlled by the heterotrimer molecules.

The oim/oim collagen fibers also had organized periodic units



Fig. 4. Dual frequency-AFM images of þ/þ collagen fibers (0.5 � 0.5 mm2, 256 � 256 pixels). (A) Topography. (B) Stiffness mapping. (C) Stiffness profile along the line a-b with
corresponding height profile. The gap and overlap boundaries are identified by the locations with half of the maximum height. (D) Stiffness profile within a periodic unit dem-
onstrates the minimum stiffness at the gap-to-overlap boundary, and largely increased stiffness at the overlap-to-gap boundary (E). (F) First derivative of stiffness profile indicates
the locations of sudden stiffness changes along the fiber. The results clearly revealed the periodicity with corresponding well-regulated stiffness fluctuation along the þ/þ collagen
fiber.
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(Fig. 5A), but non-periodic stiffness distribution (Fig. 5B). It was
common to have multiple locations with relatively low stiffness
(defected points that pointed by arrows in Fig. 5B), which were
rarely seen on þ/þ ones. The stiffness profile fluctuated randomly
(Fig. 5C), without the periodic maxima and minima as those in the
þ/þ fibers. There was no correlation between stiffness and height
profiles. The oim/oim collagen fibers also exhibit significantly lower
mean stiffness (statistical value averaged over many fibers) and
Fig. 5. Dual-frequency AFM images of oim/oim collagen fibers (0.5 � 0.5 mm2, 256 � 256 p
d with corresponding topography profile. (D) First derivative of stiffness profile indicates the
pattern of oim/oim collagen fiber, but no correlation to the stiffness distribution. The stiffn
smaller standard deviation than those of the þ/þ ones (Fig. 6). The
mean stiffness (Fig. 6A) of þ/þ and oim/oim collagen fibers is about
0.32 and 0.18 N/m respectively by Gaussian fitting. The CDF curve
(Fig. 6B) of the oim/oim collagen is entirely on the left-hand-side of
the þ/þ one, which indicates overall lower stiffness of the oim/oim
collagen. The K-S test of the CDF curves also indicates that the þ/þ
collagen is significantly stiffer than that of the oim/oim collagen
(p < 0.001). Moreover, þ/þ collage fibers also show wider stiffness
ixels). (A) Topography. (B) Stiffness mapping. (C) Stiffness data profile along the line c-
locations of stiffness changes along the fiber. The results showed the organized periodic
ess fluctuates randomly along the fiber, without any recognized repeated pattern.



Fig. 6. Stiffness comparison between the þ/þ and oim/oim collagen fibers. (A) Histograms from 2 � 2 mm2 stiffness images (Figs. S6A and E). (B) CDF chart of the histogram
presented in (A). (C) and (D) Histograms from 0.5 � 0.5 mm stiffness images of oim/oim and þ/þ collagen fibers, respectively. The original stiffness images are presented in
Figs. S6BeD for þ/þ collagen fibers, and Figs. S6FeH for oim/oim collagen fibers.
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distribution. About 80% of the tested oim/oim fibers show stiffness
within the range of 0.1e0.3 N/m (Fig. 6C), while for þ/þ fibers it is
within the range of 0.15e0.45 N/m (Fig. 6D). In addition, the images
used for Fig. 6C and D have scan size of 1/16 of that for Fig. 6A. In this
case, the stiffness is averaged over less number offibers, so thatmore
details can be revealed. The exact mean stiffness and distribution
varies from image to image, but still centered near the mean value
that observed in the image with larger scale. The histograms of the
oim/oim fibers only show one peak, whereas the stiffness histograms
of þ/þ fibers usually show split peaks (pointed by black arrows in
Fig. 6D). This feature can be smoothed out when the stiffness is
averaged over a large number of fibers. These results provided
further evidences for the less heterogeneity of oim/oim collagen fi-
bers. The first derivative of the stiffness profile along an oim/oim
collagen fiber fluctuates within ±0.002 without any recognizable
patterns and outstanding peaks (Fig. 5D), indicating that the stiffness
variations are gentle and gradual along the entire fiber. Although the
majority of oim/oim fibers showed irregular stiffness variation, some
other measured oim/oim fibers also showed relatively more regular
patterns (Fig. S5). Thus, the oim/oim mice bones may comprise both
highly and mildly defective collagen fibers. Our model also showed
that the overlap region of oim/oim collagen molecule has larger
lateral spacing between the collagen molecules than that of the þ/þ
molecule. Thus, the mineralization may also occur at the overlaps
and lead to less difference of the stiffness comparing to the gap re-
gion. In contrast, for þ/þ collagen molecule, much less space is
available for mineralization in the overlap zone than in the gap zone
because the molecules are more densely packed. Thus, it is unlikely
the mineral can grow large at the overlap zone. The preference of
crystal mineralization at the gap zone results in a clear periodic
stiffness distribution. It is also supported by the previous study that
the hydroxyapatite crystals primarily reside in the gap region even at
different mineralization stages [43].
4. Discussions

The structures of both þ/þ and oim/oim collagen fibers are
composed by periodic units. The oim/oim collagen fibers have a
smaller diameter and D-spacing than those of theþ/þ fibers. It was
reported that the volume fraction of water in oim/oim collagen is
about ~5% higher than that in þ/þ one based on equal amount of
collagen molecules, and leads to an increment of interaxial sepa-
ration between collagen molecule by 1.4 Å [44]. However, based on
the fiber diameter that we observed, the volume of oim/oim
collagen fiber is about 50% less than that ofþ/þ collagen. Such large
volume difference cannot be mainly attributed to the moisture
content. On the other hand, the intra- and inter-fibrillar minerals
inside a collagen fiber may change the fiber morphology exten-
sively [45]. The fiber diametermight be expanded by the embedded
mineral crystals [41]. Thus, the highly organized mineral crystals of
the þ/þ collagen fiber may contribute to its larger diameter,
comparing to the randomly located small size minerals inside oim/
oim collagen fiber [9]. Thus, the dramatic difference in fiber diam-
eter between the þ/þ and oim/oim collagen should be attributed to
both the different collagen fibrillar organization and collagen-
guided mineralization.

The þ/þ collagen fibers showed distinctive stiffness profiles
recognized in a single periodic unit. The high stiffness peaks are
expected to associatewith highmineral density. Different terminals
of triple helix molecules, i.e., the C- and N-terminal (Fig. 1, GOG
units), locate at alternative gap/overlap boundaries. C-terminal is
the preferred site for mineral nucleation due to the electrostatic
charge attraction [41] and the readily available void space near C-
terminal within the mineralized collagen fibril [43]. Therefore,
minerals are mostly deposited in the gap zone, which is in accor-
dance with the observed highest stiffness in the gap zone in this
work. Such conformation can stiffen the collagen triple helix and
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increase the elastic spring constant [46]. In contrast, the oim/oim
collagen fibers show much lower stiffness. Molecular models,
including this study, showed that the oim/oimmolecules have large
kinks, resulting in loosely packed lateral spacing [40], and
computational models showed that the homotrimers had a lower
intermolecular adhesion force [40,47]. These may contribute to the
reduced stiffness in oim/oim collagen fibers [9,10,47]. In addition,
the stiffness distribution varied randomly along the oim/oim fiber
with no apparent relationships to the fiber morphology. It implies
that the irregular packing and cross-linking associated with the
homotrimers may lead to poorly organized mineralization inside
the fiber, causing less ordered distribution of the mineral crystals
[34] and potential defects with low stiffness as indicated by the
dark spots in Fig. 5B. These defects may be originated from the
localized glycine mutation that showing reduced stiffness as pre-
dicted in the atomic simulation [48]. Suchmolecular level mutation
can affect the fibril mechanical properties in a way of altered stress
distribution within fibrils [49]. In general, the oim/oim fibers are
generally statistically less stiff than the þ/þ fibers. Although the
morphologymay be qualitatively similar betweenþ/þ and oim/oim
collagen fibers, different mineralization mechanisms initiated by
the homotrimer and heterotrimer molecules are reflected by the
distinctive stiffness variations along the fibers.

Besides the periodic structure and stiffness distribution, another
feature of þ/þ collagen is the ordered nanoscale heterogeneity.
Higher nanoscale heterogeneity was proposed to contribute to
limiting damage growth and enhancing energy dissipation for
better toughness at the tissue level [50,51]. Compared with the oim/
oim collagen fibers, the þ/þ collagen fibers show higher hetero-
geneity in terms of D-spacing and diameter, single fiber stiffness,
and average stiffness. These observations are also consistent with
the 30% increase in non-enzymatic crosslinks (spatially nonspe-
cific) found in oim/oim collagen fibers [10]. Instead of highly-
orientated large platelet-like crystals in þ/þ bone, the mineral
crystals in oim/oim bones are less organized, with smaller size
[9,52] and low crystallinity [17]. Because the crystals are less or-
dered spatially (i.e. more evenly distributed throughout the fibril),
the stiffness along the fibril does not vary much, which results in a
more uniform overall stiffness of the fiber and low heterogeneity. In
addition, larger gap spacing in oim/oim collagen fibers means that
more space is available for the mineral to nucleate and grow, but
more mineral contents may not indicate high stiffness at the tissue
level [9]. Stiffness may depend more on the quality and organiza-
tion of mineral crystals, so that the matrix-mediated ordered hi-
erarchical mineral packing inside þ/þ bone may dominate over the
mineral content and lead to better mechanical performance.

Generally speaking, mineral is responsible for the strength and
support of tissue, while the collagen fiber matrix has the role to
provide resilience. For oim/oim fibers, they are likely to be intrin-
sically more fragile because of the loose packing, low intermolec-
ular force, small diameter, low average stiffness and also contain
local defects that may become highly stressed points under
external loading. The deteriorated structural integrity and me-
chanical property at the fibril level may well be a critical starting
point for catastrophic mechanical failure at the tissue level. The full
atomistic model used in the present study has provided further
insights and quantitative evaluations of different nanoscopic fac-
tors involved.

5. Conclusions

In conclusion, this study has presented, for the first time, the
significant and unambiguous discrepancies in ultrastructure and
stiffness distribution between individual þ/þ and oim/oim collagen
fiber at the sub-fibril level, via analyzing the nanoscale resolution
morphology and stiffness images generated by dual-frequency AFM
method. Forþ/þ collagen, the stiffness variation along a single fiber
is closely related to the morphology that showing highly regulated
periodic pattern, and distinctive stiffness patterns are well main-
tained at the gap and overlap zones respectively. For oim/oim
collagen fiber, the defected molecular packing leads to the smaller
diameter and D-spacing than those of þ/þ collagen. The stiffness
fluctuates irregularly along the length of the fiber, and usually has
no direct relation to the fiber morphology. The oim/oim fibers also
exhibit reduced heterogeneity in term of morphology and stiffness.
These observations have brought more insights into the relation-
ship between the structure, mechanical property and mineraliza-
tion of þ/þ and oim/oim collagen fibers at fibril and sub-fibril level,
and also implicate the collagen fiber initiated mechanical failure at
the bone level.
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