
mediate the collagen degradation rate. However, the biomecha-

nics at collagen molecular level is still not well understood.

Recent technologies including experiments at single collagen

molecule level and full atomistic simulations of collagen mole-

cules have provided a way for us to reveal and understand the

origin of pathological processes of collagenous tissues at the

molecular level. Experiments have provided evidence that

mechanical forces mediate the degradation rate of collagen mole-

cules. In this paper, we review current understandings of the

biomechanics of collagen molecules, which provide the basis of

understanding the mechanobiology of collagenous tissue. Struc-

tures and mechanics of collagen molecules will be reviewed first,

followed by a review of collagen degradation mechanisms, and

recent studies on how mechanical forces alter the structures of

collagen molecules and thus mediate the degradation rate.

Structure and mechanical properties of collagen
molecules
Collagen molecules are produced by cells and are self-assembled

into hierarchical structures to form collagenous tissues [18–24].

The image on the left in Fig. 1 shows a schematic of the

hierarchical structure of collagenous tissues [25]. The collagen

molecule is a triple helical protein structure that consists of three

chains with a characteristic repeating sequences (Gly-X-Y)n. A

type I single collagen molecule has a diameter of about 1.6 nm

with a length of about 300 nm. Collagen molecules form into

collagen fibrils with a diameter of about 100 nm with a specific

pattern known as D-period [22,25]. The collagen fibrils then

form the fibers at the micron scale, which finally form the

collagenous tissues. Collagen fibrils are the basic components

of various collagenous tissues while the alignments of collagen

fibrils and the components in a collagen fiber varies in different

collagenous tissues to provide various mechanical and biological

functions. For example, bone contains minerals to provide

higher strength. In contrast, there is no mineral in tendon which

can exhibit more strain in our daily activities. Collagen fibrils

exhibit a parallel alignment in tendon and bone but align in

different orientations in cornea [26] to support varied loading

directions.
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FIGURE 1

Structure of collagenous tissues and a schematic of biomechanics of collagen materials. Collagenous tissues are hierarchical structures composed of self-
assembled collagen molecules. They are materials which can sense the mechanical forces, turning in to signals through deformation at molecule level, to
enable tissue remodeling and repairing. Adequate loading enables the adaptation to strengthen the collagenous tissue while inadequate loading may lead
to injuries. Hierarchical structure of connective tissues reprinted with permission from A. Gautieri, et al. Nano Lett. (2011). Copyright 2011 American Chemical
Society.

FIGURE 2

Illustration of collagen synthesis and degradation after exercise in humans,
showing the direct coupling between synthesis and degradation to physical
forces. Collagen formation and collagen degradation are two steps in the
tissue remodeling and repairing processes. Net synthesis of collagen is
found 36–72 h after exercise. Reprinted by permission from Macmillan
Publishers Ltd.: Nat. Rev. Rheumatol. [9], copyright 2010.
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Bone is a remarkable hierarchical biomaterial (Fig. 1a) that
has two major constituents, soft collagen protein and much
stiffer apatite mineral1,2. During the formation of bone,

collagen molecules assemble into fibrils, which are mineralized
via the formation of apatite crystals. Although larger-scale bone
structures differentiate depending on bone type and species, the
structure of mineralized fibrils is highly conserved across species
and different types of bone, and hence act as the bone’s universal
elementary building block3–6. The hierarchical structure of bone
enables it to be a light-weight material that can carry large loads,
and combines the toughness of inorganic material and the
flexibility of protein-based tissues7–12. Previous studies based on
mechanical models have uncovered key mechanistic features of
bone as well, eluded to the role of mineral platelets in
strengthening the material13–18. At the nanoscale, the interac-
tions between collagen molecules and the mineral hydroxyapatite
(HAP), and as well as the amount of mineral, are known to have a
significant role in providing strength and toughness to the bone
(or lack thereof, in disease states). In this paper we focus on the
structure and mechanics of mineralized collagen fibrils, as it is
universally found in many types of bone. Collagen–HAP
composites are not only the basic building blocks of the human
bone, but they are also amongst the most abundant class of
biomineralized materials in the animal kingdom (found in the
skeletal system, teeth or antler)1,2.

Although the structure of bone and its mechanical properties
have been well-studied, the knowledge about how collagen fibrils
and HAP crystals interact at the molecular scale, and how they
deform as an integrated system under external stress are not well
understood. Developing a deeper understanding of the properties
of bone from the level of its building blocks requires a thorough
investigation of the interplay of the organic protein molecules
with the mineral crystals. This, in turn, requires an atomistic-level
investigation of the properties of the organic–inorganic
interfaces19,20 and its correlation with the overall mechanical
behaviour. Several attempts have been made to develop a
molecular model of bone, but those studies fell short to
providing a full three-dimensional, chemically and structurally
accurate model of the interactions of collagen with the mineral
phase21–24. Coarse-grain models25 of nascent bone showed that
the mineral crystals provide additional strength and also increases
the Young’s modulus and fracture strength. Although these
models provided some insight into the mechanics of bone, they
failed to capture atomic-scale mechanisms, did not reach higher
mineralization levels, and did not allow for a direct comparison
with experimental work (for example, in situ x-ray analysis of
bone deformation1–6). The coarse-grain description of nascent
bone25 is a highly simplified two-dimensional model and relies on
empirically derived mechanical parameters, which were not
directly derived from fundamental principles of chemical
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Decoding the atomic structure of 
bone: molecular insights into brittle 

bone disease

Abstract 
Collagen constitutes one third of the human 
proteome, providing mechanical stability, elasticity 
and strength to organisms. Normal type I collagen is 
a heterotrimer and consists of two alpha-1 chains 
and one alpha-2 chain. A mouse model of the genetic 
brittle bone disease, osteogenesis imperfect (oim), is 
characterized by a replacement of the alpha-2 chain 
by a alpha-1 chain, resulting in a homotrimer 
collagen molecule. Experimental studies of oim 
mice tendon and bone have shown reduced 
mechanical strength compared to normal mice. How 
the molecular mutation affects the packing of 
collagen molecules at the microfibril level and the 
relationship between the molecular content and the 
decrease in strength is, however, still not clear. In 
this study, we use molecular simulations to study the 
structural and mechanical differences between the 
heterotrimer and homotrimer collagen microfibrils. 
The collagen microfibril models are generated based 
on the in situ structure of full length collagen type I 
molecule with the actual amino acid sequence of real 
mouse collagen. Through a detailed structural 
analyses, our results suggest that the oim microfibril 
is less dense compared to the normal microfibril as a 
result of local kink formations which explains the 
reduction of modulus of the oim microfibril. Our 
studies provide fundamental insight of the effect of 
the loss of alpha-2 chain at the molecular level and 
help understanding the molecular origin of the bone 
brittle disease at much larger length-scales. 
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