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Bone and Cartilage – its Structure and Physical Properties
Ryszard Wojnar

1.1
Introduction

Here we describe the morphology and biology of bone, analyzing its components.
The chapter is divided into two sections:

1) Macroscopic structure of bone
a. Growth of bone
b. Structure of body
c. Structure of bone

2) Microscopic structure
a. Osteons
b. Bone innervations
c. Bone cells
d. OPG/RANK/RANKL signaling system
e. Proteins and amino acids
f. Collagen and its properties
g. Polymer thermodynamics
h. Architecture of biological fibers

All organs of the body are made up of four basic tissues: epithelia, connective
tissue (CT), muscle tissue, and nervous tissue. Blood, cartilage, and bone are
usually regarded as CTs. All tissues of an organism are subject to different stimuli,
among others, to mechanical forces. These forces arise from various reasons, such
as blood circulation, inertial forces created during motion, and gravity forces that
act ceaselessly in normal conditions.

Bone is a specialized form of CT that serves as both a tissue and an organ within
higher vertebrates. Its basic functions include mineral homeostasis, locomotion,
and protection. Bone has cellular and extracellular parts. The extracellular matrix
(ECM) of the bone comprises approximately 9/10 of its volume, with remaining
1/10 comprising cells and blood vessels. The ECM is composed of both organic
and inorganic components.
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Greek philosopher and scientist Aristotle of Stageira maintained that ‘‘Nature,
like a good householder, is not in the habit of throwing away anything from which
it is possible to make anything useful. Now in a household the best part of the food
that comes in is set apart for the free men, the inferior and the residue of the best
for the slaves, and the worst is given to the animals that live with them. Just as the
intellect acts thus in the outside world with a view to the growth of the persons
concerned, so in the case of the embryo itself does Nature form from the purest
material the flesh and the body of the other sense-organs, and from the residues
thereof bones, sinews, hair, and also nails and hoofs and the like; hence these are
last to assume their form, for they have to wait till the time when Nature has some
residue to spare’’ [1].

About two-thirds of the weight of a bone, or half of its volume, comes from
an inorganic material known as the bone salt that conforms, so to say, the bone
to a nonliving world. It is an example of biomineralization: the process by which
living organisms produce minerals. Owing to the inorganic architecture of the
bone its biological properties may often be assumed as time independent, and
the bone may be described by the methods of mathematics and mechanics devel-
oped for inanimate materials. However, by treating the bone as a live tissue, we
observe that its biological activity is essentially directed toward keeping the whole
organism in a state of well-being. The functionality of a bone is closely related
to that of a cartilage tissue. In embryogenesis, a skeletal system is derived from
a mesoderm, and chondrification (or chondrogenesis) is a process by which the
cartilage is formed from a condensed mesenchymal tissue, which differentiates
into chondrocytes and begins secreting the molecules that form an ECM. Carti-
lage is a dense CT and, along with collagen type 1, can be mineralized in the
bone.

The high stiffness and toughness of biomineralized tissues of a bone are explained
by the material deformation mechanisms at different levels of organization, from
trabeculae and osteons at the micrometer level to the mineralized collagen fibrils
at the nanometer length scale. Thus, inorganic crystals and organic molecules are
intertwined in the complex composite of the bone material [2].

Bone, like every living tissue, cannot be described completely in terms of a
nonanimate matter description. It breaks as a lifeless stick if overloaded, but if
set up it recovers after some time. Under some loads, microcracks can appear;
these are ad hoc healed, and the bone undergoes reinforcement. These properties
of a bone are due to a complicated but coordinated structure, as it is seen during
remodeling. Living bone could be treated as a solid-state fluid composite with
circulating blood and living cells, while a bone skeleton has hierarchical structure
and variable biomechanical properties. In addition, the blood flows through bones
according to the rhythm of the heart beat.

Following Erwin Schrödinger, one sees that most physical laws on a large scale
are due to stochasticity on a small scale (‘‘order-from-disorder’’ principle). For
example, the diffusion, in macroscopic description, is an ordered process, but in
microscopic view it is caused by random movement of particles. If the number
of atoms in the particle increases, the behavior of the system becomes less and
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less random. The life greatly depends on order and the master code of a living
organism has to consist of a large number of atoms. The living organism seems to
be a macroscopic system, the behavior of which approaches the purely mechanical
(as contrasted with thermodynamical) conduct to which all systems tend, as the
temperature approaches absolute zero and the molecular disorder is removed. The
life is based on ‘‘order-from-order’’ principle. Schrödinger indicates that a periodic
crystal is the material carrier of life, in contrast to periodic crystal of classical
(inanimate) physics [3].

The asymmetry of living bodies was emphasized first by Louis Pasteur, who
widely used examples with spiral structures. Upon examination of the minuscule
crystals of sodium ammonium tartrate, Pasteur noticed that the crystals came in
two asymmetric forms that were mirror images of one another (1849): solutions
of one form rotated polarized light clockwise, while the other form rotated light
counterclockwise. As a result, he devoted himself to the study of what he called
dissymmetry, pointing out that inorganic substances are not dissymmetrical in their
crystallization, while all the products of vegetable and animal life are dissymmetric.
He concluded that there was some great biological principle underlying this: ‘‘All
artificial products of the laboratory and all mineral species are superposable on
their images. On the other hand, most natural organic products (I might even say
all, if I were to name only those which play an essential part in the phenomena
of vegetable and animal life), the essential products of life, are asymmetric and
possess such asymmetry that they are not superposable on their images’’ [4, 5].
Geometry itself makes distinction between living and inanimate bodies, and this
difference protects the autonomy of life. In the bone, both seemingly opposite
substances, living and unliving, meet together and cooperate toward creating bone
tissue.

This is the problem of three-dimensional growth through spiral forms, discussed
in 1884 by Lord Kelvin [6], who earlier proposed (1873) the term chirality, cf. [7] and
[8]. The repetition of such a way of development is observed from molecular level
until macroscopic forms. In nature, helical structures arise when identical structural
subunits combine sequentially, the orientational and translational relation between
each unit and its predecessor remaining constant. A helical structure is thus
generated by the repeated action of a screw transformation acting on a subunit. A
plane hexagonal lattice wrapped around a cylinder provides a useful starting point
for describing the helical conformations of protein molecules, investigating at the
same time the geometrical properties of carbon nanotubes, and certain types of
dense packings of equal spheres.

Essential for life proteins are organic compounds made of amino acids that
are arranged in a linear chain and joined together by peptide bonds between
the carboxyl and amino groups of adjacent amino-acid residues. The sequence of
amino acids in a protein is defined by the sequence of genes that is encoded in the
genetic code, which specifies 20 standard amino acids. The collagen is the main
protein of CT in animals and the most abundant protein in mammals.

Among the substances, some are ungenerated and imperishable, while others
partake in generation and perishing. Linus Pauling in 1970 indicated several
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attributes that distinguish a living organism from an inanimate object [9]. One
is the ability to reproduce – the power of having progeny belonging to the same
species, being sufficiently similar to the parental organism. Another attribute is
the ability to ingest certain materials and subject them to own metabolism. Also a
capacity to respond to environment, possibility of healing, as well as the memory,
and the capacity to learn are typical for living organisms. The complicacy of
chemical processes and the constancy of biological systems that we recognize so
easily in the heredity phenomenon appear to contradict our intuitions.

The cell theory states that all living beings are composed of cells, which can
be regarded as the basic units of life, and that cells come from other cells [10].
Botanist Matthias Jakob Schleiden (1804–1881) was a cofounder of the cell theory,
along with Theodor Schwann and Rudolf Virchow. The growth of an organism
is effected by consecutive cell divisions (such a cell division is called mitosis).
In biology, another division process, namely, meiosis is dealt with. Meiosis is a
process of reductional division in which the number of chromosomes per cell is
halved. In animals, meiosis always results in the formation of gametes, while in
other organisms it can give rise to spores.

Many important substances in cells and tissues occur as thin, of the order of 20 Å,
and highly elongate particles. (1 angström ≡ 1 Å = 0.1 nm = 10−10 m.) Proteins
(such as myosin, collagen, and nerve-axon protein), nucleic acids (DNA and RNA),
and polysaccharides (cellulose and hyaluronic acid) are examples. Many of these
substances are themselves polymers (as the protein macromolecules are polymers
of many amino-acid residues) but, as monomers, these elongated macromolecules
polymerize end-to-end and laterally to form fibrous structures. Schmitt et al. [12]
suggested that tropocollagen (TC), the macromolecule of collagen, has dimensions
of about 14 × 2800 Å [11–15].

The nucleic acids can be longer. DNA polymers contain millions of repeating
units called nucleotides. One nucleotide unit is 3.3 Å (0.33 nm) long. Two nucleotides
on opposite complementary DNA (or RNA) strands that are connected via hydrogen
bonds are called a base pair (bp). In DNA, adenine forms a base pair with thymine,
as does guanine with cytosine, and the DNA chain is 22–26 Å wide. The largest
human chromosome, chromosome number 1, is approximately 220 million bp
long. This gives a length of 0.33 × 10−9 × 220 × 106 = 72.6 mm [16–18].

In Figures 1.1 and 1.2, one sees results of interactive computer an-
imation – simulation of the famous Bragg–Nye bubble raft experiment.
Two-dimensional crystallization is realized by equalizing distribution of atoms
on torus, not only globally as enforced by Descartes–Euler Law, but also locally.
Consecutive iterations repel atoms and shift them to centroids of Voronoi
polygons. In consequence, the fraction of pentagon–heptagon pairs of defects
(disclinations, curvatures, vortices, . . . ) among prevailing crystalline hexagons is
gradually diminishing. A progressive coalescence and coarsening of crystal grains
are occurring during rotations and growth of circular inclusions while five to seven
edge dislocations align into migrating and rearranging grain boundaries [19]. In
such systems, a local order cannot propagate throughout space. Contradiction
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Figure 1.1 Frustrated matter – a prototype
of biological medium: numerical simulation
of Bragg–Nye bubble raft experiment [21],
with Centroidal Voronoi network. Experiment
produced image of a bubble raft showing

vacancies and five to seven edge disloca-
tions. Disclination 5 (with five neighbors) is
denoted by white point, while disclination 7
(with seven neighbors) is denoted by white
circle. Courtesy of Andrzej Lissowski.

(a) (b)

Figure 1.2 Pentagon–heptagon dipoles of dislocations in
hexagonal lattice. (a) Numerical simulation of Bragg–Nye
bubble raft experiment with Centroidal Voronoi network.
(b) The same experiment in dual (triangular) representation.
Courtesy of Andrzej Lissowski.

between local and global configurations is known as geometrical frustration
[20].

From microorganisms to man, from the smallest cell organelle to the human
brain, life presents us with examples of highly ordered cellular matter, precisely
organized and shaped to perform coordinated functions [22].

A topological distribution of approximately hexagonal lattice of osteocytes in
osteon and osteons in a compact bone is observed (cf. Figure 1.16). Creation of
one new osteon leads to disturbance of the lattice and is equivalent to the lattice
defects – two pentagon–heptagon (5–7) dislocations – analogous to those observed
in crystal lattice, cf. Figure 1.1.

The problem of cell, in particular bone cell, communication is important.
Paracrine signaling is a form of cell signaling in which the target cell is near
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(‘‘para’’ = near) the signal-releasing cell. Two neurons would be an example of a
paracrine signal. Only neighbor–neighbor interactions of osteocytes would permit
them to create an image of the bone state. This would be in the spirit of the
research by David G. Kendall, who in the 1970s discussed recovery of a structure
from fragmentary information [23, 24]. Such a behavior was observed in a colony
of bacteria or in another collective response to external disturbances by Howard
Bloom in 2007, cf. [25]. The bone marrow, distributed in many parts, acts and
reacts as one organ [26].

A quantitative experimentation is still needed for understanding the behavior of
regulatory actions that manifest themselves in many biological systems, explaining
principles of cellular information processing, and to advance predictive modeling
of cellular regulation.

The body is made up of cells that communicate with each other and with external
cues via receptors at their surfaces. To generate cellular responses, signaling
pathways are activated, which initiate movement of proteins to specific locations
inside the cells, notably the nucleus, where DNA is situated.

Enzymes called kinases are widely used to transmit signals and control processes
in cells. One particular pathway is the extracellular signal-regulated kinase (ERK)
pathway. ERKs act as messenger molecules by relaying signals that are received
from outside the cell to the administrative core, the nucleus. To do so, ERK must
move from the intracellular fluid to the nucleus of the cell and turn on several
genes while turning off others, which in turn finally makes the cell to divide or
differentiate. ERK’s entry in the nucleus is unconventional, because the protein
lacks the ability to bind to the known nuclear import proteins. Recently, Lidke
and her colleagues showed that protein pairing – known as dimer formation – is
not necessary for ERK to move into the nucleus after all. Instead, the process was
found to be dependent solely on the rate at which stimuli activate the ERK. A delay
in activation triggers a delay in nuclear entry of ERK, indicating that ERK entry in
the nucleus is a direct consequence of activation [27].

Shekhter has applied the systems approach to the analysis of mechanisms
whereby CT is integrated into one functional system. The primary CT functions
in health and in disease (biomechanical, trophic, protective, reparative, and mor-
phogenetic) are carried out by means of cell–cell, cell–matrix, and intertissue
interactions based on feedback between these components. Both CT as a whole and
its cellular and extracellular components exhibit structural and functional hetero-
geneity, which increases the capacity of CT for adaptation. Shekhter’s study supports
the concept of internal network regulation of the CT composition, functions, and
growth through intercellular interactions at different levels of structure [28].

There is another analogy in which a bone structure resembles the mechanical
structure of a tree trunk. In plants, the carbohydrate cellulose is the most important
constituent of the wall cells, while in bones the hard skeleton in the exterior of bone
cells is created by osteocytes. The resulting mechanical effect – a strong sponge-like
structure – is similar. In biology, convergence of analogous (but without apparent
common origin) structures is known as homoplasy.
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1.1.1
The Structure of Living Organisms

The structure of the organism is realized by tissues. Malpighi (1628–1694),
physician and biologist, studied subdivisions of the bone, liver, brain, spleen,
kidneys, and skin layers, concluding that even the largest organs are composed
of minute glands [29]. In 1835, before the final cell theory (which regards cells
as the basic unit of life) was developed, Jan Evangelista Purkyně observed small
‘‘granules’’ while looking at the plant tissue through a microscope [30, 31].

As remarked by Pauling, chemical investigation of the plant viruses has shown
that they consist of the materials called proteins and nucleic acids. Molecular weight
of the enzyme urease is 483 000. The viruses (looked at sometimes as giant
molecules) with a molecular weight of the order of magnitude of 10 000 000 may
be described as aggregates of smaller molecules [9]. Viruses vary from simple
helical and icosahedral shapes to more complex structures. Most viruses are about
100 times smaller than an average bacterium. Tobacco mosaic virus (TMV) is
a rod-shaped virus of length 3000 Å, diameter 150 Å, and molecular weight 50
million. Franklin has shown that the TMV protein is in the form of structural
subunits of molecular weight about 29 000 that are arranged on a helix of pitch
23 Å and the axial repeat period 69 Å [32, 33].

Many microorganisms, such as molds, bacteria, protozoa, consist of single cells,
cf. Figure 1.3. These cells may just be big enough to be seen with an ordinary
microscope, having diameter around 10 000 Å (=1000 nm = 1 µm = 1 × 10−6 m),
or they may be much bigger – as large as a millimeter or more in diameter. For
comparison, atomic diameters range between 1 and 2 Å. The cells have a structure,
consisting of a cell wall, a few hundred angströms in thickness, within which is
enclosed a semifluid material called cytoplasm, and other components. Other plants
and animals consist largely of tissues – aggregates of cells, which may be of many
different kinds in one organism. The muscles, blood vessels and lymph vessel
walls, tendons, CTs, nerves, skin, and other parts of the body of a man consist of
cells attached to each other to constitute a well-defined structure. There are also
cells that are not attached to this structure, but float around in the body fluids. Most
numerous among these cells are the red corpuscles of the blood. The red corpuscles
in man are flattened disks, about 7500 nm in diameter and 2000 nm thick. There
are about 5 million red cells per cubic millimeter of blood, and a man contains
about 5 l of blood. Some cells are smaller, like the red cells, and some larger – single
nerve cell may be about 1 µm in diameter and 100 cm long – extending from the
toe to the spinal cord. A typical cell size is 10 µm, and a typical cell mass is 1 ng.
The total number of cells in the adult human body is about 5 × 1014 [9]. Groups
of cells combine and form tissue, which combines to form organs, which work
together to form organ systems. The study of tissues is known as histology.

Some foreign cells, often nocive, also can dwell in bone. Osteomyelitis (osteo-
from the Greek word osteon, meaning bone, myelo- meaning marrow, and its
meaning is inflammation) means an infection of the bone or bone marrow. The
infection is often caused by bacteria called Staphylococcus aureus, a member of the
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Figure 1.3 A protozoan Leishmania donovani in a bone mar-
row cell. Leishmania is a genus of parasites that are the
etiologic agents of diseases of humans, such as leishmani-
asis. After [34].

normal flora found on the skin and mucous membranes. In children, osteomyelitis
usually affects the long bones of the arms and legs. Osteomyelitis often requires
prolonged antibiotic therapy, and may require surgical debridement. Severe cases
may lead to the loss of a limb [35, 36].

Leishmania is a genus of trypanosome protozoa and is the parasite responsible
for the disease leishmaniasis, Figure 1.3. It is spread through sandflies. Leishmania
commonly infects vertebrates: hyraxes, canids, rodents, and humans [34].

The body also contains the body fluids such as blood and lymph, as well as
fluids that are secreted by other organs [9]. The bones are laid down as excretions
of bone-making cells, called osteocytes. The quantitative proportion of cells in the
mass of cartilage and bone is very low, while the major part is taken by extracellular
substances. In the hollow interior of bones, bone marrow tissue is found. In
adults, marrow in large bones produces new blood cells. It constitutes 4% of total
body weight. The bone marrow is composed of stroma and parenchyma parts.
Hematopoiesis is performed by parenchymal cells, while the stroma provides
hematopoietic microenvironment.

Interaction of huge biomolecules with precision and infallibility is the essence of
the living state. Looking at cell metabolism in relation to the intricate structure of
a cell Peters (1930) stated that in the cell ‘‘extreme order has to be reconciled with
a fluid anatomy (. . .). The cell must be considered as a reflex entity, structurally
organized so far as even its chemistry is concerned, with chains of chemical
substances acting as it were as reflex arcs (. . .). It is perfectly possible to appreciate
how a coordinated structure may be maintained in a medium which is apparently
liquid. This theory is all, that is, needed to enable us to understand how substances
can reach a special site in the cell. Between the chains of molecules, fixed by their
radiating webs, there will exist paths from the external to the internal surface, the
capillaries of the cell’’ [37].
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Wheatley observes that ‘‘as many as 4000 reactions may be occurring simulta-
neously in a cell (. . .) and every one has to be harmoniously controlled. There is
no factory on earth that comes anywhere near this complexity and, at the same
time, gives the fidelity or replicative performances while remaining flexible and
adaptable to its environment’’ [38].

1.1.2
Growth of Living Organisms

It is supposed from the works of Braun, Schimper, brothers Bravais, Schwendener,
Wulff, and Lewis that the crystallization and growth of a living tissue are similar
[39–46]. The dislocations’ gliding and climbing is the basis for such similarity. In
two-dimensional packing, it is realized by the motion of pentagons and heptagons
(five to seven) among crystalline hexagons.

One of the most striking aspects of symmetry in plants is in phyllotaxis – the
arrangement of leaves on a stem or of flowers in the inflorescences. It is an
interdisciplinary study involving mathematics, botany, and crystallography among
others. The phyllotaxis should be properly studied at the shoot apical meristem
(SAM). It is at the meristemic apex that the organs of shoot such as primordia of
leaves, buds, or flowers originate, cf. also [47]. A primordium, in embryology, is
defined as an organ or tissue in its earliest recognizable stage of development.

Biological systems are the best prototypes of genuine smart structures. A unique
example is provided by considering the important and mysterious phenomenon
of spiral phyllotaxis – leaf primordia packing with Fibonacci differences between
nearest neighbors, Figure 1.4. For the Fibonacci spiral, in polar coordinates r and
φ, the nth primordium has the position

rn = A
√

n, ϕn = C

where A is a constant, C = 360◦ · u ≈ 222.5◦, and u = (
√

5 − 1)/2, or, what is
equivalent for structural form C = 360◦

/(2 + u) ≈ 137.5◦. The golden symmetry
ratio u is typical for quasicrystals, and for the icosahedron dimensions.

As they grow, older primordia are displaced radially away from the center of the
circular meristem. The newest primordium initiates in the least crowded space at
the edge of the meristem. The growth process is accomplished in an exceptional
order. Phyllotaxis compromises local interactions giving rise to long range order
and assures the best way of optimal close packing.

Meristems are classified according to their location in the plant as apical (located
at the root and shoot tips), lateral (in the vascular and cork cambia), and intercalary
(at internodes, or stem regions between the places at which leaves attach, and leaf
bases). Lateral meristems, found in all woody plants and in some herbaceous ones,
consist of the vascular cambium and the cork cambium. They produce secondary
tissues from a ring of vascular cambium in stems and roots. The lateral meristems
surround the stem of a plant and cause it to grow laterally, cf. Figure 1.5. Nature
uses the same pattern to place seeds on a seedhead, to arrange petals around the
edge of a flower, and to place leaves around a stem.
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Figure 1.4 Norway Spruce (Picea abies): spi-
ral phyllotaxis of needle primordia emerging
from central SAM. The primordial numbers
are in reverse order of their appearance. The
newest primordium initiates at the periphery
of the meristem where there is the largest
free space. As they grow, older primordia are
displaced radially away from the center of

the circular meristem. Then, the older the
primordium, the farther it is from the center.
For example, the contact on the parastichy
spiral with difference 5 (between 8 and 13
spirals) changes after 5–7 flip to the con-
tact on the spiral with difference 21. After
[48]. With kind permission of the author Pau
Atela.

1.1.2.1 Ring-Shaped Grain Boundary
D’Arcy Thompson emphasized the deep correlation between mathematical state-
ments, physical laws, and fundamental phenomena of organic growth of biological
structures. At the end of ‘‘On Growth and Form’’ we read: ‘‘ . . . something of the
use and beauty of mathematics I think I am able to understand. I know that in the
study of material things number, order, and position are the threefold clue to exact
knowledge’’ [49].

Occurrence of defects begins a process of destruction of a crystal. Destruction is
therefore necessary for the crystal growth, as shown by Rivier and Lissowski [50].
In a similar manner, appearance of one new osteon leads osteon lattice defects to
arise – a pair of pentagon–heptagon (five to seven) dislocations. Hence, the bone
turnover is realized by the defects of osteonic structure, cf. Figures 1.15 and 1.16
of compact bone structure.

In 1868, from his microscopic study of plant meristems, botanist Hofmeister
[51] proposed that a new primordium always forms in the least crowded spot along
the meristem ring, at the periphery of SAM.

In a manner analogous to the propagation of defects during crystallization, the
growth of a tissue stress leads to buckling and undulation down to the order of the
cell diameter. Structural control in tissue development is accomplished by wavelike
5–7 dislocation rearrangement. The oriented cell divisions as 5–7 climbing can
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Figure 1.5 Spiral distribution of primordia around the
cylindrical stem, after development on a plane, as observed
by Bravais in 1837. The neighboring primordia differ by
Fibonacci numbers: 1 along the solid lines, 3 along the
dashed lines. After [42].

be explained in a similar manner. A vortex interpretation of the 5–7 pair in SAM
growth was given in [52].

In a trial to explain the phyllotaxis pattern, Newell, Shipman, and Sun assume
that the auxin-produced growth is proportional, in a first approximation, to how
much average tensile stress the local elemental volume (which will contain many
cells) feels. This is best measured by the trace of the stress tensor at that location.
Fluctuations in auxin concentration influence the mechanical forces in the tunica
by creating uneven growth and are manifested by an additional strain contribution
in the stress–strain relationships. On the other hand, inhomogeneities in the stress
distribution are assumed to lead to changes in auxin concentration. The exact way
in which stresses influence biological tissue growth (weight-bearing bones and
fruit stems become stronger) is still an open challenge to biologists [53].

Gebhardt in 1911 found a similarity between bone formation and the chemistry of
colloids [54, 55]. He found that collagen fibrils are organized into distinct lamellae,
the molecular orientations being parallel in each lamella. Much later, in 1988, it was
pointed out by Giraud-Guille that together with normal (i.e., Gebhardt’s) plywood
architecture, a twisted plywood distribution of collagen fibrils in human compact
bone osteons is observed, comparable with a liquid crystalline self-assembly [56].
Geometrical resemblance of long fibrils and long molecules leads to a similar
arrangement of these objects.
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(a)
(b)

(c)

(d)

Figure 1.6 Ossification of a long bone:
(a) hyaline cartilage model with surface
ossification only; (b) development of tra-
becular bone network; (c) development of
medullary cavity; (d) after achievement of
bone maturity, only articular cartilage and

epiphyseal plate are left from the cartilage
tissue, while the medullary cavity is en-
larged. Cartilage part is denoted by dots
and the bone part is denoted by black color.
After [66].

Remarkable symmetry characterizes crystals and organic forms, because both are
subdued primarily to the topological laws of close packing by the Descartes–Euler
theorem.

1.1.3
Planarity of Biological Structures

The development of living world is accomplished in two-dimensional structures.
Such structures are easily accessible to environment and external influence. But it
seems that the fundamental reason is geometrical topology. The Descartes–Euler
theorem on polyhedra in three-dimensional space assures that, for a polyhedron,
the following relation among the number of vertices NV, number of edges NE, and
number of faces NF is satisfied NV − NE + NF = 2.

In two dimensions, this relation becomes more sharp, as only two independent
numbers are left. Therefore, all processes with phase transformation are accom-
plished more easily in two dimensions. The Descartes–Euler Law forces the
compensation of positive and negative curvatures in planar tissue: 3 × p3 + 2 ×
p4 + p5 = p7 + 2 × p8 + 3 × p9 + sum of (N − 6) × pN for N > 9 where pN are
percentages of N-sided cells and each cell gives 6-N units of curvature.
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The predominantly hexagonal cell pattern of simple epithelia was noted in the
earliest microscopic analyses of animal tissues: a topology commonly thought to
reflect cell sorting into optimally packed honeycomb arrays. The development of
specific packing geometries is tightly controlled. For example, in the Drosophila
wing epithelium, cells convert from an irregular to a hexagonal array shortly before
hair formation. Packing geometry is determined by developmental mechanisms
that likely control the biophysical properties of cells and their interactions, cf.
[57–60].

1.2
Macroscopic Structure of the Bone

Bone tissue (or osseous tissue) is the main structural and supportive tissue of
the body. The basic elements of the bone tissue are cells (osteocytes, osteoblasts,
osteoclasts) and extracellular substance (ECM). The bone matrix consists of an
organic part (collagen of type I and other proteins) and a nonorganic one (mainly
hydroxyapatite).

CT consists of cells and extracellular materials secreted by some of those cells.
Thus, the cells in CT may be separated from one another within the ECM. The ECM
consists of ground substance and fibers. In many types of CTs, the matrix-secreting
cells are called fibroblasts. Frequently, other cell types (e.g., macrophages, mast
cells, and lymphoid cells) may also be present. Ground substance is a term for
the noncellular components of ECM containing the fibers. This substance is
gel like, amorphous, and is primarily composed of glycosaminoglycans (mostly
hyaluronan), proteoglycans, and glycoproteins. CT is the most diverse of the four
tissue types and fulfills different functions. Its consistency ranges from the gel-like
softness of areolar CT to the hardness of bone.

Cells are surrounded by ECM in tissues, which acts as a support for the
cells. Ground substance does not include collagen but does include all the other
proteinaceous components, such as proteoglycans, matrix proteins, and, most
prevalent, water. The noncollagenous components of ECM vary depending on the
tissue, cf. monographs by Ross et al. [61, 62] and Gray’s anatomy [63, 64].

1.2.1
Growth of the Bone

The development of all large complex animals and human beings is accomplished
in a two-dimensional, layered way. The mesoderm germ layer is formed in the
embryos of triploblastic animals. During gastrulation, some of the cells migrating
inward contribute to the mesoderm (middle layer), an additional layer between the
endoderm and the ectoderm. From the mesoderm, skeletal muscle, the skeleton,
the dermis of skin, CT, the urogenital system, the heart, blood (lymph cells), and
the spleen are formed [63].
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There are two different methods of the ossification process: intramembranous
ossification is bone formation from an organic matrix membrane, whereas en-
dochondral ossification occurs within a cartilaginous model. However, there is
only one mechanism of bone formation: the laying down of the osteoid matrix by
osteoblasts, followed by the deposition of crystalline apatite [65].

In embryogenesis, the skeletal system is derived from the mesoderm germ layer.
Chondrification (or chondrogenesis) is the process by which cartilage is formed
from the condensed mesenchymal tissue, which differentiates into chondrocytes
and begins secreting the molecules that form the ECM. Early in the fetal develop-
ment, the greater part of the skeleton is cartilaginous. It is the temporary cartilage
that is gradually replaced by the bone (endochondral ossification), a process that
ends at puberty. The cartilage in the joints is permanent – it remains unossified
during the whole of life.

During the fetal stage of development the bone can be formed by two processes:
intramembranous or endochondral ossification. Intramembranous ossification
mainly occurs during the formation of the flat bones of the skull; the bone is then
formed from the mesenchymal tissue.

Endochondral (intracartilaginous) ossification occurs in long bones. In this
process, the bone is formed from cartilage, which is gradually replaced by the
bone as the embryo grows. The steps of endochondral ossification are visible in
Figure 1.6.

Adult hyaline articular cartilage is progressively mineralized at the junction
between cartilage and bone. It is termed articular calcified cartilage. A miner-
alization front advances through the base of the hyaline articular cartilage at
a rate dependent on cartilage load and shear stress. Adult articular calcified
cartilage is penetrated by vascular buds, and the new bone produced in the
vascular space in a process similar to endochondral ossification at the physis.
A cement line separates the articular calcified cartilage from the subchondral
bone.

Both the bone and the cartilage are classified as supportive CT.

• Bone (osseous tissue) makes up the skeleton in adult vertebrates.
• Cartilage makes up the skeleton in chondrichthyes (known also as cartilaginous

fishes). In most other adult vertebrates, the cartilage is primarily found in joints,
where it provides bearing and cushioning.

Bone-forming cells called osteoblasts deposit a matrix of collagen, but they also
release calcium, magnesium, and phosphate ions, which chemically combine and
harden within the matrix into the mineral hydroxyapatite. The combination of hard
mineral and flexible collagen makes the bone harder than cartilage without being
brittle.

Bone marrow can be found in almost any bone that holds cancellous tissue. In
newborns, all such bones are filled with red marrow only, but as the child ages it is
mostly replaced by yellow, or fatty, marrow. In adults, red marrow is mostly found
in the flat bones of the skull, the ribs, the vertebrae, and pelvic bones, cf. [67–73].
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Figure 1.7 Cross section of the young rat tibia in develop-
ment. The trabecular bone network with medullary cavity in
the center is exposed. To the left, a smaller cross section of
fibula is seen. Courtesy of Litwin and Gajda.

Endochondral ossification begins with points in the cartilage called ‘‘primary
ossification centers.’’ They mostly appear during fetal development, though a few
short bones begin their primary ossification after birth. They are responsible for
the formation of the diaphyses of long bones, short bones, and certain parts of
irregular bones. Secondary ossification occurs after birth, and forms the epiphyses
of long bones and the extremities of irregular and flat bones. The diaphysis and
both epiphyses of a long bone are separated by a growing zone of cartilage (the
epiphyseal plate), cf. Figures 1.6 and 1.7.

Epiphyseal plates (growth plates) are located in the metaphysis and are respon-
sible for growth in the length of the bone, cf. Figure 1.10. Because of their rich
blood supply, metaphysis of long bones are prone to hematogenous spread of
Osteomyelitis in children.

When the child reaches skeletal maturity, all of the cartilage is replaced by the
bone, fusing the diaphysis and both epiphyses together (epiphyseal closure).

Exterior shape of the bone is characteristic of every species and is revealed
by different roughnesses, spikes, spicules, openings, and holes; it is an effect of
modulating influence from the side of the soft components of the organism. This
paradoxal observation is explained by the fact that bones develop relatively late
when soft parts are formed, and the growing bone has to match its form to the
shape of soft components.
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1.2.2
Structure of the Body

The bones of vertebrates compose the internal skeleton of these organisms. Bones
are divisible into four classes: long, short, flat, and irregular. The number of bones
in the organism is variable and depends on the age.

There are 206 bones in the adult human body and about 270 in an infant. A
human adult skeleton consists of the following distinct bones: skull (22): cranium
(8), face (14); spine and vertebral column (26), hyoid bone, sternum and ribs (26),
upper extremities (64), lower extremities (62), and auditory ossicles (6). The patellae
are included in this enumeration, but the smaller sesamoid bones are not taken
into account, cf. [66, 71–73, 77].

In particular, the metatarsal bones are a group of five long bones in the foot that
are located between the tarsal bones of the hind- and mid-foot and the phalanges
of the toes, see Figure 1.8. The metatarsal bones are numbered from the medial
side (side of the big toe): the first, second, third, fourth, and fifth metatarsal.
The metatarsals are analogous to the metacarpal bones of the hand. In human
anatomy, the metacarpus is the intermediate part of the hand skeleton that is
located between the phalanges (bones of the fingers) distally and the carpus, which
forms the connection to the forearm.

The bone fulfills three essential roles in the organism:

• Mechanical (constructional) – being a scaffold of the body and being responsible
together with skeletal muscles for the movement and locomotion of the organism;

• protective – shielding internal organs against external hurts;
• metabolic – hematopoietic processes of blood production by red and yellow

marrow, within the medullary cavity of long bones and interstices of cancellous
bone, storage of fat as yellow bone marrow, storage of minerals such as calcium
and phosphorus, assuring acid–base balance by absorbing or releasing alkaline
salts, necessary for holding the ionic homeostasis in the organism.

Phalanges

Metatarsus

Third
cunelf

Cuboid

Naviculu

Second
cun

Calcaneus

Talus

Figure 1.8 Skeleton of human foot with metatarsus, in lateral aspect. After [63].
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The skeleton supports soft parts of the body, enables the movements of body
and its members, and protects its internal organs (e.g., the skull protects the brain
and the ribs protect the heart and lungs). Bones together with tendons, ligaments,
joints, and skeletal muscles, steered by the nervous system, create forces and
motion of the entire body or its parts only. Another mechanical function of the
bone is linked to sound transduction in the ear and hearing. These mechanical
functions are the subject of study in biomechanics.

The bone owes its hardness to the osseous tissue, which can be regarded
as a composite material (mineralized organic matrix) formed of a mineral –
hydroxyapatite and a protein – collagen. The living cells are embedded in the
osseous tissue.

Bones are organs made up of bone tissue as well as marrow, blood vessels,
epithelium, and nerves, while the term bone tissue specifically refers to the mineral
matrix that forms the rigid sections of the organ.

1.2.3
Macroscopic Structure of Skeleton

The bones of the skeleton are joined to one another at different parts of their
surfaces, and such connections are termed joints or articulations. It happens that
the joints are immovable, as in the articulations between practically all the bones
of the skull; the adjacent margins of the bones are almost in contact, being
separated merely by a thin layer of fibrous membrane (sutural ligament). In certain
regions at the base of the skull, this fibrous membrane is replaced by a layer of
cartilage. In the freely movable joints, the surfaces are completely separated; the
bones forming the articulation are expanded for greater convenience of mutual
connection, covered by cartilage and enveloped by capsules of fibrous tissue. The
cells lining the interior of the fibrous capsule form an imperfect membrane – the
synovial membrane – which secretes a lubricating fluid. The joints are strengthened
by strong fibrous bands called ligaments, which extend between the bones forming
the joint.

Bones constitute the main elements of all the joints. In the long bones, the
extremities are the parts that form the articulations; they are built of spongy
cancellous tissues with a thin coating of compact substance. The layer of compact
bone that forms the joint surface, and to which the articular cartilage is attached,
is called the articular lamella. It differs from ordinary bone tissue in that it
contains no Haversian canals, and its lacunae are larger and have no canaliculi.
The vessels of the cancellous tissue, as they approach the articular lamella, turn
back in loops, and do not perforate it; this layer is consequently denser and
firmer than ordinary bone, and forms an unyielding support for the articular
cartilage.

Cartilage is a nonvascular structure found in various parts of the body: in adult
life, chiefly in the joints, in the parietes of the thorax, and in various tubes, such
as the trachea, bronchi, nose, and ears, which require to be kept permanently open
[63–73, 77].
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1.2.4
Apatite in the Bone

The bone tissue is a mineralized CT. The bones consist of inorganic constituents,
calcium hydroxyphosphate, Ca5(PO4)3OH, also known as the mineral apatite (or
hydroxyapatite, abbreviated sometimes as HA or HAP), and calcium carbonate
CaCO3, and an organic constituent, collagen, which is a protein. Nature has
evolved sophisticated strategies for developing hard tissues through the interaction
of cells and, ultimately, proteins with inorganic mineral phases.

Hydroxyapatite (or hydroxylapatite – according to the nomenclature accepted
by the International Mineralogical Association) is a naturally occurring form
of calcium apatite with the formula Ca10(PO4)6(OH)2 (it is written in this
form to denote that the crystal unit cell comprises two entities). We have
Ca10(PO4)6(OH)2 ↔ 10Ca2+ + 6PO 3−

4 + 2OH−. It has relatively high compres-
sive strength but low tensile strength of the order of 100 MPa. It has a specific
gravity of 3.08 and is 5 on Mohs hardness scale. It crystallizes in the hexagonal
system.

Pure hydroxylapatite powder is white. Naturally occurring apatites can, however,
also have brown, yellow, or green colorations, comparable to the discolorations
of dental fluorosis. It is estimated that a modified form of the inorganic mineral
hydroxylapatite (known as bone mineral) accounts for about 50% of the dry weight
of bone.

A calcium phosphate mineral found in the bone is similar in composition and
structure to minerals within the apatite group. It belongs to biominerals – minerals
produced by living organisms. Apatites are widely distributed as accessory minerals
in different rocks and are important for the study of geological thermal history
[78–81].

Apatites have the general formula Ca10(PO4)6 X2 where X denotes F (fluorapatite,
abbreviated as FAp), OH (hydroxyapatite, abbreviated OHAp), or Cl (chlorapatite,
ClAp). The apatite lattice is tolerant of substitutions, vacancies, and solid solutions;
for example, X can be replaced by 1/2CO3 or 1/2O; Ca by Sr, Ba, Pb, Na, or
vacancies; and PO4 by HPO4, AsO4, VO4, SiO4, or CO3.

The mineral of bones and teeth is an impure form of OHAp, the major departures
in composition being a variable Ca/P mol ratio (1.6–1.7, OHAp is 1.66), and a
few percent CO3 and water. The mineral is microcrystalline. The crystals are
approximately 15 nm wide by 40 nm long in bone and dentine, and 40 nm wide
by 100 nm to 5 µm or more long in dental enamel. They are much thinner
compared to their width. The mineral in the bone comprises crystals that are
smaller than those in dental enamel, so that many of the constituent ions occupy
surface, or near-surface, positions. The result is that there are greater uncertainties
about the crystal structure of bone mineral, compared with that of dental enamel.
Apatite OHAp is also used as a biomaterial, for bone replacement, and for coating
metal prostheses to improve their biocompatibility. The osseous tissue without
collagen would be hard and brittle, and its fairly large elasticity is contributed
by collagen. Biological apatites present in the natural bone, dentin, and enamel
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contain different amounts of carbonate: 7.4, 5.6, and 3.5 wt % (weight percent),
respectively [78–80].

In 1945, Beevers and McIntyre, as a result of X-ray crystal analysis, discovered the
(nano)porous structure of hydroxyapatite, recognized then as an essential mineral
constituent of bone and of the enamel and dentin of teeth [81]. They have shown
that the unit cell of the apatite structure has two equal edges inclined at 120◦ to
one another. These edges are of length 9.37 Å in the case of fluorapatite and 9.41 Å
in the case of hydroxyapatite. The third edge is at right angles to these and has a
length of 6.88 Å in both fluor- and hydroxyapatites. They also indicated the three
important properties of apatite structure: (i) apatites have a tunnel structure with
walls composed of corner-connected CaO6 and PO4 polyhedra as relatively invariant
units; (ii) filling of these tunnels by Ca and anions (OH, F) leads to adjustments
that best satisfy bond-length requirements; and (iii) even slight changes in the
ionic radii of the tunnel atoms lead to expansion or contraction of the tunnel.
It was proposed that the ‘‘very critical fit’’ of the fluorine and hydroxyl ions was
responsible for the greater stability of fluorapatite, consistent with the fact that
bone could take up fluorine selectively even from dilute solutions.

The size of the hexagonal channels is mainly determined by the calcium and
phosphate arrangement. Another feature is the planar arrangement of three Ca
atoms around each F in fluorapatite or OH in hydroxyapatite. From these two
features, it results that the structure is selective in its choice of ions to occupy the
position of the F ions in fluorapatite.

The only ions known to occupy these positions are the ions F− and OH−, and
these two are nearly of the same size. Each has two K and eight L electrons, but F−

has one nucleus with charge +9, while OH− possesses two nuclear charges +8 and
+1, respectively. This makes OH− just a little larger than F−. The hydroxyapatite
structure is a little expanded as compared with the fluorapatite one.

The critical fit of the F or OH ion is responsible for the difference in the stability
of the two apatites. The fluorapatite is more stable. It is shown by the well-known
facts that the fossil bone becomes gradually transformed from hydroxyapatite to
fluorapatite, and that bone will take up fluorine selectively even from media very
dilute in fluorine. The sensitivity of the macroscopic structure of teeth to fluorine
and the relation between the incidence of dental caries and fluorine content are the
other observations that have practical implications.

As is seen in Figure 1.9, there are four different types of crystallographic
positions in the apatitic unit cell: (i) tetrahedral sites for six P5+ ions, each in
fourfold coordination with oxygen, (ii) Ca [1] sites for four of the Ca2+ ions, (iii)
Ca [2] sites for the six other Ca2+ ions (arranged in such a way that they form a
channel along the c-axis, the so-called anion-channel), and (iv) the channel site,
which is typically occupied by two monovalent anions (most commonly OH−, F−,
and Cl−) per unit cell. Among these anions, the one that best fits into the channel
site is F−. Its ionic radius is small enough to permit F− in the most symmetric
position in the channel (i.e., on mirror planes perpendicular to the c-axis), and
thus fluorapatite is the apatite with the highest symmetry. Because the OH− ion
is not spherical, the two mirror planes normal to the c-axis channel cannot be
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Figure 1.9 Three-dimensional structure of
fluorapatite. View down the c-axis show-
ing PO4 tetrahedral ionic groups, Ca-ions,
and channel ions. The parallelogram indi-
cates the outline of the unit cell. The unit
cell consists of two triangular prismatic sub-
cells forming a rhombic prism. Six of the
Ca2+ atoms form a sixfold site (indicated

by dashed lines) in which the channel ions
reside (F− in the case of fluorapatite). These
channels are oriented perpendicular to the
page. Every crystallographic site (including
the channel site) has a certain size, and thus
not every atom or ionic group will fit into
each site (the sizes of atoms are not drawn
to scale). After [82].

preserved in hydroxylapatite. Thus, it has a lower symmetry than fluorapatite. Such
differences in symmetry impact the growth morphology of the crystals, important
to the mechanical properties of a composite material like bone.

Wopenka and Pasteris commented in 2005 that in the contemporary biomedical,
orthopedic, and biomaterials literature, the mineral component of bone is still usu-
ally referred to as hydroxy(l)apatite or carbonated hydroxy(l)apatite, as if biological
apatite were a well defined and well understood material. Whereas the Raman
spectra of apatite in enamel, just like those of both geologic OHAp and synthetic
OHAp, show the O–H modes for hydroxyl within the apatite structure, the spectra
for apatite in bone do not. This is the property of all cortical bones of different
mammals that were analyzed in [82].

The crystallographic structure of bone apatite is similar to that of OHAp, but
there are important differences. The Raman spectra of synthetic OHAp, geologic
OHAp, human enamel apatite, and cortical mouse bone apatite provide several
differences between OHAp and biological apatites.

The bone apatite does not have a high concentration of OH groups, which is
the feature of the mineral hydroxylapatite. Some bone apatites may not contain
any OH groups at all. There is growing evidence for the lack of OH in bone
apatite based not only on the results obtained via Raman spectroscopy but also on
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results of infrared spectroscopy, inelastic neutron scattering, and nuclear magnetic
resonance spectroscopy, cf. [82–86].

1.2.5
Structure of the Bone

The structure of bone is nonhomogeneous. The bone tissue contains two main
types of tissues: dense cortical bone and porous trabecular bone, cf. Figure 1.10.
The tissues have similar biological activity; the difference is in geometry – in the
arrangement of the microstructure. The outer layer of bone tissue is hard and is
called the compact bone (known also as cortical or dense bone). This part of the tissue
gives bones their smooth, white, and solid appearance, and accounts for 80% of
the total bone mass of an adult skeleton. Compact bone tissue is called so because
of its very small gaps and spaces in comparison with the inner trabecular bone.

Trabecular (cancellous or spongy) bone accounts for approximately 15% of the
total bone mass. The vertebrae and pelvic bones contain relatively high amounts of
trabecular tissue and are common sites of osteoporotic fractures, whereas the long
bones (e.g., femoral neck) contain a relatively high amount of cortical bone.

The metaphysis is the wider portion of a long bone adjacent to the epiphyseal
plate, cf. Figure 1.10b. It is this part of the bone that grows during childhood; as
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Figure 1.11 The spongy bone in histological section. The
trabecules are surrounded by the marrow, and white spheres
of fat in the marrow are seen. Courtesy of Litwin and Gajda.

it grows, it ossifies near the diaphysis and the epiphyses. At about 18–25 years of
age, the metaphysis stops growing and completely ossifies into a solid bone.

The interior of the bone is known as the spongy bone (or cancellous or trabecular
bone), cf. Figures 1.10b and 1.11. Spongy tissue has porous appearance and is
composed of a network of trabecules, and rod- and plate-like elements that make
the tissue lighter and allow space for blood vessels and marrow. Spongy bone
accounts for 20% of the total bone mass, but (from macroscopic point of view) has
nearly 10 times the surface area of compact bone.

1.3
Microscopic Structure of the Bone

1.3.1
General

Bone is composed of three major components: (i) small plate-shaped crystals of
carbonate apatite, (ii) water, and (iii) macromolecules, of which type I collagen is
the major constituent. The manner in which the crystals and the collagen fibrils
are organized in a bone has not been resolved yet. In mineralized collagen fibrils
of turkey tendon, the crystals are arranged in parallel layers across the fibrils, with
the crystal c axes aligned with the fibril lengths, and in rat bones the plate-shaped
crystals are also arranged in parallel layers within individual lamellae [76].
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There are two methods of preparing sections for microscopy. One method
provides the dry bone section. A piece of dead bone is broken or sawed from the
main bone. Next, it is ground and polished to be very thin (about 15–45 µm thick).
That polished piece is placed on a microscope slide and viewed directly. The bone
cells are missing from the dead, polished bone specimen, and in a humorous
sense one is looking at a skeleton of the skeleton. A second method for obtaining
bone for histology is to soak a piece of bone in an acid solution for some time.
The acid treatment dissolves the bone salts from the tissue in a process called
demineralization. With this method, the cells stay behind and can be stained before
observation under the microscope, cf. [87].

It is seen in Figure 1.12 that the bone is porous at two scales: containing macro-
pores measuring 100 µm or more (Haversian and Volkmann’s canals, lacunae),
and micropores measuring up to 0.02 µm (= 20 nm) in diameter (canaliculi). The
double porosity and interconnectedness of pores enable the bone to fulfill two vital
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Figure 1.12 Design of the microstructure of cortical bone. After Piekarski and Munro [88].
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functions. The macropores give space to permit bone cells to grow and allow blood
to circulate, and the micropores facilitate the cell adhesion and crystallization of
bone structure.

1.3.2
Osteon

The principal organizing unit of the compact bone is the osteon. A synonym for
osteon is Haversian system. The osteon can be approximated as a long narrow
cylinder that is 0.2 mm (200 µm) wide and 10 mm long. Osteons are found in the
bones of mammals, birds, reptiles, and amphibians, running in a meandering way
but generally parallel to the long axis of bones. Morphology of the osteon, obtained
by electron microscopic techniques, for the study of compact bone is given in [89].

When the compact bone osteons are being formed, collagen fibers are laid
down first. The collagen patterns are reflected in the structure known as a lamella.
Osteons have between 4 and 20 lamellae with each measuring between 3 and 7 µm
in width.

Leeuwenhoek, the father of microbiology, had reported his observations of the
canal system in bones to the Royal Society of London in 1678. He called the canals
pipes, and pointed out that they run both longitudinally and transversely in bones
[90–92]. Thirteen years later, Havers did provide a more extensive description of
the canal system in bones, linking it with his ideas of the lamellar nature of the
bone tissue [93]; see also [94–96].

The group of cells functioning as an organized unit was called basic multicellular
unit or bone multicellular unit (BMU) by Frost [97–100]. Remodeling process
occurs with a specific sequence of events in the BMU.

The microscopic structure of a mammalian compact bone consists of repeating
units called osteons or Haversian systems. Each system has concentric layers of
mineralized matrix, called concentric lamellae, which are deposited around a central
canal, also known as the Haversian canal, containing blood vessels and nerves
that service the bone. By the longitudinal axis of the osteon runs a central canal,
called the Haversian canal (synonyms: Canalis nutricius, Canalis nutriens, Haversian
space, nutrient canal of bone) [101–103]. The elements of the osteon are shown in
Figure 1.13.

The central canal is surrounded by concentric layers of matrix called lamellae.
The lamellae are laid down one after the other over time, each successive one inside
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Figure 1.13 Elements of an osteon. After [87]. With
permission of the author Blystone.
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Figure 1.14 Examples of the osteon structure according to
Gebhardt, with different collagen fiber orientations in the
osteon lamellae. Helical course of fibers are noted at the
successive lamellae. After [104].

the preceding one. Collagen fibers in a lamellae run parallel to each other but the
orientation of collagen fibers across separate lamellae is oblique, cf. Figure 1.14.
The fiber density is also lower at the border between adjacent lamellae, which
accounts for the distinctive appearance of an osteon. In addition to blood vessels,
Haversian canals contain nerve fibers and bone cells called bone lining cells. Bone
lining cells are actually osteoblasts that have taken on a different shape following
the period in which they have formed bone.

In 1905, Gebhardt [104, 105] performed research on bone structure, in particular
on osteon architecture, using optical polarized microscope. Observations under
polarized light indicate preferable directions of fibers in the lamellae of osteon. As
a result, Gebhardt found that osteons are composed of a number of lamellae in
which collagen fibers lay in different directions, cf. Figure 1.14.

These observations were repeated half a century later by Ascenzi and Bonucci
[106–108]. They suggested that osteons that appear bright under polarized light are
composed of lamellae in which collagen fibers lay (in prevailing number) parallel
to the plane and perpendicular to the Haversian canal. The dark osteons under
polarized light in their model consist of lamellae in which collagen fibers are
oriented parallel to the long axis of the bone. In intermediate (alternating) osteons,
collagen fibers should in this classification alternate orientation from one lamella
to the other, having some lamella in which collagen fibers are orientated parallel
(dark bands) and some orientated perpendicular (bright bands) to the long axis of
the bone.

Ascenzi and Bonucci examined the mechanical properties of these three classes
of osteons. Dark osteons were found to be the strongest under tensile loading.
Bright osteons were stronger under compression. Intermediate osteons possess
intermediate properties between bright and dark osteons, cf. [106–112] (also
[113]).
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The structure used by Gebhardt (as well as by Ascenzi and Benucci) is known
as the orthogonal plywood model: only two fibril directions exist, making an angle
90◦. Next, in 1988, Giraud-Guille presented the twisted plywood model of collagen
fibril orientation within cortical bone lamellae. The twisted plywood model allows
for parallel collagen fibrils, which continuously rotate from one plane to another in
a helical structure [56].

Lying between or within the lamellae are special holes known as lacunae. Each
lacuna has an oblong ellipsoidal form and provides enough space for an individual
bone cell (osteocyte) to reside. In a microscopic section, viewed by transmitted light,
lacunae appear as fusiform opaque spots. Lacunae are connected to one another
by small canals called canaliculi. The osteocyte inside the lacuna is responsible for
secreting the bone salts surrounding it. Osteocytes are found between concentric
lamellae, within their cavelike lacunae, and connected to each other and the central
canal by cytoplasmic processes through the canals called canaliculi. Osteocytes
communicate with each other, and their network permits the exchange of nutrients
and metabolic waste. The human osteocyte under normal conditions lives for about
25 years. Thus, in the lifetime of a person there would be about four generations
of osteocytes.

Osteons are separated from each other by cement lines. Collagen fibers and
canaliculi do not cross cement lines. The space between separate osteons is occupied
by interstitial lamellae, which were formed by preexisting osteons that have since
been reabsorbed. Osteons are connected to each other and the periosteum by
oblique channels called Volkmann’s canals.

Figures 1.15 and 1.16 are images of a sectioned bone. Cross section of a real
osteon is not perfectly circular and the lamellae are not perfectly concentric.

a

b

Figure 1.15 Compact bone – decalcified cross section. Os-
teonic structure is seen in the magnification: a – Haversian
canals; b – lacunar spaces. Courtesy of Litwin and Gajda.
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Figure 1.16 Compact bone – ground cross
section. System of osteons that is visible in
transverse histological section of the cortical
bone. Haversian canals (large dark circular
holes) are surrounded by the rings of lamel-
lae. The Haversian canal in the center of the
osteon has a diameter ranging between 50

and 90 µm. The smaller dark circles or el-
lipses (one is indicated by white arrow) are
lacunar spaces within the osteon. In lacunae,
the bone cells – osteocytes – are sheltered.
Volkmann’s canals, linking Haversian ones,
are also seen in the lower part of the figure.
Courtesy of Litwin and Gajda.

Impressive microphotographs, being the images of osteon in large magnification,
obtained by means of scanning electron microscopy (SEM), were provided by
Frasca et al. [114]. The arrangements of collagen fibers in lamellae are shown
here, for example, decalcified osteon sample with exposed lamellar interfaces
(×200), coexisting longitudinal and transverse fibers in one lamella (×1000), and
complex fiber arrangement in one lamella, with partial stripping of two sequential
lamellae.

The manner in which the crystals and the collagen fibrils are organized in the
osteon has still not been resolved, even though it is known that they are intimately
related.

Weiner, Arad, and Traub observed in 1991 that the plate-shaped crystals of
rat bone are arranged in parallel layers that form coherent structures up to the
level of individual lamellae. The crystal layers of the thin lamellae are parallel to
the lamellar boundary, whereas those of the thicker lamellae are oblique to the
boundary. The basic structure of rat bone can be described as rotated plywood
[115].

Enlow in his microscopic study of the bone at the tissue level considered that
a bone section is always a slice at the time of ontogeny. The actual tissue types
express the succession of events that took place at that very level during bone
development [116].
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Figure 1.17 Innervation of bone marrow. (a) Plexus of
nerve fibers around a vein in the marrow of rabbit tibia. (b)
Portion of nerve plexus around an artery in the marrow of
rabbit tibia. (c) Plexus of nerve fibers touching arteriola in
the marrow of chicken tibia. The thinnest nerve fibers, de-
noted by n, penetrate in the pulp of marrow. After [118].

1.3.3
Bone Innervation

Bone is not only richly supplied with blood but is also abundantly innervated. The
study of bone innervation dates back to the first half of the nineteenth century when
Gros described the distribution of nerves in the femur of a horse [117]. Even early
morphological studies applying classic histological methods, such as methylene
blue staining and silver impregnation, revealed an intense innervation pattern
of the bone in mature animals and humans, cf. also [118–120]. That the bone
marrow is innervated is known since 1901 when Ottolenghi discussed the presence
of nerves surrounding marrow arteries with fibers passing into the parenchyma,
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cf. Figure 1.17. According to Ottolenghi, the nerve fibers within the marrow cavity
fall into three main groups: (i) those that penetrate the walls of arterioles and
form delicate plexiform networks between the adventitia and the media, (ii) those
that surround the capillaries, and (iii) those that terminate between the cells of
parenchyma.

Fliedner et al. [26] studied the question concerning the mechanisms that allow
the bone marrow hemopoiesis to act as one cell renewal system although the
bone marrow units are distributed throughout more than 100 bone marrow areas
or units in the skeleton. The effect that ‘‘the bone marrow’’ acts and reacts as
‘‘one organ’’ is due to the regulatory mechanisms: the humeral factors (such as
erythropoietins, granulopoietins, thrombopoietins, etc.), the nerval factors (central
nervous regulation), and the cellular factors (continuous migration of stem cells
through the blood to assure a sufficient stem cell pool size in each bone marrow
‘‘subunit’’).

The nervous system is differentiated into efferent nerves and afferent nerves.
Efferent nerves – otherwise known as autonomic or motor or effector neurons – carry
nerve impulses away from the central nervous system to effectors such as muscles
or glands. The opposite activity of direction or flow is afferent (sensory) [121].

The majority of the skeletal innervation system is composed of sensory fibers
originating from primary afferent neurons located in the dorsal root and some
cranial nerve ganglia, whereas the other nerve fiber populations are adrenergic and
cholinergic in nature and originate from paravertebral sympathetic ganglia. The

50 µm

Figure 1.18 Nerve fibers in the canal between perios-
teum and proximal mataphysis of four-week rat tibia.
Growth-associated protein (GAP-43) and protein gene prod-
uct (PGP) 9.5 are visible. Courtesy of Litwin and Gajda.
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sensory fibers were detected in the periosteum, bone marrow cavity, and vascular
canals in long bones of mature and developing animals.

The blood vessels in the bone marrow are abundantly innervated, through both
sympathetic and afferent nerve fibers. Afferent nerve fibers are also connected
with receptors imbedded in the parenchyma of marrow [121]. In Figure 1.18, an
example of the innervations is given.

Growth-associated protein (GAP-43) is expressed in conditions of embryonic
growth, during axonal regeneration, and even at maturity in certain areas of
the brain known to exhibit synaptic plasticity. Protein gene product (PGP) 9.5
is a cytoplasmic protein specific for neurites, neurons, and cells of the diffuse
neuroendocrine system. GAP-43 and PGP 9.5 are often used as neuronal markers,
cf. [122].

In the field of neuroscience, tachykinin peptides are one of the largest families of
neuropeptides, found from amphibians to mammals. They are named so because
of their ability to rapidly induce contraction of gut tissue. Tachykinins are widely
distributed in the body and function as neurotransmitters and neuromodulators.
Five tachykinin subtypes: substance P (SP), neurokinin A, neurokinin B, neuropep-
tide K, and neuropeptide Y; and three receptor subtypes: neurokinin-1, -2, and -3
receptors, have been identified. SP was the first peptide of the tachykinin family
to be identified. It is considered to be an important neuropeptide, and to function
in the nervous system and intestine. However, recent studies in the analysis of
SP receptors, particularly neurokinin-1 receptors (NK1-Rs) that have high affinity
for SP, have demonstrated that NK1-Rs are distributed not only in neurons and
immune cells but also in other peripheral cells, including bone cells [123]. The
distribution of tachykinin-immunoreactive axons and neurokinin receptors sug-
gests that tachykinins may directly modulate bone metabolism through neurokinin
receptors, cf. survey paper on the bone innervations by Goto [124], and also [125].

SP is an undecapeptide with multiple effects on the cardiovascular, gastrointesti-
nal, and urinary systems as well as complex central nervous system functions such
as learning and memory. SP is released from the terminals of specific sensory
nerves; it is found in the brain and spinal cord, and is associated with inflammatory
processes and pain [126, 127].

1.3.3.1 Anatomy of Bone Innervation
An extensive plexus of nerve fibers investing the periosteum and joints gives bone
the lowest pain threshold of any of the deep tissues. A-delta (small myelinated)
fibers and C (small unmyelinated) fibers contain deep somatic nociceptors with
free nerve endings. Deep somatic pain is usually described more as aching than
sharp, and is less well localized than cutaneous somatic pain. In the human femur,
all cortical Volkmann’s and Haversian canals contain unmyelinated fibers, and
some contain both myelinated and unmyelinated fibers. SP, which mediates pain
sensation, is attached to these fibers.

In rat and dog models, nerves in bone marrow have been found to be associated
with venous sinuses. These are single fiber nerves, independent of the blood
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vessels in the marrow, that enter the Haversian canals from both periosteum and
the marrow.

Gajda et al. [128] investigated the development of sensory innervation in long
bones, see Figure 1.18. Their model was rat tibia in fetuses and in juvenile indi-
viduals on postnatal days. A double immunostaining method was applied to study
the co-localization of the neuronal growth marker GAP-43 and the pan-neuronal
marker PGP 9.5 (9.5) as well as that of two sensory fiber-associated neuropeptides,
calcitonin gene-related peptide (CGRP) and SP. The earliest, not yet chemically
coded, nerve fibers were observed in the perichondrium of the proximal epiph-
ysis. Further development of the innervation was characterized by the successive
appearance of nerve fibers in the perichondrium/periosteum of the shaft, the
bone marrow cavity and intercondylar eminence, the metaphyses, the cartilage
canals penetrating into the epiphyses, and finally in the secondary ossification
centers and epiphyseal bone marrow. Maturation of the fibers, manifested by their
immunoreactivity for CGRP and SP, was investigated in these cases also.

1.3.4
Bone Cells

1.3.4.1 Cells
The living cells are divided into two types: prokaryotic and eukaryotic. The prokary-
otes are organisms that lack a cell nucleus (karyon). Prokaryotes are divided into the
bacteria and archea. Animals, plants, fungi, and protists are eukaryotes – organisms
whose cells are organized into complex structures enclosed within membranes.
The defining membrane-bound structure that differentiates eukaryotic cells from
prokaryotic cells is the nucleus. The cells of protozoa, higher plants, and animals
are highly structured. These cells tend to be larger than the cells of bacteria, and
have developed special packaging and transport mechanisms that are appropriate
to their larger size. There are many different cell types: approximately 210 distinct
cell types in the adult human body.

In Figures 1.19 and 1.20, the animal and plant cells may be compared. It is seen
that a cell wall – a thick, rigid membrane – surrounds a plant cell. This layer of
cellulose fiber gives the cell most of its support and structure. The cell wall also
bonds with other cell walls to form the structure of the plant.

Existence of wall in the plant cell provides the main difference between plant
and animal body from a mechanical point of view. The wall in plant cell gives the
plant support and structure. The animal body whose cells have no walls should be
supported by special tissues – the bones in the case of vertebrates.

The cytoskeleton (a cellular skeleton or cell scaffolding) is present in all cells,
being contained within the cytoplasm. It is a dynamic structure made out of protein
molecules that protects the cell, maintains the cell shape, enables cellular motion
(using structures such as flagella, cilia, and lamellipodia), and plays important roles
in both intracellular transport (such as the movement of vesicles and organelles)
and cellular division. Microfilaments (or actin filaments) are the thinnest filaments
of the cytoskeleton found in the cytoplasm of all eukaryotic cells [130–135].
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Cross section of an animal cell
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Figure 1.19 An animal cell. Peptide chains,
alpha-1 and alpha-2 chains, known as pre-
procollagen, are formed during translation
on ribosomes along the rough endoplas-
mic reticulum (Rough ER, RER) inside the
cell. Triple helical structure is formed inside

the endoplasmic reticulum from each two
alpha-1 chains and one alpha-2 chain. Pro-
collagen is shipped to the Golgi apparatus,
where it is packaged and secreted by exocy-
tosis. After [129].

Leeuwenhoek [91] pointed out an analogy between the structures of bone
and wood. This analogy is almost apparent and shows how different methods
are developed by the nature to reach the same goal, in our case: resistance and
moderate stiffness. Similar opinion was expressed by Monceau (1700–1782), a
botanist and agronomist.

The bones have to support the body of vertebrates and the tree trunk with
branches has to support the weight of a plant, cf. [136]. These similar mechanical
requirements lead at first sight to similar solutions, known as homoplasy. The stem
of a plant is built from large cells. Every cell of the plant has a rigid cover – the
cellulose wall, in distinction from animal cell. Therefore, the skeleton of a plant
itself is composed of cells. The internal geometry of the bone resembles the
geometry of the trunk. It is built from a rigid material and it is partitioned into
(cellular in general meaning) structures, but this hydroxyapatite structure does not
belong to the bone cells (osteocytes). Moreover, while all parts of the bone are
active, in the stem of a vascular plant, only the phloem with cambium situated
under the bark is the living tissue.

1.3.4.2 Cell Membrane
Amphiphile (Gr. αµφις , amphis: both and φιλı́α, philia: love, friendship) is a
term describing a chemical compound possessing both hydrophilic (water-loving)
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Cross section of a plant cell
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Figure 1.20 A plant cell. In vascular plants cellulose is
synthesized at the cell membrane (also called the plasma
membrane) by rosette terminal complexes. After [129].
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Figure 1.21 An example of an amphiphilic molecule: (a)
symbolic representation and (b) chemical structure (alkyl
polyoxyethylene).

and lipophilic (fat-liking) properties. Such a compound is called amphiphilic or
amphipathic. Common amphiphilic substances are soaps and detergents.

An amphiphilic molecule is composed of two different parts: hydrophobic tail
and hydrophilic head. The tail is composed of one or more hydrocarbon chains, and
the head is composed of chemical groups with high affinity to water, Figure 1.21.

Phospholipids, a class of amphiphilic molecules, are the main components
of biological membranes. When the phospholipids are immersed in an aqueous
solution, they arrange themselves into bilayers, by positioning their polar groups
toward the surrounding aqueous medium, and their lipophilic chains toward the
inside of the bilayer, defining a nonpolar region between the two polar ones.
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There are three different major classes of lipid molecules – phospholipids,
cholesterol, and glycolipids. Different membranes have different ratios of the
three lipids. However, what makes the membrane truly special is the presence of
different proteins on the surface that fulfill various functions such as cell surface
receptors, enzymes, surface antigens, and transporters [137–141].

1.3.4.3 Membrane Transport
The cell membrane primarily consists of a thin layer of amphipathic phospholipids
that spontaneously arrange so that the hydrophobic tail regions are shielded from
the surrounding polar fluid, causing the more hydrophilic head regions to associate
with the cytosolic and extracellular faces of the resulting bilayer. This forms a
continuous lipid bilayer.

The arrangement of hydrophilic heads and hydrophobic tails of the lipid bilayer
prevents polar solutes (e.g., amino acids, nucleic acids, carbohydrates, proteins,
and ions) from diffusing across the membrane, but generally allows for the passive
diffusion of hydrophobic molecules. This affords the cell the ability to control
the movement of these substances via transmembrane protein complexes such as
pores and gates.

Thus, the cell is surrounded by a semipermeable membrane that separates the
cell interior from exterior and controls the movement of substances in and out of the
cell. Efflux pumps are proteinaceous transporters localized in the cell membranes.
They are called active transporters, and they require a source of chemical energy to
perform their function, cf. [142]. In eukaryotic cells, the existence of efflux pumps
has been known since the discovery of p-glycoprotein in 1976 by Juliano and Ling
[143]. They remarked that the relative amount of surface-labeled p-glycoprotein
correlates with the degree of drug resistance in a number of independent mutant
and revertant clones. A similar high-molecular-weight glycoprotein is also present
in drug-resistant mutants from another cell line. Observations on pleiotropic drug
resistance are interpreted in terms of a model wherein certain surface glycoproteins
control drug permeation by modulating the properties of hydrophobic membrane
regions. (Pleiotropy means the influence of a single gene on multiple phenotypic
traits.)

Enzymes are proteins that catalyze (i.e., increase the rates of) chemical reactions.
Almost all processes in a biological cell need enzymes to occur at proper rates.
In enzymatic reactions, the molecules at the beginning of the process are called
substrates, and the enzyme converts them into different molecules, called the
products. Enzyme kinetics is the investigation of how enzymes bind substrates and
turn them into products.

Diastase catalyzes the hydrolysis (breakdown) of carbohydrates [144] and a
protease (or proteinase) catalyzes the hydrolysis of proteins. Sucrase is the name
given to a number of enzymes that catalyze the hydrolysis of sucrose to fructose
and glucose. Invertase is a sucrase enzyme. It breaks down sucrose (table sugar) to
fructose and glucose, usually in the form of inverted sugar syrup.

In 1902, Henri investigated the action of diastases and proposed a quantitative
theory of enzyme kinetics [145, 146]. In 1913, Michaelis and his postdoc Menten
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performed experiments on kinetics of invertase activity [147] and confirmed
Henri’s equation, which is referred now to as Henri–Michaelis–Menten kinetics
(sometimes as Michaelis–Menten kinetics only). The important contribution of
Henri was to consider enzyme reactions in two stages. In the first, the substrate
binds reversibly to the enzyme, forming the enzyme–substrate complex. The
enzyme then catalyzes the chemical step in the reaction and releases the product.

A membrane transport protein is a protein involved in the movement of ions,
small molecules, or macromolecules, such as another protein across a biological
membrane [148]. Transport proteins are integral membrane proteins; that is, they
exist within and span the membrane across which they transport substances. The
proteins may assist in the movement of substances by facilitated diffusion or active
transport. The permeases are membrane transport proteins, a class of multipass
transmembrane proteins that facilitate the diffusion of a specific molecule in or out
of the cell. Many membrane transporters behave as permeases and have several
characteristics in common with enzymes. For example, both have binding sites
on their surfaces that bind substrate (enzymes) and solute (transporters), both
lower the activation energy, both exhibit saturation with increases in substrate
or solute concentration, and both exhibit kinetic constants, KM and vmax. The
Michaelis–Menten enzyme kinetics is the principal analytical method used to
characterize the kinetic properties of enzymes and also that of membrane transport
proteins [149, 150]. The Michaelis–Menten equation relates the initial reaction rate
v0 to the substrate concentration S

v0 = vmaxS

KM + S

The corresponding graph is a hyperbolic function; the maximum rate is described
as vmax. Constant KM is the substrate concentration at which the reaction rate v0

is one-half of vmax. The limitation for the Henri–Michaelis–Menten equation is
that it relies upon the law of mass action, which is derived from the assumptions
of Fickian diffusion. However, many biochemical or cellular processes deviate
significantly from such conditions. Voituriez et al. have shown that the state
attained by reversible diffusion-limited reactions at time t = ∞ is generally not a
true thermodynamic equilibrium, but rather a nonequilibrium steady state, and that
the law of mass action is invalid [151, 152], see also [153–156].

1.3.4.4 Bone Cell Types
The living substance of the bone, the bone cells (or bone corpuscles, German:
Knochenkörperchen), account for only 1–5% of the bone volume in the adult
skeleton. There are five types of bone cells:

• Osteoprogenitors – immature cells which differentiate to form osteoblasts. Only
at this stage, bone cells may divide. Mesenchymal stem cells (MSCs) residing
in bone marrow are the progenitors for osteoblasts and for several other cell
types, [157]. Osteoprogenitors are induced to differentiate under the influence of
growth factors, in particular, the bone morphogenetic proteins (BMPs).
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• Osteoblasts are the bone-forming cells. They secrete osteoid, which forms the
bone matrix. They also begin mineralization. Osteoblasts arise from osteopro-
genitor cells located in the periosteum and the bone marrow. Osteoblasts, when
entombed within the osteoid, become osteocytes, with cytoplasmic processes that
communicate with each other.

• Osteocytes are the mature osteoblasts that no longer secrete matrix, but being sur-
rounded by it maintain metabolism, and participate in nutrient/waste exchange
via blood. Osteoblasts and osteocytes develop in the mesenchyme. (Mesenchyme
is the meshwork of embryonic CT in the mesoderm from which the CTs of the
body and the blood and lymphatic vessels are formed.)

• Osteoclasts function in the resorption and degradation of the existing bone; in
this role, they are the opposite of osteoblasts. Monocytes (white blood cells) fuse
together to create these huge cells, which are concentrated in the endosteum.
Osteoclasts play a key role in bone remodeling: they destroy bone cells and
reabsorb calcium.

• Bone lining cells are essentially inactive osteoblasts; they cover all of the available
bone surface and function as a barrier for certain ions [157, 158].

Bone is a dynamic tissue. It is constantly being reshaped by osteoblasts, which
build bone, and osteoclasts, which resorb bone. An osteoblast (Gr. bone and germ) is
a mononucleate cell, responsible for bone formation. Osteoblasts produce osteoid,
which is composed mainly of Type I collagen, and osteoblasts are responsible for
mineralization of the osteoid matrix. Osteoblast cells tend to decrease as individuals
become older, thus decreasing the natural renovation of the bone tissue, cf. [158,
159].

Osteocytes are networked to each other via long cytoplasmic extensions that
occupy tiny canals called canaliculi, which are used for exchange of nutrients
and waste. Hence, osteocytes in vivo possess a distinctive morphology – that of
dendricity – connecting osteocyte to osteocyte creating the osteocyte syncytium
and also connecting osteocytes with cells on the bone surface. It is thought that
bone fluid surrounding the dendrite within the canaliculi is responsible for the
transmission of mechanical strain through fluid flow shear stress. Dendrites may
be essential for osteocyte function, viability, and response to load [160–162].
Osteocytes, dendritic or star-shaped cells, are the most abundant cells found in a
compact bone, cf. Figures 1.22 and 1.23. There are about 10 000 cells per cubic
millimeter and 50 processes per cell.

Cell contains a nucleus and a thin ring of cytoplasm. When osteoblasts get trapped
in the matrix they secrete, they become osteocytes. The space that an osteocyte
occupies is called a lacuna. Although osteocytes have reduced synthetic activity and,
like osteoblasts, are not capable of mitotic division, they are actively involved in the
routine turnover of bony matrix, through various sensory mechanisms. They de-
stroy the bone through a rapid, transient (relative to osteoclasts) mechanism called
osteocytic osteolysis. Hydroxyapatite, calcium carbonate, and calcium phosphate are
deposited around the cell.

Interesting images of osteocyte lacuno-canalicular network have been obtained.
For example, in [160] one can see morphology of osteocytes, osteoblasts, and
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(a) (b)

Figure 1.22 Osteocytes under a polarized light microscope
(parallel polaroids, i.e., white background), in the cross
sections parallel (a) and perpendicular (b) to the axis of
osteon. After [104].

Figure 1.23 Osteocytes (bone cells) and their processes
(long extensions), contained in the bone lacunae and their
canaliculi, respectively, from a section through the vertebra
of an adult mouse. After [63].

periosteal fibroblasts isolated from embryonic chicken calvariae and observed by
fluorescence or phase contrast microscopy after 2 × 24 h of culture.

The osteocytes function to keep the bone alive. Since osteon is lamellar, the
lacunae are located between adjacent lamellae; hence, they are arranged in rows,
which coincide with the division between one lamella of the osteon and the next.
Osteocytes have long extensions (processes): the processes of adjacent osteocytes
remain in contact by passing through the minute canaliculi. The canaliculi radiate
outward from each lacuna, each one filled by an osteocyte process which contacts
that of another osteocyte. At the points of contact, gap junctions allow for a cell-to-cell
pathway for nutrients and waste products through the otherwise impermeable hard
substance of the bone [161].
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Each canaliculus carries a fine osteocyte process; at the points of contact of
these processes, gap junctions between the adjacent plasma membranes are the
sites of interchange of materials and information between the cells. This system
is essential to the survival of compact osteonal bone. Canaliculi are not extensively
developed in the flat plates of cancellous (spongy) bone, because the plates are thin
and diffusion transfer of products can occur between the osteocyte and the nearby
marrow space, cf. Figure 1.11. Osteocytes are thought to function as a network of
sensor cells in bones, which can mediate the effects of mechanical loading through
their extensive communication network of Kendall’s type, cf. [23, 24], also [26, 27].

It was found by Tanaka et al. that osteocytes from chick embryonic calvariae
stimulated the osteoclast formation and function while maintaining osteocytic
features in vitro. Isolated chick osteocytes stimulate formation and bone-resorbing
activity of osteoclast-like cells. These results suggested that osteocytes may play a
role in osteoclast recruitment [163].

The problem was also studied by Rubinacci et al., who have proposed a model
system for integrated osseous responses to mechanical, pharmacological, and
endocrine signals [164].

The distribution of the osteocyte processes through the bulk of bone differs
from their distribution on the bone surface. In [161] and [165], Bonewald pre-
sented observations made under a magnification of 3000× in scanning electron:
micrographs of resin-embedded acid-etched mouse bone samples. It is visible as
to how osteocyte cell processes pass through the bone in thin canals (canaliculi),
connecting osteocytes with each other and with cells on the bone surface. In [165],
Bonewald gives an analysis indicating that the osteocytes (not only osteoclasts) have
both matrix forming and matrix destroying activities and that the osteocytes can
remodel bone’s local environment including lacunae and canaliculi, cf. also [101].

1.3.4.5 Osteoclasts
Osteoclasts are specialized cells responsible for bone resorption. They are derived
from the monocyte/macrophage hematopoietic lineage. They develop and adhere
to bone matrix and then secrete acid and lytic enzymes that degrade the bone
matrix in a specialized, extracellular compartment.

Osteoclasts are large multinucleated cells (Figure 1.24). The nuclei resemble
the nuclei of the osteoblasts and osteocytes. The cytoplasm has often a foamy
appearance due to a high concentration of vesicles and vacuoles. An osteoclast cell
frequently has branching processes.

Osteoclasts may arise from stromal cells of the bone marrow, being related
to monocyte/macrophage cells, derived from granulocyte/macrophage-forming
colony units (CFU-GM). They may represent fused osteoblasts or may include
fused osteocytes liberated from resorbing bone. Osteoclasts lie in shallow cavities
(depressions, pits, or irregular grooves) called Howship’s lacunae (or resorption
lacuna), formed in the bone that is being resorbed by osteoclasts [166–169].

At the site of active bone resorption, the osteoclast forms a specialized cell
membrane, the ruffled border, that touches the surface of the bone tissue. The
ruffled border increases the surface area interface for bone resorption, facilitates
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removal of the bone matrix, and is a morphologic characteristic of an osteoclast
that actively resorbs the bone. The mineral portion of the matrix (hydroxyapatite)
includes calcium and phosphate ions. These ions are absorbed into small vesicles,
which move across the cell and eventually are released into the extracellular fluid,
thus increasing the levels of the ions in the blood.

Osteoclasts possess an efficient pathway for dissolving crystalline hydroxyapatite
and degrading organic bone matrix rich in collagen fibers. When initiating bone
resorption, osteoclasts become polarized, and three distinct membrane domains
appear: a ruffled border, a sealing zone, and a functional secretory domain.
Simultaneously, the cytoskeleton undergoes extensive reorganization. During this
process, the actin cytoskeleton forms an attachment ring at the sealing zone, the
membrane domain that anchors the resorbing cell to the bone matrix.

The ruffled border appears inside the sealing zone, and has several characteris-
tics of late endosomal membrane. Extensive vesicle transport to the ruffled border
delivers hydrochloric acid and proteases to an area between the ruffled border and
the bone surface called the resorption lacuna. In this extracellular compartment,
crystalline hydroxyapatite is dissolved by acid, and a mixture of proteases degrades
the organic matrix. The degradation products of collagen and other matrix com-
ponents are endocytosed, transported through the cell, and exocytosed through
a secretory domain. This transcytotic route allows osteoclasts to remove large
amounts of matrix-degradation products without losing their attachment to the
underlying bone. It also facilitates further processing of the degradation products
intracellularly during the passage through the cell.

1.3.5
Cellular Image – OPG/RANK/RANKL Signaling System

Recently, it has become clear that osteoclasts are not simply trench digging
cells, but that they have important regulatory functions as immunomodulators in
pathologic states and that they may also regulate osteoblast function. Proper growth
and functioning of osteoclasts is controlled by a pathway in which three factors,
osteoprotegerin (OPG), receptor activator of nuclear factor-kappaB (RANK), and
receptor activator for nuclear factor-kappa B ligand (RANKL), play the main role.
RANK and its ligand (RANKL) are important members of the tumor necrosis factor
receptor (TNFR) and tumor necrosis factor (TNF) superfamilies, respectively.

OPG is secreted by osteoblasts and osteogenic stromal stem cells and protects
the skeleton from excessive bone resorption by binding to RANKL and preventing
it from interacting with RANK. The RANKL/OPG ratio in bone marrow is an
important determinant of bone mass in normal and disease states. RANKL/RANK
signaling also regulates the lymph node formation and mammary gland lactational
hyperplasia in mice, and OPG protects large arteries from medial calcification.
OPG and RANKL proteins are mainly located in Golgi areas.

RANK, also known as tumor necrosis factor-related activation-induced cytokine
(TRANCE) receptor, is a type I membrane protein, which is expressed on the surface
of osteoclasts and is involved in their activation upon ligand binding. RANK is also
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Figure 1.24 Osteoblasts and osteoclasts on trabecula of lower jaw of calf embryo. After
[63].

expressed on dendritic cells and facilitates immune signaling. RANKL is found
on the surface of stromal cells, osteoblasts, and T cells. RANK is expressed on
osteoclasts, T lymphocytes, and dendritic cells, and its ligation with RANKL leads
to cellular activation. However, another member of the TNFR family, OPG, acts as
a decoy receptor, binding to RANKL and preventing its interaction with RANK.

RANKL is a member of the TNF, and is essential in osteoclastogenesis. RANKL,
also known as tumor necrosis factor-related activation-induced cytokine, osteoprote-
gerin ligand (OPGL), and osteoclast differentiation factor (ODF), is a molecule
participating in bone metabolism. This surface-bound molecule activates osteo-
clasts, cells involved in bone resorption.

RANKL knockout mice exhibit a phenotype of osteopetrosis and defects of tooth
eruption, along with an absence or deficiency of osteoclasts. RANKL activates
NF-κβ (nuclear factor-kappa B) and NFATc1 (nuclear factor of activated T-cells, cy-
toplasmic, calcineurin-dependent 1) through RANK. NF-κβ activation is stimulated
almost immediately after the occurrence of RANKL–RANK interaction, and is not
upregulated. Overproduction of RANKL is implicated in a variety of degenerative
bone diseases, such as rheumatoid arthritis and psoriatic arthritis.

1.3.5.1 Osteoprotegerin
Cytokines (Greek cyto: cell; and kinos: movement) are substances (proteins, pepti-
des, or glycoproteins) that are secreted by specific cells of the immune system,
which carry signals between cells, and thus have an effect on other cells. Thus, they
belong to a category of signaling molecules that are used in cellular communication.
The term cytokine encompasses a large family of polypeptide regulators that are
widely produced throughout the body by cells of diverse embryological origin.

Researchers in the field of bone biology have, for a long time, sought to
understand the mechanisms responsible for the cross-talk between osteoblasts
and osteoclasts. A major step toward answering this question was provided by the
discovery of OPG. OPG was identified in 1997 by three different groups working
in different areas [170–173].
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It was isolated as a secreted glycoprotein that blocked osteoclast differentiation
from precursor cells, prevented osteoporosis (decreased bone mass) when admin-
istered to ovariectomized rats, and resulted in osteopetrosis (increased bone mass)
when overexpressed in transgenic mice. It was shown that OPG inhibits the differ-
entiation of osteoclast precursors into osteoclasts and also regulates the resorption
of osteoclasts in vitro and in vivo.

Studies in mutant mice have validated the idea that OPG is identical to the
osteoblast-derived osteoclast inhibitory factor. Transgenic mice overexpressing
OPG exhibit increased bone density and increased mineralization due to a decrease
in osteoclasts terminal differentiation.

OPG is a member of the TNF receptor superfamily. OPG is a protein that
plays a central role in regulating bone mass: it is a cytokine, which can inhibit the
production of osteoclasts. OPG is also known as osteoclastogenesis inhibitory factor
(OCIF). It is a basic glycoprotein comprising 401 amino-acid residues arranged into
seven structural domains, cf. Figure 1.25. It is found as either a 60 kDa monomer
or a 120 kDa dimer linked by disulfide bonds.

Studies have shown that OPG inhibits osteoclastogenesis by binding ODF
(RANKL/OPGL/TRANCE) and blocking its interaction with its receptor, RANK, on
osteoclasts (TRANCE receptor or TRANCE-R).

OPG contains a cysteine-rich amino-terminal domain, a putative death domain,
and a COOH-terminal heparin-binding domain, but unlike other members of the
TNF receptor family, it does not contain a transmembrane domain (Figure 1.25).
Therefore, it is thought to act as a soluble receptor. OPG has been detected in
the bone, heart, lung, liver, stomach, placenta, calvaria, dendritic cells, and blood
vessels [175].

In addition, a role for OPG in the development of germinal centers in secondary
lymphoid tissues has been postulated. OPG has also been implicated as a cell
survival factor: OPG protects endothelial cells from apoptosis induced by serum
withdrawal and NF-κB inactivation.

1.3.5.2 RANK/RANKL
RANKL is produced by a variety of cell types and its expression is regulated by
many physiologic and pathologic factors. Preclinical studies in mice and studies of
human tissues have revealed the functions of RANKL/RANK signaling in normal

H2N COOH

OH

A B C D

1 2 3 4 5 6 7

Figure 1.25 Schematic structure of osteoprotegerin
OPG polypeptide: A, signaling peptide; B, cysteine-rich
amino-terminal domains; C, putative death domains; and
D, COOH-terminal heparin-binding domain. After [174].
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and pathologic states. The role of the RANKL/RANK system is important not only
in bone but also in other tissues.

OPG is a RANK homolog, and works by binding to RANKL on the os-
teoblast/stromal cells, thus blocking the RANKL–RANK ligand interaction between
osteoblast/stromal cells and osteoclast precursors. This has the effect of inhibiting
the differentiation of the osteoclast precursor into a mature osteoclast. Recombi-
nant human OPG acts on the bone, increasing bone mineral density and bone
volume [176–181]. OPG can bind to RANKL and prevent its interaction with RANK
to inhibit osteoclast formation, but its effects on other cellular functions of RANKL
have yet to be determined.

Discovery of the RANK signaling pathway in the osteoclast has provided insight
into the mechanisms of osteoclastogenesis and activation of bone resorption, and
how hormonal signals impact bone structure and mass. Further study of this
pathway has provided the molecular basis for developing therapeutics to treat
osteoporosis and other diseases of bone loss [180].

Osteoclast formation requires the presence of RANK osteoblasts (RANK) and
macrophage colony-stimulating factor (M-CSF). These membrane-bound proteins
are produced by neighboring stromal cells and osteoblasts. Thus, a direct contact
between these cells and osteoclast precursors is required [168, 169, 178–183].

1.3.5.3 TACE
Tumor necrosis factor-alpha converting enzyme (TACE) is a kind of metalloprotease
disintegrins, also known as ADAM17. It is a modular transmembrane protein with
a zinc-dependent catalytic domain. TACE can cleave or shed the ectodomain of
several membrane-bound proteins. In particular, TACE can shed several cytokines
from the cell membrane, including RANKL [184, 185].

1.3.5.4 Bone Modeling and Remodeling
Bone modeling develops during the organism’s youth and deals with the bone
growth in length and width. In this process, a new bone is added (a subprocess
called ossification or bone formation) to a side of the periosteal surface, and the old
bone is removed from the skeleton (a subprocess called bone resorption) on the side
of the endosteal surface. The modeling differs from remodeling in that processes
of bone formation and bone resorption are realized at different surfaces of the bone
Figure 1.26.

A bone is constantly renewed. The old bone is removed and the new bone is laid
down. This process is called bone remodeling. Thus, bone remodeling is a lifelong
process, where an old bone is removed from the skeleton and a new bone is added.
These processes control not only the reshaping or replacement of bone during
growth and following injuries like fractures but also microdamage, which occurs
during normal activity. Remodeling responds also to functional demands of the
mechanical loading. As a result bone is added where needed and removed where it
is not required.

In the first year of life, almost 100% of the skeleton is replaced. In adult compact
bone, remodeling proceeds at about 10% per year, and in spongy bone, it proceeds
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Bone

Osteoclast Osteoblast

Figure 1.26 Bone modeling. Osteoclasts remove the bone
from the endosteal surface. The new bone is added as a
result of the osteoblast action from the side of periosteal
surface. After [174].

TACE RANKL RANK OPG

a b c d

Figure 1.27 The ways of communication
between an osteoblast and a maturing os-
teoclast. Inhibiting action of OPG; TACE
(tumor necrosis factor-α converting enzyme):
a, ectodomain RANKL after cleavage by the

enzyme TACE; b, ectodomain RANKL; c,
RANK – membrane receptor of RANKL; and d
OPG – solvable receptor-inhibitor of RANKL.
After [174].

at about 15–30%. It is so efficient that it is able to exchange constituents of the
entire skeleton every 3–10 years [186].

RANKL/RANK/OPG system regulates the differentiation of precursors into
multinucleated osteoclasts as well as osteoclast activation and survival, both nor-
mally and in most pathologic conditions associated with increased bone resorption
(Figure 1.27). Osteoclast differentiation is inhibited by OPG, which binds to
RANKL, thereby preventing interaction with RANK, cf. Figure 1.28.

Bisphosphonates exhibit high affinity for hydroxyapatite mineral in the bone
and are used to prevent osteoclast-mediated bone loss. The nitrogen-containing
bisphosphonate, zoledronic acid (ZOL), influences RANKL expression in human
osteoblast-like cells by activating TACE. Bisphosphonates are used to prevent
osteoclast-mediated bone loss. ZOL indirectly inhibits osteoclast maturation by in-
creasing OPG protein secretion and decreasing transmembrane RANKL expression
in human osteoblasts. The decreased transmembrane RANKL expression seems
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Figure 1.28 Resorption activity of the osteoclast depends
on the ratio RANKL/OPG. OPG, osteoprotegerin; RANKL,
receptor activator of nuclear factor-κB ligand. After [174].

to be related to the upregulation of the RANKL sheddase, TACE. The reduction
in transmembrane RANKL expression was preceded by a marked increase in the
expression of the metalloprotease disintegrin, TACE. Studies undertaken by Pan
et al. indicate that ZOL, in addition to its direct effects on mature osteoclasts, may
inhibit the recruitment and differentiation of osteoclasts by cleavage of the trans-
membrane RANKL in osteoblast-like cells by upregulating the sheddase, TACE
[165, 187].

Wedemeyer et al. investigated the effect of a single subcutaneous dose of ZOL on
particle-induced osteolysis and observed excessive regional new bone formation.
They utilized the murine calvarial osteolysis model and polyethylene particles in
C57BL/J6 mice. Bone thickness was measured as an indicator of bone growth. Net
bone growth was significantly increased in animals with ZOL treatment [166, 188].

Proresorptive molecules that trigger bone loss (hormones and cytokines) induce
RANKL expression on osteoblasts. In the inflammatory conditions, activated T-cells
also produce RANKL. RANKL binding to RANK on mature osteoclasts and their
precursors activates a signal transduction cascade that leads to osteoclast formation
and activation. OPG protects bones because of binding to RANKL and inhibiting
osteoclastogenesis and osteoclast activation Figure 1.29.

Khosla remarks in his minireview that the identification of the OPG/RANKL/
RANK system as the dominant mediator of osteoclastogenesis represents a major
advance in bone biology. It ended a long-standing search for the specific factor



1.3 Microscopic Structure of the Bone 45

Lymphocyte T RANKL RANK

RANK

OPG
Precursor
of osteoclast

Periodontis
osteoporosis

Osteoblast
Osteoclast

Bone resorptionExcess of bone

Harmones
cytokines

Figure 1.29 The balance of RANKL and osteoprotegerin
(OPG) controls osteoclast activity. Most (perhaps all) known
inducers of bone resorption and hypercalcemia act indirectly
through the production of RANKL; hence OPG can be used
in pharmacy to control osteoclast activity, independent of
the inducing cytokine. After Stawińska [189].

produced by preosteoblastic/stromal cells that was both necessary and sufficient for
osteoclast development. The decisive role played by these factors in regulating bone
metabolism was demonstrated by the findings of extremes of skeletal phenotypes
(osteoporosis vs osteopetrosis) in mice [168, 169, 190, 191].

When the rate of bone resorption exceeds that of bone formation, destruction
of bone tissue occurs, resulting in a fragile skeleton. The clinical consequences,
namely, osteoporosis and fragility fractures, are common and costly problems.
Treatments that normalize the balance of bone turnover by inhibiting bone
resorption preserve bone mass and reduce the risk of fracture. The discovery of
RANKL as a pivotal regulator of osteoclast activity provides a new therapeutic target
[171, 192].

Thus, the TNF-family molecule OPGL (also known as TRANCE, RANKL, and
ODF) has been identified as a potential ODF and regulator of interactions between
T cells and dendritic cells in vitro. OPGL is a key regulator not only of osteo-
clastogenesis but also of lymphocyte development and lymph-node organogenesis
[172–174, 193–195].

Mice belong to a commonly used animal research model with hundreds of
established inbred, outbred, and transgenic strains. Line MC3T3 is a strain of
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tissue culture cells derived from Mus musculus (house mouse). Various derivatives
of this strain have been widely used as model systems in bone biology. The subline
MC3T3-E1 is one of the most convenient and physiologically relevant systems for
the study of transcriptional control in calvarial osteoplasts.

Kim et al. tried to understand the biochemical reaction of RANKL in re-
sponse to mechanical loading. The MC3T3-E1 cells were biequiaxially stretched.
A murine RANKL cDNA with double epitopes, pEF6 HARANKL-V5His, was
transfected into MC3T3-E1 cells, which were then stretched. They found that
endogenous RANKL protein expression increased in response to mechanical
loading. Membrane-bound RANKL (HA-RANKL-V5His) increased in cell lysates
while soluble RANKL (RANKL-V5His) decreased in the conditioned media after
mechanical loading. This may have resulted from the decreased activity of TACE
after mechanical loading. Increased membrane-bound RANKL may be one of the
mechanisms through which osteoblasts adapt to mechanical loading by regulating
osteoclastogenic activity, [196].

1.3.6
Proteins and Amino Acids

An amino acid is a molecule containing both amine and carboxyl functional groups.
There are about 200 amino acids in nature. Protein amino acids or alpha amino
acids are the building blocks of proteins. In these amino acids, the amine and
carboxyl functional groups are linked to the same atom of carbon, cf. [197–199].

Proteinogenic amino acids are those 22 amino acids that are found in proteins
and that are coded for in the standard genetic code. Proteinogenic literally means
protein building. Proteinogenic amino acids are assembled into a polypeptide (the
subunit of a protein) through a process known as translation (the second stage of
protein biosynthesis, part of the overall process of gene expression).

Peptides (Greek: πεπτ ίδια, small digestibles) are short polymers formed from
the linking, in a defined order, of α-amino acids. The link between one amino-acid
residue and the next is called an amide bond or a peptide bond. Proteins are
polypeptide molecules or consist of multiple polypeptide subunits. The distinction
is that peptides are short and proteins (polypeptides) are long. Proteins are defined
by their sequence of amino-acid residues; this sequence is the primary structure of
the protein. It is the genetic code that specifies 20 standard amino acids.

Since the works of Hofmeister (1850–1922) and Fischer (1852–1919), it has been
regarded that the proteins are in some fundamental fashion chainlike, that they
are constructed from polypeptides of the general formula, given in Figure 1.30,
in which −R′, −R′′, −R′′′, and so on, stand for various univalent groups – 22
different kinds are known – which act as side chains to a common main chain
(backbone). Two of these can be specified by the genetic code, but are rare in
proteins.

The α-amino acids from which the proteins are formed, and into which they are
resolved again on digestion, have the general formula H2NCHRCOOH, where R
is an organic substituent, cf. Figure 1.31. In the α-amino acids, the amino and
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Figure 1.30 ‘‘Amino acids in chains are the cause, so the
X-ray explains, of the stretching of wool and its strength
when you pull, and show why it shrinks when it rains’’
(A. L. Patterson). After Astbury [200].
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Figure 1.31 An α-amino acid molecule, with the amino
group on the left and the carboxyl group on the right.
After Pauling Chemistry [9].

carboxyl groups are attached to the same carbon, which is called the α-carbon. The
various α-amino acids differ in the side chain (R group) that is attached to their
α-carbon.

Twenty standard amino acids are used by cells in protein biosynthesis, and these
are specified by the general genetic code. These 20 amino acids are biosynthesized
from other molecules. Organisms differ in the types of amino acids synthesized
by them and the ones that are obtained from food. The amino acids that cannot
be synthesized by an organism are called essential amino acids. Of the 20 standard
amino acids, 8 are essential amino acids.

Glycine and proline, used in building the collagen chain, belong to nonessential
amino acids. Hydroxyproline, also appearing in the collagen, is a modification of
proline: hydroxyproline differs from proline by the presence of additional hydroxyl
(OH) group.

Glycine (abbreviated as Gly or G) is the organic compound with the formula
NH2CH2COOH and is considered a glucogenic amino acid; it is the smallest of the
20 amino acids. Most proteins contain only small quantities of glycine. An exception
is collagen, which contains almost one-third of glycine. Glycine is a colorless,
sweet-tasting crystalline solid. It is unique among the proteinogenic amino acids in
that it is not chiral. It can fit into both hydrophilic and hydrophobic environments,
because of its single hydrogen atom side chain. Glycine was discovered in 1820 by
Braconnot, who obtained a gelatin sugar, named later as glycocolle. It is now called
glycine [201].

Proline (abbreviated as Pro or P) is an α-amino acid, one of the 20 DNA-encoded
amino acids. Its molecular formula is C5H9NO2. The distinctive cyclic structure
of the proline side chain gives proline an exceptional conformational rigidity
as compared to other amino acids. Hydroxyproline (abbreviated as Hyp) is an
uncommon amino acid and differs from proline by the presence of a hydroxyl (OH)
group attached to the C atom.
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Because glycine is the smallest amino acid with no side chain, it plays a unique
role in fibrous structural proteins. In collagen, Gly is required at every third
position, because the assembly of the triple helix puts this residue at the interior
(axis) of the helix, where there is no space for a larger side group than glycine’s
single hydrogen atom. For the same reason, the rings of Pro and Hyp must point
outward. These two amino acids, Pro and Hyp, help stabilize the triple helix. A lower
concentration of them is required in animals such as fish, whose body temperatures
are lower than those of warm-blooded animals. Proline or hydroxyproline constitute
about one-sixth of the total sequence. With glycine accounting for one-third of the
sequence, this means that approximately half of the collagen sequence is not
glycine, proline, or hydroxyproline.

The element phosphorus is not present in any of the 20 amino acids from which
proteins are made (but is present in DNA, cf. the Hershey–Chase experiments
[202]).

1.3.7
Collagen and its Properties

Collagen belongs to the long fibrous structural proteins. These are main compo-
nents of the ECM that supports most tissues and assures cells structure from the
outside. Collagen is the main protein of CT in animals and the most abundant
protein in mammals, making up about 25% of the total protein content. Thus,
collagen is found in large quantities in tendon, bone, skin, cornea, and cartilage.
Collagen is also found inside certain cells, cf. [127, 128].

The TC or ‘‘collagen macromolecule’’ is a subunit of larger collagen aggregates
such as fibrils. It is approximately 300 nm long and 1.5 nm in diameter, made up
of three polypeptide strands (called α-chains), each possessing the conformation
of a left-handed helix. These three left-handed helices are twisted together into a
right-handed triple helix or ‘‘super helix’’ [11]. The triple helix is composed of three
polypeptide chains, each with the repeating triplet Gly-X-Y, where X and Y are
frequently proline and hydroxyproline, respectively.

The TC macromolecules are synthesized within fibroblast cells, pass into the
intercellular tissue spaces, and in particular, aggregate at the appropriate places
and time to form fibers. Possibly in all fibrillar collagens if not in all collagens, each
TC triple helix associates into a right-handed super-super-coil, which is referred to
as the collagen microfibril.

The molecular conformation of collagen has been determined primarily from an
interpretation of its high-angle X-ray diffraction pattern. Following the pioneering
work [203] of Herzog and Jancke, a number of investigators have attempted to find
the structure of collagen (and of gelatin, which gives similar X-ray photographs).
Astbury showed that there were drastic changes in the diffraction of moist wool
or hair fibers as they were stretched significantly (100%). The data suggested that
the unstretched fibers had a coiled molecular structure with a characteristic repeat
of 5.1 Å (= 0.51 nm). Astbury proposed that (i) the unstretched protein molecules
formed a helix (which he called the α-form) and (ii) the stretching caused the helix to
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Figure 1.32 The three-chain configuration proposed for
collagen and gelatin by Pauling and Corey in 1951 [204].

uncoil, forming an extended state (which he called the β-form) [200]. The α-helix has
now been recognized as a feature of the majority of protein structures. Astbury’s
models were correct in essence and correspond to modern elements of secondary
structure, the α-helix and the β-strand (Astbury’s nomenclature was used), which
were developed later by Pauling and Corey. These authors have attempted to
account for the positions and intensities of the X-ray diffraction maxima, and
pointed out that the equatorial reflections correspond to a hexagonal packing of
circular cylinders [204]. They proposed a structure (now withdrawn) having three
chains helically intertwined, see Figure 1.32.

The X-ray pattern of an unstretched collagen fiber is rather diffuse and poor in
detail. Its principal features are a strong meridional axe at about 2.9 Å and weaker
arcs at 4.0 and 9.5 Å. There are also strong equatorial reflections with spacings
corresponding to approximately 6 and 12 Å (which depend on the humidity), and a
diffuse distribution of intensity around 4.5 Å, mainly near the equator. This pattern
is improved in orientation and detail if the fiber is kept stretched during the X-ray
exposure [205].

A structural model was built based on various stereochemical properties of the
polypeptide chains, and the intensity distribution expected of it was calculated
using the helix diffraction theory proposed in 1952 by Cochran et al. [206]. Next, the
calculated intensity distribution was compared with the observed one [207–211].
The effect of introducing the various side chain atoms on the calculated intensity
distribution has been studied in detail by the Madras group of Ramachandran
[207].

An interpretation of the X-ray pattern led Rich and Crick in 1955 to the conclusion
that the collagen helix has a unit height of approximately 3 Å, the number of units
per turn being close to 10/3, which corresponds to a unit twist of 108◦ [208, 209].

However, the determination of the molecular structure of collagen from X-ray
diffraction data has proven extremely difficult, despite the progresses of fiber
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Figure 1.33 The three-chain configuration
proposed for collagen by Rich and Crick
[208, 209]. For comparison, see Figure 1.5,
in which phyllotaxis disposition is given, as
depicted by Bravais brothers in 1837. The

analogy indicates the screw type develop-
ment appearing at different levels of living
structures and growth of molecules and
organs. Courtesy of Kenji Okuyama.

diffraction techniques over the last eight decades. Because of a deficiency of
diffraction spots on the layer lines in the wide-angle region (about 1–30 Å
resolution), it could not even be determined whether the average helical symmetry
of the collagen superhelix was 7/2 (seven tripeptide units for every two turns) or
10/3, [212]. In an article published in 2006, Microfibrillar structure of type I collagen
in situ, Orgel et al. reported the three-dimensional molecular and packing structure
of type I collagen determined by X-ray fiber diffraction analysis, which was based
on 414 reflections with a completeness of 5% in the range of 5–113 Å resolution.
The collagen molecule is made of three chains of more than 1000 residues each.

However, as remarked by Okuyama, it is difficult to determine the
three-dimensional molecular conformation based on such a small number of
reflections at low resolution [213]. In particular, there are significant differences
between the triple helical parameters from the Rich and Crick model. These
differences, which led to a 7/2 (with fiber period ∼20 Å) as opposed to 10/3 (with
fiber period ∼29 Å) triple helical symmetry, initiated a debate regarding the actual
symmetry of the natural collagen.

In Figures 1.33 and 1.34, two models of the molecular structure of collagen are
compared: the first one proposed by Rich and Crick [208, 209] and the second one
proposed by Okuyama et al. [212–216].
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Figure 1.34 The three-chain configuration proposed for
collagen by Okuyama [216]. Courtesy of Kenji Okuyama.

The triple-helix motif has now been identified in proteins other than collagens,
and it has been established as being important in many specific biological interac-
tions as well as being a structural element. Triple-helix binding domains consist of
linear sequences along the helix, making them amenable to description by simple
model peptides. Advances, principally through the study of peptide models, have led
to an enhanced understanding of the structure and function of the collagen triple
helix. In particular, the first crystal structure has clearly shown the highly ordered
hydration network that is critical for stabilizing both the molecular conformation
and the interactions between triple helices.

Collagen is almost unique among proteins in its use of triple helical secondary
structure. Collagen is also unique among animal proteins in its high content of
hydroxyproline, which is formed as a post-translational modification of prolines,
which are incorporated in the Y position of Gly-X-Y triplets. The analysis of collagen
structure emphasizes the dominance of enthalpy and hydrogen bonding in the
stabilization of the triple helix [217–230].

1.3.7.1 Molecular Structure
There are 29 types of collagens known. Over 90% of the collagens in the body,
however, are of types I, II, III, and IV.

• Collagen I – skin, tendon, vascular, ligature, organs, bone (main component of
bone);

• Collagen II – cartilage (main component of cartilage);
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• Collagen III – reticulate (main component of reticular fibers), commonly found
alongside type I;

• Collagen IV – forms bases of cell basement membrane.

Type I collagen is the most abundant protein in human body, and it helps to
maintain the integrity of many tissues via its interactions with cell surfaces, other
ECM molecules, and growth and differentiation factors. Nearly 50 molecules have
been found to interact with type I collagen, and for about half of them, binding sites
on this collagen have been elucidated. In addition, over 300 mutations in type I
collagen, associated with human CT disorders, have been described.

The type I collagen is the main component of the bone; it is present in the scar
tissue, the end product when the tissue heals by repair. It is found in tendons, skin,
artery walls, the endomysium of myofibrils, fibrocartilage, and the organic part of
bones and teeth.

The type II collagen is the basis for articular cartilage and hyaline cartilage.
It makes up 50% of all proteins in the cartilage and 85–90% of collagen of
articular cartilage. The fibrillar network of collagen II allows cartilage to entrap the
proteoglycan aggregate as well as provide tensile strength to the tissue. Type II is
present in small amounts, with salts, sugars, and vitrosin, in vitreous humor of the
eye [222–225].

1.3.8
Geometry of Triple Helix

The triple helix is a unique secondary structural motif that is primarily found within
the collagens, and a distinctive feature of collagen is the regular arrangement of
amino acids in each of the three chains of collagen subunits.

Coxeter [231, 232] suggested an extension of the concept of a regular polygon.
A regular polygon as usually defined is a cycle of vertices . . . 1, 2, 3, . . . and
edges . . . 12, 23, . . . which is obtained from a single point by repeated action of a
rotation. Coxeter’s extension replaces ‘‘rotation’’ by the more general ‘‘isometry’’
(distance-preserving transformation). A screw transformation generates a helical
polygon (or polygonal helix), an infinite sequence of vertices . . . − 1, 0, 1, 2, . . ., and
edges joining consecutive vertices. A Coxeter helix is a polygonal helix such that
every set of four consecutive vertices forms a regular tetrahedron. This produces a
twisted rod of tetrahedra, the Boerdijk–Coxeter (B–C) helix (Figures 1.35 and 1.36).

Helices and dense packing of spherical objects are two closely related problems.
By stacking regular tetrahedral along one direction, one obtains a configuration
called the Bernal or B–C helix. Also, the name tetrahelix given to the chain of
tetrahedra by Fuller is used, cf. also [20, 236, 237].

The construction of helix is as follows: to one face of the tetrahedron, the next
tetrahedron is glued, and this process of gluing new tetrahedron is continued, with
the condition that at one vertex six triangular faces meet (Figure 1.36). The chain of
tetrahedra built in such a manner is not periodic because of incommensurability
between the distances separating the centers of neighboring tetrahedra and the
pitch of the three helices.
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(a)

(b)

Figure 1.35 Tropocollagen triple helix (a) and the Boerdijk–Coxeter helix (b).

Figure 1.36 The B–C helix as a deltahe-
dron (polyhedron whose faces are all equi-
lateral triangles). Helical structure is gen-
erated by the repeated action of a screw
transformation acting on a subunit (regular

tetrahedron). The tetrahedral helix is called
the Bernal spiral in association with discus-
sions of liquid structure [233, 234]. Fuller
[235] named this helical structure the tetra-
helix [233].

An infinite strip of a tiling of the Euclidean plane by equilateral triangles, bounded
by two parallel lines, can be wrapped around a circular cylinder so that the two strip
edges meet. The resulting structure is referred to as a cylindrical hexagonal lattice.
Alternatively, instead of rolling the strip around a cylinder, corresponding points on
the edges may be brought into coincidence by folding along the fundamental lattice
lines, keeping the triangular facets flat. The resulting structure is referred to as a
triangulated helical polyhedron (THP). A THP is an ‘‘almost regular’’ polyhedron, in
that its symmetry group, a rod group, acts transitively on the vertices and faces,
although not on the edges. The rodlike sphere packings investigated by Boerdijk
are derived from the Coxeter helix, which is the simplest THP. In a nanotube, the
atomic positions correspond to a subset of the vertices of a THP.

The geometrical properties of the THPs are of relevance in structural chemistry
for several reasons. As Sadoc and Rivier [238, 239] have shown, the helical
structures commonly occurring in proteins are metrically quite close to polygonal
helices consisting of edges of THPs. Sadoc and Rivier proposed a B–C helix with
the collagen sequence Gly-X-Y.

The value of angle ψ is found from the symmetry: the edges AB, BC, and CD of
a tetrahedron projected on the cross section of the circumscribed cylinder are all
equal to a certain value c.
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Figure 1.37 (a) A tetrahedron has four
faces, four vertices, and six edges. A regular
tetrahedron is composed of four equilat-
eral triangular faces. All edges are equal:
AB = BC = AC = AD = BD = CD = a. The
height of the triangular face, for example,
EC = √

3 a/2, the height of tetrahedron:
PD = √

2/3 a, the distance between perpen-
dicular edges, for example, AB and CD is
equal to EF = a/

√
2. (b) Top view of two

perpendicular tetrahedron edges: AD and
BC. In order to inscribe the tetrahedron in

a cylinder of radius r, the edges should be
turned with respect to the axis of the cylin-
der through an angle of ψ . The distance
a/

√
2 between the perpendicular edges AD

and BC remains unchanged. (c) Projection
of tetrahedron edges on the cross section
of the cylinder circumscribed on the tetra-
hedron. The segment A′A′′ = a/

√
2 (the dis-

tance between perpendicular edges AD and
BC). The length scale between figures (a),
(b), and (c) is not preserved.

According to Figure 1.37, we have projections A′D′ = a sin ψ and B′C′ = a cos ψ .
Hence, B′A′′ = (a/2)(sin ψ + cos ψ). Further (A′A′′)2 + (B′A′′)2 = (A′B′)2. Subse-
quently, cos ψ = 3/

√
10 and A′B′ = B′C′ = C′D′ = c = 3a/

√
10 ∼= 0.9486 a. More-

over, A′D′ = a/
√

10. Because A′D′ = 2r sin ((3θ − 2π )/2) and B′C′ = 2r sin (θ/2),
we get the angle θ and radius r of the cylinder. We get sin (θ/2) = √

5/6, cos θ =
−2/3. Thus ∠A′OB′ = ∠B′OC′ = ∠C′OD′ = θ and r = 3

√
3a/10 = √

3/10c.
The spiral moves along the tetrahelix by an angle θ = arccos (−2/3) ≈ 131.81◦.

The angle θ is an irrational number, and the tetrahelix has no period. It belongs to
aperiodic crystals (according to Schrödinger [3]) or quasicrystals (according to the
contemporary notion).

Let the edge of the tetrahedron be equal to 1. The whole structure of a B–C helix
is generated by a screw transformation x → Rx + a where

R = 1

3
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Sadoc and Charvolin have indicated that the idea of three-sphere fibrations may be a
tool for analyzing twisted materials in condensed matter. They indicated that chiral
molecules, when densely packed in soft condensed matter or biological materials,
build organizations that are most often spontaneously twisted. The formation of
these organizations is driven by the fact that compactness, which tends to align the
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molecules, enters into conflict with torsion, which tends to disrupt this alignment.
This conflict of topological nature, or frustration, arises because of the flatness of
the Euclidean space, but does not exist in the curved space of the three-sphere
where particular lines, its fibers, can be drawn which are parallel and nevertheless
twisted. As these fibrations conciliate compactness and torsion, they can be used
as geometrical templates for the analysis of organizations in the Euclidean space
[240].

1.3.9
Polymer Thermodynamics

The first experiments suggested that TC molecules are rigid, rod-shaped structures.
However, on the basis of hydrodynamic methods and transmission electron
microscopy (TEM), it was found that TC molecules demonstrate some flexibility,
which can be measured by the persistence length [241].

1.3.9.1 Thermodynamics
From the first law of thermodynamics, the increase in internal energy dU during
any change in a system is equal to the sum of the elementary amount of heat dQ
added to it and the elementary amount of work dL performed on it.

dU = dQ + dL

The second law states that the increase in heat dQ is expressed in any reversible
process by the relation

dQ = T dS

where dS denotes the entropy differential and T denotes the (absolute) temperature.
Hence, for a reversible process

dU = T dS + dL

The Helmholtz free energy is defined by

A = U − TS

Its change at constant temperature is given by

dA = T dU + T dS

which means that

dA = dL

The work done on the system by a tensile force F in a displacement dx is

dL = F dx

Then,

F =
(

∂A

∂x

)
τ
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This means that the force of tension is equal to the change in Helmholtz
free energy per unit extension. In the normal unstressed state, the free en-
ergy has a minimum (∂A/∂x)T = 0 at certain x = x0, and for small strains we
get

F =
(

∂2A

∂x2

)
T

(x − x0)

where x denotes the length of the system under the force F. In this approximation,
the force is a linear function of the deformation (x − x0). The tension force, like
free energy, may be expressed as the sum of two terms

F =
(

∂A

∂x

)
τ

=
(

∂U

∂x

)
τ

− T

(
∂S

∂x

)
τ

In general, the force results in both the internal energy and entropy changes.

1.3.9.2 Ideal Chain
Ideal chain model (Gaussian chain) or the freely joined chain assumes that there
are no interactions between chain monomers. The ideal chain is the simplest model
of a polymer. In this model, fixed length polymer segments are linearly connected,
and all bond and torsion angles are equiprobable: the polymer can be described by
the random walk statistics [242–244].

Monomers are regarded as rigid rods (segments) of a fixed length l, and
their orientation is independent of the orientations and positions of neighboring
monomers. This means that no interactions between monomers are considered,
the energy of the polymer is taken to be independent of its shape, and all of its
configurations are equally probable. If N monomers form the polymer chain, its
total length is L = Nl.

Let b0, . . ., bN−1 be the vectors corresponding to individual monomers, and let r
denote the end-to-end vector of a chain, that is, the distance between the ends of the
chain, Figure 1.38. The monomer vectors have randomly distributed components
in the three directions of space. With the assumption that the number of monomers
N is large, and the central limit theorem applies, the length r is described by the
following Gaussian probability density function:

p(r) =
(

3

2πNl2

)3/2

e
− 3r2

2πNl2

0

1

2

3

r
b3

4
5

Figure 1.38 Chain of rigid, randomly oriented rods.
In this example, we have five rods only, with directions
described by vectors b0, . . . , b4, and with end-to-end
vector r.
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The entropy of the ideal chain is given by

S(r) = kB ln p(r) + C

where kB is Boltzmann’s constant and C is a constant. As ideal chain has no internal
energy, the force appearing as a result of stretching the ideal chain is given by

FIC = −T

(
∂S

∂x

)
T

This force has purely entropic origin. If the stretching of polymer ideal chain is
made in direction of the end-to-end vector r, the force exerted on the chain is given
by

FIC = −T
dS

dr
= kBT

3r

2Nl2

The above result gives the equation of state of the ideal chain: the force is linearly
proportional to the temperature. Since the result was derived using the central limit
theorem, it is exact for polymers containing a large number of monomers (known
as the thermodynamic limit).

1.3.9.3 Wormlike Chain
The ideal chain model provides a starting point for the investigation of more
complex systems.

An important model for polymers in solution is the Kratky–Porod model,
sometimes referred to as the wormlike chain (WLC). The WLC model is used
to describe the behavior of semiflexible polymers. The model replaces a polymer
macromolecule by an isotropic rod that is continuously flexible, in contrast to
the freely joined chain model that is flexible only between discrete segments
[245–247].

For a polymer chain of length L, parametrize the path along the polymer chain
with variable s, 0 ≤ s ≤ L. Consider t(s) being the unit tangent vector to the chain
at s. It can be shown that the orientation correlation function for a WLC follows an
exponential decay law

〈t(s)t(0)〉 ≡ 〈cos θ (s)〉 = e−s/ξ

In this expression, the quantity ξ is a characteristic constant for a given polymer,
known as persistence length, regarded as a mechanical property describing the
stiffness of a macromolecule.

The stretching force FWLC acting on a WLC with contour length L and persistence
length ξ is described by the following interpolation formula:

FWLC(r) = kBT

ξ

(
1

4
(
1 − r

L

)2 − 1

4
+ r

L

)

For small values of fraction r/L, one obtains

FWLC(r) ≈ kBT

ξ

[
1

4

(
1 + 2r

L

)
− 1

4
+ r

L

]
= kBT

3r

2ξL
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The force FWLC becomes divergent for the straightened chain, when r → L
[245–247].

Stretching individual biomolecules are now achieved by a variety of techniques
including flow stress, microneedles, optical tweezers, and magnetic tweezers that
allow measurement of forces from 10 fN to hundreds of piconewtons.

Different biological molecules have now been analyzed and the accuracy of these
techniques has sufficiently improved so that the theoretical models used to analyze
force-extension curves must be refined. In particular, Bustamante et al. have shown
that the force-extension diagram of a DNA molecule is well described by a WLC
model [248, 249], and DNA has persistence length ξ ≈ 50 nm.

The TC molecules have lengths of L ≈ 300 nm, and are roughly 1.5 nm in diam-
eter. Hydrodynamic methods and TEM permitted us to show that TC molecules
exhibit some flexibility. Hydrodynamic methods suggested a persistence length of
130–180 nm; and TEM-based methods estimated the range between 40 and 60 nm.
Experiments using optical tweezers suggested a much lower persistence length,
between 11 and 15 nm.

Buehler and Wong reported molecular modeling of stretching single molecule
of TC, the building block of collagen fibrils and fibers that provide mechanical
support in CTs. For small deformation, they observed a dominance of entropic
elasticity. At larger deformation, they have found a transition to energetic elasticity,
which is characterized by first stretching and breaking of hydrogen bonds, followed
by deformation of covalent bonds in the protein backbone, eventually leading
to molecular fracture. Their force–displacement curves obtained at small forces
show excellent quantitative agreement with optical tweezer experiments. Their
model predicts a persistence length ξ ≈ 16 nm, confirming experimental results
suggesting the flexible elastic nature of TC molecules [241].

1.3.9.4 Architecture of Biological Fibers
Most biological tissues are built with polymeric fibers. Two of the most important
and abundant fibers found in nature are cellulose and collagen. Cellulose is the
structural component of the cell walls of green plants, many forms of algae, and the
oomycetes. Some species of bacteria secrete it to form biofilms. As a constituent
of the plant cell wall, it is responsible for the rigidity of the plant stems. One of
the questions deals with the relation between the arrangement of cellulose fibrils
inside the cell wall and its mechanical properties, and the way in which the cellulose
architecture is assembled and controlled by the cell.

Similar problems arise with the structure of collagen fibrils. The TC molecules are
arranged in microfibrils, which are seen under an electron microscope. Microfibrils
are arranged into fibrils visible under a light microscope, and fibrils built connective
tissues (CTs). The TC molecules and microfibrils are also cross-linked. Examples
of fibrous system that achieves high tensile strength by a lateral bonding of
macromolecular polymers are the materials such as skin, tendon, and other forms
of CTs containing the protein collagen. The tensile strength is about 700 MPa; it is
of the order of greatness observed for silk and stainless steel. The tensile strength
of a bone is about 100 MPa [17, 250].
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1.3.9.5 Architecture of Collagen Fibers in Human Osteon
Gross [15] proposed that collagen develops in seven steps:

1) the starting materials are free amino acids;
2) hydroxyproline is produced from proline after molecular chain has been

formed;
3) the chain twists itself into a left-handed helix;
4) three chains intertwine to form a right-handed superhelix, the TC molecule;
5) many molecules line up in a staggered fashion;
6) the molecules overlap by one-quarter of their length to form a fibril;
7) fibrils in CTs are often stacked in layers with fibrils aligned at right angles.

Collagen is synthesized within fibroblast cells as a precursor, procollagen, which
also consists of three chains. Molecular mass of procollagen molecules is ≈140 000.
The polypeptides synthesized on the ribosomes do not contain hydroxyproline or
hydroxylysine, which are generated as post-translational modifications before the
procollagen is extruded. The TC chains that pass into the intercellular space
spontaneously form microfibrils. Then, a variety of cross-links are formed that
contribute to the strength of collagen.

This monomeric and microfibrillar structure of the collagen fibers that was
discovered by Fraser, Miller, Wess (amongst others) was closest to the ob-
served structure, although their description was oversimplified in topological
progression of neighboring collagen molecules and hence did not predict the
correct conformation of the discontinuous D-periodic pentameric arrangement
[251–254].

The properties of collagen and associated polymers are important to understand
the structure and functional mechanisms of biocomposites such as bone and
cartilage on the microscopic level. The TC subunits spontaneously self-assemble,
with regularly staggered ends, into even larger arrays in the extracellular spaces
of tissues. In the fibrillar collagens, the TC molecules are staggered from each
other by about 67 nm (a distance that is referred to as ‘‘D’’ and changes depending
upon the hydration state of the aggregate). Each D-period (or D-spacing) contains
approximately 4.4 of TC molecules. This is because 300 nm divided by 67 nm does
not give an integer (the length of the collagen molecule divided by the stagger
distance D). Therefore, in each D-period repeat of the microfibril, there is a part
containing five molecules in cross section – called the overlap and a part containing
only four molecules, Figure 1.39.

Studies are carried out on the assembly properties of concentrated solutions
of type I collagen molecules. They are, for example, compared before and after
sonication, breaking the 300 nm triple helices into short segments of about 20 nm,
with a strong polydispersity. Whereas the nonsonicated solutions remain isotropic,
the sonicated solutions transform after a few hours into a twisted liquid crystalline
phase, well recognizable in polarizing microscopy. The evidence of a twisted
assembly of collagen triple helices in vitro is relevant in a biological context since it
was reported in various collagen matrices.
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D C

L

Figure 1.39 Scheme of the structure of
collagen microfibril. Microfibrils have a char-
acteristic striation with a repeated distance
of D = 668 Å because of the end-to-end
alignment of the TC molecule. The D-period

distance corresponds to one hole zone
and one region of short overlap: C – an
overlap region; L – length of the tropocol-
lagen molecule, the length of TC molecule
L = 4.4 × D; C – a hole zone.

The triple helices are also arranged in a hexagonal or quasi-hexagonal array in
cross section, in both the gap and overlap regions.

Owing to the noninteger relationship between molecular length and the D-period,
the projection of the axial structure repeat for a type I collagen fibril consists of a
gap region and an overlap region in the ratio of 0.54 : 0.46 D, respectively. The ends
of the triple helical region are defined by telopeptides, which do not conform to the
repeating Gly-X-Y pattern of the helical region. The telopeptide region is known to
be responsible for the formation of intermolecular cross-links.

Progress has been made in describing the relation between structure and defor-
mation mechanisms of collagen-rich tissues. The principles for the self-assembly
of collagen fibrils into larger scale structures still remain a mystery [250].

Cameron, Cairns, and Wess observed the Bragg peaks of diffracted rat tail tendon
with sample-to-detector distances of 2000 mm, and obtained an X-ray diffraction
image of the meridional region from fibrillar type I collagen. The meridional
Bragg peaks were formed from the interactions of the X-rays with the regular
repeating structure of the axial packing scheme of the collagen molecules. Next,
they investigated the modeling of the nonuniform axial translation of amino acids in
the collagen helix through the utilization of a genetic algorithm, and tried to evolve
a sequence-based structure that obtains the best fit to the observed meridional
X-ray diffraction data. Three structural elements of the model were investigated –
the telopeptide inter-residue spacing, folding of the telopeptide, and the helical
inter-residue spacing. They found that the variability in amino acid axial rise per
residue of the collagen helix is an important parameter in structural models of
fibrillar collagen [255].

1.3.9.6 Collagen Elasticity
Collagen has great tensile strength, and is the main component of fascia, cartilage,
ligaments, tendons, bone, and skin. It strengthens blood vessels and plays a role
in tissue development. It is present in the cornea and lens of the eye in crystalline
form.
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Collagen has well-defined mechanical properties (strength, reversible extensi-
bility through only a small range) that make it suited to the special goals for
which it is present in the different parts of animal body. Collagen characteris-
tics, in particular, the specific shape of stress–strain curve, are important while
considering the properties of a number of tissues, like bones, tendons, or arter-
ies. The experimental trials to determine the mechanical properties of collagen
molecule were performed by several groups of researchers, using the X-ray diffrac-
tion technique and Brillouin light scattering, beginning from Cowan et al. in 1955
[256, 257]. Despite its importance to the biological function of collagen, there
is still a lack of understanding of the correlation between the specific shape
of the stress–strain curve and the deformations of collagen at the molecular
level.

Contemporary efforts to determine the shape of the stress–strain curve of
collagen widely exploit synchrotron X-ray diffraction. Synchrotron radiation studies
of fibril behavior in tissues have been critical to the investigation of structural
details and changes, since they allow transient structural features to be monitored
in realistic timescale.

Three experiments using this radiation, by Misof et al., Puxkandl et al., and
Gupta et al., should be mentioned here [258–261].

Misof et al. have performed in situ synchrotron X-ray scattering experiments,
which show that the amount of lateral molecular order increases upon stretching
of collagen fibers. In strain cycling experiments, the relation between strain and
diffuse equatorial scattering was found to be linear in the ‘‘heel’’ region of the
stress–strain curve [258].

The stress–strain curve of collagen is characterized by a region of relatively low
elastic modulus at small strains (‘‘toe region’’) followed by an upward bend of the
curve (‘‘heel region’’) and, finally, a linear region with high elastic modulus at large
strains. The toe region of the stress–strain curve had been linked to a macroscopic
crimp with a period of about 100 µm, found in unstretched collagen fibers by
polarized light microscopy, cf. [262, 263].

In tendons, this crimp disappears upon stretching at extensions of the order
of 4% – a value that may depend on the age of the animal. At larger strains,
X-ray diffraction measurements of the axial molecular packing were interpreted
as a side-by-side gliding of the molecules, accompanied by a stretching of the
cross-linked telopeptide terminals and a stretching of the triple helices themselves,
as was shown by Mosler et al. [264].

Although the axial packing of collagen fibrils is regular, as was shown in 1963 by
Hodge and Petruska [265], there is a disorder in the structure, in the lateral packing
of the molecules.

The following form of the stress–strain relation (σ = σ (ε)) was proposed in [258]
by Misof et al.

σ = Kε

1 − ε/ε0
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with

K = kBTρ
ν

ε2
0D

and ε0 = νl
δ0

D

Here kB = 1.38 × 10−23 J K−1 is the Boltzmann constant, T is the absolute temper-
ature, ρ is the number of molecules per unit surface in the equatorial plane, D is
the length of the axial collagen period after the removal of all kinks, and ν is the
total number of kinks of a molecule per D-period. Moreover, δ0 denotes the average
value <δ>, obtained in the absence of external stress. Thus, the entropic regime
may account for the initial regime of stress–strain behavior for fibril strains up to
8%, as is shown in figure 6 in the Misof et al. paper, cf. also [244].

Hence, when ε is small compared to ε0, the prediction is a linear elastic behavior
with the elastic modulus K. When ε approaches ε0 (that is, when almost all of the
kinks are removed), the tension σ required to get a further extension by the removal
of the remaining kinks tends to infinity, which means that other mechanisms must
become dominant for the sample behavior. The stress–strain curve corresponding
to the Misof relation is bent upward. When tension σ becomes too large, other
mechanisms of collagen elasticity, like a direct stretching or a side-by-side gliding
of the molecules, come into play and lead to a linear stress–strain relation instead
of the Misof relation.

When all the kinks are straightened, another mechanism of deformation must
prevail and explain the linear dependence of stress and strain in this region of
the force–elongation curve. The most probable processes are thought to be the
stretching of the collagen triple helices and the cross-links between the helices,
implying a side-by-side gliding of neighboring molecules, leading to structural
changes at the level of the collagen fibrils.

A hierarchical structure of a collagen tendon for the model of strain-rate-
dependent effects was proposed by Puxkandl et al. [259]. The tendon was considered
as a composite material with collagen fibrils embedded in a proteoglycan-rich
matrix. This matrix is mostly loaded under shear. Because the spacing between
fibrils is much smaller than their length, the shear stress τ effectively applied to
the matrix is much smaller than the tensile stress σ on the tendon. In reality,
τ ≈ σH/L, where L is the length of the fibrils and H is their spacing, [266]. The
aspect ratio L/H is of the order of 100–1000. One may suppose that the elastic
response of the matrix is mostly due to the entanglement of molecules attached
to the collagen fibrils, such as proteoglycans. In addition, there is a considerable
viscosity in the matrix due to the many hydrogen bonds that can form in this glassy
structure.

Gupta et al. in 2004 carried out tensile measurements by using synchrotron X-ray
diffraction [260]. A load cell was mounted on one grip while the other was moved
with a motorized translation. To maintain the tendon in a native state, the sample
was partially immersed in a physiological solution of phosphate-buffered saline
during the test.

The most striking result was a peak splitting of the diffraction spectrum for large
macroscopic tendon strains, ≥2−3%. The splitting implies an inhomogeneous
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fibril elongation, with part of the fibrils relaxed back to their unstressed length
and the remainder elongated by more than 4–5%. The peak splitting occurs
shortly after the mechanical transition from approximately linear elastic to inelastic
behavior in the stress–strain curve.

1.4
Remarks and Conclusions

The structure of a bone is discussed in this chapter; this discussion applies to
a wide range of species, families, and orders, since, in a rough treatment, the
bones of all mammals could be described in a similar manner. Figures and
photographs of human bones and those of different animals are presented here
without differentiation, although one should be aware of the fact that every species
has its own characteristic features.

The bone components described above are essential for development and main-
tenance of a whole bone. For example, clinical data indicate that the nervous system
influences skeletal development. Sciatic nerve injury in infants is sometimes fol-
lowed by subnormal foot growth [267]. Moreover, Janet McCredie reported that
the limbs of children with thalidomide malformations show changes analogous
to those that can occur in the adult as a consequence of pathological alterations
to peripheral nerves. The original animal tests did not show indications of this
unexpected and serious side effect [268, 269].

Scurvy is a disease resulting from a deficiency of vitamin C, which is required for
the synthesis of collagen in humans. Collagen is an important part of the bone, so
bone formation is also affected. Most plant and animal species synthesize vitamin
C. Notable exceptions in the mammalian group include most or all of the order
chiroptera (bats), and one of the two major primate suborders, including human
beings.

Vitamin D deficiency results in impaired bone mineralization and leads to
bone-softening diseases including, rickets, a childhood disease characterized by
impeded growth and deformity of the long bones [270].

Astronauts lose significant bone mass during spaceflight, in conditions of
microgravity, despite rigorous musculoskeletal conditioning exercises. Femoral
neck-bending strength index decreased 2.55%/month for spaceflights lasting 4–6
months.

Similarly, in a study on the influence of long-term immobilization in dogs, 32
weeks of disuse resulted in significant bone loss in both young and old dogs. After
28 weeks of remobilization, young dogs (respectively, old dogs) recovered only 70%
(respectively, 40%) of the cortical bone lost during disuse.

Bears and humans have similar lower limb skeletal morphology and bears are
plantigrade like humans.

In bears, during hibernation disuse, the bone mass and strength losses are small,
if any. It is hypothesized that bears maintain bone cross-sectional properties and
strength during annual periods of disuse because they maintain bone formation.
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It would mean that bears have biological mechanisms to prevent disuse osteoporo-
sis. This may be accomplished by targeting genes and circulating hormones that
are differentially expressed in bears and humans during disuse [271].

1.5
Comments

Both the structure and function of a bone are complex characteristics that have not
been understood well by researchers in the fields of medical sciences and mechan-
ics. Since a bone could be treated as an organ, a tissue, or a hard tissue, different
methods of describing behaviour of the bone and its physiology could be used,
including mathematical topology, partial differential equations, elasticity, strength
of materials, mechanics of porous media, diffusion and electrophoretic theories,
chemistry, and optical and X-ray experimental methods. In such a description,
different models of a bone could be presented including those resembling living
and nonliving matter. In the present paper a number of the above methods of
describing a bone, are presented.

V. I. Arnold, in his address at the Conference on Teaching of Mathematics in
Palais de Découverte in Paris, on 7 March 1997, said, ‘‘Mathematics is a part of
physics. Physics as an experimental science is a part of natural science. Mathematics
is a part of physics where experiments are cheap. . . . The mathematical technique
of modeling consists of ignoring some experiments and providing a deductive
model in such a way as if it coincided with reality. The fact that this path, which
is obviously incorrect from the point of view of natural science, often leads to
useful results in physics is called ‘the inconceivable effectiveness of mathematics
in natural sciences’ (or ‘the Wigner principle’). Here one can add a remark by
I. M. Gel’fand: there exists yet another phenomenon which is comparable in its
inconceivability with the inconceivable effectiveness of mathematics in physics
noted by Wigner – this is the equally inconceivable ineffectiveness of mathematics
in biology’’ [272].

A mathematical structure is hidden in the world around us. A moderate opinion
by Andrzej Lasota expresses belief that mathematics is the very structure of the
world. ‘‘Not a description of the structure, but structure itself. There is no doubt
that a mathematician can create strange objects and he may think that he has
strayed far from reality. But this is a resemblance of truth only. If his creation is
good mathematics, it will sooner or later prove to be a component of reality’’ [273].

A number of examples where mathematics is efficient in biology can be found
in the literature. In particular, considerable progress has been made in recent
years in the understanding of the molecular and microstructural properties of
bone components, especially on molecular level, which is of general interest in
biology, physics, and medicine. Different approaches have resulted, owing to both
the difficulty and importance of the problem. As a recent example, Jakob Bohr
and Kasper Olsen suggested that the close packing forms the underlying principle
behind the structure of collagen. It is shown that the unique zero-twist structure
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with no strain–twist coupling is practically identical to the close-packed triple helix.
Further, the proposed new geometrical structure for collagen is better packed than
both the 10/3 and the 7/2 structures [274].

It is characteristic in the field of medicine that, often, indirect explorations lead
to proper results for the problems that are resistant to direct investigation. There is
a reason to hope that by studying the bone and cartilage tissues on different levels
of their organization and from different points of view, one can arrive at knowledge
that can be of useful for patients [275].
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