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Abstract

Most natural (or biological) materials are complex composites whose mechanical properties are
often outstanding, considering the weak constituents from which they are assembled. These complex
structures, which have risen from hundreds of million years of evolution, are inspiring Materials Sci-
entists in the design of novel materials.

Their defining characteristics, hierarchy, multifunctionality, and self-healing capability, are illus-
trated. Self-organization is also a fundamental feature of many biological materials and the manner
by which the structures are assembled from the molecular level up. The basic building blocks are
described, starting with the 20 amino acids and proceeding to polypeptides, polysaccharides, and
polypeptides—saccharides. These, on their turn, compose the basic proteins, which are the primary
constituents of ‘soft tissues’ and are also present in most biominerals. There are over 1000 proteins,
and we describe only the principal ones, with emphasis on collagen, chitin, keratin, and elastin. The
‘hard’ phases are primarily strengthened by minerals, which nucleate and grow in a biomediated
environment that determines the size, shape and distribution of individual crystals. The most impor-
tant mineral phases are discussed: hydroxyapatite, silica, and aragonite.

Using the classification of Wegst and Ashby, the principal mechanical characteristics and struc-
tures of biological ceramics, polymer composites, elastomers, and cellular materials are presented.
Selected systems in each class are described with emphasis on the relationship between their structure
and mechanical response. A fifth class is added to this: functional biological materials, which have a
structure developed for a specific function: adhesion, optical properties, etc.

An outgrowth of this effort is the search for bioinspired materials and structures. Traditional
approaches focus on design methodologies of biological materials using conventional synthetic
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materials. The new frontiers reside in the synthesis of bioinspired materials through processes that
are characteristic of biological systems; these involve nanoscale self-assembly of the components
and the development of hierarchical structures. Although this approach is still in its infancy, it will
eventually lead to a plethora of new materials systems as we elucidate the fundamental mechanisms
of growth and the structure of biological systems.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction and basic overview of mechanical properties

The study of biological systems as structures dates back to the early parts of the 20th
century. The classic work by D’Arcy W. Thompson [1], first published in 1917, can
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be considered the first major work in this field. He looked at biological systems as
engineering structures, and obtained relationships that described their form. In the
1970s, Currey investigated a broad variety of mineralized biological materials and
authored the well-known book “Bone’ [2]. Another work of significance is Vincent’s
“Structural Biological Materials” [3]. The field of biology has, of course, existed and
evolved during this period, but the engineering and materials approaches have often
been shunned by biologists.

Materials Science and Engineering is a young and vibrant discipline that has, since its
inception in the 1950s, expanded into three directions: metals, polymers, and ceramics
(and their mixtures, composites). Biological materials are being added to its interests,
starting in the 1990s, and are indeed its new future.

Many biological systems have mechanical properties that are far beyond those that can
be achieved using the same synthetic materials [3,4]. This is a surprising fact, if we consider
that the basic polymers and minerals used in natural systems are quite weak. This limited
strength is a result of the ambient temperature, aqueous environment processing, as well as
of the limited availability of elements (primarily C, N, Ca, H, O, Si, P). Biological organ-
isms produce composites that are organized in terms of composition and structure, con-
taining both inorganic and organic components in complex structures. They are
hierarchically organized at the nano, micro, and meso levels. The emerging field of biolog-
ical materials introduces numerous new opportunities for materials scientists to do what
they do best: solve complex multidisciplinary scientific problems. A new definition of
Materials Science is emerging, as presented in Fig. 1a; it is situated at the confluence of
chemistry, physics, and biology. Biological systems are subjected to complex constraints
which exhibit specific characteristics shown in Fig. 1b. The modified pentahedron pro-
posed by Arzt [5] has five components: self assembly, ambient temperature and pressure
processing, functionality, hierarchy of structure and evolution/environmental effects. They
are specific and unique to biological materials. Biological systems have many distinguish-
ing features, such as being the result of evolution and being multifunctional; however, evo-
lution is not a consideration in synthetic materials and multifunctionality still needs
further research. The schematics shown in Fig. 1b are indicative of the complex contribu-
tions and interactions necessary to fully understand and exploit (through biomimicking)
biological systems.

Some of the main areas of research and activity in this field are

e Biological materials: these are the materials and systems encountered in
nature.

¢ Bioinspired (or biomimicked) materials: approaches to synthesizing materials inspired
on biological systems.

¢ Biomaterials: these are materials (e.g., implants) specifically designed for optimum com-
patibility with biological systems.

e Functional biomaterials and devices.

This overview will restrict itself primarily to the first two areas. Using a classical ‘mate-
rials’ approach we present the basic structural elements of biological materials (Section 5)
and then correlate them to their mechanical properties. These elements are organized hier-
archically into complex structures (Section 2). The different structures will be discussed in
Sections 6-9. In Section 11, we provide some inroads into biomimetics, since the goal of
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Fig. 1. Schematic representation of (a) contributing scientific fields and (b) constraints/components in the study
of biological systems (modified from Arzt [5, p. 1246, Fig. 1]).

materials engineering is to utilize the knowledge base developed in materials science to cre-
ate new materials with expanded properties and functions.

Although biology is a mature science, the study of biological materials and systems by
Materials Scientists and Engineers is recent. It is intended, ultimately:

(a) To provide the tools for the development of biologically inspired materials. This
field, also called biomimetics [6], is attracting increasing attention and is one of the
new frontiers in materials research.

(b) To enhance our understanding of the interaction of synthetic materials and biolog-
ical structures with the goal of enabling the introduction of new and complex systems
in the human body, leading eventually to organ supplementation and substitution.
These are the so-called biomaterials.

The extent and complexity of the subject are daunting and will require many decades
of global research effort to be elucidated. Thus, we focus in this overview on a number
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Fig. 2. Ashby plots for biological materials showing (a) elastic modulus and (b) strength as a function of density
(from Wegst and Ashby [17]).

of systems that have attracted our interest. This is by no means an exhaustive list, and there
are many systems that have only been superficially investigated. We are currently investi-
gating: abalone [8,9], conch [10,11], toucan beaks [12,13], and crab exoskeleton [14]. We
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add the silica spicules, that have been studied and extensively described by Mayer and
coworkers [6,7], as well some other selected systems.

Mechanical property maps [15], more commonly known as Ashby maps, have become a
convenient manner of concentrating a large amount of information into one simple dia-
gram. The first such map was proposed, for metals, by Weertman [16], and therefore
the name Weertman—Ashby is sometimes used. They constitute a valuable design tool
and have been extended to biological materials by Wegst and Ashby [17]. Thus, they
are a good starting point for this overview. Two maps are presented in Fig. 2; they present
the Young moduli and strength as a function of density. There are several striking and
defining features:

(a) The density of natural (biological) systems is low. It rarely exceeds 3, whereas syn-
thetic structural materials often have densities in the 4-10 range.

(b) There is a broad range in Young moduli all the way from 0.001 to 100 GPa. This
represents five orders of magnitude.

(c) The range of strengths is almost as broad as the Young moduli, varying over four
orders of magnitude: 0.1-1000 MPa.

(d) There is an absence of metals, which require for the most part either high tempera-
ture or high electric current processing. Nature does not have at its disposal these
variables.

Wegst and Ashby [17] classify biological (natural) materials into four groups, indicated
by ellipses in Fig. 2:

Ceramics and ceramic composites: these are biological materials where the mineral com-
ponent is prevalent, such as in shells, teeth, bones, diatoms, and spicules of sponges.

Polymer and polymer composites: examples of these are the hooves of mammals, liga-
ments and tendons, silk, and arthropod exoskeletons.

Elastomers: these are characteristically biological materials that can undergo large
stretches (or strains). The skin, muscle, blood vessels, soft tissues in body, and the individ-
ual cells fall under this category.

Cellular materials: typical are the light weight materials which are prevalent in feathers,
beak interior, cancellous bone, and wood.

In this overview we will follow this classification since it enables a logical and tractable
description of very broad classes of biological materials. A considerable number of books
and review articles have been written on biological materials and they constitute the foun-
dation necessary to embark in this field. Some of the best known are given in Tables 1 and
2, respectively.

2. Hierarchical organization of structure

It could be argued that all materials are hierarchically structured, since the changes in
dimensional scale bring about different mechanisms of deformation and damage. How-
ever, in biological materials this hierarchical organization is inherent to the design. The
design of the structure and material are intimately connected in biological systems,
whereas in synthetic materials there is often a disciplinary separation, based largely on tra-
dition, between materials (materials engineers) and structures (mechanical engineers). We
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Table 1

Principal books on biological materials and biomimetism [only first author listed]

Author Year Title

Thompson [1] 1917 On Growth and Form

Fraser [18] 1972 Keratins: Their Composition, Structure, and Biosynthesis
Brown [19] 1975 Structural Materials in Animals

Wainwright [20] 1976 Mechanical Design in Organisms

Vincent [21] 1980 The Mechanical Properties of Biological Materials

Vincent [3] 1982 Structural Biomaterials

Currey [32] 1984 The Mechanical Adaptations of Bone

Simkiss [22] 1989 Biomineralization: Cell Biology and Mineral Deposition
Lowenstam [31] 1989 On Biomineralization

Byrom [23] 1991 Biomaterials: Novel Materials from Biological Sources

Fung [24] 1993 Biomechanics: Mechanical Properties of Living Tissues

Fung [25] 1990 Biomechanics: Motion, Flow, Stress, and Growth

Fung [26] 1997 Biomechanics: Circulation 2nd edition

Feughelman [27] 1997 Mechanical Properties and Structure of Alpha-keratin Fibers
Gibson [28] 1997 Cellular Solids: Structure and Properties

McGrath [29] 1997 Protein-based Materials

Elices [30] 2000 Structural Biological Materials

Mann [7] 2001 Biomineralization: Principles and Concepts in Bioinorganic Materials Chemistry
Currey [2] 2002 Bones: Structure and Mechanics

Ratner [33] 2004 Biomaterials Science: An Introduction to Materials in Medicine
Forbes [34] 2005 The Gecko’s Foot

Table 2

Principal review articles on biological materials and biomimetism [only first author listed]

Author Year Title

Srinivasan [4] 1991 Biomimetics: Advancing man-made materials through guidance from nature

Mann [35] 1993 Crystallization at inorganic—organic interfaces: Biominerals and biomimetic
synthesis

Kamat [36] 2000 Structural basis for the fracture toughness of the shell of the conch Strombus gigas

Whitesides [37] 2002 Organic materials science

Mayer [38] 2002 Rigid biological composite materials: Structural examples for biomimetic design

Altman [39] 2003 Silk-based biomaterials

Wegst [17] 2004 The mechanical efficiency of natural materials

Mayer [40] 2005 Rigid biological systems as models for synthetic composites

Sanchez [41] 2005 Biomimetism and bioinspiration as tools for the design of innovative materials and
systems

Wilt [42] 2005 Developmental biology meets materials science: Morphogenesis of biomineralized
structures

Meyers [43] 2006 Structural biological composites: An overview

Mayer [44] 2006 New classes of tough composite materials — Lessons from nature rigid biological
systems

Lee [45] 2007 Nanobiomechanics Approaches to Study Human Diseases

illustrate this by three examples in Figs. 3 (bone), 4 (abalone shell), and 5 (crab

exoskeleton).

In bone (Fig. 3), the building block of the organic component is the collagen, which is a
triple helix with diameter of approximately 1.5 nm. These tropocollagen molecules are
intercalated with the mineral phase (hydroxyapatite, a calcium phosphate) forming fibrils
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Fig. 4. Hierarchy of abalone structure. Clockwise from top left: entire shell; mesostructure with mesolayers;
microstructure with aragonite tiles; nanostructure showing organic interlayer comprising 5 wt% of overall shell.
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Fig. 5. Hierarchy of crab exoskeleton.

that, on their turn, curl into helicoids of alternating directions. These, the osteons, are the
basic building blocks of bones. The volume fraction distribution between organic and min-
eral phase is approximately 60/40, making bone unquestionably a complex hierarchically
structured biological composite. There is another level of complexity. The hydroxyapatite
crystals are platelets that have a diameter of approximately 70-100 nm and thickness of
~1 nm. They originally nucleate at the gaps between collagen fibrils. Not shown is the
Haversian system that contains the vascularity which brings nutrients and enables form-
ing, remodeling, and healing of the bone.

Similarly, the abalone shell (Fig. 4) owes its extraordinary mechanical properties (much
superior to monolithic CaCOs3) to a hierarchically organized structure, starting, at the
nanolevel, with an organic layer having a thickness of 20-30 nm, proceeding with single
crystals of the aragonite polymorph of CaCOs, consisting of “bricks” with dimensions
of 0.5 vs. 10 um (microstructure), and finishing with layers approximately 0.3 mm
(mesostructure).

Crabs are arthropods whose carapace is comprised of a mineralized hard component,
which exhibits brittle fracture, and a softer organic component, which is primarily chitin.
These two components are shown in the Fig. 5. The brittle component is arranged in a
helical pattern called Bouligand structure [46,47]. Each of these mineral ‘rods’ (~1 um
diameter) contains chitin—protein fibrils with approximately 60 nm diameter. These, on
their turn, are comprised of 3 nm diameter segments. There are canals linking the inside
to the outside of the shell; they are bound by tubules (0.5-1 um) shown in the micrograph
and in schematic fashion. The cross-section of hard mineralized component has darker
spots seen in the SEM.
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3. Multifunctionality and self-healing
Most biological materials are multifunctional [4], i.e., they accumulate functions such as

(a) Bone: structural support for body plus blood cell formation.

(b) Chitin-based exoskeleton in arthropods: attachment for muscles, environmental pro-
tection, water barrier.

(c) Sea spicules: light transmission plus structural.

(d) Tree trunks and roots: structural support and anchoring plus nutrient transport.

(¢) Mammalian skin: temperature regulation plus environmental protection.

(f) Insect antennas: they are mechanically strong and can self-repair. They also detect
chemical and thermal information from the environment. They can change their
shape and orientation.

Another defining characteristic of biological systems, in contrast with current synthetic
systems, is their self-healing ability. This is nearly universal in nature. Most structures can
repair themselves, after undergoing trauma or injury. Exceptions are teeth and cartilage,
that do not possess any significant vascularity. It is also true that brains cannot self-repair;
however, other parts of the brain take up the lost functions.

4. Self-organization and self-assembly

In the traditional study of thermodynamics, we, Materials Scientists, restrict ourselves,
for the most part, to isolated and closed systems. We know, from the second law of ther-
modynamics, that in an isolated system equilibrium is reached at maximum entropy. If ¢ is
defined as time, a system will approach equilibrium as

ds/de>0 (1)

Thus, we learn that the entire universe marches inexorably toward entropy maximiza-
tion. This translates into disorder because disordered states have a greater number of pos-
sible configurations, W (recall that S = kln ).

For closed systems, equilibrium is reached when the free energy is minimized. If pres-
sure and temperature are constant, the Gibbs free energy is used; for systems at constant
volume and temperature, the Helmholtz free energy criterion holds. However, we know
that temporal evolution in nature starts from simpler to more complex structures and
leads to ever greater order and self-organization. This is clear around us: subatomic par-
ticles aggregate to form atoms, atoms combine to form compounds, organic compounds
form complex molecules which eventually lead to life, life progresses from the simplest
to the more complex forms, biological units combine in ever increasing complex arrays,
civilizations form and evolve. How can all this be reconciled with thermodynamics? The
seminal work of Prigogine [48,49], 1977 Nobel Laureate in Chemistry, is essential to
our understanding. He developed the thermodynamics of irreversible systems and pro-
vided a link between thermodynamics and evolution. This was actually preceded by Teil-
hard de Chardin, a French paleontologist and philosopher that advanced the law of
complexity-conscience. In his classic work, ‘Le Phenoméne Humain’ [50], he proposed
boldly that complexity inexorably increases in the universe at the expense of a quantity
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which he named ‘physical energy.” This increase in complexity results in an increase in
conscience.

Most complex systems are indeed open and off equilibrium. Prigogine demonstrated
that non-isolated (open) systems can evolve, by self-organization and self-assembly,
toward greater order [48,49]. Open systems exhibit fluxes of energy, matter, and exchanges
in mechanical, electrical, and magnetic energy with the environment. The entropy varia-
tion can be expressed as having two components: one internal, i, and one due to the
exchanges, e:

dS/dt = d;S/dt + d.S/dt (2)

If the system were isolated, we would have d.S/dz = 0. For an open system, this term is
not necessarily zero. There is no law dictating the sign of d.S/d¢ and it can be either posi-
tive or negative. The second law still applies to the internal components, i. Thus

diS/dt > 0 3)

Thus, it is possible to have a temporal decrease in S, if the flux component contributes
with a sufficiently negative d.S/d¢ term: dS/dz < 0 if d.S/d¢ > —d; S/dr.

The physical interpretation of Eq. (2) is that order can increase with time. This is a sim-
ple and incomplete explanation for the origin of complex phenomena. Irreversible thermo-
dynamics of complex systems involves other concepts such as perturbation and symmetry
breaking. Nicholas and Progogine [49] showed that non-linearities combined with non-
equilibrium constraints can generate multiple solutions through bifurcation and thus allow
for more complex behavior in a system. The biosphere is an example of an open system,
since it receives radiative energy from the sun and exchanges energy with the earth.

Self-organization is a strategy by which biological systems construct their structures.
There are current efforts at this design strategy duplicating in order to manufacture syn-
thetic structures. Among the first were Nuzzo and Allara [51] who fabricated self-assem-
bled monolayers (SAMs). This work and other work by Whitesides [37,52] and Sarikaya
[53] (GEPIs) will be reviewed in Section 11. (Biomimetics) is laying the groundwork for
biologically inspired self-assembly processes which have considerable technological
potential.

As an example of a self-assembled structure, Fig. 6a shows a schematic rendition of a
diatom. The end surface is shown in Fig. 6b. This elaborate architecture is developed by
self-assembly of the enzymes forming a scaffold upon which biomineralization takes place
[54,55]. These orifices are each at the intersections of three lines: two spiral lines with
opposite chirality and radiating lines. The rows of orifices radiating from the center exhibit
‘dislocations’ since the number of spokes has to increase with the radius. These disloca-
tions are marked with circles in Fig. 6¢. The orifices have a striking regularity and spacing,
as shown in Fig. 7. Their diameter is approximately 2 pum and they each have a ridge that
serves, most probably, as reinforcement, such as in cast iron components.

5. Basic building blocks (nano and microstructure of biological materials)

Biological materials are more complex than synthetic materials. As seen in the previous
sections, they form complex arrays, hierarchical structures and are often multifunctional,
i.e., one material has more than one function. We classify biological materials, from the
mechanical property viewpoint, into soft and hard. Hard materials provide the skeleton,
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Fig. 6. (a) A cylindrical silica diatom; (b) end surface of cylindrical silica diatom showing self-organized pattern
of orifices. Notice spiral patterns (both chiralities); (c) center of cylinder with radiating spokes; extremities of
‘dislocations’ marked by circles (courtesy of E. York, Scripps Institute of Oceanography, UC San Diego).

teeth, and nails in vertebrates and the exoskeleton in arthropods. Soft biological materials
build skin, muscle, internal organs, etc. Table 3 provides the distribution (on a weight per-
centage) of different constituents of the human body.

Here are some examples of “hard” biological materials:

Calcium phosphate (hydroxyapatite-Ca;o(PO4)s(OH),): teeth, bone, antlers.
Calcium carbonate (aragonite): mollusk shells, some reptile eggs.
(calcite): bird eggs, crustaceans, mollusks.
Amorphous silica (Si0,(H»0),): spicules in sponges, diatoms.
Iron oxide (Magnetite-Fe;0y): teeth in chitons (a weird looking marine worm), bacteria.
Collagen: organic component of bone and dentine, tendons, muscle, blood vessels.
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Fig. 7. Detailed view of orifice; back surface of diatom with hexagonal pattern can be seen in central orifice
(Courtesy of E. York, Scripps Institute of Oceanography, UC San Diego).

Table 3

Occurrences of different biological materials in body

Biological material Weight percentage in human body
Proteins 17

Lipids 15

Carbohydrates 1

Minerals 7

DNA, RNA 2

Water 58

Chitin: arthropod and insect exoskeletons.
Cellulose: plant cell walls.

Keratin: bird beaks, horn, hair.

Elastin: skin, lungs, artery walls.

Of the above, iron oxide, carbon phosphate, calcium carbonate, silica, and iron oxide
are minerals. Chitin and cellulose are polysaccharides. Collagen, keratin and elastin are
proteins (polypeptides).

5.1. Molecular units

In order to fully understand proteins, we have to start at the atomic/molecular level, as
we did for polymers. Actually, proteins can be conceived of as polymers with a greater
level of complexity. We start with amino acids, which are compounds containing both
an amine (—NH,) and a carboxyl (-COOH) group. Most of them have the structure:

H

R — C — COOH

NH,
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Table 4
Eight of the 20 amino acids found in proteins

Name Chemical formula

Alanine (Ala) 0

Il
+NH3—(|'.‘H—C—0‘

CHj

Leucine (Leu) o

Phenylalanine (Phe) 0

Proline (Pro) 0

NH—CH—C—0"

|
CH; CHa
\2

Serine (Ser)
*NH3 —CH—C—0~

CHj

\
OH

Cysteine (Cys)

Glutamate (Glu)

(continued on next page)
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Table 4 (continued)

Name Chemical formula

Lysine (Lys)
*NH3—CH—C— 0"
|
I
CH3

R stands for a radical. Table 4 shows eight main amino acids. There are 20 different
amino acids in proteins. In addition to these eight, we have the following: Arginine
(Arg), Asparagine (Asn), Aspartate (Asp), Glutamine (Gln), Glycine (Gly), Histidine
(His), Isoleucine (Ile), Methionine (Met), Threonine (Thr), Tryptophan (Trp), Tyrosine
(Tyr), and Valine (Val).

Deoxyribonucleic (DNA) and ribonucleic acid (RNA) are the molecular repositories of
genetic information. The structure of protein is a product of information programmed
into the nucleotide sequence of a nucleic acid. Nucleotides are the building blocks of
nucleic acids. In DNA, the four nucleotides present are designated by the letters ACTG:
Adenine, Cytosine, Thymine, and Guanine. A links to T and G links to C trough hydro-
gen-bonding, as shown in Fig. 8.

The amino acids form linear chains similar to polymer chains; these are called polypep-
tide chains. These polypeptide chains acquire special configurations because of the forma-
tion of bonds (hydrogen, van der Waals, and covalent bonds) between amino acids on the
same or different chains. The two most common configurations are the alpha helix and the
beta sheet. Fig. 9 shows how an alpha helix is formed. The NH and CO groups form
hydrogen bonds between them in a regular pattern, and this creates the particular confor-
mation of the chain that is of helical shape. The backbone of the chain is shown as dark
rods and is comprised of a repeating segment of two carbon and one nitrogen atoms. In

G C
T A
C G
A T

Fig. 8. Arrangement of four nucleosides (Adenine, Cytosine, Thymine, Guanine) and the hydrogen-bonding (A
to T, C to G) across chain in DNA.
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0.7 nm

Bond

Fig. 9. (a) Structure of alpha helix; dotted double lines indicate hydrogen bonds; (b) structure of beta sheet with
two anti-parallel polypeptide chains connected by hydrogen bonds (double dotted lines) (from Lodish et al. [56]).

1
d

1] /
Hydrogen I = ’,\' @
bond ? % C"“*g
O\H (0]

T N

CH

o

Fig. 10. (a) Hydrogen bond connecting a CO to a NH group in a polypeptide; (b) successive hydrogen bonds on
same polypeptide chain leading to formation of a helical arrangement (From Human Physiology 8th edition by

Vander et al. [57, Fig. 2.18, p. 29)).
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Fig. 9b several hydrogen bonds are shown, causing the polypeptide chain to fold. The rad-
icals stick out. Another common conformation of polypeptide chains is the beta sheet. In
this conformation, separate chains are bonded. Fig. 9 shows two anti-parallel chains that
are connected by hydrogen bonds (shown, again, by double dashed lines). We can see that
the radicals (large grey balls) of two adjacent chains stick out of the sheet plane on oppo-
site sides. Successive chains can bond in such a fashion, creating pleated sheets. Fig. 10
shows the hydrogen bond and the o helix in greater detail. It is the hydrogen bonds that
give the helical conformation to the chain, as well as the connection between the adjacent
chains in the B sheet. This is shown in a clear fashion in Fig. 10a. The hydrogen bonds are
indicated by double dashed lines.
The three main fiber-forming polymers in the nature are

e Polypeptide chains, which are the building blocks for collagen, elastin, silks, and
keratins.

e Polysaccharides, the building blocks for cellulose and hemicellulose.

e Hybrid polypeptide—polysaccharide chains, the building blocks for chitin.

Polysaccharides will be discussed in Section 5.4.

5.2. Biominerals

One of the defining features of the rigid biological systems that comprise a significant
fraction of the structural biological materials is the existence of two components: a mineral

Fig. 11. (a) Atomic structure of hydroxyapatite; smallest white atoms: P; largest gray atoms: O; medium black
atoms: Ca (b) atomic structure of aragonite; large dark atoms: Ca; small gray atoms: C; large white atoms: O.



Table 5

Principal components of common structural biological composites

Biological
composite

Mineral

Organic

Calcium
carbonate

Calcium
phosphate

Silica

Hydroxyapatite Other Keratin

Collagen

Chitin

Cellulose

Other

Shells

Horns

Bones

Teeth

Bird Beaks

Crustacean
Exoskeleton

Insect Cuticle

Woods

Spicules

X

X

X
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and an organic component. The intercalation of these components occurs at the nano,
micro, or mesoscale and often takes place at more than one-dimensional scale. Table 5
exemplifies this, for a number of systems. The mineral component provides the strength
whereas the organic component contributes to the ductility. This combination of strength
and ductility leads to high energy absorption prior to failure. The most common mineral
components are calcium carbonate, calcium phosphate (hydroxyapatite), and amorphous
silica, although over 20 minerals (with principal elements being Ca, Mg, Si, Fe, Mn, P, S,
C, and the light elements H and O) have been identified. These minerals are embedded in
complex assemblages of organic macromolecules which are on their turn, hierarchically
organized. The best known are keratin, collagen, and chitin.

Table 6 shows the minerals that have been identified in biological systems [58]. The
number of minerals is continuously increasing.

Table 6

Principal minerals found in biological systems (from Weiner and Addadi [58])

Carbonates

Phosphates

Halides

Sulfates

Silicates

Oxides and hydroxides

Sulfides

Native element

“Organic Minerals”

Calcite

Aragonite
Vaterite
Monohydrocalcite

Carbonated apatite (dahllite)
Francolite

Octacalcium phosphate
Whitlockite

Struvite

Fluorite
Hieratite

Gypsum
Celestite
Barite

Silica (opal)

Magnetite

Goethite
Lepidocrocite
Ferrihydrite
Amorphous iron oxide

Pyrite

Amorphous pyrrhotite
Hydrotroilite

Shalerite

Sulfur

Whewellite
Weddelite
Manganese oxalate
Calcium tartrate
Calcium malate
Earlandite
Guanine

Amorphous calcium carbonate family

Hydrocerrusote
Protodolomite

Brushite

Amorphous calcium phosphate family

Vivianite
Amorphous pyrophosphate

Amorphous fluorite
Atacamite

Jarosite
Calcium sulfate hemihydrate

Amorphous manganese oxide
Amorphous ilmenite
Todotokite

Birnessite

Galena
Greigite
Mackinawite
Wurtzite

Uric acid
Paraffin hydrocarbon
Wax

Magnesium oxalate (glushinskite)

Copper oxalate (moolooite)
Ferric oxalate anhydrous
Sodium urate
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Fig. 11a shows the atomic arrangement of the calcium, phosphorus, and oxygen atoms
in hydroxyapatite. The unit cell is quite complex and consists of four primitive hexagonal
cells juxtaposed (top view). We should remember that the hexagonal cell is composed of
three primitive cells, brought together at their 120° angles (3 x 120° = 360°). In the case
of the hydroxyapatite unit cell, there are four unit cells: two at the 60° angle and two at
the 120° (2 x 60° + 2 x 120° = 360°).

Fig. 11b shows the aragonitic form of calcium carbonate. Aragonite has the ortho-
rhombic structure. However, it is important to recognize that the minerals do not occur
in isolation in living organisms. They are invariably intimately connected with organic
materials, forming complex hierarchically structured composites. The resulting composite
has mechanical properties that far surpass those of the monolithic minerals. Although we
think of bone as a cellular mineral, it is actually composed of 60% collagen and 30-40%
hydroxyapatite (on a volume basis). If the mineral is dissolved away, the entire collagen
framework is retained.

5.2.1. Biomineralization

Organic molecules in solution can influence the morphology and orientation of inor-
ganic crystals if there is molecular complementarity at the crystal-additive interface. Phase
transformations are believed to occur by surface dissolution of precursors which mediate
the free energies of activation of interconversions. Yet these principles are yet to be well
developed. Understanding the process in which living organisms control the growth and
structure of inorganic materials could lead to significant advances in Materials Science,
opening the door to novel synthesis techniques for nano scale composites. Mann [31] states
that in order to address the question of nanoscale biologically-induced phase transforma-
tions and crystallographic control we must study the bonding and reactivity of extended
organized structures under the mediation of organic chemistry. We examine two impor-
tant processes: nucleation and morphology.

5.2.2. Nucleation

The control of nucleation of inorganic materials in nature is achieved by the effect of
activation energy dependency on organic substrate composition. Inorganic precipitation
is controlled by the kinetic constraints of nucleation. Mann [31] states that this activation
energy may also depend on the two-dimensional structure of different crystal faces, indi-
cating that there is a variation in complementarity of various crystal faces and the organic
substrate. Weissbuch et al. [59] describe the auxiliary molecules which promote or inhibit
crystal nucleation depending on their composition.

5.2.3. Morphology

The morphology of the inorganic material created in nucleation is controlled through
the interaction with the organic matrix. Activation energies can be influenced in the pres-
ence of an organic matrix in three possible ways. Fig. 12 describes the possibilities of poly-
morphic nucleation [31]. The activation energies of two non-specific polymorphs, “A” and
“B”, are shown in the presence (state 2) and absence (state 1) of the organic matrix. If “A”
is more kinetically favored in the absence of the organic matrix then it is possible to exam-
ine the possibilities of organic effect on the activation free energy (AG”) of various poly-
morphs with respect to each other. In the first case both polymorphs are affected equally,
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Fig. 12. Structural control by organic matrix-mediated nucleation. (a) Promotion of non-specific nucleation in
which both polymorphs have the activation energies reduced by the same amount; (b) promotion of structure-
specific nucleation of polymorph B due to more favorable crystallographic recognition at the matrix surface; (c)
promotion of a sequence of structurally non-specific to highly specific nucleation (from Mann [7, p. 110,
Fig. 6.29]).

thus “A” remains kinetically favorable. In the second case the effect on the “B” poly-
morph is much larger than for “A” and thus, when in the presence of the organic matrix,

Final mineral
(crystalline)

Fig. 13. Representation of activation energies of nucleation in the presence and absence of an organic matrix for
two non-specific polymorphs (from Mann [7, p. 60, Fig. 4.25]).
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“B” is kinetically favorable. In the last case we see a combination of the two earlier cases,
in which the kinetic favorability of the two polymorphs is influenced by genetic, metabolic,
and environmental processes.

The selection of the polymorph will also be determined by the transformation sequence.
This starts, in Fig. 13, with an amorphous mineral and continues through a series of inter-
mediate structures that have the same composition but decreasing free energy (increasing
thermodynamic stability [31,60]). This cascade is shown in Fig. 13. The system will either
follow the one step route (A) or travel along a sequential transformation route (B) depend-
ing on the activation energies of nucleation, growth, and transformation. Addadi et al.
[61-63] proposed that the role of the solid-state amorphous precursor phase could be fun-
damental in the biomineralization process.

The composition of the complex structure in nacre and other biocomposites is mediated
by the phase transformations which occur by surface dissolution of the precursor. The
phase transformation is dictated by the solubility of amorphous precursor into the crystal-
line intermediates, and the effect of these precursors on the free energies of activation of
these interconversions. Thus an animal which is able to control its emission of molecular
precursor (organic matrix, or soluble protein) will be able to control the growth and struc-
ture of its inorganic biocomposite. Addadi and Weiner [61] and Addadi et al. [62,63] dem-
onstrated the stereoselective adsorption of proteins in the growth of calcite crystals
resulting in a slowing down of growth in the ¢ direction and altering the final shape of
the crystal. This evidence of the influence of organics on inorganic crystal growth led them
to examine the influence of proteins on the morphology of crystal growth.

Belcher et al. [64] showed that a controlled phase transition between aragonite and cal-
cite in nacre could be obtained in the laboratory with the use of soluble polyanionic pro-
teins. They showed that biological phase transformation did not require the deposition of
an intervening protein sheet, but simply the presence of soluble proteins. This was directly
observed by Hansma et al. [65] through atomic force microscopy. Mann et al. [60]
explained the role of soluble proteins as effective agents to the reduction of interfacial ener-
gies on the surface of the inorganic. An increase in hydrophobicity of the additive reduces
its ability to control morphology and phase transition during crystallization. The effective-
ness of the soluble proteins in the process of morphology control depends on their inter-
action with crystal surfaces in a way which is identical to that of an organic matrix (protein
sheet). Thus, the effect of the protein sheet is the control of crystal orientation with respect
to bonding energies of specific crystal phases.

Fig. 14. AFM images showing; (a) pure calcite growth hillock. (b—d) Growth hillocks after the addition of
supersaturated solutions of (b) glycine, an achiral amino acid, (c and d) aspartic acid enantiomers (from Orme
et al. [66, p. 776, Fig. 1]).
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Orme et al. [66,67] reported a dependency of calcite growth morphology on the selective
binding of amino acids on the crystal step-edges. Through in situ atomic force microscopy
they were able to show that in solution amino acids bind to geometric and chemically
favored step-edges, changing the free energy of the step-edge. Fig. 14a shows the AFM
image of pure calcite growth hillocks. When a supersaturated solution of glycine is intro-
duced into the growth solution, it can be observed in Fig. 14b that the two acute steps
become curved. By modifying the free energy of step-edges, preferential attachment of cal-
cium ions onto specific locations can be controlled, thus resulting in macroscopic crystal
shape manipulation. Similar results were obtained following the addition of aspartic acid
enantiomers, Fig. 14c and d. The importance of this observation is the verification of such
theories as those proposed by Mann et al. [60], proving that the addition of various
organic growth modifiers can change the rate and location in which calcite attaches onto
surfaces. In essence, this is an in situ observation of nature’s hand laying the bricks of self-
organization and biomineralization.

5.3. Proteins (polypeptides)

The principal organic building blocks in living organisms are the proteins. The word
comes from Greek (Proteios) which means ‘“‘of first rank™ and indeed proteins play a
key role in most physiological processes. The soft tissues in the mammalian body are made
of proteins. They are also an important component of biominerals.

5.3.1. Collagen

Collagen is a rather stiff and hard protein. It is a basic structural material for soft and
hard bodies. It is present in different organs and tissues and provides structural integrity.
Fung [24] compares it to steel in structures, not because of its strength, but because it is a
basic structural component in our body. Steel is the principal load carrying component in
structures. In living organisms, collagen plays the same role: it is the main load carrying
component of blood vessels, tendons, bone, muscle, etc. In rats, 20% of the proteins are
collagen. Humans are similar to rats in physiology and behavior, and the same proportion
should apply. Approximately 20 types of amino acid compositions of collagen have been
identified and their number is continuously increasing. In humans (and rats) the collagen is
the same, called Type I collagen. Other collagens are named II, X, etc. The amino acid
composition of different collagens differs slightly. This composition gives rise to the differ-
ent types. Table 7 [68] provides a few illustrative examples.

Fig. 15 shows the structure of collagen. It is a triple helix, each strand being made up of
sequences of amino acids. Each strand is itself a left-handed o helix with approximately
0.87 nm per turn. The triple helix has a right-handed twist with a period of 8.6 nm. The
dots shown in a strand in Fig. 15 represent glycine and different amino acids. Fiber form-
ing collagens organize themselves into fibrils. Fig. 16 is a transmission electron micrograph
of tendon fibrils [69]. Each fibril has transverse striations, which are spaced approximately
67 nm apart. These striations are due to the staggering of the individual collagen mole-
cules. The length of each collagen molecule is approximately 300 nm, which is about 4.4
times the distance of stagger, 67 nm. The gap between adjacent chains is about 35 nm
(67 x5 — 300 = 35) and the overlap is about 32 nm (300 — 67 x 4 = 32). Thus, there is a
periodicity in the structure, shown on the right hand side in Fig. 17b. Each repeating unit
is comprised of five segments and this periodicity produces a characteristic interference



Table 7

Amino acid composition from several collagens (Adapted from Ehrlich and Worch [68])

Collagen sources

Amino acid (%)

Asp Thr Ser GIlx Pro HyPr Gly Ala Val Met 1Ile Leu Tyr Phe His HyLys Lys Arg
Sturgeon swim-bladder 6.9 3.8 58 114 128 11.8 277 11,6 23 1.4 1.7 26 0.5 25 0.8 1.9 3.5 10.0
Shark 6.4 2.4 33 11.0 133 8.8 254 114 27 1.8 27 26 72 21 1.7 09 3.7 8.6
Femur of ox 43 1.9 3.5 6.5 11.8 103 3.7 108 24 05 1.3 3.0 0.7 1.9 0.6 08 3.0 5.0
Porcine skin 5.1 1.7 3.5 114 133 126 22.1 8.7 21 0.5 1.1 29 0.5 1.9 07 - 35 8.4
Human tendon 3.9 1.5 3.0 9.5 103 7.5 26.4 9.0 2.1 0.5 09 21 0.3 1.2 14 15 3.5 16.0
Human bone 3.8 1.5 29 9.0 10.1 8.2 26.2 93 19 04 1.1 21 0.4 1.2 1.4 0.6 4.6 15.4
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~1.5 nm

8.6 nm

Fig. 15. Triple helix structure of collagen (adapted from Fung [24, p. 248, Fig. 7.3.1)).

L e r—a

Fig. 16. Transmission electron micrograph of tendon fibrils (from Traub et al. [69, p. 9819, Fig. 4)).

pattern that is observed as bands in electron microscopy, and is shown in Fig. 17c. The
collagen chains are directional, i.e., they have a “head” and a “tail”, and the staggered
arrangement allows for bonding between the “head” of one chain and the “tail” of the
adjacent one, as shown in Fig. 17b.

The collagen molecules, with a diameter of ~1.5 nm, form fibrils with diameter of
~50 nm. The molecules attach to the adjacent molecules by intrafibrillar bonding. These
fibrils form fibers, with diameter of ~1 um. This is mediated by proteoglycans. Microfi-
brils, in turn, arrange themselves into fibrils, which are organized into fibers. Fibers are
bundles of fibrils with diameters between 0.2 and 12 um. In tendon, these fibers can be
as long as the entire tendon. In tendons and ligaments, the collagen fibers form primarily
one-dimensional networks. In skin, blood vessels, intestinal mucosa and the female vaginal
tract, the fibers organize themselves into more complex patterns leading to two- and three-
dimensional networks.
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Fig. 17. Collagen-composed triple helix, forming microfibrils which have 67 nm gaps; (a) general scheme; (b)
representation of 300 nm segments with gaps and overlaps (c) electron micrograph (from Lodish et al. [56,
Fig. 22-11)).
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Fig. 18. Hierarchical structure of tendon starting with collagen molecules and techniques used to identify it (from
Baer et al. [70, p. 60)).

Fig. 18 [70] shows the hierarchical organization of a tendon, starting with tropocollagen
(a form of collagen), and moving up, in length scale, to fascicles. There is a crimped or
wavy structure shown in the fascicles that has an important bearing on the mechanical
properties. Fig. 19 shows an idealized representation of a wavy fiber. Two parameters
define it: the wavelength 2/, and the angle 0y. Typical values for the Achilles tendon of
a mature human are /, = 20-50 um and 0, = 6-8°. These bent collagen fibers stretch out
in tension. When the load is removed, the waviness returns. When the tendon is stretched
beyond the straightening of the waviness, damage starts to occur. Fig. 20a shows a sche-
matic stress—strain curve for tendon. The tendon was stretched until rupture. There are
essentially three stages:

Ly

le
[

Y

Fig. 19. Idealized configuration of a wavy collagen fiber.
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Fig. 20. (a) Stress—strain curve of collagen with three characteristic stages; I: Toe; II: linear elastic; I11: failure. (b)
Stress—strain curve for ventricular papillary muscle, composed of titin and collagen (courtesy of A. Jukiel, Dept.
of Bioengineering, UCSD [99]).

Region I: toe part, in which the slope rises rapidly. This is the physiological range in
which the tendon operates under normal conditions.
Region II: linear part, with a constant slope.
Region III: slope decreases with strain and leads to failure.

The elastic modulus of collagen is approximately 1-1.5 GPa and the maximum strain is
in the 10-20% range. The maximum strength is approximately 70-150 MPa. Cross-linking
increases with age, and collagen becomes less flexible. Collagen often exists in combination
with other proteins. An example is the ventricular papillary muscle. Fig. 20b shows the
stress—strain curve. The passive tension in the cardiac muscle is governed by two-load
bearing elements in the heart, collagen and titin. Titin has a spring-like region within
the I-band of the sarcomere units (seen Section 5.3.3). As the sarcomere units are
extended, passive tension increases. At lower strains titin determines most of the passive
tension in the heart. At higher strains, collagen begins to straighten and align with the axis
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of force and hence it contributes increasingly to the passive tension. Fig. 20b shows the
characteristic toe region followed by a linear response.

It is possible to determine the maximum strain that the collagen fibers can experience
without damage if their shape is as given in Fig. 19 with a ratio between amplitude and
wavelength of r. We can assume a sine function of the form:

y =ksin2nx/ 4)

The maximum of y is reached when x = //4.
The relationship between 6, [, and the amplitude of the sine function is:

Q _ 2kn 27mx

a1 %7 (5)

For x=0
dy 2km

tanf0, = —~ = 6

B ©)
Hence

/
Ymax = ;0 tan 00 (7)

We can integrate over the length of the sine wave from 0 to 2z. However, this will lead to
an elliptical integral of difficult solution. A simple approximation is to consider the shape
of the wavy protein as an ellipse with major axis 2a and minor axis 2b. The circumference
is given by the approximate expression:

L~ n'B (a+b) — (ab)l/z} (8)

In the sine function, we have two arms, one positive and one negative. Their sum corre-
sponds, in an approximate manner, to the circumference of the ellipse.
The strain is equal to

8:L;a4a: w3 (a+b) —4;@)”1 g o)

Thus

=7 B (1 +§> - (g)lﬂ] -1 (10)

The following ratio is defined: l;’ =2r.
The corresponding strain is

8:%{%(1—1—2}”)—(2;’)1/2} —1 (11)

Beyond this strain, the collagen will undergo bond stretching and eventually break.

The mechanical properties of collagen connective tissue are dictated, to a large extent,
by the structure of the constituent collagen, which can form networks that are one-, two-,
or three-dimensional. In the case of planar soft tissues, the deformation is complex. An
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example of this is the pericardium, which is a double-walled sac that contains the heart. It
has a crimped collagen structure shown in Fig. 21a. The crimp period of ~30 um and the
amplitude of ~15 um were estimated by Liao et al. [71]. Synchroton small angle X-ray
scattering (SAXS) was used to follow the molecular D spacing (the 67 nm periodicity)
of the collagen as a function of imposed stretching. The results are shown in Fig. 21b.
Using Eq. (11) one can estimate the total nominal strain required to completely uncrimp
and straighten the collagen structure shown in Fig. 21a. The ratio 2r is

b 15
2r=—-=-—=0.5 12
"TaT 30 (12)
The corresponding maximum nominal strain is
e=0.22

This is slightly higher than the strain at which molecular bond stretching is initiated
in Fig. 21b. Up to 0.2, the strains in the fibrils are negligible. Beyond this strain, the
molecules stretch. However, not all external strain is accommodated by molecular bond

b

= 3]

Q_g - BP along ventical stretch direction

g ¢ g
O 3

52

= 1 Slope = (0.32%/%

T 1

c

T 04

0 5 10 15 20 25 30 35
Global tissue strain along strefch direction (%)
Fig. 21. (a) Crimped collagen structure in bovine pericardium crimp period ~30 pm and amplitude ~15 pm; (b)

molecular strain (as determined from change in D period) as a function of externally applied extension for bovine
pericardium collagen (from Liao et al. [71, Figs. 9 and 4(a), pp. 51, 49]).
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Fig. 22. Top: tension; and bottom: molecular strain (as determined from change in D period) as a function of
externally applied extension for rat tail collagen (from Fratzl et al. [72, Fig. 3, p. 122)).

stretching (the increase from 67 nm). Otherwise, the slope in the second stage would be
equal to 1. One can speculate that part of the strain is accommodated by residual uncrim-
ping of the structure (the last 0.02) and part by interfibril shear.

Another example illustrating the power of synchrotron X-ray scattering are the results
by Fratzl et al. [72] on rat tail tendon. They are shown in Fig. 22. The mechanical tensile
force is also plotted. The toe and linear portions of the collagen response are clearly seen.
In the bottom portion of the figure, the change in length in the molecular repeat length is
shown. The D repeat unit length is constant until a strain of 0.05. This indicates that the
rat tendon is stiffer than the bovine pericardium. This is consistent with the parameters in
the sine function reported by Fung [25] for the rat tail tendon:

ly = 100 pm
0y = 12°

The corresponding parameters in Eq. (10) are ¢ = 100 um and b = 6.75 pm. The maximum
nominal strain calculated from Eq. (11) is 0.13. In Fig. 22, the molecular stretching of
bonds starts for a strain of 0.05. The slope of the linear portion of the curve is equal to
0.4, indicating that one has concomitant molecular bond stretching, uncrimping of the
structure, and possibly shear between fibrils or fibers beyond this point. These results cor-
roborate the bovine pericardium results in Fig. 21b.
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The stress—strain response of collagen can be represented mathematically and indeed
Fung [24] proposed the following expression for the toe region:

oc=C(e" —¢") =C(e* — 1) (13)

where C and o are parameters and 4 is the stretch ratio (=¢ + 1). This equation was also
used by Sacks [73]. Another expression is the Mooney—Rivlin [74,75] equation for rubbers,
both the toe and linear regions can be described by

N/, 1\1
o=0C <1+,Uz> (7» +Z>Z (14)

where the parameter u has one value for the toe region and is equal to zero in the linear
region. Collagen is also viscoelastic and therefore a relaxation function has to be added to
the constitutive description.

5.3.2. Keratin

Keratin is a structural protein that is found in most vertebrate animals. It is a fibrous
protein that is produced in the integument (outer covering) of organisms and is typified by
sulfur content. The integument provides the protective layer of animals and consists of two
structural entities: the dermis and epidermis. The dermis lies underneath the epidermis and
is made of mainly elastin and collagen. The epidermis is the outer layer, produced by the
dermis, and is made from epidermal cells. Keratin is produced by the keratinization pro-
cess where epidermal cells die and build up at the outermost layer. It is usually classified as
soft and hard originating from different mechanisms of biosynthesis. It is further classified
into o~ and B-keratin, depending on its molecular structure. a-keratin, commonly known
as mammalian keratin, is found in skin, wool, hoof, whale baleen; B-keratin, also known

a

9.5 nm

¥

Fig. 23. (a) One of the pair of symmetry-related strands of B-sheets that make up the central framework of the
filament. (b) Model for the arrangement of the B-sheet portions of the protein molecules in the filaments of avian
keratin (from Fraser and Parry [77, p. 208, Fig. 1]).
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as avian and reptilian keratin, is found in claw, scale, feather, and beaks [18,76]. The shell
of the toucan beak presented in Section 9.2 is made of B-keratin. A major difference
between a-keratin and B-keratin is intermediate filament (IF). The IF of the a-keratin
structure is based on a-helix folding pattern. This is a coiled structure similar to collagen
(three interwoven helices). These helices combine themselves to form microfibrils with a
diameter of 8 nm. Fig. 23 shows the microfibril of B-sheet. The folding pattern of B-keratin
is B-sheet [77] and the diameter of B-keratin is 4 nm. The IF of B-keratin has a smaller
diameter and the filament has a helical structure with a pitch of 9.5 nm and four turns

I”' Cross-bridge

Actin-binding sites

Cross-bridge

Actin
filament

Movement «—

Myosin
filament

Fig. 24. Molecular structure of (a) actin and (b) myosin; (c) action of cross-bridges when actin filament is moved
to left with respect to myosin filament; notice how cross-bridges detach themselves, then reattach themselves to
actin.



M.A. Meyers et al. | Progress in Materials Science 53 (2008) 1-206 35

per unit [77]. Interestingly, it undergoes a phase transformation (o—f transition) under ten-
sile load, which increases its elongation [78].

Keratin is considered as a biological fiber-reinforced composite consisting of a high
modulus fiber and a lower modulus viscoelastic matrix. The matrix plays a role as a med-
ium to transfer the applied load to the fiber, thus preventing crack propagation from local
imperfections or points of rupture [79]. Mineralization with calcium and other salts con-
tributes to the hardness of keratin [80]. In mammalian keratin, the o-helix is aligned
almost parallel to the filament. a-keratin is mechanically linear elastic. While B-keratin
is quite different from o-keratin in molecular structure, the B-sheet also behaves linearly
elastically and the mechanical behavior is similar. a-keratin changes the structure into
the B-keratin during stretching [78]. This change can be observed through X-ray diffrac-
tion. Generally, the stiffness of the B-sheet is higher than that of the a-helix. The mechan-
ical behavior of both a-keratin and B-keratin depends on moisture content. Increasing
hydration content decreases the stiffness and modulus [77] because the matrix of keratin
absorbs moisture. The mechanical properties of keratinous materials and bird feather will
be presented in Sections 7.4 and 9.4, respectively.

< 3pm

:{20-100 Mm

Fig. 25. Structure of muscle, from the (a) sarcomere units, to (b) myofibril, and finally to (c) fibers.

Myofibril
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5.3.3. Actin and myosin

These are the principal proteins of muscles, leukocytes, and endothelial cells. Muscles
contract and stretch through the controlled gliding/grabbing of the myosin with respect
to the actin fibers. Fig. 24a shows an actin fiber. It is composed of two polypeptides in
a helical arrangement. Fig. 24b shows the myosin protein. It has little heart-shaped “grap-
plers” called cross-bridges. The tips of the cross-bridges bind and unbind to the actin fil-
aments. Fig. 24c shows the myosin and actin filaments, and the cross-bridges at different
positions. The cross-bridges are hinged to the myosin and can attach themselves to differ-
ent positions along the actin filaments, as the actin is displaced to the left. Thus, the mus-
cles operate by a micro-telescoping action of these two proteins. They form sarcomere
units which are actin—-myosin arrays in the pattern shown in Fig. 25a.

Fig. 25 shows how the filaments organize themselves into myofibrils. Bundles of myo-
fibrils form a muscle fiber. The Z line represents the periodicity in the myosin—actin units
(that are called sarcomeres) and is approximately equal to 3 pm in the stretched configu-
ration (Fig. 25b). It shortens when the muscle is contracted. This gives the muscle a stri-
ated pattern when observed at high magnification. They resemble a coral snake in the
microscope. Myofibrils have a diameter of approximately 1-2 um (Fig. 25b). They arrange
themselves in bundles with 20-100 um in diameter, as shown in Fig. 25c.

5.3.4. Elastin

Elastin is one of the most stable and insoluble proteins in the body. The structure of
elastin is shown in Fig. 26 [81]. Each fibrous monomer is linked to many others and forms
a three-dimensional network. Elastin is found in skin, walls of arteries and veins, and lung
tissue. A prominent place is in the Ligamentum Nuchae, a long rope that runs along the top

L-hand coil
R-hand a-helix
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Fig. 26. Molecular model for elastin (from Gray et al. [81, p. 465, Fig. 2]).
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of the neck in horses and is constantly under tension. Other vertebrates have it too, but it
is less pronounced. In this manner, similar to a cable in a crane, the horse can keep the
head up without using muscles. This Ligamentum Nuchae plays a role similar to the cables
in a suspension bridge. It is a rather robust cylinder, ideally suited for mechanical property
measurement. We will present the mechanical properties in Section 7.1.

5.3.5. Resilin and abductin

Resilin is found in arthropods. It has similar properties to elastin, but occurs in a total
different animal and has a different structure. When it is dry, it is hard, but can exhibit a
strain of up to 3 before failure. This basic resilience is the source of its name. Its elastic
modulus in the range of stretch ratio (4) from 1 to 2 is approximately 1.8 MPa. Insects
use resilin as elastic joints for their wings. Fleas and locusts use resilin at the base of their
hind legs as catapults in their jumping.

Abductin is the protein found in bivalve (scallop) hinges. Scallops use it to open the
valves. Abductin has about the same elastic modulus as resilin.

5.3.6. Other proteins

Proteins are the most abundant biological macromolecules occurring in all cells. Thou-
sands of proteins of different functionality can be found in a single cell. There is a great
variety of proteins in biological systems that will not be covered here. Examples of rele-
vance for us are lustrins [82], identified with abalone shell organic layer, and silicatein
[83], found in sponge silica spicules.

H H
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Fig. 27. Chemical structures of chitin, chitosan, and cellulose (from Krajewska [88, Fig. 1]).
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5.4. Polysaccharides

5.4.1. Chitin

Chitin is the second most abundant natural polymer (after cellulose) on earth. It is a
linear polysaccharide of B-(1-4)-2-acetamido-2-deoxy-p-glucose. The chemical structure
of chitin is very similar to that of cellulose with a hydroxyl group replaced by an acetam-
ido group. Pure chitin with 100% acetylation does not exist in nature. Chitin tends to form
a co-polymer with its N-deacetylated derivative, chitosan. Chitosan is a polymer of B-(1-
4)-2-amino-2-deoxy-p-glucose. The chemical structures of cellulose, chitin and chitosan
are shown in Fig. 27 [84]. When the fraction of acetamido groups is more than 50% (more
commonly 70-90%), the co-polymer is termed chitin. The co-polymer consists of chitin
and chitosan units randomly or block distributed through out the polymer chain, as shown
in Fig. 28 [85].

Three polymorphic forms of chitin (a-, B-, and y-chitins) have been differentiated due to
their crystal structure as shown in Fig. 29. a-Chitin is arranged in an anti-parallel config-
uration while B-chitin is organized in a parallel configuration. y-Chitin is a mixture of
o- and B-chitin. o-chitin is the most abundant form found in nature. The anti-parallel

R= —¢ and x>50% —> chitin
~

R= —H and y>50% —> chitosan

Fig. 28. Chemical structural representation of chitin and chitosan co-polymer (from Kohr [84, p. 3, Fig. 1.2]).

2
D
D

or or

- U A - -~

a B '
Fig. 29. Three polymorphic configurations of chitin. (a) a-chitin (b) B-chitin (c) y-chitin.
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Fig. 30. The extensive hydrogen bonding between a-chitin chains (from Kohr [84, p. 74, Fig. 6.1)).

configuration gives a-chitin a highly ordered crystalline structure with strong hydrogen
bonding between chitin chains (Fig. 30). The strong hydrogen bonding leads to the rigid
and insoluble properties of a-chitin. Both a-chitin and B-chitin are crystalline. The lattice
parameter along the b-axis of a-chitin (1.886 nm) is approximately two times that of
B-chitin (0.926 nm); while that along the c-axis is approximately the same. This can be seen
in the electron diffraction patterns (bc projection) shown in Fig. 31 [89].

Chitin is widely distributed in fungal and yeast cell walls, mollusk shells, arthropod exo-
skeletons and other invertebrates. It plays an important role as the structural component
that provides support and protection to the organisms.

The cell walls of fungi are made mostly of chitin. Fungal chitin forms randomly ori-
ented microfibrils typically 10-25 nm in diameter and 2-3 pm long. Chitin microfibrils
are covalently linked to other polysaccharides, such as glucans, and form a chitin—glucan
complex which is the main structural component of fungal cell walls. The chitin content in
fungi varies from 0.45% in yeast to 10-40% in some filamentous fungi species.

The presence of chitin has been reported in shells of the mollusk species. Despite the
relatively small amount of chitin compared to the inorganic mineral (typically CaCOs3),
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Fig. 31. Electron diffraction patterns of highly crystalline chitin: (a) a-chitin; (b) B-chitin (from Rinaudo [89, p.
605, Fig. 3]).

chitin plays an important role not only in the mechanical support but in the hierarchical
control of the biomineralization processes. Studies on the organic matrix in the shell
[87,88] revealed that the interlamellar sheets are composed of thin layers of B-chitin sand-
wiched between two thick layers of silk-like protein gel. The B-chitin is highly ordered at
the molecular level and responsible for the overall shell formation. Weiss et al. [87] studied
the distribution of chitin in shells of mollusk using chitin-binding green fluorescent protein
and confocal laser scanning microscopy. The results showed that bivalve mollusks deposit
and orient the chitin in a well defined manner. Chitin distributes mainly in the hinge and
edges of the shell and integrates the flexible region connecting two valves.

Chitin is also the main component in the exoskeletons of arthropods. The exoskeleton
materials of arthropods are complex composites that are hierarchically structured and mul-
tifunctional, as shown in Fig. 5. The linear chitin chains align anti-parallel and form o-chi-
tin crystals at the molecular level. Several of a-chitin crystals which are wrapped by proteins
form nanofibrils of about 2-5 nm in diameter and 300 nm in length. A bundle of chitin—pro-
tein nanofibrils then form chitin—protein fibers of about 50-100 nm in diameter. These chi-
tin—protein fibers align together forming planar layers which stack up helicoidally. This
structure is called a twisted plywood or Bouligand structure [46,47]. In crustaceans, such
as crabs and lobsters, there is a high degree of mineralization. The mineral is mostly calcium
carbonate, which deposits onto the space of chitin—protein network and gives rigidity to the
exoskeleton. The multi-functionality and mechanical properties of arthropod exoskeletons
as well as the Bouligand structure are further discussed in Section 7.3.

5.4.2. Cellulose

Cellulose is the most abundant natural polymer, and is the structural component of
plant cell walls. It is a linear polysaccharide consisting p-anhydroglucopyranose units
(often abbreviated as anhydroglucose units or as glucose units for convenience) linked
together by B-(1 — 4)-glycosidic bonds, as shown in Fig. 32 [90].

Like amylase and amylopectin, the polysaccharides of starch, molecular cellulose is a
homopolysaccharide consisting of 10,000 to 15,000 p-glucose units. The main difference
between cellulose and other p-glucose based polysaccharides is that the glucose residues
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Fig. 32. The structure of cellulose. (a) Two units of a cellulose chain; the p-glucose residues are in B-(1 — 4)
linkages. The rigid chair structures can rotate relative to one another. (b) Schematic drawing shows the inter- and
intra-molecular hydrogen bonds between two parallel cellulose chains (from Nelson et al. [90, p. 249, Fig. 7-16)).

in cellulose is in B configuration while that in amylase, amylopectin, and glycogen is in o
configuration. This difference gives cellulose very unique physical and chemical properties.
Most animals cannot digest cellulose, because they lack an enzyme to hydrolyze the B-
(1 — 4) linkages. Some animals, particularly ruminants and termites, can digest cellulose
with the help of a symbiotic microorganism which hydrolyzes the B-(1 — 4) linkages.

For cellulose, the most stable conformation is that each unit chair is turned 180° rela-
tive to its neighbors, yielding a straight, extended chain. When the cellulose is fully
extended, all hydroxyl groups are capable of forming both inter-molecular and intra-
molecular hydrogen bonds (Fig. 32b). The extensive hydrogen bonds produce stable
supramolecular fibers with excellent mechanical properties. This property has made cellu-
lose a useful material in civilization for millennia.

Cellulose forms a structure with regions of high order, i.e. crystalline regions, and
regions of low order, i.e. amorphous regions. Naturally occurring cellulose (cellulose I)
crystallizes in the monoclinic sphenodic structures. The unit cell of cellulose is shown in
Fig. 33 [91]; the lattice parameter are a = 0.835 nm; » = 1.03 nm; ¢ = 0.79 nm.

Pure cellulose is never found in nature. The cotton fiber is the purest natural source,
containing more than 95% of cellulose and about 5% of other substances. More com-
monly, cellulose is associated with lignin and other substances so-called hemicelluloses
in considerable quantities. The hemicelluloses are not forms of cellulose at all. They
comprise a group of polysaccharides that remains associated with the cellulose after lignin
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Fig. 33. The unit cell of crystalline cellulose (from Bledzki and Gassan [91, p. 231)).

has been removed. Depending on the species, wood contains on a dry basis about 40-55%
cellulose, 15-35% lignin, and 25-40% hemicelluloses [92]. The plant cell wall is a composite
of cellulose, lignin, and hemicelluloses which provides strength, rigidity, and prevents the
swelling of the cell. The plant cell wall is discussed in Section 9.2.

6. Biological ceramics and ceramic composites

We follow the Wegst—Ashby classification in Sections 6-9, and present four classes of
biological materials given in Fig. 1. For each class, we provide illustrative examples.

6.1. Sponge spicules

Sea sponges have often long rods (spicules) that protrude out. Their outstanding flex-
ural toughness was first discovered by Levi et al. [93] who were able to bend a 1 m rod,
having a diameter similar to a pencil, into a full circle. This deformation was fully revers-
ible. Additionally, these rods are multifunctional and carry light. The optical properties
were studied by Aizenberg et al. [94]. The structural hierarchy of the hexactinellid sponge
spicule is a remarkable example of nature’s ability to create sophisticated composites from
relatively weak constituent materials. These spicules, which are found at the base of the
silica basket (seen in Fig. 34), highly resemble the fragile fibers which are used in modern
fiber optics [95]. They will be discussed in Section 11. As seen in Fig. 35a, the microcom-
posite design of this natural rod creates remarkable toughness especially in comparison to
its industrial counterpart [94]. Fig. 35b shows a fractured Hexactinellid spicule (much
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Fig. 34. Glass sponge, showing the basket cage and the spicules (from Sundar et al. [95]).

smaller than the one studied by Levi et al. [93]) that reveals its structure. This spicule,
which has been studied by Mayer and Sarikaya [38], is a cylindrical amorphous silica
rod and has an ‘onion skin’ type structure which effectively arrests cracks and provides
an increased flexural strength. Fig. 35a shows the flexural stress as a function of strain.
The spicule response is compared with that of a synthetic monolithic silica rod. The break-
ing stress of the spicule is four times higher than the monolithic silica. Additionally, an
important difference exists between the two: whereas the monolithic silica breaks in a sin-
gle catastrophic event, the spicule breaks ‘gracefully’ with progressive load drops. This is
the direct result of the arrest of the fracture at the ‘onion’ layers. These intersilica layers
contain an organic component which has been identified by Cha and coworkers [83] as sil-
icatein (meaning a silica-based protein).

Each silica rod is composed of a central pure silica core of approximately 2 um in diam-
eter surrounded by concentric striated shells of decreasing thickness [95]. The individual
shells are separated by the thin organic layer (silicatein) which is marked by an arrow
in Fig. 36b. The mechanical toughness of the material is highly dependent on the striated
layers as they offer crack deflection and energy absorption at their interfaces [93,94,96].
The gradual reduction in the thickness of the layers as the radius is increased is clearly evi-
dent in Fig. 36¢.

Another fascinating spicule from a sea sponge is the Hyalonema sieboldi. This is also
called glass rope sponge and it contains anchoring spicules that are remarka