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1. Introduction

Mimicking Nature and designing bioinspired materials represents a promising way to reach
technological innovations in many interdisciplinary scientific fields, since biological
materials exhibit a high degree of sophistication, hierarchical organisation, hybridisation,
efficiency, resistance and adaptability. These properties, which biogenic materials have
achieved through specific building principles selected by evolution, can only be partially
possessed in man-made materials by present synthetic processes. For this reason Nature is a
school for material scientists, in view of the fact that living organisms can produce different
amazing high-performance materials (Sanchez et al., 2005).

Nature produces soft and hard materials exhibiting remarkable functional properties by
controlling the hierarchical assembly of simple molecular building blocks from the nano- to
the macro-scale. Biogenic materials are nucleated in defined nano-micro dimensioned sites
inside the biological environments, in which chemistry can be spatially controlled (Mann et
al., 1993; Weiner & Addadi 1997). The spatial delimitation is essential to biological
mechanisms for controlling the size, shape and structural organisation of biomaterials.
Recently, with the development of nanotechnology, this strategy employing natural material
genesis has attracted a lot of attention in designing bioinspired materials such as polymeric
micelles, nanoparticles, dendrimers and nanocrystals synthesised in nanoscale dimensions
(Sarikaya et al., 2003; Tamerler & Sarikaya 2007; Vriezema et al., 2005).

One of the most exciting and economical rewarding research areas of materials science
involves the applications of materials to health care, especially to reconstructive surgery. In
the past, many implantations failed due to infections or a lack of knowledge about toxicity
of the selected materials. In this case, the use of calcium phosphates, since they are the most
important inorganic constituents of hard tissues in vertebrates, is valid due to their chemical
similarity to the mineral component of mammalian bones and teeth. Thus, calcium
phosphate based biomaterials are now used in many different applications throughout the
body, covering all areas of the skeleton. These applications include dental implants,
percutaneous devices and use in periodontal treatment, treatment of bone defects, fracture
treatment, total joint replacement (bone augmentation), orthopaedics, cranio-maxillofacial
reconstruction, otolaryngology and spinal surgery (Dorozhkin 2010).

In this chapter we will give details about the principal characteristics of bone, tooth and
pathological calcifications where the calcium phosphates are present (section 2); the
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chemical-physical characteristics and the methods to synthesize biomimetic hydroxyapatites
(section 3); and the main applications of these in the nanobiotechnology field (section 4).

2. Biogenic hydroxyapatite

In biological systems, calcium phosphates are the principal inorganic constituent of normal
(bones, teeth, fish enameloid, deer antlers and some species of shells) and pathological
(dental and urinary calculus and stones, atherosclerotic lesions) calcifications. Except for
small portions of the inner ear, all hard tissue of the human body is made of calcium
phosphates. Structurally, they occur mainly in the form of poorly crystallized non-
stoichiometric F, Na, Mg and carbonate substituted hydroxyapatite [Ca1o(PO4)s(OH)2] (HA)
(Dorozhkin 2010). We will thus give details in this section about the principal characteristics
of bone, tooth and pathological calcifications, highlighting the fact that the living organisms
can produce different amazing high-performance materials.

2.1 Bone

Bones are rigid organs that form part of the endoskeleton of vertebrates. Their function is to
move, support and protect the various organs of the body, produce red and white blood
cells and store minerals (Loveridge 1999; Reddi 1994). Bones appear in a variety of shapes
and have a complex internal and external structure, they are lightweight, yet strong and
hard, in addition to satisfying their many other functions. One of the types of tissues that
constitutes bone is the mineralized osseous tissue, also called bone tissue, that gives it
rigidity and honeycomb-like three-dimensional structure (Cowles et al., 1998). Other types
of tissue found in bones include marrow, endosteum and periosteum, nerves, blood vessels
and cartilage (Tzaphlidou 2008). There are 206 bones in the adult body and about 300 bones
in the infant body. Bone tissue consists of cells embedded in a fibrous, organic matrix, the
osteoid, which is primarily constituted by type I collagen (90%) and 10% amorphous ground
substance (primarily glycosaminoglycans and glycoproteins). Osteoid comprises
approximately 50% of bone by volume and 25% by weight (Urist 2002).

Osteoblasts are mono-nucleate cells responsible for the secretion of osteoid and subsequent
bone formation through the mineralization of the osteoid matrix. They strongly produce
alkaline phosphatase, an enzyme that has a role in the mineralisation of bone, as well as
many matrix proteins. When osteoblasts are trapped in the bone matrix, which they
themselves produced, they become star-shaped cells named osteocytes, the most abundant
cells found in bone (Wozney 1992).

Osteocytes are mature bone cells, networked to each other via long processes that occupy
tiny canals called canaliculi, which are used for exchange of nutrients and waste. They are
actively involved in the maintenance of bony matrix, through various mechanosensory
mechanisms regulating the bone's response to stress. Bone is a dynamic tissue constantly
being reshaped by osteoblasts, cells which build bone, and osteoclasts, cells which resorb it
(Manolagas 2000).

Osteoclasts are multi-nucleated cells responsible for the resorption of bone through the
removal of the bone's mineralized matrix. The removal process begins with the attachment
of the osteoclast to the osteon (predominant structures found in compact bone); the
osteoclast then induces an infolding of its cell membrane and secretes collagenase and other
enzymes important in the resorption process, such as tartrate resistant acid phosphatase,
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secreted against the mineral substrate. During childhood, bone formation exceeds resorption
but, as the aging process occurs, resorption exceeds formation (Legeros & Craig 1993).

The characteristic rigidity and strength of bone derives from the presence of mineral salts,
that permeate the organic matrix, formed by the osteoid mineralization, due to the secretion
of vesicles containing alkaline phosphatase, by the osteoblasts (Boskey 2007). The mineral
phase comprises approximately 50% of bone by volume and 75% by weight. The principal
constituents of bone mineral are calcium phosphate, mainly carbonated hydroxyapatite,
amorphous calcium phosphate and calcium carbonate, with lesser quantities of sodium,
magnesium, silicon and fluoride (Palmer et al., 2008).

The whole architecture of bone is very complex: starting from the smallest constituting
elements to the largest scales, the bone is not only organized in an anisotropic manner, but
the arrangement of its constituting elements is hierarchical; this means that its structural
units are organized at increasing size levels, and this feature confers unique properties to
the whole bone structure. To better understand the complex bone architecture, several
hierarchical models have been proposed. Weiner and Wagner have identified seven discrete
levels of hierarchical organization in bone (Figure 1), which we describe here (Weiner &
Wagner 1998). In their model, bone is considered as a family of materials with the
mineralized collagen fibre as the primary building block for subsequent higher order
architectures.

Level 2: Mineralized Collagen Fibril

Level 1: Major Components

Fig. 1. Seven hierarchical levels of organization of the bone family of materials as proposed
by Weiner and Wagner. Reproduced with permission from (Weiner & Wagner 1998).
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The structure of bone differs greatly among the different locations in the skeleton, but the
basic nanoscale structure consisting of mineralized collagen remains the same throughout.
The first hierarchical level consists of the molecular components: water, HA, collagen and
other proteins. The crystals of HA are plate-shaped and are among the smallest known
biological crystals (Table 1).

Composition Enamel Dentin Bone
Calcium [wt %]lal 36.5 35.1 34.8
Phosphorus (as P) [wt %] 17.7 16.9 15.2
Ca/P (molar ratio) [al 1.63 1.61 1.71
Sodium [wt %]l 0.5 0.6 0.9
Magnesium [wt %]l 0.44 1.23 0.72
Potassium [wt %][al 0.08 0.05 0.03
Carbonate (as CO3%) [wt 35 56 74
%]ibl
Fluoride [wt %][al 0.01 0.06 0.03
Chloride [wt %]l 0.30 0.01 0.13
Pyrophosphate (as P,O7+) 0.022 0.100 0.070
[wt %]
Total inorganic [wt %][b] 97 70 65
Total organic [wt %] 1.5 20 25
Water [wt %][b] 1.5 10 10
a axis [A]l 9.441 9.421 9.410
¢ axis [A]] 6.880 6.887 6.890
Crystallinity index,
Y H A=1%0) 70 - 75 33-37 | 33-37
Typical crystal sizes [nm] 100 xp?g x>0 35 x 25 x4 S0 x 425 *

Ignition products (800 °C) B-TCP + HA p-TCP+ HA +

HA CaO
Elasticity modulus (GPa) 80 15 0.34-13.8
Compressive strength (MPa) 10 100 150

Table 1. Comparative composition and structural parameters of inorganic phases of adult-
human calcified tissues (l2JAshed samples. [PlUnashed samples. [<ILattice parameters: + 0.003
A).

Though the size of biological apatite crystals reported in the literature varies due to the
different treatment methods and analysis techniques utilized, it is generally around the
nanometric level, with values in the ranges of 30-50 nm (length), 15-30 nm (width) and 2-10
nm (thickness) (Fernandez-Moran & Engstrom 1957). In early studies, apatite needles were
observed, but other studies suggest that platelets are the dominant morphology and that the
apparent needles are most likely to be platelets viewed edge-on (Traub et al., 1989).
Noncollagenous proteins (NCPs) are also present but make up 10% or less of the total
protein content in the bone matrix. The specific functions of the NCPs are still not
completely understood. In addition to influencing crystal nucleation and growth, NCPs also
play roles in cell signalling and ion homeostasis (Feng et al., 2006).
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The second level is formed by the mineralization of collagen fibrils. Tiny plate-like crystals
of biological apatite in bone occur within the discrete spaces within the collagen fibrils and
grow with specific crystalline orientation along the c-axes, which are roughly parallel to the
long axes of the collagen fibrils (Termine et al., 1981). The HA growth is somehow limited
by these small intercollagenous spaces, which are approximately 50 nm in length, 25 nm in
width and 2-3 nm thick (Cui et al., 2007). The location of these crystals in the fibril was
demonstrated in a study by Traub et al. that showed that mineralized collagen fibrils had
the same banded pattern as negatively stained collagen fibrils (Traub et al., 1989). This
indicated that mineral is concentrated in the hole zones of the fibril. It was proposed that
these mineral platelets were arranged in parallel like a stack of cards within the interstices of
the fibril. Olszta et al. concluded from electron diffraction studies that the mineral plates are
not quite as ordered as previously assumed (Olszta et al., 2007). This imperfect arrangement
of nearly parallel crystals has been supported by recent small-angle X-ray scattering (SAXS)
and transmission electron microscopy (TEM) data from Burger et al. (Burger et al., 2008).
The third level of hierarchy is composed of arrays of these mineralized collagen fibrils.
These fibrils are rarely found isolated, but rather almost always associated as bundles or
other arrangements, often aligned along their long axis. Type I collagen molecules are self-
assembled into fibrils with a periodicity of 67 nm and with 40 nm gaps between the end and
the head of their molecules, into which the apatite crystals are placed. A composite of these
two constituents forms mineralized fibrils (Wahl & Czernuszka 2006; Bigi et al., 1991; Bigi et
al., 1996; Bigi et al., 1997). The fourth level is the patterns of arrays that are formed. These
include parallel arrays, woven arrangements, plywood like structures and radial arrays like
those found in dentin. Cylindrical structures called osteons make up the fifth level. Osteons
are formed with significant cellular activity and remodeling; osteoclasts resorb bone and
form a tunnel and osteoblasts subsequently lay down lamellae in stacked layers until only a
small channel (Haversian canal) is left behind. These channels serve as a conduit for nerves
and blood supply to the bone cells. The sixth level of bone organization is the classification
of osseous tissue as either spongy (trabecular or cancelous) or compact (cortical). Cancellous
bone is extremely porous (75-95% porosity), providing space for marrow and blood vessels,
but has much lower compressive strength. Cortical bone is the dense outer layer (5-10%
porosity) that allows many of the support functions of bone (Fratzl et al., 2004). Therefore,
the mechanical properties of cortical bone represent the benchmark for synthetic bone. The
seventh level is simply the whole bone on the macroscopic scale, incorporating all of the
lower levels of hierarchy.

2.2 Tooth

The mammalian body contains numerous mineralized tissues as reported in the previous
paragraph, but the tissue with the most robust mechanical properties is enamel. Enamel is
the hardest material formed by vertebrates and is the most highly mineralized skeletal tissue
present in the body (Whittaker 1982). Mature enamel is composed of 95-97% carbonated HA
by weight with less than 1% organic material. The high degree of mineralization makes
enamel a fascinating model for understanding fundamental mineralization processes and
processes that occur within an extracellular matrix.

It is distinct from bone in terms of architecture, pathology and the biological mechanisms
mediating its formation. Understanding the biological formation of different mineralized
structures could lead to innovative approaches toward engineering novel scaffolds and
providing new therapeutics. Additionally, unlike other biomineralized tissues, such as bone
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and dentin, mature enamel is acellular and does not resorb or remodel. As a result, enamel
regeneration cannot occur in vivo following failure and is therefore an attractive target for
future biomimetic and therapeutic approaches. The mammalian tooth is made up of four
distinct structures: enamel, dentin, pulp and cementum (Figure 2).

Hierarchical Structure of

Mammalian Tooth

Fig. 2. Hierarchical architecture of mammalian enamel. Enamel (E) is the outermost layer at
the crown of the tooth and resides above the dentin (D). The pulp (P) contains nerves and
blood vessels, while the cementum (C) is the outermost layer of mineralized tissue
surrounding the root of the tooth allowing the tooth to be anchored to the jawbone through
the periodontal ligament (PDL). The bulk image depicts the E organ, the transition across
the D-E junction, and the D below. On the mesoscale level, prismatic E consisting of
weaving of rods (or prisms) that range from 3 to 5 pm in diameter can be visualized. Upon
further magnification, the micrometer scale shows the composition of a single rod. The
nanometer scale reveals a highly organized array of individual HA crystallites
(approximately 30 nm thick, 60 nm wide, and several millimeters in length), which are
preferentially aligned along the c-axis. Reproduced with permission from (Tamerler &
Sarikaya 2008).

The pulp contains nerves, blood vessels, fibroblasts and lymphocytes, while the mineralized
organs of the tooth include enamel, dentin and cementum (Tamerler & Sarikaya 2008).
Enamel makes up the uppermost 1-2 mm of the tooth crown and contains a high mineral
content, giving it a high modulus but also making it susceptible to cracking. Dentin lies
below the enamel and is tougher, forming the bulk of the tooth and absorbing stresses from
enamel, preventing its fracture (Arsenault & Robinson 1989). The composition of dentin is
similar to that of bone. The cementum is the mineralized layer that surrounds the root of the
tooth covering the dentin layer and some of the enamel layer. The cementum allows for the
anchoring of the tooth to the alveolar bone (jawbone) through the periodontal ligament. The
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primary function of the tooth is for mastication of food; however, some species use them for
attacking prey and for defence. It also faces the lifelong challenge of maintaining robust
mechanical properties in a bacteria-filled environment.

The enamel and dentin tissues give rise to a tough, crack-tolerant and abrasion-resistant
tissue through their unique architectures and mineral compositions. Enamel is highly
patterned and consists of organized interweaving bundles of crystallites (called rods or
prisms). It has a higher reported toughness than that of crystalline HA, indicating that the
organization of the crystallites is essential for enamel function (White et al., 2001). Because of
the high mineral content and minimal organic, enamel is brittle. Interestingly, the
architecture of the enamel crystallites can deflect a propagating crack preventing it from
reaching the dentin-enamel junction (DE]), which also has been shown to resist
delamination of the tissues despite their differences in composition (Imbeni et al., 2005). The
mechanical properties of enamel, dentin and the DE] are not completely understood and are
a significant area of research. Understanding the properties of these tissues could serve to
motivate further engineering of more robust dental materials as well as to inspire fabrication
of nonbiological materials.

Similar to bone, enamel possesses a complex architecture, which can be broken into several
hierarchical levels from the nanoscale to the macroscale (Paine et al.,, 2001). On the
nanoscale, the protein-protein and protein-mineral interactions in the presence of
supersaturated ions create a highly organized array of HA crystallites that grow
preferentially along the c-axis (Wen et al., 2000). The sizes of these crystallites depend on the
stage of the mineralization. The crystallites grow primarily in length during the secretory
stage and continue to grow in width and thickness during the maturation stage. The
assembly of amelogenin has been shown to be crucial for the proper development of enamel
crystallites. Disruption of the assembly alters formation on the nanoscale, subsequently
affecting larger length scales and giving rise to a diseased or malformed enamel phenotype.
On the mesoscale level, there are three main structural components: the rod, the interrod
and the aprismatic enamel. The main component of enamel on the mesoscale includes rods,
which are bundles of aligned crystallites that are “woven” into intricate architectures that
are approximately 3-5 pm in diameter (Cui & Ge 2007).

The second structural component of the enamel matrix is the interrod (or interprismatic)
enamel, which surrounds and packs between the rods. The difference between the rod and
the interrod is the orientation of HA crystals; the rod contains aligned crystallites, whereas
the mineral in the interrod is less ordered. These structures coalesce to form the tough tissue
of enamel, which can withstand high forces and resist damage by crack deflection.

The third structure, aprismatic enamel, refers to the structures containing HA crystals that
show no mesoscale or macroscale alignment. The macroscale architecture includes specific
zones of enamel that have unique characteristics, which contribute to the whole tissue. The
enamel adjacent to the DE] exhibits a gradual transition from dentin to enamel. Aprismatic
regions of enamel have been proposed to be primitive areas of the tooth serving as a
toughening mechanism due to their flexible nature (Wang & Weiner 1998). Several authors
have identified these aprismatic areas to be located adjacent to the DEJ and at the incisal
surface of both deciduous and permanent human enamel (Kodaka et al., 1989). The Tomes’
process, a unique structure present at the secretory pole of an enamel-forming cell, is
responsible for aligned mineral formation in the prismatic enamel. The absence of this
process may give rise to the aprismatic zone in the tooth.
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2.3 Pathological calcifications

In the body of mammals, osteoblasts and odontoblasts fix ions of calcium and
orthophosphate and then precipitate biological apatite onto an organic matrix. This is the
process of physiological biomineralization that is restricted to the specific sites in skeletal
tissues, including growth plate cartilage, bones and teeth. Unfortunately, owing to ageing,
to various diseases and under certain pathological conditions, blood vessels and some
internal organs are calcified as well (Daculsi et al., 1997). This process is called pathological
calcification or ectopic mineralization and leads to a morbidity and a mortality. In general,
any type of abnormal accumulation of calcium phosphates in wrong places is accounted for
by a disruption of systemic defense mechanism against calcification (Kazama et al., 2006).
Unwanted depositions always lead to various diseases, for instance: soft tissue calcification
(in damaged joints, blood vessels, dysfunctional areas in the brain, diseased organs,
scleroderma, prostate stones) (Brancaccio & Cozzolino 2005), kidney and urinary stones
(Achilles et al., 1995), dental pulp stones and dental calculus (Hayashizaki et al., 2008),
salivary stones, gall stones, pineal gland calcification, atherosclerotic arteries and veins
(Marra et al.,, 2006), coronary calcification, cardiac skeleton, damaged cardiac valves,
calcification on artificial heart valves (Weissen-Plenz et al., 2008; Bigi et al., 1988), carpal
tunnel, cataracts, malacoplakia, calcified menisci, dermatomyositis and other. All these cases
are examples of a calcinosis, which might be described as a formation of calcium phosphate
deposits in any soft tissue (Laird et al., 2006).

Contrary to the mineral phases of the normal calcifications (bone, dentin, enamel,
cementum, antlers), which consist of only one type of calcium phosphate (namely, biological
apatite), the mineral phases of abnormal and/or pathological calcifications are found to
occur as single or mixed phases of other types of calcium phosphates and/or other
phosphatic and non-phosphatic compounds, in addition to or in place of biological apatite
(Wesson & Ward 2007). This happens because the solution pH is often relatively low in the
places of pathological calcifications. However, in some cases, the chemical composition of an
unwanted inorganic phase might depend on the age of the pathological calcification and its
location (Legeros et al., 1988). It is interesting to note that the mineral phases of animal
calculus (e.g., from dog) was found to consist of calcium carbonate and biological apatite,
while human calculi do not contain calcium carbonate. Some findings suggested that the
mechanisms and factors regulating the physiological biomineralization might be similar to
those influencing the ectopic mineralization: both were initiated by various organics (i.e.,
membrane-enclosed particles released from the plasma membrane of mineralization-
competent cells), that were present (Kirsch 2006).

3. Synthetic biomimetic hydroxyapatites

Biomimetism of synthetic calcium phosphates can be carried out at different levels, such as
composition, structure, morphology, bulk and surface chemical-physical properties.
Biomaterials can be turned into biomimetic imprinting all these characteristics in order not
only to optimise their interaction with biological tissues, but also to mimic biogenic
materials in their functionalities. Detailed information on calcium phosphates, their
synthesis, structure, chemistry, other properties and biomedical application have been
comprehensively reviewed recently (Dorozhkin 2010; LeGeros 2008).

In this section the chemical-physical characteristics and some methods to synthesize
biomimetic calcium phosphates will be described.
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3.1 Chemical-physical characteristics of nanocrystalline hydroxyapatites

The study of nanocrystalline calcium phosphate physical-chemical characteristics and,
thereafter, the possibility to imitate bone mineral for the development of new advanced
biomaterials is constantly growing. The possibility to synthesize in the laboratory synthetic
biomimetic compounds makes it possible to consider these systems as a bone mineral
“model”, enabling to investigate on the one hand the interaction between bone-like apatite
nanocrystals and the components of surrounding fluids (ions, proteins...) and, on the other
hand, to follow surface interactions with drugs aimed at being delivered in vivo.

Among the peculiarities of these compounds, their plate-like morphology (elongated
towards the c-axis) is one obvious specificity as compared to regular HA. Another difference
is of course the mean crystallite size, of the order of 15-30 nm in length and ca. 6-9 nm in
width. From a chemical point of view, the composition of nanocrystalline apatites also
strongly differs from that of HA. Although it has been the object of much controversy
during several decades in the middle of the 20th Century, the global chemical composition
of biological apatites (or their synthetic analogues) can generally be described as:

Caiox (PO4)6_X (HPO4 or CO3)X (OH or 2 CO3)2_X with0<x <2

(except maybe for very immature nanocrystals which may depart from this generic
formula). In particular, this expression underlines the presence of vacancies in both Ca and
OH sites. For example, Legeros et al. (Legros et al., 1987) analyzed various cortical bone
specimens, suggesting the following relatively homogeneous composition, unveiling high
vacancy contents:

Cag,3 (PO4)4_3 (HPO4 or C03)1A7 (OH or 12 CO3)0_3

Minor substitutions are also found in biological apatites involving for example monovalent
cations (especially Na*) in cationic sites. In this case, charge compensation mechanisms have
to be taken into account.

It should however be kept in mind that such chemical formulas only enable to have a
“global” insight on the nature and amount of ions present in the compound, but it does not
reflect possible local variations that may be observed on the nanocrystals or in vivo within
the osteons (Paschalis et al., 1996), linked to the local apatite crystal formation and, in vivo,
to continuous bone remodelling.

The characterization of nanocrystalline apatites is a relatively arduous task due to their poor
crystallinity and metastability. But despite the complexity of these systems, recent in-depth
investigations have succeeded to reveal their particular surface features (and related
reactivity in wet media) that may be exploited for the setup of new biomaterials, or for a
better understanding of natural or pathological biomineralization phenomena. Recent
advances in the characterization of apatite nanocrystals were obtained thanks to the use of
spectroscopic techniques and, in particular, Fourier Transform Infrared (FT-IR)
spectroscopy. FT-IR method is useful for drawing conclusions on the local chemical
environment of phosphate, carbonate and hydroxide ions as well as water molecules in such
systems. Detailed analyses of the phosphate groups by FT-IR have enabled to distinguish in
nanocrystalline apatites the presence of additional bands that cannot be attributed to
phosphate groups in a regular apatitic environment (Rey et al., 1990; Rey et al., 1989). These
chemical environments have been referred to by Rey as “non-apatitic” environments.

www.intechopen.com



84 Advances in Biomimetics

Taking into account all the above data, nanocrystalline apatites (whether biological or their
synthetic analogues prepared under close-to-physiological conditions) may thus most
probably be described as the association of an apatitic core (often non stoichiometric) and a
structured by fragile surface hydrated layer containing water molecules and rather labile
ions (e.g. Ca2t, HPO42, COs2...) (Drouet et al., 2009) occupying non-apatitic crystallographic
sites (although in the case of biomimetic apatites the layer is directly exposed on the surface
and not included in a “sandwich-like” structure between two “apatitic” layers). A schematic
model for such nanocrystalline apatites is given in Figure 3 (Eichert et al., 2007).

i Apatitic Non-apatitic
apatite domain domain
''''' ST -
LN W -
PO -
WAL N NN
) meos
o ?n';; M P
S0 | Protein z
: i gn ] g' N HPO-i
g EER N
Ay Structured LEVIRNLS ::) 2
hydrated oL Ca
layer . ;; A H,PO,
a) Apatite nanocrystal b) Apatite nanocrystal in
(3D view) solution (profile)

Fig. 3. Schematic modelling of a biomimetic apatite nanocrystal (a) and interaction with
surrounding fluids (b) (from reference (Eichert et al., 2007)), with permission.

The presence of this hydrated surface layer (Sakhno et al., 2010) is thought to be responsible
for most of the properties of biomimetic apatites and, in particular, their high surface
reactivity in relation with surrounding fluids (which is probably directly linked to a high
mobility of ionic species contained within this layer) may explain, from a physical-chemical
viewpoint, the role of bone mineral in homeostasis in vivo. This layer indeed contains labile
ions that can potentially be exchanged by other ions from the surrounding solution, or by
small molecules, which may be exploited for couplings with proteins or drugs. It is
interesting to remark that the typical non-apatitic features mentioned above tend to
progressively disappear during the ageing of the nanocrystals in solution (Cazalbou et al.,
2005; Drouet et al., 2009). This process is referred to as “maturation” and has been related to
the progressive growth of apatite domains at the expense of the surface hydrated layer
(Cazalbou et al., 2004).

This maturation process is thought to be linked to the metastability of such poorly-
crystallized non stoichiometric apatites, which steadily evolve in solution towards
stoichiometry and better crystallinity (Cazalbou et al., 2005; Cazalbou et al., 2004). This
evolution can be for example witnessed by the decrease of the amount of non-apatitic
HPO,? ions upon ageing, or else by the decreased potentialities to undergo ion exchanges
(Cazalbou et al., 2005). One illustration of such effects can be given for example by the
decreased exchangeability of HPO,42 by COs2 observed on carbonated apatites matured for
incremented amounts of time. Additionally, beside this compositional evolution, some
structural and microstructural features also tend to evolve such as the mean crystallite size
which increases upon maturation. The control of synthesis parameters such as pH,
temperature or maturation time can thus enable one to tailor the physical-chemical
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properties of biomimetic apatites (Drouet et al.,, 2009) and, in particular, their surface
reactivity, so to mimic for example mature bone mineral or else newly-formed bone apatite.

3.2 Preparation of biomimetic hydroxyapatites

Many different methodologies have been proposed to prepare nanosized and/or
nanocrystalline HAs (Schmidt 2000; Cushing et al., 2004; Wang et al., 2005; Mao et al., 2007).
These are: wet chemical precipitation (Wang & Shaw 2007; Huang et al., 2004; Liou et al.,
2004; Ganesan & Epple 2008; Zhang & Lu 2007), sol-gel synthesis (Sun et al., 2007; Chai &
Ben-Nissan 1999; Ben-Nissan & Choi 2006; Choi & Ben-Nissan 2007), co-precipitation
(Lopez-Macipe et al., 1998; Tas 2000), hydrothermal synthesis (Guo et al., 2007; Chaudhry et
al., 2006), mechanochemical synthesis (Yeon et al., 2001), microwave processing (Siva Rama
Krishna et al., 2007; Liu et al., 2005; Rameshbabu et al., 2005), vapour diffusion (lafisco et al.,
2010a), silica gel template (Iafisco et al., 2009a), emulsion-based syntheses (Phillips et al.,
2003) and several other methods by which nanocrystals of various shapes and sizes can be
obtained (Layrolle & Lebugle 1994; Ye et al., 2008). In general, the shape, size and specific
surface area of the apatite nanocrystals appear to be very sensitive to both the reaction
temperature and both the reactant addition rate. HAs with different stoichiometry and
morphology have been prepared and the effects of varying powder synthesis conditions on
stoichiometry, crystallinity and morphology, have been analysed. The effects of varying the
concentration of the reagents, the reaction temperature, initial pH, ageing time and the
atmosphere within the reaction vessel have also been studied (Koutsopoulos 2002). In order
to optimise its specific biomedical applications, especially drug delivery function, the
physical-chemical features that should be tailored in synthetic biomimetic HA are
dimensions, porosity, morphology and surface properties (Roveri et al., 2008c; Tampieri et
al., 2009). Biomimetic carbonate-hydroxyapatite nanocrystals have been synthesized by
using the sitting drop vapour diffusion technique, for the first time by lafisco et al. (Iafisco et
al., 2010a). The method consists of diffusing vapours of an aqueous solution of NH;HCOs
through drops containing an aqueous mixture of (CH3COO),Ca and (NH4),HPO, in order to
increase slowly their pH. This synthesis has been performed in a crystallization mushroom,
a glass device developed for protein and small molecules crystallization (Figure 4). The
concentrations of the reagents, the final pH and the crystallization time have been optimized
to produce pure carbonate-HA as a single phase. X-Ray diffraction, Fourier transformed
infrared spectroscopy and transmission electron microscopy have been utilized to
characterize the synthesized carbonated substituted HA crystals, which display nanometric
dimensions, platelike morphology and low crystallinity degree, closely resembling the
inorganic phase of bones, teeth and many pathological calcifications.

Porous HA biomimetic ceramics in simulating spongy bone morphology (porosity varying
from a microporosity > 1 pm to a macroporosity ranging from 300 to 2000 pm) has been
prepared using various technologies to control pore dimension, shape, distribution and
interconnections. Pore sizes and pore morphology are directly related to bone formation,
since they provide surface and space for cell adhesion and bone ingrowth. On the other
hand, pore interconnection provides the way for cell distribution and migration, as well as it
allows an efficient in vivo blood vessel formation suitable for sustaining bone tissue neo-
formation and possibly remodelling. Namely, porous HA ceramics can be colonized by bone
tissues (Mastrogiacomo et al., 2006; Karageorgiou & Kaplan 2005). Therefore,
interconnecting macroporosity (pore size > 100 mm), which is defined by its capacity to be
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Fig. 4. Crystallization mushroom sketch. Carbonate-hydroxyapatite crystals were grown in
sitting droplets on microbridges. NHs(g) and CO»(g) slowly diffused from the reservoir to
the droplet through the small opening in the plate at bottom.

colonized by cells, is intentionally introduced in solid ceramics (Lu et al., 1999). Porous HA
ceramics processed by high-temperature treatment present a significant reduction of
bioreactivity and growth kinetics of new bone due to the lack of resorbability (Rodriguez-
Lorenzo et al., 2001). However, the low resorbability of sintered HA-ceramics appears useful
when they have to be implanted with a defined 3D form. Macroporosity is usually formed
due to release of various volatile materials and, for that reason, incorporation of pore
creating additives (porogens) is the most popular technique to create macroporosity. Among
porogens additives we can mention paraffin, naphthalene, fluor, hydrogen peroxide,
polyvinyl butyral, etc (Tancret et al., 2006; Walsh & Tanaka 2001; Chevalier et al., 2008).
These additives are admixed to HA powders or slurries. After moulding, the organics burn
away from the moulding body during sintering. This approach allows direct control of the
pore characteristics, which are a function of the amount and properties of the volatile phase.
Several other techniques, such as replication of polymer foams by impregnation, dual-phase
mixing technique, freeze casting, strereolithography and foaming of gel-casting suspensions
and transformation of porous calcium carbonate from biological origin (marine corals or
echinoderms skeletons) into porous calcium phosphates by treatment with phosphate
solutions under hydrothermal conditions have been applied to fabricate porous calcium
phosphate ceramics (Gonzalez-McQuire et al., 2005; Liu 1997; Walsh et al., 2005; Charriere et
al., 2003). By using the latter technique the interconnected porosity of the aragonitic or
calcitic skeletons of corals or echinoderms is maintained after transformation to HA or
mixtures of HA and other calcium phosphates (Araiza et al., 1999). The preparation methods
of porous bioceramics has been recently reviewed by Sopiana et al. (Sopyan et al., 2007).
Many studies have demonstrated that HA ceramics can be used to deliver steroids,
antibiotics, proteins, hormones, anticancer drugs. Porous ceramics closely mimicking
spongy bone morphology have been synthesized by impregnation of cellulosic sponges with
poorly crystalline HA water suspension (Figure 5) (Palazzo et al., 2005). These porous
ceramics have been tested as controlled drug delivery bone grafts to evaluate the
fundamental parameters that control release kinetics. A theoretical approach, based on the
use of the Finite Element Method, was adopted to describe the ibuprofen-lysine and
hydrocortisone Na-succinate release kinetics, comparing the numerical results with the
experimental ones.
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Fig. 5. Scanning electron microscopy image of porous hydroxyapatite

4. Applications of biomimetic hydroxyapatites

The main driving force behind the use of calcium phosphates as bone substitute materials is
their chemical similarity to the mineral component of mammalian bones and teeth, as
previously explained. As a result, in addition to being non-toxic, they are biocompatible, not
recognized as foreign materials in the body and, most importantly, they exhibit bioactive
behavior and integrate into living tissue by the same processes active in remodeling healthy
bone. This leads to an intimate physical-chemical bond between the implants and bone,
termed osteointegration (Puleo 2004). In fact, materials can interact with biomolecules as
well as with living systems and these interactions can be used to develop new materials and
technologies. In particular, surface interaction of proteins and peptides with calcium
phosphates based biomaterial represents the first and pivotal event when materials are
implanted within an organism and must integrate in the host tissues, affecting the
accompanying biological responses, namely cell attachment and activation (lafisco et al.,
2008; Iafisco et al., 2010b; Palazzo et al., 2009). More to the point, calcium phosphates are
also known to support osteoblast adhesion and proliferation (Hong et al., 2003; Sader et al.,
2009). Even so, the major limitations to use calcium phosphates as load-bearing biomaterials
are their mechanical properties; namely, they are brittle with a poor fatigue resistance
(Dorozhkin 2009). The poor mechanical behavior is even more evident for highly porous
ceramics and scaffolds because porosity greater than 100 um is considered a requirement for
proper vascularization and bone cell colonization (Sader et al., 2009). That is why, in
biomedical applications, calcium phosphates are used primarily as fillers and coatings (de
Groot 1993).

4.1 Scaffolds

Following the biomimetic approach, inspiring to Nature, natural wood templates have been
selected as a starting point to obtain open-pore geometries with high surface area and
microstructure allowing cell in-growth and reorganization and providing the necessary
space for vascularisation (Li et al., 2006; Zimmerman et al., 2002). In fact, the alternation of
fibre bundles and channel-like porous areas makes the wood an elective material to be used
as template in starting the development of new bone substitute biomaterials by an ideal
biomimetic hierarchic structure (Singh et al., 2003). Hydroxyapatite bone scaffolds
characterized by highly organized hierarchical structures have been recently obtained by
chemically transforming native woods through a sequence of thermal and hydrothermal
processes. The whole chemical conversion has been carried out through five chemical steps
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from native wood to porous hydroxyapatite: i) pyrolysis of ligneous raw materials to
produce carbon templates characterized by the natural complex anisotropic pore structure;
ii) carburization process by vapour or liquid calcium permeation to yield calcium carbide;
iii) oxidation process to transform calcium carbide into calcium oxide; iv) carbonation by
hydrothermal process under CO, pressure for the further conversion into calcium carbonate;
v) phosphatization process through hydrothermal treatment to achieve the final
hydroxyapatite phase.

The five steps of the phase transformation process have been set up in order to achieve total
phase conversion and purity maintaining the original native microstructure. An innovative
biomimetic apatite hierarchically structured in parallel fastened hollow microtubules has
been synthesized, structurally characterized and proposed as new inorganic biomorphic
scaffold providing a biomimetic nanostructured surface for fascinating bone engineering
applications (Tampieri et al., 2009). The SEM image reported in Figure 6A demonstrates that
the structured anisotropy typical of the native woods was preserved on the macro-scale,
exhibiting in the case of rattan pore sizes in the range 100-300 pm, revealing an ordered
fastening of parallel micro-tubes 100-150 pm long and 15-30 pm wide with a hollow core of
about 10-25 pm in diameter, organized like the cell morphology of the natural wood used as
the starting template for its synthesis. SEM image reported in Figure 6B of the newly formed
HA surface morphology shows typical needle-like nuclei grown on the surface, proving the
concomitant occurrence of a dissolution/precipitation process at sub-micron level, in
agreement with hypotheses previously reported. This surface nanostructured morphology
of the unidirectional fastened hollow HA microtubules allows biological systems like cells to
utilize biomorphic scaffolds on the micrometer level which are also biomimetic for
composition and structure on the nanometer scale.

: ey

Fig. 6. Detailed SEM images of pine wood-derived hydroxyapatite: a) microstructure of
wood-derived parallel fastened hydroxyapatite microtubes; b) typical needle-like HA nuclei
grown on the micro-tube surface; inset in b shows an higher magnification of picture b.
Reproduced with permission from (Tampieri et al., 2009).

4.2 Drug delivery

Over the past few decades, the rise of modern pharmaceutical technology and the amazing
growth of the biotechnology industry have revolutionized the approach to drug delivery
systems development. For most of the industry’s existence, pharmaceuticals have primarily
consisted of relatively simple, fast-acting chemical compounds that are dispensed orally (as
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solid pills and liquids) or injected. During the past three decades, however, complex
formulations that control the rate and period of drug delivery (i.e., time-release medications)
and that target specific areas of the body for treatment have become increasingly common.
A controlled release drug delivery system should be able to achieve the following benefits:
(i) maintenance of optimum therapeutic drug concentration in the blood with minimum
fluctuation; (ii) predictable and reproducible release rates for extended duration; (iii)
enhancement of activity duration for short half-life drugs; (iv) elimination of side effects,
frequent dosing and wastage of drug; and (v) optimized therapy and improved patient
compliance.

Hydroxyapatites and other calcium phosphates may find several applications in implant
drug devices. In fact, as drug carriers, calcium phosphate nanoparticles have some
advantageous properties. They are dissolved at low pH (around 4), e.g. in lysosomes after
the cellular intake or in the environment of solid tumours, thereby releasing incorporated
drugs or biomolecules (Roveri et al., 2008b; Epple et al., 2010). Their size can easily be
controlled by stabilizing agents, such as polymers or nucleic acids. The nanoparticles can be
made to fluoresce by the incorporation of lanthanide ions and they can also act as carriers
for different drugs (Al-Kattan et al., 2010). For example, one of the most efficient ways to
improve the bone forming ability of biomaterials is their association with bone
morphogenetic proteins (Autefage et al.,, 2009). Thus the choice of the process used to
prepare implantable bone biomaterials has an influence on the release of the associated
bioactive molecules. Various techniques associating drugs with a calcium phosphate
biomaterial have been reported: adsorption and impregnation allow the therapeutic agent to
be incorporated at the surface of the biomaterial, whereas centrifugation and vacuum based-
techniques enable it to enter into pores of biomaterials (Gautier et al., 2001; Gautier et al.,
2000).

Generally bioactive molecules, such as growth factors, are incorporated in biomaterials by
simple impregnation, followed by drying, and the type of bonding with the substrate and
the release rate are often undetermined (Alam et al., 2001). It is suspected that such
associations do not allow the chemical bonding of the growth factor to the biomaterial and
thus the release rate is often difficult to control. For example, precipitation and clustering of
the growth factor molecules may occur and the release is only determined by local
dissolution and diffusion rules. The uncontrolled release of growth factors has, in some
instances, been related to an accelerated resorption of bone tissue and of the implant
(Autefage et al., 2009). Since growth factors agents can stimulate the degradation as well as
the formation of bone (depending on their local concentrations), they could impair the
osteoconductivity of the coated-implant surface (Liu et al., 2007).

Similarly, bisphosphonates molecules (BPs), by affecting bone remodeling, could also block
the bone repair process: the drug at too high concentration could have detrimental effects on
the fixation of the implant over longer periods of time. Zoledronate grafted to HA coating
on titanium implants shows a dose-dependent effect on the inhibition of resorption activity
according to the amount of zoledronate loaded (Peter et al., 2005). Local and slow
administration of antineoplasic drug as methotraxate (MTX) is also useful to avoid systemic
side effects and, because its time effect (the sensitivity of cells to this drug increases with
time) is greater than dose effect (Lebugle et al., 2002).

Adsorption, on the contrary, leads to stable association and control of the amount of
bioactive molecules contained in the solid implant and thus of the dose released. Generally,
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the release is rather low because most of the bioactive molecules adsorbed are irreversibly
bound and they are not spontaneously released in a cell culture media (Errassif et al., 2010).
They can only be displaced by mineral ions and/or soluble proteins with a stronger affinity
for apatite surfaces but in a predicable manner, or by cell activity (Errassif et al., 2010). This
characteristic has been observed for various growth factors like bone morphogenetic protein
(BMP-2) or vascular endothelial growth factor (VEGF) (Midy et al., 2001; Boix et al., 2005),
antiosteoporisis agents (Yoshinari et al., 2001; McLeod et al., 2006) and anticancer drugs as
methotraxate and cisplatin (Barroug et al., 2004; Lebugle et al., 2002). It has been reported
that slow release of MTX from calcium phosphate is not only due to the porosity like in most
of the cases, but mainly due to the adsorption of MTX (Lebugle et al., 2002). A local release
system of antibiotics could be used to prevent post-surgical infections favoring early
osteointegration of prosthesis. Since some of the antibiotics containing carboxylic groups in
their chemical structure, like cephalothin, were better adsorbed than others into calcium
phosphate biomaterials, these molecules are slowly released from the carrier (Stigter et al.,
2004). Moreover, the high binding capability of apatitic support for a wide range of
therapeutic agents allows its surface functionalisation with linking agents, such as BPs
molecules, to anchor biologically active molecules which can be released, breaking the
linkage as a consequence of external stimuli or internal chemical factors, such as pH and
ionic force variation due to physiological or pathological biological process. For example,
some works have investigated the adsorption and “smart release” of antitumoral platinum
complexes containing BPs onto apatitic nanocrystals as bone specific drug delivery devices
to be used for the treatment of bone tumors upon local implantation (Iafisco et al., 2009b).
The adsorption and release of bioactive molecules are strongly affected not only by the
chemical properties of the drug molecule, but also by the chemical and structural
characteristics of the HA substrates. The adsorption and release of cisplatin, alendronate and
di(ethylendiamineplatinum)medronate have been investigated using two biomimetic
synthetic HA nanocrystal materials with either plate-shaped or needle-shaped morphologies
and with different physical-chemical surface properties by Palazzo et al. (Palazzo et al,,
2007). These bioactive molecules were chosen in order to compare the behaviour of metal
based drugs to that of a classical organic drug (alendronate), evaluating the effect of the
drug molecule overall charge in influencing the drug affinity for apatite nanocrystals with
variable structural and chemical different properties. The HA surface area and surface
charge (Ca/P ratio), as well as the charge on the adsorbed molecules and their mode of
interaction with the HA surface, influence the adsorption and release kinetics of the three
drugs investigated. The results demonstrated that HA nanocrystals and anti-tumour drugs
can be selected in such a way that the bioactivity of the drug-HA conjugate could be tailored
for specific therapeutic applications.

The adsorption of two different platinum complexes with cytotoxic activity,
{ethylenediamineplatinum(II)-2-amino-1-hydroxyethane-1,1-diyl-bisphosphonate (A) and
bis-{ethylenediamineplatinum(Il)}medronate = (B), on the synthesized biomimetic
nanocrystals has been investigated by lafisco et al. (Iafisco et al., 2009b). Both complexes
contain a geminal bisphosphonate but, in addition, complex A contains a charged
ammonium group (Figure 7).

This structural difference dramatically affects the affinity of A and B towards HA
nanocrystals, complex A having a greater affinity for calcium phosphate nanocrystals. The
release profiles of the platinum complexes from the HA nanoparticles follow an inverted
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Fig. 7. Sketches of {ethylenediamineplatinum(Il)}-2-amino-1-hydroxyethane-1,1-diyl-
bisphosphonate (A) and bis-{ethylenediamineplatinum(II)}medronate (B).

trend (complex B > complex A) when compared with the adsorption process. Most probably
the less effective desorption in the case of complex A could be due to the aminic group
present on the bisphosphonate which remains anchored to the HA matrix, coordinating and
holding some of the ethylenediamineplatinum (Pt(en)) residues. Unmodified and HA-
adsorbed Pt complexes were tested for their cytotoxicity towards human cervix carcinoma
cells (HeLa). The HA-loaded Pt complexes were more cytotoxic than the unmodified
compounds A and B and their cytotoxicity was comparable to that of
dichloridoethylenediamineplatinum [PtClx(en)] thus indicating a common active species.
The above results demonstrate that HA nanocrystals and antitumor drugs can be conjugated
in such a way to yield a smart bone filler delivery system, acting both as bone substitutes
and as platinum drug releasing agents with the final goal of locally inhibiting the tumour re-
growth and reducing the systemic toxicity. The one here described not only can ensure a
prolonged release of active species but also improve the performance of the unmodified
drug. Moreover, these results suggest the possibility of using the chemical-physical
differences of HA nanocrystals, above all degree of crystallinity, crystal size and surface
area, in order to strongly tailor the Pt complex release kinetics. Considering the biomimetic
apatite nanocrystals functionalization effects, an attracting goal could be to obtain a drug
delivery process characterized by a stimuli responsive kinetic. This aim induces to surface
functionalize HA nanocrystals with different linking agents, such as bisphosphonates, to
anchor biologically active molecules which can be released breaking the linkage as a
consequence of external stimuli or internal chemical factors, such as pH and ionic force
variation due to physiological or pathological biological process.

4.3 Preventive dentistry

The purpose of modern dentistry is the early prevention of tooth decay rather than invasive
restorative therapy. However, despite tremendous efforts in promoting oral hygiene and
fluoridation, the prevention and biomimetic treatment of early caries lesions are still
challenges for dental research and public health, particularly for individuals with a high risk
for developing caries, which is the most widespread oral disease. Recent studies indicate
that nanotechnology might provide novel strategies in preventive dentistry, specifically in
the control and management of bacterial biofilms or remineralization of submicrometre-
sized tooth decay. Examples include liquids and pastes that contain nano-hydroxyapatites
for biofilm management at the tooth surface, and products that contain nanomaterials for
the remineralization of early submicrometre-sized enamel lesions (Hannig & Hannig 2010).
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Initial carious lesions in the enamel caused by adherent biofilms yield a typical
micromorphology with a pseudo-intact surface layer on top of the subsurface body of the
lesion as a result of reprecipitating minerals. In contrast to caries lesions caused by acids
from bacterial metabolism, enamel erosions are induced by frequent consumption of acidic
foods and beverages, or by gastric juice (Figure 8). This direct and continuous surface
demineralization is only slightly diminished by the pellicle present in eroded lacunae
(Hannig et al., 2009).

Enamel crystallite
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Fig. 8. Dental erosion caused by acidic beverages or food in the oral cavity. Low pH, (pH 1-
4), destroys the enamel surface by partial and complete dissolution of the enamel
crystallites, resulting in the release of Ca2* and HPO42- ions. This loosens the microstructure
of the enamel and hydroxyapatite crystallites (pale blue) become demineralized, or are lost.
Reproduced with permission from (Hannig & Hannig 2010).

A biomimetic approach for remineralization of initial submicrometre enamel erosions are
based on nano-sized hydroxyapatite particles (Roveri et al., 2008a; Li et al., 2008). In vitro
data indicate that repair at the enamel surface can be greatly improved if the dimensions of
the apatite particles are adapted to the scale of the submicrometre- and nanosized defects
caused by erosive demineralization of the natural apatite crystallites. HA with a size of 20
nm fits well with the dimensions of the nanodefects caused at the enamel surface during
acidic erosion. These particles adsorb strongly to the etched enamel surface under in vitro
conditions and, interestingly, retard further erosive demineralization (Li et al., 2008).
Therefore, the use of well-sized nano-apatite particles could simultaneously repair and
prevent initial enamel-erosive lesions.
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In another approach, biomimetic carbonate HA nanoparticles that mimic the size of natural
dentinal HA (20 nm) or enamel apatite (100 nm) were used to repair micrometre-sized
tooth-surface defects in vitro (Roveri et al.,, 2008a; Roveri et al., 2009). Clusters of these
nanocrystals have been incorporated into toothpastes or mouth-rinsing solutions to promote
the repair of demineralised enamel or dentin surfaces by depositing apatite nanoparticles in
the defects. Commercially available dental prophylactic products containing carbonate HA
nanoparticles to fill microdefects at the etched enamel surface (for example, BioRepair from
Coswell Laboratories, Italy and from Dr. Wolff, Germany) have been proved to be effective
in vitro after a ten-minute application onto enamel or dentin surfaces (Roveri et al., 2009).
Recently an in vivo study has been documented that a toothpaste containing zinc-carbonate
HA nanocrystals significantly reduced dentinal hypersensitivity after 4 and 8 weeks,
supporting its utility in clinical practice (Orsini et al., 2010).

Nano-hydroxyapatite toothpaste with either spheroidal or needle-like particles as an active
component was shown to enhance the remineralization of etched enamel better than sodium
fluoride solutions. However, the 5 - 10 day in vitro study had neglected the conditions of the
oral cavity. In another in vitro study, nano-sized amorphous calcium carbonate particles that
were applied twice a day for a period of 20 days promoted remineralization of artificial
white-spot enamel lesions (Nakashima et al., 2009). Reconstitution and remineralization of
dentin using nano-sized bioactive glass particles and beta-tricalcium phosphate was also
tested in wvitro, however, the mechanical properties of original dentin could not be
reproduced (Shibata et al., 2008; Vollenweider et al., 2007). Owing to the complex organic
and inorganic structure of the dentin, remineralizing dentin into a functional state remains
one of the most difficult challenges in dental research (Bertassoni et al., 2009).

5. Conclusion

The biomimetism of biomaterials based hydroxyapatite could be carried out at different
levels: composition, structure, morphology and surface reactivity. The aim of a researcher is
to realise a biomaterial that is biomimetic in all these characteristics, in order not only to
optimise the interaction of synthetic materials with biological materials but also, and more
ambitiously, to mimic the biogenic materials in its functionality. This concept should be
utilised in designing and preparing synthetic inorganic biomaterials in replacing hard and
soft tissues. Nanotechnology has great potential in the biomimetism field to do just that:
increase in efficacy by orders of magnitude. In fact, the nano-size of biological tissues
building blocks is one of the bases of their self-organisational ability and one that needs to
be replaced by synthetic materials in the synthesis of structured architectures with
controlled organisation on a multiple-length scale.
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