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1. Introduction

The annually necessary human bone grafts are in continuous grown due to the increasing of
fractals, congenital and non-congenital diseases. Based on statistical reports (Murugan and
Ramakrishna 2005), only in USA about 6.3 million fractures occur every year and about
550.000 of these require bone grafting. The most frequently fractures occur at the level of
hip, ankle, tibia and fibula. Due to the higher physical effort, the men are more exposed to
fracture than women (2.8% in the case of men comparing to 2.0% in the case of women). The
number of fractures increases year by year and consequently many researchers from
different research fields co-operate in order to develop new bone graft materials. Also, it is
important to mention that, in the present, the bone diseases are overlapped only by hearth
diseases.

The history of bone grafting is starting in 1913 when Dr. D.E. Robertson assays a piece of
cat’s bone and a piece of human bone for bone grafting into dogs (Gallie and Toronto 1914).
The microscopic analysis of implanted graft after 20 days shows that the space between graft
and living bone is filled with new cancellous bone. These early works made the premises for
the development of the bone grafts.

Due to the increasing of the necessarily bone grafts, autografts and allografts can not cover
the overall need of bone grafts. For compensate this gap, artificial (synthetic) grafts are
necessary and, consequently used. The use of synthetic grafts has some advantages versus
allografts, autografts and xenografts: the possibility to obtain unlimited number/quantity of
synthetic grafts, more safety use of artificial bone grafts without disease transmission risk,
pain limitation by elimination of some secondary surgical intervention.

The need of bone grafts materials lead to the synthesis of many kind of materials with
different properties. Function of the nature of these materials and the relation between these
grafts and the host tissue, these materials can be divided into 4 generations (Fig. 1).

The components of the first generation of bone grafting biomaterials have remarkable
mechanical properties but they are neither bioresorbable nor bioactive. More than, the use of
these kind of bone grafts have limited lifetime (usually less than 10-15 years) and need to be
extracted and replaced surgically. Some of the most representative biomaterials from the
first generation of bone grafting biomaterials are: the iron, cobalt, chromium, titan or their
alloys: steel (especially 316 L), cobalt or titan based alloys (Corces 2002; Corces and Garcia
2007) etc.
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Fig. 1. Biomaterials evolution in the field of bone grafting

The components of the second generation of bone grafting biomaterials are at least
bioresorbable or bioactive and they do not require to be replaced in time. The most
representative biomaterials from the second generation of bone grafting biomaterials are:
calcium phosphates (especially hydroxyapatite and tricalcium phosphate), the bioglasses
(Hench et al. 2004), alumina (Sedel et al. 1994); zirconia (Clarke et al. 2003) and the following
polymers: poly e-caprolactone (Oldh et al. 2007), polyurethanes (Bonzani et al. 2007 ;
Guelcher et al. 2004) etc.

The components of the third generation of bone grafting biomaterials are both bioresorbable
and bioactive and have superior properties. It has to mention that these biomaterials present
higher specific properties than the first two generations of bone graft materials and short
time after implantation these materials are resorbed and in time, in the place of the bone
graft the new bone is formed. The properties of these (nano)composite materials is strongly
influenced by the nature of components, the composition and the morphology. That is why
many researchers tried to obtain not only compositional similitude with natural bones from
mineralogical and morphological point of view. The most representative biomaterials of the
third generation of bone grafting biomaterials are: (nano)hydroxyapatite/collagen (Wahl
and Czernuszka 2006), (nano)hydroxyapatite/collagen/hyaluronic acid (Bakos et al. 1999),
hydroxyapatite/poly-L-lactic acid (Kesenci et al. 2000), hydroxyapatite/chitosan (Wang and
Li 2007).

The fourth generation of bone grafting biomaterials is similar with the third generation
materials but improved by the presence of bonny cells, growth factors, bone morphogenetic
proteins etc.

One of the most important characteristic of bone grafts materials is the osteointegration. The
osteointegration (and also osteoconductivity) of the grafts is related to the degree of porosity
and pore size (applicable especially to the last three generation of bone grafting
biomaterials) (Develioglu et al. 2005). Based on the literature data and also based on the size
of osteoblasts (which vary up to 20-25 pm) (Chang et al. 2000; Develioglu et al. 2005;
Gauthier et al. 1998) the optimum pore size was found to be 50-550pm.

The natural bones contain mainly collagen and hydroxyapatite. That is the reason because
many researchers try to understand and obtain (nano)hydroxyapatite/collagen composite
for hard tissue repairing. The composition of bones varies function of many factors such as:
specie, sex, age, bone type, location etc.. The relative composition of bone is presented in the
Table 1, while the most important biomedical properties of the bones are presented in
Table2. The in vivo bone biosynthesis is controlled by many factors such as: BMP (bone
morphogenetic proteins) (Abe et al. 2000), transforming growth factors (Tashjian et al. 1985),
cytokines (de Vernejoul et al. 1993 ), hormones (Bollerslev et al. 1991 ; De Vernejoul et al.
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1990; Hock and Gera 1992), transcription factors (Cui et al. 2003; Ogawa et al. 2000),

adhesion molecules (Miyake et al. 1991) and so on.

Components wt %

Mineral phase

Hydroxyapatite 60-66

Carbonate

(mostly as carbonated hydroxyapatite) | ~ 4

Citrate ~0,9

Nat ~0.7

Mg2+ ~0.5

Others Traces

Organic phase

Collagen 20-25

Non-collagenous proteins: 2-3

(osteocalcin, osteonectin, osteopontin,

sialoprotein, BMP)

Others: Traces

(polysaccharides, lipids, cytokines)

Water 8-9

Table 1. The composition of healthy bone
Cortical | Cancellous
Property Bone Bone

Young's (Tensile) Modulus (GPa) 7-30 0.05-0.5
Compresive strength (MPa) 100-230 2-12
Flexural Strength (MPa) 50-150 10-20
Fracture toughness (MPa m!/2) 2-12 0.1
Strain to failure 1-3 5-7
Apparent density (g/cm?) 1.8-2.0 0.1-1.0
Surface area/volume ratio (mm2?/mm3) | 2.5 20

Table 2. Biomechanical properties of healthy bone

Bone formation and remodelation is controlled by many factors: physical, chemical,
hormonal, growth factors, and anti-mineralization agents (Karsenty 2000; Karsenty et al.
2009; Wallach et al. 1989). The bone tissue piezoelectricity is the key element which assists
the bone formation, remodelation and growth, especially in the early stages of the bone

formation and. The piezoelectricity of the bone is due, among the rests, due to the bone
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tissue anisotropy. The main elements which induce the anisotropy of the collagen based
structures are: the anisotropy of the collagen molecules themselves and the anisotropy of
collagen fibrils and fibres as well as the oriented morphology of the fibrils and fibres
disposed in the isotropic extrafibrillar space (Hellmich et al. 2004).

Trying to obtain such composite with same composition and structure with the natural
bone, the researchers elaborated many synthesis methods (Wahl and Czernuszka 2006) such
as: in vitro collagen mineralization (Lawson and Czernuszka 1998), thermally - triggered
assembly of hydroxyapatite/collagen gels (Pederson et al. 2003), vacuum infiltration of
collagen into a ceramic matrix (Werner et al. 2002), enzymatic mineralization of collagen
sheets (Yamauchi et al. 2004), freeze drying and supercritical point drying (Pompe et al.
2001), biomimetic synthesis (Li and Chang 2008).

One of the most promising bone graft material seems to be the
collagen/nanohydroxyapatite composite (Li et al. 2006) due to its very good compositional
and structural similarity with natural bone (Yunoki et al. 2007; Yunoki et al. 2006). The role
of each component is not very well known. It is generally accepted that mineral phase,
mainly containing hydroxyapatite, provide toughness and rigidity while the organic matrix
provide tensile strength and flexibility of bone. In composite materials, collagen and
hydroxyapatite play the same roles as they play in natural bone.

The mineral phase is deposited on the organic phase through electrostatic interactions
between the carboxyl groups from collagen and Ca?* from hydroxyapatite, but there is no
unison about the mineralization sites. Many researchers assert that hydroxyapatite is
deposited only onto the non-collagenous proteins and citrate anions (Rhee and Tanaka 1998)
while others assert that mineralization occurs also on the pure collagen (Lin et al. 2004;
Zhang et al. 2003). It is well known that materials properties are influenced not only by
composition but also by morphology. This is the reason because even for similar
composition of many bones their properties differ very much. Starting from these
hypothesis, scientists tried to improve or induce new properties of the COLL/HA composite
materials by addition of third component (or even more components) or by inducing
different morphology. The influence of the morphology can be easily marked out by
comparing the mechanical properties of compact and cancellous bone (Table 2) (Hench and
Wilson 1993).

Collagen mineralization occurs due to the interactions which appear between collagenous
structures and hydroxyapatite nanocrystals. In fact, these interactions occur between
carboxylate groups and Ca2?* cations and can be illustrated as presented in Fig. 2. This
hypothesis is supported by FTIR data and was explained based on the spectral shifts of C-O
and C=0 bands in pure collagen and COLL/HA composites (Ficai et al. 2009a).

fP .f[rj‘ + HA ffl;l
—C, = G T L
o) ] O Ca PO, 0H
Carboxdate "MMezamenc" Stabilized
anion farm carboxylate ion
I 11

Fig. 2. Mezomeric form stabilization of carboxylate group due to mineralization
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As a result of these interactions, hydroxyapatite particles are preferentially deposited onto
the collagenous support forming so-called nucleation centers. Once formed, the nucleation
centers increase and can lead even to the formation of a thin film. If the amount of deposited
HA is low enough, the mineralization centers can be visualized by scanning electron
microscopy (Fig. 3).

18-Jul-07 10002 WD13.2mm 15.0kV x5.0k 10um

Fig. 3. The SEM micrograph of mineralized collagen fibres

In order to obtain good bone substitutes, researchers have to understand the biosynthesis of
natural bone and to control some parameters such as composition, hydroxyapatite shape
and size, collagen fibrils and hydroxyapatite blade orientation.

The synthesis of COLL/HA composite materials with different porosity/density is very
important in order to obtain materials with tailored properties. COLL/HA composite
materials with tailored ceramic properties can be easily obtained by combining the
controlled air drying with freeze drying. The controlled air drying followed by freeze drying
can be easily used for the synthesis of COLL/HA composite materials with any
composition. In this scope, the wet composite materials are let, under controlled atmosphere
for certain time (controlled temperature and humidity) followed by a final drying, realized
by freeze drying. The use of mixed drying method (controlled air drying combined with
freeze drying) is technically easy to control and economically sustainable. The ceramic
properties of the COLL/HA composite materials can be easily controlled by the air drying
step conditions (especially drying time); the longer controlled air drying time lead to
composite materials with lower porosity and increasing density.

Scanning electron microscopy can be used for qualitative analysis of these materials
obtained by controlled air drying followed by freeze drying (Fig. 4). Analysing the SEM
images of the materials obtained by air drying (increasing drying time) followed by freeze
drying it is stand out a mile that the increasing air drying lead to denser materials.
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air drying Oh followed by freeze drying air drying 48h followed by freeze drying

S
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Fig. 4. SEM images of COLL/HA composite materials obtained by controlled air drying (0,
48 and 199h) followed by freeze drying
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Fig. 5. Ceramic properties of the three series of COLL/HA composite materials versus air
drying time

It has to mention that during the air drying process, simultaneous with the water
evaporation the morpho-structural restructuring of the composite happened which leads to
more compact materials, the density of the COLL/HA composite materials being 0.15-
1.6g/cm3 while the open porosity 25-95% (Fig. 5). As a general rule, the density of the
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composite materials increases with the increase of the air drying time. This method is very
useful because allow to tailor the ceramic properties of the materials without modify the
composition.

The orientation of collagen/hydroxyapatite composite is induced by the mutual interaction
between collagen and hydroxyapatite in aqueous solutions. For better orientation, it is
possible to use electric and / or magnetic field. Cunyou Wu and co-workers (Wu et al. 2007)
report unidirectional oriented hydroxyapatite/ collagen composite using 10 T magnetic field
starting from calcium containing collagen solution and phosphate solution at 37 0C. If
magnetic field is imposed, perpendicularly to the rotation axis, unidirectional oriented
collagen fibrils and hydroxyapatite crystals have obtained due to their magnetic
susceptibility anisotropy (Hellmich et al. 2004).

Due to the importance of these composite materials thousands of papers and many
comprehensive reviews are published yearly. Some of the most comprehensive reviews
about bones and bone grafts materials based on collagen and/or hydroxyapatite were
published in the last years by Cui at al (Cui et al. 2007), Dorozhkin (Dorozhkin 2009),
Murugan and Ramakrishna (Murugan and Ramakrishna 2005) and by Wahl and
Czernuszka (Wahl and Czernuszka 2006).

Some of the most recent advances in the field of COLL/HA composite materials are
systematically presented below.

2. The influence of organic and inorganic species on the COLL/HA composite
materials

Recent studies made by Ficai et al. (Ficai et al. 2010b; Ficai et al. 2010e) reveal the influences
of the PVA, denaturated collagen (hydrolysate collagen and ionic species on the
collagen/hydroxyapatite composite materials. These works are essential because neither in
vitro nor in vivo mineralization is readily understood, and the synthesis of materials that
mimic the characteristics of bone has not been previously accomplished.

The properties of COLL/HA composite materials can be tailored by addition of different
organic or inorganic components; well studied in the literature being that ions which
naturally occur in natural bone: citrate, fluoride, chloride, carbonate, magnesium or some
ions which accidentally occur in natural bones and, usual is responsible for different
diseases (Pb2*, Sr2+* etc.).

The synthesis of complex COLL/HA composite materials which also contain PHA, collagen
hydrolysate or other ionic species than calcium and phosphate were synthesized by co-
precipitation of hydroxyapatite on collagenous matrices (Ficai et al. 2009b). The
mineralization process consisted of two successive stages. In the first stage, a Ca(OH)
suspension was added drop-wise and allowed to interact for 24 h. In the second stage, a
stoichiometric quantity of NaHPO, solution was added drop-wise. The quantities of
collagen matrix and HA precursors were used at a ratio of 1:4. After the hydroxyapatite
precursors were added, the pH was adjusted to 9 using a solution of NaOH, in order to
assure brushite-free HA precipitation. During the synthesis and drying of the composite
material, the temperature was maintained at approximately 37 0C.

To study the effect of the citrate ions on the mineralization process, the collagen matrices
were dipped into a dilute citrate solution (5 %o) for 30 minutes and then mineralized as
presented above. Upon completion of this process, the resulting materials were analyzed.
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In this chapter, two collagenous matrices that contained 5% and 70% of the hydrolysate
were mineralized following the aforementioned procedure. The COLL/PVA and COLL-
PVA/HA hybrid materials were obtained starting from collagen gel and PVA solution, the
mixing ration being COLL:PVA = 1:2. the as obtained gel was than mineralized as presented
above.

In order to obtain fluoride-substituted hydroxyapatite, a modified mineralization method
was used. For this purpose, in the second stage of mineralization, a corresponding amount
of NaF was added to the phosphate solution to assure the transformation of
5%hydroxyapatite into fluoroapatite.

In order to design COLL/HA composite materials and to obtain a bone-like morphology, it
is important to understand the influence of each component on the morphology of the
material.

The influence of the collagen hydrolysate, PVA and ionic species were analyzed by XRD,
FTIR and SEM (-EDS) from the point of view of composition and morphology. The synthetic
conditions and characteristics of the resulting hydroxyapatite were strongly influenced by
the organic support.
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Fig. 6. XRD patterns of different collagen/hydroxyapatite-based composite materials:

A. mineralized cross-linked matrix (glutaraldehyde, 1%); B. mineralized cross-linked matrix
(glutaraldehyde, 1%), the mineralization occurs in the presence of F- (5 % (molar) reported to
HA); C. mineralized hydrolysate-enriched collagen matrix; and D. crystalline HA (ASTM 74-
5966)
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X-ray diffraction patterns (Fig. 6) were recorded in order to confirm the synthesis of
hydroxyapatite and for the qualitative estimation of preferred crystallization directions. In
the XRD diffraction pattern of citrate-enriched COLL/HA composite materials, no
difference was observed when compared to COLL/HA or COLL-PVA/HA (Ficai et al.
2010e). The diffraction patterns of citrate-enriched COLL/HA and COLL-PVA/HA are not
presented herein, as the results were similar to the diffractogram of pure COLL/HA
composite materials presented in Fig. 6A.

The results of the four diffractograms lead to the conclusion that the organic phase
composition and the presence of ionic species greatly influences the mineralization process.
From the comparison of the diffractograms displayed in Fig. 6A and C, it can be observed
that hydrolysate induced a preferred direction for the growth of HA [210] and that the other
crystalline phases exhibited approximately the same intensity.

The presence of F- had a strong influence on apatite crystallization (Fig. 6B). Among all of
the crystallization directions, only a few were characteristic of partially substituted apatite
(Cas(PO4)sOH1.4Fx) and were present at a relevant intensity: [121], [100], [210] and [222].
Additionally, no other fluoride salts could be identified from the diffractograms. The main
crystallization directions presented in crystalline HA (ASTM 74-5966) are presented in Fig.
6D.

Scanning electron microscopy was employed in order to study the morphology of the
composite materials.

SEM images were recorded at different magnifications as a function of the morphology of
each composite and the size of the deposited HA particle (Fig. 7). The morphology of the
hydroxyapatite varied and was dependent on the collagenous support and on the presence
of different ionic species.

In order to understand the influence of different collagen-based supports and ionic species
on the morphology of COLL/HA composite materials, all data were compared to the
morphology of pure COLL/HA composite materials (Fig. 7D).

After the mineralization of a pure collagen matrix, a homogenous HA deposition was
observed. In mineralized hydrolysate-enriched matrices, the morphology was dependent on
the hydrolysate content (Fig. 7A and B). An increase in the amount of hydrolysate induced a
higher content of fine acicular HA, which is unusual in pure collagen matrix mineralization.
The presence of F- during the deposition of HA onto the pure collagen matrix induced a thin
lamellar deposition (Fig. 7C). The lamellar HA had a mean size of 50x20x1 pm.

The presence of citrate ions induced a special kind of HA mineralization in the collagen
matrices (Fig. 7E and F). The deposited HA displayed a similar morphology to those
obtained in the presence of hydrolysate but at a different scale. Citrate ions appeared to
induce a greater amount of organization of HA into the acicular form, as compared to
hydrolysate. This finding is important because natural bones contain a small amount of
citrate. In this case, the rods of HA had a mean length of ~10 um and a mean diameter of
less than 0.4 pm.

When PVA is present, the microstructure is strongly influenced for both COLL-PVA and
COLL-PVA/HA materials.

The scanning electron microscopy has a decisive significance for the complete
characterization of such materials. Therefore, the SEM images were recorded at different
magnifications on all COLL-PVA/HA materials (with the component ratio of 1:2:0-blank,
non-mineralised sample and 1:2:3-mineralised sample obtained by freeze drying and
controlled drying).
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Fig. 7. SEM images of different collagen and hydroxyapatite composite materials: A.
composite obtained by mineralization of a collagen-hydrolysate matrix (5% of hydrolysate);
B. composite obtained by mineralization of a collagen-hydrolysate matrix (70% of
hydrolysate); C. composite obtained by mineralization of a pure collagen matrix (the
mineralization was achieved in the presence of F- (5%-molar reported to HA); D.
mineralized (pure) collagen matrix; E, F. composite obtained by mineralization of a
collagen-citrate matrix (citrate less than 2%)
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The SEM images have given some morphological information about the four materials. Fig.
8a, b and Fig. 9a, b show the morphology of the two materials obtained by controlled drying
in air at 30°C; they are stratified but compact materials. Fig. 8c, f and Fig. 9¢c, f show the
morphology of the freeze dried composite materials; such materials exhibiting stratified but
porous morphologies. Based on the SEM images, the freeze dried COLL-PVA/HA 1:2:0
hybrid material has the mean distance of 60-120pm between the sheets while for the freeze
dried COLL-PVA/HA 1:2:3 composite, the hybrid material has the mean distance of 40-
70pm between the sheets.

Fig. 8. SEM images of the COLL-PVA hybrid materials (weight ratio of 1:2) obtained by (a
and b) controlled drying and (c-f) freeze drying

In fact, the two morphologies are similar, the compact materials resulted from the
continuous remodelling and restructuring until it becomes compact; if the freeze drying is
used, once the materials are frozen the restructuring is blocked and the materials retain their
initial high porosity.

For both compositions, the controlled air drying at 30°C has led to parallel layers bounded
each other by fibres of different diameters (from less than 1um up to 10um).

www.intechopen.com



14 Advances in Composite Materials for Medicine and Nanotechnology

A higher magnification (Fig. 9f, for instance) has revealed the very good homogeneity and
compatibility of the three components practically, no free HA agglomerates being visible.

Fig. 9. SEM images of the COLL-PVA/HA hybrid composite materials (weight ratio of
1:2:3) obtained by (a and b) controlled drying and (c-f) freeze drying

The osteointegration of the bone graft materials is induced, among the rests, by the porosity.
The density, porosity and absorption (Table 1) were measured by the Arthur method. In all
cases three replicates were done, the experimental error being less than 1-2%. The results are
in very good agreement with the SEM observation. The highest porosities correspond to the
freeze dried materials and have reached about 80 and 90%. For the materials obtained by
controlled drying at 30°C in air, the porosity was less than 20%. The xylene absorption is
proportional with the porosity while the density is in inverse proportion. The presence of
HA has induced the density increase and a decrease in the porosity and xylene absorption.
Hybrid materials with intermediary properties were obtained by a mixed drying method
which involves controlled drying followed by freeze drying (not presented in this paper).

www.intechopen.com



Advances in Collagen/Hydroxyapatite Composite Materials 15

Sample D;/IZSI;?, Pon;)sity, Abso:/:)ﬁon,
COLL-PVA 1:2, freeze drying 0.10 92.7 90.0
COLL-PVA 1:2, controlled drying 0.75 19.3 19.0
COLL-PVA/HA 1:2:3, freeze drying 0.44 79.2 78.9
COLL-PVA/HA 1:2:3, controlled drying 0.88 13.7 13.0

Table 3. Ceramic properties of the COLL-PVA 1:2 (wt) hybrid materials and COLL-
PVA/HA 1:2:3 (wt) composite materials

In order to understand the influence of citrate ions on the morphology of acicular and non-
acicular zones, the EDS spectra of these two zones were recorded (Fig. 10). The results
indicated that the ratio of Ca to P differed between these two zones, where the Ca:P ratio
was 1.6 (similar to stoichiometric HA) in the non-acicular zone (Fig. 10A) and 1.1 in the
acicular zone (Fig. 10B). The acicular zone occurs due to a higher content of Na* and citrate.
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Fig. 10. EDS spectra of a) a non-acicular and b) an acicular reach zone

Infrared spectroscopy (Fig. 11) is an efficient tool for the investigation of organic-inorganic
interactions. The differences in morphology may be explained by these strong interactions
and are evidenced in the shift of peaks or in peaks duplications. In order to understand
organic-inorganic interactions, the IR spectrum of a pure collagen matrix was recorded (Fig.
11A). The most important peaks in the pure matrix were the amide peaks (Chang and
Tanaka 2002; Ficai et al. 2009b). After collagen matrix mineralization with HA precursors,
the main amide peak of pure collagen (1630 cm-!) was shifted to a higher wave number for
the COLL/HA composite (1650 cm-1), while the phosphate peaks appeared at 1030, 609 and
564 cm! (Fig. 11B).

The infrared spectrum of the mineralized hydrolysate-enriched collagen matrix (Fig. 11C)
was characterized by the duplication of each main collagen peak and led to the
differentiation of the phosphate peak and the appearance of a shoulder at about 1110 cm-™.
These results can be explained by the degree of condensation between collagen and collagen
hydrolysate, which induces interactions of varying strength between mineral and organic
components. As reported in the literature (Silva et al. 2001), the degradation of collagen
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leads to a decrease in the absorption band at 1240 cm. In composites obtained with
hydrolysate, this band being less intense than that in pure collagen.

Winsenusbers (cm-1)

Fig. 11. FTIR spectra of: A. a collagen matrix (cross-linked with glutaraldehyde, 1%); B. a
mineralized cross-linked collagen matrix (glutaraldehyde, 1%); C. a mineralized
hydrolysate-enriched collagen matrix; and D. a mineralized cross-linked collagen matrix
achieved in the presence of F- (5 % (molar) reported to HA)

When the mineralization of the collagen matrix occurs in the presence of fluoride, the
collagen peaks were not shifted (compared to the COLL\HA composite), but the phosphate
peaks of HA were split due to the partial substitution of hydroxyl groups with fluoride (Fig.
11D).

3. The synthesis of COLL/HA composite materials with oriented structure

In this field of orientation some works were published in the last 5 years. The synthesis of
COLL/HA composite materials with oriented structure can be induced by self-assembly,
electric field orientation or by using a high magnetic field (Wu et al. 2007), best results being
reported by self-assembly (Ficai et al. 2010c) and pulsed electric field orientation (Ficai et al.
2010a). The magnetic field orientation is possible due to the magnetic anisotropy of the
hydroxyapatite (Wu et al. 2007).

3.1 Self-assembling of COLL/HA composite materials

The self-assembly is one of the most easy to realize orientation which not imply any external
influences but require slow drying at pH=6.9-9 which can easily induce denaturation of the
collagen.

The synthesis of COLL/HA composite materials by self-assembling consists by two
successive stages but have some particularities. In the first stage, the collagen gel is treated
with the desired amount of Ca(OH), suspension, drop-wise and magnetically stirred for 24
h and let to interact. In the second stage, the stoichiometric quantity of H;PO4 solution was
added also dropwise. Ca(OH), was used in order to assure the necessary basic pH. During
the first stage of mineralization the pH was maintained at pH = 9 by addition of HCL
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The ratio of collagen, Ca(OH), and H3;PO4 was so chosen that the final ratio of COLL:HA to
be 20:80 (wt) and at the end of synthesis the concentration of collagen to became 1.66%.
After the H3POj, solution is added, the pH was adjusted at about 9 using NaOH solution, in
order to assure pure HA precipitation. During the synthesis and drying of the composite
material, the temperature was kept at [B7 ©C.
PH 9 was choose based on two characteristics of the collagen molecules:

a. at pH= 6.9-8 the collagen molecules are in an extended conformation (length of

collagen molecule 180-200 nm) and,

b. the fibrillogenesis is increasing in the range of 6.6-9.2.
The main processes which occur during the synthesis are represented in Fig. 12. The
collagen molecules have different conformation, function of the pH can be linear (at pH>9)
or crimpy (for pH< 7); at intermediate pH the collagen molecules being crimpy but with a
more pronounced linear aspect. In order to be sure that collagen molecules are in elongated
form (linear) the working pH was set at 9.

Fig. 12. Specific processes occurred in solution during the self-assembly of COLL/HA
composite materials

Function of the mineralization pH, we can obtain different morphologies (Fig. 12b and d). If
the pH increases, the crimpy structure of collagen molecules from gel and also from

www.intechopen.com



18 Advances in Composite Materials for Medicine and Nanotechnology

composite can be modified into the elongated one. If the drying time is slowly enough, these
linear (elongated) collagen molecules can self-assembly and form cylindrical fibrils and
fibres (Fig. 12e), otherwise they will form fibrils and fibres, growth tri-dimensional, with
crimpy collagen molecules (for pH< 7) or with linear collagen molecules (for pH = 9). The
structure presented in Fig. 12b can be transformed into the structure presented in Fig. 12d
by increasing of pH at an adequate value. In this case, the pH must be higher than in case of
transformation of the structure illustrated in Fig. 12a into the structure presented in Fig. 12c,
probably due to the interaction between HA and collagen.

The self-assembling process was characterized especially by XRD and SEM.

XRD was used to point out the mineralization process. The XRD spectrum, in Fig. 13, shows
the formation of HA.

3
4000 - X
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= 2000 4 &l
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1000 - & %
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Fig. 13. XRD pattern of COLL/HA composite material (a) before sodium chloride removal
and (b) after sodium chloride removal

In the case of COLL/HA composite obtained by self-assembly comparing with the HA
obtained by precipitation, the X-ray diffraction pattern exhibit a much higher intensity for
the 2 1 1 peak reported to the intensity of the other peaks characteristic to HA. This result
can be attributed to a preferential growth of the HA crystals in the 2 1 1 direction due to the
collagen influence. As it can see, the composite material also contains NaCl (Fig. 13a). The
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removal of NaCl can be easily made by washing the composite materials with distilled
water, following the next procedure: after drying, the COLL/HA composite material with
uniaxial orientation of the constitutive fibres is crosslinked with glutaraldehyde, washed
with plenty of water and dried. Following this procedure, the chloride was completely
removed (Fig. 13b) without altering the mineral phase, especially from the point of view of
crystallinity and preferential crystallization direction.

The self-assembling structure of collagen molecules and hydroxyapatite particles can be
proved by SEM (Fig. 14). The samples were analyzed in perpendicular and parallel section
reported to mineralized collagen fibres, in order to study the formation and the orientation
of collagen fibrils and fibres. The sodium chloride removal not alters the composite
morphology; the SEM images recorded before and after sodium chloride removal being
similar. Whatever the analysis section, the recorded SEM images show the formation of
collagen fibrils and fibres, which are mineralized with HA.

Fig. 14. The SEM images of collagen/hydroxyapatite composite materials, recorded at
different magnification; (a) parallel view with the fibres, (b-c) perpendicular view with the
fibres, (d) high resolution SEM at 80,000% magnification

The SEM image presented in Fig. 14a is recorded in a fibres perpendicular section. This
image shows a homogenous arrangement of the fibres. Fig. 14b and c are recorded in a
fibres parallel profile and shows, at different magnification the stratified structure of the
composite materials, the fibrils and fibres being organized in layers. It can also observe
highly oriented fibres and fibres bundle. The homogenous arrangement can be evidentiated
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also in fibres parallel profile. Analyzing the rupture profile, it can be observed a shift
between the rupture point, comparing different neighbor adjacent layers. In Fig. 14c,
recorded at higher magnification, it can better observe the mineral deposition. It can
conclude, that at the end of collagen fibres, the HA density is higher. At broken, the rupture
seems to follow the highly mineralized zone of interfibrilar gap which exist at the end of
two successive fibres. Finally, at a much higher magnification (Fig. 14d) the SEM images of
fibres” end allow the estimation of the dimensions of HA, these particles being in the
nanometric range. At high magnification from SEM image, it can be seen that the
dimensions of the HA crystals are in the nanometric range (4-40 nm), with an elongated
morphology. These results are in good agreement with the observation reporting to natural
HA from the natural bone.

The SEM images obtained at different magnification, in the rupture, on parallel and
perpendicular direction of collagen fibres, are showing a homogenous microstructure, with
fibres organized in layers, with high orientation. Taking also in consideration the way in
which the rupture took place, and also the fact that we have a high concentration of HA
grains in the rupture points we might conclude that the COLL/HA composite material
synthesized has a very similar structure with that of the natural long bone, that have been
obtained through auto-assembling process.
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Fig. 15. Straight line projection onto the three dimensions and visualization of the three
angles formed between the projections and the three dimensions

The orientation degree can be quantified function of the deviation angle of each collagen
fibers from the direction of the applied electric field. The orientation degree of mineralized
collagen fibers is highly influenced by magnification; with the increasing magnification the
orientation degree increase. At a magnification of 1000% the average of deviation degree is
less than 5% while the orientation degree is more than 95%. The average fiber deviation and
also the orientation degree of collagen fibers can be quantified based on the following
equations:

_ 100 & DA,
D)= &9
i=1

and the OD(%) =100 -D
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where, N is the number of fibers; DA; — correspond to deviation angle of each fiber; D (%)
correspond to the average deviation of the fibers toward the applied electric field and
OD(%) correspond to the orientation degree.

Obviously the orientation is difficult to quantify and only a few methods permit this kind of
measurements (and usually these are indirect methods); the orientation will be quantify
based on the SEM images.

Hydroxyapatite was obtained by co-precipitation in the presence of collagen gel. In fact,
starting from collagen gel and hydroxyapatite precursors, in certain conditions, due to the
interactions between collagen, hydroxyapatite and water it was obtained self-assembled,
highly oriented composite materials. It can note that, many authors published a lot of papers
dealing with COLL/HA composite materials which start from collagen gel and calcium
hydroxide and ortophosphoric acid as precursors, but due to the inadequate processing
conditions they do not obtained the uniaxial orientation of the constitutive fibres.

In aqueous solution the collagen molecules and hydroxyapatite precursors have the capacity
to induce synthetic bone formation by self-assembling. The obtained composite material is
more similar with compact bones morphology; the recorded analysis being very similar
with these bones.

Very important is that we also propose a new way to estimate the average deviation of
fibres and we determined it, assuming a 2D model. The average deviation is 2.54+0.2%
which means that the degree of orientation is 97.46+0.2%.

3.2 Electric field orientation of COLL/HA composite materials

Also, orientation can occur due to different external factors (magnetic or electric fields),
most efficient and easy to realize being the electric field orientation. The electric field
orientation occur really fast (less than 1h) at low electric field (<1V/cm), the best electric
field being the pulsatory electric filed. The magnetic orientation can be realized but require
very high magnetic field (10T). First time in the literature, the degree of orientation was
mathematically quantified using a very simple equation, based on the SEM images.

The synthesis of COLL/HA composite materials via electric field orientation is realized in
similar conditions with the mention that, before drying different kinds of electric fields are
applied. By short, the collagen mineralization was conducted in two stages, in order to
mimic the in vivo osteosynthesis. First stage is the calcium deposition onto the collagen that
takes 24 h. The second stage consists in phosphate addition leading to hydroxyapatite
precipitation (Ficai et al. 2009a). After 24 h, at 370C and pH=9-10, the mineralization can be
considered completed and the orientation process can be initiated.

For orientation purpose of the mineralized collagen gel, there were considered two types of
electric field: pulsatory field (0.93 V/cm) and superposed field (direct field -0.67 V/cm and
pulsatory field -0.93 V/cm). In order to be able to compare the obtained results, all the
samples were obtained in similar hollow mold with the dimensions of WXLxH=2x3x2 c¢m3;
if electric field is applied, the electrodes are fixed in the hollow mold at 3 cm distance.

The mineralized collagen gel is maintained for 1 h in the desired electric field. After that, the
samples were introduced in the freeze drier and frozen at -350C. The freezing of the material
is compulsory, in order to preserve the obtained structure. After freezing, the electrodes can
be removed and the freeze drying process is started.

When no electric field is applied, the collagen molecules dipoles are randomly disposed,
without any orientation. If an electric field is imposed, the collagen dipoles are becoming
oriented, due to the interaction between collagen and the electric field (Fig. 16).
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Fig. 16. Electric field orientation of collagen dipoles
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The electric field is obtained with a “home-made” device, consisting in two different electric
generators, each with its own role. One is responsible for the direct current, while the other
for the pulsatory current generation. These two generators can work separately, at a
maximum potential of 30 V.

The SEM micrographs (Fig. 17) show relevant difference between the samples obtained in
the presence and respectively in the absence of electric field. If different types of electric
field are applied, different degrees of orientation are achieved. Fig. 17a, d show the
microstructure of collagen/hydroxyapatite composite material obtained without electric
field, Fig. 17b, e show the microstructure of collagen/ hydroxyapatite composite material,
obtained by orientation in a pulsatory electric field and Fig. 17c, f show the microstructure
of the composite material obtained in a combined (superposed) electric field.

100w, 00X

Fig. 17. SEM images of coll/HA composite: a, d) control - no electric field is applied; b, e)
pulsatory electric field is applied, 0,93 V/cm, frequency = 1 Hz; ¢, f) superposed electric
field: 0,67 V/cm direct electric field and 0,93 V/cm and 1Hz pulsatory electric field

The mineralization process of collagen gels leads to composite materials with a structure
similar to that of spongy bone (Fig. 17a, d), without any orientation of the collagen fibers. If
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a pulsatory electric field is applied the collagen molecules and fibril are becoming oriented
and the structure became more compact (Fig. 17b, e), like compact bone. The superposed
electric field induces an intermediary degree of orientation of the composite material (Fig.
17c, f). The presence of the direct electric field induces not only orientation but also
migration processes of the collagen molecules and due to the collision with the collagen
molecules or hydroxyapatite particle the orientation degree will be worse comparing with
pure pulsatory electric field.

If a combined electric field is applied, the influence of the electric field on the microstructure
of samples is not that evident, the structure exhibiting a very low degree of orientation (Fig.
17¢, f).

It is well known that the natural osteogenesis is assisted by the collagen piezoelectricity.
Briefly, the piezoelectricity can be defined as the translation of the mechanical stress into
electric field (Ferreira et al. 2008; Noris-Suarez et al. 2007). The osteogenesis is a very
complex process which consists of continuous collagen deposition and mineralization.
Piezoelectricity influence not only the mineralization process but, due to the electrical
surface charge induced by the mechanical stimuli, also the collagen deposition is assisted.
The electric field produced by piezoelectricity is similar with the pulsatory electric field (the
frequency of the pulsatory electric field being of less than 5-10 Hz) and due to this similarity
the results are the same: in the cortical bone the microstructure is orientated (these bones are
exposed to mechanical stress) as well as in the case of in vitro, pulsatory electric field
assisted COLL/HA composite materials synthesis.

4. The synthesis of COLL/HA composite materials by “layer by layer” method

The LbL deposition of hydroxyapatite (HA) onto a collagen matrix involves HA synthesis
on the collagen matrix starting from electrically charged support. (Ficai et al. 2009c).

The mineralization process was performed directly on the collagen matrix starting from
Ca(OH); suspension and NaH>PO, solution. In all cases, the collagen matrices weighed
between 0.06 and 0.07 g in order to obtain reproducible depositions. The precursors were
prepared in order to obtain a 0.026 M Ca(OH). suspension and a 0.015 M NaH>POy solution.
Nine pieces of collagen matrix of similar mass were used for the mineralization process.

The layer by layer method is schematically represented in Fig. 18.

The mineralization process was performed as follows. In the first stage, the collagen
matrices were bound on a stainless steel net and immersed into the mechanically stirred
Ca(OH); suspension for 20 minutes. In the second step, the matrices were immersed in the
phosphate solution for 10 minutes. When the matrices were immersed in the phosphate
solution, hydroxyapatite precipitation occurred due to the retained Ca2* ions. Between the
two immersions, the matrices were allowed to stay exposed to air for 5 minutes to allow for
water draining.

The mineralization process can be analyzed by SEM, FTIR and ATD-TG.

Scanning electron microscopy images were recorded in order to study the mineralization,
the morphology and the porosity of the obtained deposition products.

The recorded SEM (Fig. 19) images revealed that better mineralization occurred when a
larger number of hydroxyapatite layers were deposited. The increased number of HA layers
led to an increased amount of deposited HA. When studying different composites with an
increasing number of deposited HA layers, we can conclude that the composite materials
have become denser, due to the filling of the matrix holes with HA.
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Fig. 18. Schematically representation of layer by layer deposition method
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Fig. 19. SEM images of layer by layer mineralized collagen matrix: 1, 3, 5 layers of HA
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The amount of deposited HA is dependent on the mineralization process, and particularly
on the citrate ions present within the collagenous materials. The amount of HA is seen to be
directly proportional to the number of deposited HA layers.

At higher SEM resolutions, the size of HA agglomerates was determined. The typical size of
the HA agglomerates increases with the number of layers from less than 100 nm for the
composite obtained by LbL1 up to several micrometers in the case of composite obtained by
LbL5.

Infrared spectroscopy (Fig. 20) confirmed the composite structure of the obtained materials.
IR analysis also confirmed the increasing amount of deposited HA by showing increasing
PO; to carbonyl group peak intensity ratios with increasing numbers of HA layers. For

visual quantification of the mineralization process, the IR spectra of collagen matrix and
mineralised matrices were worked up to obtain the same intensity of the carbonyl peaks
(1637 cm) without modifying the peak ratios. In this case, it can be assumed that the ratio
between the intensity of HA peaks for each multilayered composites is proportional to the
ratio of the deposited HA amounts.
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Fig. 20. FT-IR spectra of pure and mineralized collagen matrix with 1 and 3 layers of HA

When the collagenous matrix is immersed for 24 h into Ca(OH); suspension and than into
NaH>POy solution, about 32% of HA is deposited onto the matrix (Fig. 21, dotted line). The
same results were obtained when alternately immersing the matrix three or four times into a
Ca(OH); suspension (for 20 min) and a NaH>PO; solution (for 10 min).

The amount of deposited HA was determined by gravimetric analysis by measuring the
initial mass of collagen matrices and the mass of the dried mineralised matrices. The amount
of deposited HA is quite linear with respect to the number of deposited layers. This
relationship was quantified and the root-mean-square deviation was found to be 0.9857.

The layer by layer deposition method was successfully applied in order to increase the
amount of mineral phase that is deposited on the collagen matrix. The root-mean-square-
deviation is very close to 1, meaning highly linear layer growth was observed for even six
HA layers.
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Fig. 21. Gravimetric variation of deposited HA with the number of deposited layers

The classical mineralization method conducted by dipping a collagen matrix in Ca(OH)
suspension for 24 h followed by dipping the collagen matrix in NaH>PO, solution for a
further 24 h can be improved by using the LbL deposition method. Deposition of six HA
layers obtained by alternately soaking in a Ca(OH) suspension for 20 min and then in a
NaH2PO4 solution for 10 min resulted in a 12% increase in HA deposition. Extrapolating
from the obtained results, it can be estimated that for a collagen matrix, such as the ones
used in these experiments, one would need to deposit about 14 layers of HA to obtain a
composite material similar to whale bone, while antler bone composition can be obtained if
seven HA layers are deposited.

The obtained composite materials can be assumed to be hydroxyapatite matrices reinforced
with mineralized collagen fibers as they have a structure very similar to the bone structure
suggested by Hellmich et al. (Hellmich et al. 2004).

The good linearity of the quantity of deposited HA with respect to the number of layers is
due to interactions occurring not only between collagen and HA, but also between
deposited HA and Ca?* ions.

From the parameters that influence the deposition of HA, we can distinguish three main
categories: support dependent, solution/suspension dependent and processing parameters.
While the first two categories have been extensively studied and can be quantified, the third
category is very difficult to be quantified.

Under similar mineralization conditions, the amount of deposited HA is greater in the
presence of citrate ions, but the LbL method applied to a pure collagen matrix can increase
the amount of deposited HA even more than in the case of one layer deposition (24+24 h)
onto citrate enriched collagen matrices.

5. The synthesis of complex COLL/HA+Fe;0, composite materials

Magnetite is a mineral with multiple roles in both medical (Ito et al. 2005; Mornet et al. 2006;
Zhang and Misra 2007) and non-medical applications (Ficai et al. 2010d; Ju and Bian 2006).
The addition of magnetic nanoparticles (especially magnetite nanoparticles) induces new
properties to the COLL/HA composite materials (Andronescu et al. 2010). The bone
regenerative effects are due to the presence of COLL/HA while the anti-tumoral effects are
due to the presence of magnetite which can produce hyperthermia when an electromagnetic
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field is applied. These systems, even at low magnetite concentration (5%) can be used for
curative purpose because can generate the necessary hyperthermia and consequently induce
tumoral cell apoptosis. It is important to mention that the presence of magnetite even at low
concentration (1-2%) may induce hyperthermia but, in order to be useful for medical
applications (hyperthermia - cancer treatment) at least 5% of magnetite is required. One of
the most important advantage of the use of magnetite based composite materials is that
hyperthermia can be activated only when is necessary and consequently the side effects is
limited comparing with chemotherapy, for instance. As a matter of course these materials
will be improved by the addition of other antitumoral agents such as silver or gold
nanoparticles, cytostatics or other drugs for pain managements.

6. Conclusions

Collagen/hydroxyapatite composite materials are the most similar synthetic grafts with
bone from many points of view, bone being composed from collagen and hydroxyapatite as
main components and few percent of other components.

The morphology and subsequent the properties of the composite materials is strongly
influenced by the presence of different components, even when they are present in small
proportions. The reason that perfect bone graft materials have not been successfully
synthesized is due to the limited number of components used in the synthesis of bone graft
materials, which typically include only collagen and hydroxyapatite or carbonated apatite.

It is worth to mention that all commercially available collagen forms can be converted into
COLL/HA composite materials with dense or spongious microstructure. If collagen gel can
be easily converted in dense or spongious materials by a proper choice of the drying
method, collagen

Collagen gel Collagen fibres Collagen matrix

Dense structrures €~ Spongious structrures

Similar with compact bone Similar with spongy bone

Fig. 22. The influence of collagen form on the composite materials microstructure

Based on the presented results, it can be concluded that the presence of additional
components (which are usually found in natural bone in small concentrations) is of
significant importance. For instance, the presence of fluoride induces a higher crystallinity
in the deposited mineral phase. The morphology of the apatite phase was found to be
lamellar by SEM, where visible pores were not observed, even at relatively high
magnification.
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The shape of the mineral phase of the composite material obtained by in vitro co-
precipitation in the presence of fluoride is biomimetic and similar to the mineral phase of
natural bone. The main difference between the mineral phases of bone and composite
materials obtained in the presence of F- is the size of the crystal. In order to obtain natural-
sized crystals in the mineral phase, crystallization inhibitors may be used. Under these
conditions, we expect to reduce the size of the crystals.

Not only the presence of different components can induce morpho-structural modifications
but also the synthesis route. For instance, the proper, applied electric or magnetic field or
the drying method corroborated with ionic strength and pH lead to the formation of highly
oriented COLL/HA composite materials. The synthesis of COLL/HA composite materials
with oriented morphology of the mineralized collagen fibrils and fibres is an essential step
to obtain bone grafts of the long bones. The orientation degree, based on SEM images, was
of great importance and allows the quantification of the orientation. Based on the existing
data, best orientation can achieve with self-assembling, the mean orientation degree being of
~97%.
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