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Abstract

There are several synthesis techniques to obtain hydroxyapatite (HAp). Some use surfac-
tant agents, amino acids or halogen salts to control structural nucleation and crystal
growth. In others, the use of hydrothermal process to carry out the reaction is effective for
HAp synthesis. Microwave-assisted hydrothermal method (MAHM) has been successfully
applied in the synthesis of HAp nanostructures, which present well-defined morphologies,
high crystallinity and high purity. This is important because nano-HAp is attracting interest
as a biomaterial for use in prosthetic applications due to its similarity in size, crystallinity
and chemical composition with human hard tissue. In this chapter, developments in
obtaining HAp nanofibers, with a crystal growth with preferential orientation, as well as
morphology control achieved by using the MAHM is discussed. Also, the synthesized
fibers were used to cast ceramics with controlled and interconnected porosity through the
modified gelcasting process. Then, these HAp ceramics were impregnated with a water
solution of gelatin in order to obtain an organic-inorganic composite material, similar to
natural bone tissue. The maximum compressive strengths were determined and the com-
posite materials showedmechanical properties that make them suitable to be used as bone
tissue implants.
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microwave-assisted hydrothermal method, biomimetic material
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1. Introduction

Hydroxyapatite (HAp) is an inorganic compound made of calcium phosphate and hydroxyl

groups, with a stoichiometry of (Ca10(PO4)6(OH)2) and a hexagonal crystal structure. Natural

HAp is the main mineral constituent of hard human tissues such bones and teeth, and it has

the same crystal structure, but a stoichiometry slightly different from the synthetic one since

some calcium ions can be exchanged by other metallic ions, such magnesium or sodium. The

production of synthetic HAp has acquired a great significance in recent years due to its

excellent properties of biocompatibility, bioactivity, osteoconductivity and osteoinductivity.

Those properties are produced, in part, by its similarity in structure and chemical composition

to those in the natural HAp [1]. Consequently, synthetic HAp has been widely applied in

health-related fields as a replace, bone reconstructing or implant material in the restoration of

damaged bones or teeth [2].

In spite of HAp is mainly useful as a biomaterial for implants in bone tissue, other interesting

application have been developed in recent years. Some authors have explored the use of the

HAp piezoelectric properties [3–5], some HAp-collagen composite materials have been stud-

ied to be applied in bone regeneration and osteogenesis using their piezoelectric properties [6,

7] or other composite materials based on HAp use this property to be used as a immunosensor

material [8]. In addition, this HAp property was also studied to analyze its impact in the

design and development of ferroelectric memories and micro-electro-mechanical systems,

and consequently, some materials have been obtained for those applications [9]. Other inter-

esting uses of HAp have been reported as catalysts [10–12], especially for the synthesis of

organic compounds [13, 14], and some application in obtaining ecological biofuels [15, 16].

Additionally, the HAp has been used in water treatments [17–19] and for the environment

remediation [20–22] to remove heavy metals. All these diverse applications have made the

HAp a quite interesting material and the relevance of its synthesis and production methods are

still increasing.

2. Different hydroxyapatite synthesis methods

Several synthesis methods have been proposed by many scientists in order to obtain HAp. The

morphology, dimensions, crystalline quality and purity of the synthesized HAp have an

impact on its properties, and the properties determine the final application of the HAp; for

that reason, those structural characteristics often tried to control the synthesis process. Table 1

summarizes the different HAp synthesis methods, their reaction times and the corresponding

obtained morphology.

Sol-gel is one of the most used methods to obtain HAp. Here, the chemical substances, used as

precursors, are dissolved in water (wet chemistry), and then this solution are blended with some

monomer molecules to form a sol (colloid) at the beginning of the reaction, and posteriorly, the
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polymerization process continues until the formation of the gel. The chemical reaction takes

place at room temperature, and therefore, there is little amount of energy for the reaction and,

consequently, it takes several days [23–25], and the morphology mainly produce are particles.

An interesting example of wet chemical reaction is obtaining HAp from eggshells. The hen

eggshells are made basically of calcium carbonate. In the synthesis to obtain HAp, the egg-

shells are cleaned and milled; posteriorly, the powder undergoes an initial thermal treatment at

450�C to eliminate organic residues and after that, the calcination of the powder is made to

transform the calcium carbonate into calcium oxide. This calcium oxide could be hydrated to

form calcium hydroxide, which is put in reaction with a solution of phosphoric acid to finally

obtain the HAp [26]. In a variation of this reaction, the calcium oxide could be put in contact

with a water solution of calcium phosphate in order to obtain the HAp [27].

Other authors have used the calcium oxide to obtain HAp through a solid-state reaction. The

calcium oxide is mixed with phosphorus oxide and other additives; then, the mixture is

sintered inside an oven at 1250�C, and the HAp is finally obtained [28]. In other solid-state

method to produce HAp, diammonium phosphate, sodium bicarbonate and calcium nitrate

are used as the main precursors of the synthesis. The reactants are mixed in the proportion to

achieve the stoichiometric of HAp and milled. The mixture is aged at room temperature and

posteriorly, this blend is washed, dried and calcined to produce HAp [29]. In several cases,

where a solid-state method was used to obtain the HAp, the final product was mixed with

other by-products.

Although the aforementioned synthesis methods are important for the HAp obtention, in

most of the works where those procedures were used the authors did not report a control on

the morphology, size, crystalline quality or structural parameters of the HAp aggregates,

which made suppose that those structural features were difficult to regulate through those

methods.

In other more innovative synthesis methods, the production of HAp involves the use of

different chemical substances such surfactants, amino acids or halogen salts to control the

nucleation and crystal growth. The last one has, as a consequence, the control on the final

morphology of HAp assembly [30–33]. Additionally, some of those methods use a conventional

Type of reaction Reaction time Reaction features Reaction

temperature

Obtained morphology

Sol-gel 24–120 h A little energy available inside

the reactor

25–45�C Nanoparticles nanorods

Solid-state reaction Several hours Diffusion difficulties,

calcination process required

25–1250�C Nanoparticles

Conventional

hydrothermal

Several minutes Inhomogeneous temperature

inside reactor

170�C Nanoparticles, nanowires,

nanofibers and nanoplates

Table 1. Different HAp synthesis methods and their corresponding outcome.
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hydrothermal process (CHP) to carry out the synthesis reaction. In CHP, the precursors are

dissolved in water and put inside an autoclave. The heat to perform the reaction comes from

the outer side of the reactor walls, and produces a temperature gradient in the solution.

Mechanical agitation can be suitable to help in the heat distribution, and thus, try to generate

a homogeneous temperature in the whole reactor. The steam produced by water increases the

pressure on the solution and therefore, the boiling point of water is increased and the solution

can reach a higher temperature. This higher temperature in the reactor can increase the

reaction rate. A measured supply of heat makes possible to have a control on the temperature

of the reacting solution, and thus, also a control on the pressure. These reaction conditions

make the crystallizing substances possible in a short time; additionally, the size and crystal

quality can be controlled during the crystal growth.

The CHP has demonstrated to be effective for the HAp synthesis; the use of this method has

been improved due to the relative low cost and simplicity to synthesize HAp in a large scale

and with a high purity [34–37]. The CHP experienced an important development when a

microwave oven was used for the synthesis reaction. The microwaves provide the energy

required to carry out a chemical reaction. The emission of microwaves could be focused into

the reactor to reduce the amount of energy used. Thus, the microwave-assisted hydrothermal

method (MAHM) was developed. Currently, this method is applied in the crystal growth of

multiple substances with an excellent control on their morphology, size and preferential crystal

orientation. Several works have reported the use of MAHM in the synthesis of HAp

nanostructures, which possess well-defined morphologies, high crystallinity and purity [38–

44]. According to literature, the structures more often synthesized by this synthesis method are

nanoparticles, nanorods and nanofibers.

3. The microwave-assisted hydrothermal method

In the MAHM, the electric field of microwaves interacts with the dipole moment of molecules to

produce heat. When a molecule is irradiated with a microwave, its dipole moment tries to align

with the electric field vector. In an electromagnetic wave, the electric field is oscillating, and the

dipole moment vector always attempts to be aligned with it. During the aligning process, the

molecules disperse energy in the form of heat, which is produced by intermolecular frictions,

collisions and dielectric losses. If the dipole moment of the molecules in a sample has not enough

time to align with the electric field or if their reorientation occurs in a short time, the sample is

not warming up.

In a conventional microwave oven, the magnetron produces electromagnetic wave with a

frequency of 2.45 GHz and the waves possess energy of 0.0016 eV, but the electric field spins

4.9 � 109 times in a second. The dipole moment in the molecules has enough time to align with

the electric field, but they cannot oscillate with the same frequency. Therefore, phase differ-

ences between the electric field and the dipole moments are generated, and these phase
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differences cause energy dispersion, and the lost energy has the form of heat, which is gener-

ated by the intermolecular collisions, frictions and dielectric losses. The heat produced

increases the temperature of the sample. The presence of ions could accelerate the heating

process. In that way, the reacting mixture inside the reactor could be heated quite homoge-

neously in a microwave oven. A better heat distribution produces a quite similar temperature

into the whole reactor, and this cause that the chemical reaction take place with a similar rate

everywhere into the reactor; thus, the crystal growth is rather homogeneous and, conse-

quently, the size and the crystalline quality in the obtained crystal can be controlled.

Some materials can reflect the microwaves, for example, metals, and they do not allow the

wave pass. In other materials, the microwaves produce low dielectric losses and then, those

materials such glass, Teflon and quartz are transparent and they permit the microwave to pass.

In MAHM, the vessels (reactors) are made of transparent materials. The absorbing materials

are dielectrics and they have great dielectric losses generated by the interactions of micro-

waves; therefore, they can be heated by microwaves.

In this work, a detailed description is made of how the microwave-assisted hydrothermal

method was used to prepare several types of HAp morphologies, from particles until

nanofibers with a preferential crystalline orientation in the [300]. Some of these nanostructures

had a high crystallinity and good purity, which were a consequence of the synthesis method

used. A careful control on the operation conditions in the microwave oven concerning pressure

and temperature allowed obtaining controlled heating and cooling rates to produce the HAp.

The suitable chemical composition in the reacting mixture, and posteriorly, the use of the

glutamic acid (GA) as the substance to guide and control the crystal growth of HAp

nanostructures, were the main factors to obtain the different morphologies in the HAp assem-

blies.

Posteriorly, the HAp nanofibers were selected to produce a ceramic with a controlled porosity

through the modified gelcasting process (MGCP). Porosity is rather relevant for the HAp in its

application as a bone tissue implant. Dimension of pores must be large enough to permit the

flow of nutrients, substances and cells with the purpose of carry out the regeneration process

in the damaged bone tissue.

Once the porous ceramic was made, an organic phase made of protein was added in order to

obtain an inorganic-organic composite material. The chemical interaction between both phases

produced synergic mechanical properties.

4. Synthesis of HAp with different morphologies through MAHM

The long experimental way to obtain different morphologies in the HAp began with the

formulation of the reacting mixture to perform the synthesis reactions. The chemical sub-

stances chosen for the synthesis were calcium nitrate [Ca(NO3)2∙4H2O] as the source of cal-

cium, monobasic potassium phosphate [KH2PO4] as the source of phosphate groups and
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potassium hydroxide [KOH] to supply the hydroxyl groups. These inorganic compounds were

dissolved separately in 100 ml of distillated water to achieve the stoichiometry of HAp. After

that, the solutions were mixed and a 400-ml new dissolution (reacting mixture) was made,

which was put inside eight Teflon tubes (50 ml each). The tubes were placed inside the

microwave oven. This reaction was numerated as “1” (Table 2), and took place within the

microwave oven at 150�C at a pressure of 690 kPa, 100 W power was used for a reaction time

of 90 min. When the reaction was over, the final product was washed with ethanol, filtered and

dried at room temperature. The HAp synthesized was analyzed by X-ray diffraction (XRD) by

powders to identify the crystalline phases present in the sample and the respective diffractogram

is shown in Figure 1(a). The phase identification was done by comparison using the powder

diffraction file (PDF) data bank provided by the International Center for Diffraction Data

(ICDD), and only one crystalline phase was found, which correspond to HAp, with PDF #86-

1199. The presence of a single crystalline phase indicates that the synthesis method is suitable to

Reaction Ca(NO3)2 Glutamic acid HAp crystalline features Obtained morphology

1 CNC 0.0 Good purity and satisfactory crystalline quality Nanoparticles

2 CNC 0.2 (CNC) Better crystalline quality and defined morphology Nanowires-nanofibers

3 CNC 0.9 (CNC) Excellent crystalline quality and preferential

crystalline orientation

Nanofibers

4 CNC 2 (CNC) Remarkable preferential crystalline orientation and

structural organization

Nanofiber closely packed

in microfibers

5 CNC 2.5 (CNC) Decrease in the preferential crystalline orientation and

a multilayer structure

Nanoplates

Table 2. Different HAp morphologies obtained by MAHM.

Figure 1. X-ray diffractograms and morphology of the HAp structures synthesized by the MAHM in reactions 1 (a), 2 (b),

3 (c) and 4 (d).
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obtain HAp with a good purity. The diffractogram shows a background with a high noise level

and the Bragg reflection are well-enough defined, those are indicative of an acceptable crystalline

quality. Afterward, the HAp sample was observed by means of a scanning electron microscope,

and the morphology found correspond to particles, as can be seen in Figure 1(a). The diameter in

the particles was in the range from 90 until 160 nm. This reaction was useful to probe that HAp

can be synthesized through the MAHM.

The next step was to include the glutamic acid (GA) in the chemical formulation of the reacting

mixture and analyze the influence of this amino acid in the morphology of the HAp. The

concentration of the other components in the reacting mixture was kept constant and the

amount of GA varied. The reaction conditions in the microwave oven were the same as those

described for reaction 1.

The GA has two carboxyl groups and one amine group. The nitrogen and the oxygen in these

functional groups possess electron-pairs, which can be donated to the calcium ions in their

empty “d” orbitals in order to form coordinate covalent bonds. Thus, the GA molecules bond

the calcium ions and the acid can guide the crystal growth of HAp.

In reaction 2, the GA was added to the reacting mixture. The calcium nitrate concentration

(CNC) was the reference and the GA concentration was 0.2 CNC in this reaction. The GA was

dissolved in 200 ml of distilled water along with the calcium nitrate. At first, the solution was

cloudy due to the GA solubility and for this reason, mechanical agitation was performed for

about 2 h; posteriorly, the solution turned transparent and both chemical substances became

dissolved. It is possible that the coordinate covalent bonds between Ca ions and the oxygen or

nitrogen atoms could occur during this solution preparation, and consequently, the solubility

of both substances was facilitated by these bonds formations.

The other reacting substances, KH2PO4 and KOH, were dissolved together in 200 ml of

distilled water to form an additional solution. This solution was agitated for 15 min. Posteri-

orly, both dissolutions were mixed to produce 400 ml of the final reacting mixture, which is

placed in eight Teflon vessels (50 ml each). These tubes are put inside the microwave oven, and

the synthesis reaction was carried out using the same reaction conditions as reaction 1. Finally,

the product was filtered and washed with distilled water.

X-ray diffraction analysis was performed to obtained the product, and again a single crystalline

phase was obtained, and it was identified with the ICCD PDF #86-1199 (Figure 1(b)). The crystal-

line quality was improved in comparison to that showed by the HAp in reaction 1. Observation by

SEM was also done to the sample, and an evident change in the morphology could be seen. This

time the HAp possessed the morphology of nanowires as shown in Figure 1(b).

Reaction 3 was done with a GA concentration of 0.9 CNC. The reaction conditions were the

same as those in reaction 1. The synthesized product from this reaction also showed a single

crystalline phase identified as PDF #86-1199, but this time the Bragg reflection corresponding

to the planes (300) at 32.92� in 2θ showed an increased intensity according to that reported in

the mentioned PDF (as shown in Figure 1(c)). This is an evidence of a preferential crystalline

orientation. The crystalline quality was increased again. The observation done by means of

SEM revealed the morphology of well-defined fibers (Figure 1c).
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For reaction 4, once again, the GA concentration was increased to 2 CNC, and the results were

rather significant. This time, the X-ray diffraction showed a notorious increment in the inten-

sity of the Bragg reflection produced by the (300) at 32.92�. This intensity is even higher than

that for the (211), which is the most intense Bragg reflection according to the ICDD PDF #86-

1199 (Figure 1(d)).

Similarly, the Bragg reflections produced by the planes (100) and (200) also experienced an

increment in their intensities but in the diffractogram depicted in Figure 1(d), it is also possible

to see a reduction in the intensity of the signal at 26�, which is generated by the (002). These

changes in the Bragg reflection intensities are indicative of a remarkable preferential crystalline

orientation on the HAp crystal structure.

Observations made using the SEM allowed seeing the morphology in the HAp obtained in this

reaction, and the microscope revealed the morphology of microfibers as shown in Figure 1(d).

This time, the microfibers were larger and thicker than those obtained in reaction 3, and they

showed a quite smooth surface, their facets and ends looked well-defined, which is an evi-

dence of a good-quality crystal growth. Additionally, all fibers showed a hexagonal cross

section, their average diameter was 4.67 μm, and their lengths were in the range of hundreds

of micrometers.

This morphology of fiber with a hexagonal profile allowed understanding the XRD results is

depicted in Figure 1(d). During sample preparation for XRD experiments, most of the fibers

laid on the sample holder and they acquired an arrangement in such way that their hexagonal

profiles were perpendicular to the sample holder surface and their lengths were parallel to it

(see Figure 2). As a result, most of the reciprocal vectors a* of the HAp crystal structure laid

orthogonal to the surface and the possibilities to satisfy the diffraction conditions were

increased. In contrast, a large number of reciprocal vectors c* laid parallel to the sample

surface, and the probability to satisfy the Bragg conditions decreased considerably. Therefore,

this fibers distribution made possible that the Bragg reflections produced by those planes

orthogonal to the “a” axis in the HAp crystal structure (or “b” axis) had bigger intensity; In

Figure 2. SEM micrograph showing the hexagonal profile in the HAp microfiber (left) and the schematic representation

of the vectors “a” and “b” in the direct space, and the vectors “a*” and “b*” in the reciprocal space (right).
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contrast, the reflection generated by the planes perpendicular to the “c” axis decreased their

intensity significantly in the X-ray diffraction experiments. Consequently, in the diffractogram

shown in Figure 1(d), the contributions of the (300), (200) and (100) planes possess higher

intensities and that corresponding to the (002) plane is nearly null.

In a closer observation on the hexagonal cross section of the fiber in Figure 1(d), it was possible

to see the microfiber was formed of small fibers closely packed within its body. These small

fibers possessed pointed-end structures as can be seen in Figure 1(d) and the right micrograph

in Figure 3. Besides, some of the microfibers also had a pointed-end structure as it was

depicted in the left image in Figure 3.

In the SEMmicrograph on the right side of Figure 3, it is also possible to see a hole in the center

of the microfiber profile, this empty space could be produced when some loose nanofibers slid

out of the microfiber body, and then those free nanofibers were finally situated near of the

microfiber. It is possible that the lone nanofiber indicated by the white arrow could have

undergone a slide as described before.

Observation of nanofibers using high-resolution transmission electron microscopy (HRTEM)

revealed that they had an average diameter of 97.5 nm, and a polycrystalline microstructure as

can be seen in Figure 4(b) and (c). The average crystallite size was of 9.76 nm, which was

calculated using the Digital Micrograph software.

Using that software, it was possible to obtain fast Fourier transforms (FFT) from the high-

resolution images to analyze the crystal structure of the HAp in the nanofibers. The interplanar

distances were also determined to identify the crystalline planes that contributed to form the

images. In Figure 5, a bright field image of a nanofiber is depicted. In the upper right inset of

Figure 5, a high-resolution micrograph of the nanofiber tip was showed. In this micrograph, it

was possible to observe an arrangement of lines and dots, which were produced by the HAp

crystal structure. The distances between lines were determined and the value of 0.344 nm

Figure 3. SEM micrographs of HAp microfibers showing the pointed-end (left) and how those nanofibers joint to form

the microfiber structure (right), the white arrows indicate some nanofibers.
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corresponds to the interplanar distance of (002) planes, and the distances between dots were of

0.295 nm, which were related to the (211) planes. A FFT was produced from the high-

resolution micrograph and the dot pattern displayed in the bottom right inset was obtained.

The planes (002) generated the most intense dots in the pattern and this intensity is indicative

of their abundance, which was also corroborated by the high-resolution micrograph in the

upper inset of Figure 5. Other dots were produced by the planes (211). These crystalline planes

are the most abundant according to the PDF 86-1199, but they are not numerous in the HAp

obtained in this experiment. All dots in the FFT were laid on parallel lines and their arrange-

ment is indicative of a high crystallinity. All (002) planes were stacked along the length of the

nanofiber, and this stacking line was parallel to the “c” axis of the HAp crystal structure, this is

indicative that the nanostructure was grown in the [002] direction as it was indicated in the

upper right inset in Figure 5. These results were very significant because the preferred crystal-

line orientation found in the X-ray diffraction analysis, in the [300] direction, along with the

SEM and HRTEM results indicates that the HAp fibers grow in [002] direction.

Figure 4. HRTEM images of nanofibers depicting their diameter size (a), and the polycrystallinity in their structure (b)

and (c).
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These morphological and structural features of HAp fibers made them suitable to be used as

the main material to elaborate porous ceramics, which must have porosity in the macro scale to

allow the flow of nutrients and cells and consequently, a bone regeneration process could be

possible.

Finally, once again the glutamic acid concentration increased in the reaction mixture and reaction

5 was performed to obtain another HAp structure. This time the concentration of glutamic acid

was 250% related to the calcium nitrate content. The X-ray analysis of the product obtained in

this reaction showed a small decrement on the intensity of the Bragg reflection corresponding to

the (300) planes, and an increase in the intensity of the Bragg reflection at 26� related to the (002)

planes, this is observed in the diffractogram in Figure 6(a). The latest is indicative that the

preferential crystalline orientation is lesser in this product in comparison with the microfibers

described before.

The HAp obtained in this reaction was observed by means of the SEM and the morphology of

nanoplates was found. These nanoplates had different shape in the plane surface, and they had

an average thickness of 62.3 nm. This morphology can be seen in Figure 6(b).

Similar to the case of the HAp microfibers, the nanoplates were formed by several small

tickertapes or nanoribbons, which were joined to build the nanoplate surface (see Figure 6(c)).

Besides, the thickness of these nanoplates were also formed by the stacking of those small

nanoribbons in Figure 6(c) is possible to see some layers on the nanoplate surface and they were

produce by the superposition of those nanoribbons. May be the whole nanoplate volume was

formed by the union of several nanoribbons.

Possibly, during the crystal growth mechanism, the nanofibers or nanoribbons were formed,

depending on the GA concentration in the reacting mixture, and their growing continued until

Figure 5. HRTEM image of a nanofiber showing its morphology. In the upper right inset, a high-resolution image of the

fiber tip is displayed, the interplanar distances were calculated, and in the bottom right inset, a FFT was generated form

the upper image and all dots were indexed.
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these nanostructures were linked to form the microfiber or nanoplate volume, respectively. The

energy available within the reacting solution, especially in the regions close to the outer surface

of the nanostructure, could be fused with the nanostructures to form a smooth surface. When

the microfiber or nanoplate surface was degraded or corroded, it revealed that it was formed

by the union of smaller pieces, corresponding to the nanofiber or nanoribbons.

5. Elaboration of HAp ceramics with interconnected porosity

Porosity plays a decisive role in the behavior of biomaterials. It is necessary to have sufficient

pore size and interconnected porosity to promote osteoblasts to grow into a ceramic device [45,

46] and to allow cell penetration, internal tissue growth, vascular incursion and nutrient

supply.

In order to manufacture HAp objects with different (and desired) shapes and sizes, which

possess controlled and interconnected porosity, enough to permit cellular mobility and tissue

ingrowth, it has used a successful process, named as modified gelcasting process (MGCP),

previously reported by our group [47–50]. The key process is the proper use of a monomer-

polymer blend, which can function as plasticizers, binders and dispersants and holds HAp

powders or fibers together. During the polymerization, the slurry can be poured into silicone

molds and a green body is obtained. PMMA micro balls (10–40 μm in diameter) were used as

sacrificial porogens and oxalic acid was used to produce CO2 bubbles during the polymeriza-

tion to form the microporosity. Once the ceramic pieces are demolded, they are subjected to a

thermal treatment in order to remove the polymers and promote a sintering of the HAp

particles or fibers to obtain a ceramic with interconnected and controlled porosity. Figure 7

shows HAp ceramic pieces with different shapes and sizes obtained through the MGCP.

Figure 6. X-ray diffractogram of the HAp synthesized by the fifth chemical reaction and the morphology of nanoplates

observed (a). SEMmicrographs of nanoplates showing different shapes and sizes on the flat surfaces (b) and (c). The white

arrows indicate the union between nanoribbons to form the flat surface, and the stacking of those nanoribbons to form the

nanoplate thickness.
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Figure 8(a) and (b) shows SEM micrographs of two demolded samples after the gelcasting

process, in which polymers have not been eliminated. The difference between these two

samples consists in that in the one of Figure 8(a) there is no PMMA micro balls, meanwhile in

the sample of Figure 8(b) they can be clearly observed occupying spherical spaces that will

generate the larger (or macro) porosity in the final HAp ceramic.

After the thermal treatment, polymers were removed and HAp fibers (or particles) are sintered

to form a ceramic with interconnected porosity in micro (1–5 μm) and macro (20–40 μm)

scales. This is relevant for the application as bone replacement because the osteocyte cells have

a size between 100 and 500 nm [51], while osteoclast cells have a size of about 10 μm [52],

which means that there is sufficient space to move through the porous structure. Figure 8(c)

Figure 7. Hydroxyapatite objects molded in different sizes and shapes by the modified gelcasting process (scale in cm).

Figure 8. SEM micrographs of samples after gelcasting without PMMA micro balls (a) and with PMMA micro balls (b).

SEM micrographs of HAp scaffold after polymer removal showing interconnected micro and macro porosity (c) and (d),

and typical SEM micrographs of the HAp-based biomimetic organic-inorganic, composite material. The organic phase

wet and links the HAp inorganic structure (e) and (f).
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and (d) show SEM micrographs in two different magnifications in which the interconnected

micro and macro porosity is observed.

6. Obtaining the HAp-based organic-inorganic composite material

Due to the fact that the combination of polymers and hydroxyapatite to fabricate bone sub-

stitutes is a natural strategy, in order to elaborate a HAp-based organic-inorganic composite

material, a water solution of gelatin (or collagen) was used as organic phase. HAp ceramics

with interconnected and controlled porosity, obtained as described earlier, were used as inor-

ganic phase and the final composite material was obtained by following the steps described in

Figure 9.

Different water solutions of gelatin with 1.5, 2.5, 5, 6.75 and 7.5 wt%, were dripped to ceramic

scaffolds to generate an organic-inorganic composite material. SEM analyzed the incorpora-

tion of gelatin (collagen) to the matrix and a typical example is shown in Figure 8(e) and (f). It

is interesting to notice that the organic phase wet and links the HAp inorganic structure to

form the organic-inorganic composite material in a similar way as in the natural bone tissue.

Figure 9. General procedure to obtain HAp-based organic-inorganic composite material.
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It has been established that a complex between calcium ions (Ca2+) in HAp and dCOOd

groups in the amino acids in the organic phase is formed, which means that a chemical

interaction between the organic and inorganic phases occurs to form the composite material

[49, 50]. These interactions will play an important role in improving the mechanical properties

of the final material.

Mechanical properties were evaluated under compression. Figure 10(a) shows a typical

mechanical behavior of composite samples which corresponds to a typical non-linear elastic

behavior showed by cellular materials and which agrees completely with the observations of

SEM images as shown in Figure 8(c) and (d). The mechanical behavior shows two stages; in

each of them, a linear behavior, corresponding to an elastic deformation is observed, after

which a change in the slope of the curve is observed. At that point, the cells are deformed

plastically until they reach the maximum compressive strength and begin to collapse, dissipat-

ing energy by breaking the bonds between the Ca2+ ions of the HAp and thedCOOd groups

of the organic phase mentioned above. Then, a densification of the material follows until the

second stage is reached and the behavior is repeated until reaching a second maximum

compressive strength (with a lower value). The highest of these maximum is reached due to

the macroporosity while the following are reached due to the microporosity. Similar behavior

has been described in different materials and studied by Maskery et al. [53].

The maximum compressive strengths were determined as a function of the gelatin concentra-

tion, as can be observed in Figure 10(b), and it is interesting to notice that there is a dramatic

increase in the maximum compressive strength for the composite materials compared with the

sample in which no organic phase was added (marked as WOP). Moreover, the maximum

compressive strength increases as the amount of gelatin in the composite material increases,

due to a synergic behavior between the inorganic and organic phases, to reach a value of

18 MPa for the sample with 7.5 wt% of gelatin. The aforementioned CadO bonds can absorb

energy as sacrificial bonds, resulting in a synergic contribution to improve the mechanical

properties of this composite material as well as due to the morphology of the HAp fibers. It is

clear that for a hexagonal-shaped crystal, the direction in which it can withstand greater

mechanical stresses is precisely [001] parallel to the axis of the hexagon. Consequently, the

Figure 10. Mechanical compressive behavior of HAp-based biomimetic composite material (a). Stress-strain curves

obtained in compressive tests for samples with different concentrations (wt%) of gelatin (b).
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morphology of the HAp fibers obtained by the MAHM (grown with preferential orientation in

the direction [001]), positively influences the improvement of the mechanical properties of the

final HAp-based organic-inorganic composite material.

This value of 18 MPa, is 3.2 times higher than that reported for cancellous bone, and in the

same order of magnitude for the cancellous-cortical bone tested under the same conditions

[54], which implies that this biomimetic organic-inorganic composite material could be suit-

able for bone replacement.

7. Conclusions

After all experiments to synthesize different HAp nanostructures, it is possible to assure that

the GA in the reacting mixture had a relevant impact on the final morphology of HAp clusters.

This amino acid guided the HAp crystal growth and also leads the arrangement of small

structures to form the final morphology, which was dependent on the GA concentration. In

addition, this amino acid also allowed to obtain a preferential crystalline orientation in the

[001] direction of the HAp crystal structure in most of the nanostructures obtained. The use of

the MAHM made the synthesis of HAp with a high crystalline quality and purity easier.

Nanofiber was the most relevant morphology obtained in the synthesis reactions, and the

arrangement of those to form microfibers with a hexagonal profile was unique. This morphol-

ogy was selected to be used in the production of HAp porous ceramics due to its similarity

with that of HAp morphology present in the human bone tissue.

The porous ceramic was successfully obtained through the MGP using the HAp microfibers.

The micro and macro porosity were controlled in the ceramic body by the use of different

polymers and chemical substances during the production process, and the pore size distribu-

tion was suitable to permit the flow of nutrients and cells.

The addition of protein to the porous ceramic allowed producing organic-inorganic composite

materials in a biomimetic way. The strong chemical interaction between both phases leads to

synergic mechanical properties in the composite materials.

Mechanical tests showed that the composite materials had a similar mechanical strength to

that observed in the trabecular bone. These results suggest that this composite material can be

an excellent option to be used as bone replacement or implant materials. In addition, the

characterization of those composite materials proved that they also had an interconnected

porosity in the micro and macro scales, which was proper to permit the natural regeneration

processes of the human bone tissue.
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