
 

  

 

 

 

 

 

 

 

 

 

     ��������	
���
�
������ 

 

�������   “���������	
���
����
���� 

                
����������	�����” 

 

 

 

���  ��.��  �����  ��	� 

 

 

 

�
�����  2551 



 

    
 

��������! MRG5080059 

 

 

��������	
���
�
������ 

 

�������  “���������	
���
����
����
��� 

 �������	�����” 

 

 

 

��. ��. �����  ��	�   

"����#�����  ��$�������
%��  �&�������
��&��� 

 

 

 

      
�
�
�'����
(��
�����)��'�
�
�
�'������	
� 

 

          (�����&+�,���������-�/0��)���3��	
� 
��.4�6

	(��/0�%3)��&+��3���
�)4/) 

                    



 

	����� Abstract (������!�) 

 

Project Code :    MRG5080059 

 

Project Title :  Nanocrystalline Hydroxyapatite for Medical Applications 

 

Investigator : Asst. Prof. Siwaporn  Meejoo 

    Department of Chemistry, Faculty of Science, Mahidol University 

 

E-mail Address :  scsmj@mahidol.ac.th 

 

Project Period :   48  months 

A one-step chemical reaction to obtain a hydroxyapatite/collagen (HAp/Col) 

composite was accomplished. The highly porous HAp/Col hybrid material is of 

globular structure on a rod-like, polycrystal platform, with the length of crystals about 6-8 

�m. Formation of the composite was driven not only by the mineralization of HAp 

crystals but also by interfacial interactions between ions on the HAp surface and 

residual ions on the Col. IR absorption bands corresponding to hydroxyl and phosphate 

groups provided convincing evidence of the mineralization of HAp in the Col matrix. In vitro 

bioactivity of the HAp/Col was examined by soaking the composite in a simulated body 

fluid (SBF) solution. The precipitation of agglomerated HAp crystals on the surface of the 

HAp/Col surface illustrated the biological compatibility of the composite. Surface 

morphology of HAp/Col showed substantially large cavities which are suitable for drug 

delivery applications. This work has shown that an antibiotic was well-stabilized within 

pores and on the surface of the composite and suggested that this composite has a 

high potential for drug-delivery applications. 
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a b s t r a c t

Biomimetic mineralization is a method to form natural materials. We have synthesized hydroxyapatite

(HAP) by using an organic template of polyvinyl alcohol (PVA) and sodium dodecyl sulfate (SDS) as the

surfactant. The X-ray diffractometer (XRD) patterns show the sizes of the HAP particles to be in the

nanosize (15–30 nm) range. The chemical functional groups of the HAP were investigated by Fourier

transform infrared (FT-IR) which shows the formation of the hydroxyl group (OH)−1 and the phosphate

group (PO4)−3. The transmission electron microscopy (TEM) images show the particles to be in the range

of 20–30 nm. The SDS looks like globular sphere, while the crystals of the HAP in the SDS/PVA appear as

polyhedron crystal. The average size of each globular sphere is about 3–5 �m. As-prepared HAP samples

were studied for their bioactive property by immersing them in a stimulated body fluid (SBF). After

soaking them in SBF for one week, the SEM images show the accumulation of calcium carbonate or

calcium phosphate SBF on surface of the HAP. This indicates that there might be an increased bioactive

activity on the surface of the HAP prepared by this method.

© 2008 Published by Elsevier B.V.

1. Introduction

Hydroxyapatite (HAP), whose chemical formula is

Ca10(PO4)6(HO)2, is very similar to the materials forming the

bones in the human body. In addition to providing the structural

support for the body, the bones also serve as the major reservoirs

for the calcium and phosphate ions needed for various metabolic

functions [1–4]. The calcium phosphates have, in general, excel-

lent biocompatibility with the human body and integrate well

into the bones upon implantation. The nanoparticles made with

hydroxyapatite offer a favorable environment for protein adhesion

and osteoblast proliferation [3,5,6]. The strong interfacial adhesion

between the inorganic fillers [7] and the organic polymer matrix

[6,8–14] is the key to creating composites having good mechanical

properties. In an attempt to improve the interfacial adhesion, the

surfaces of HAP nanocrytals have been modified with a diverse

class of coupling agents and polymers through chemical reaction

with the hydroxyl groups on the HAP surface. These materials have

some disadvantages when used in tissue engineering applications

such as the lack of degradability in a biological environment. They

are also brittle and their capabilities for being able to be pro-

∗ Corresponding author. Tel.: +662 201 5758; fax: +662 354 7159.

E-mail address: scimt@mahidol.ac.th (I.-M. Tang).

cessed into a predesigned porous structure are limited. Polymeric

capsulation has recently been proposed as a novel method for

nanoengineering manufacturing [3,4,8–16,19].

Although the effects of uncharged polymers, of anionic surfac-

tants, and of the polymer–surfactant mixtures on the crystallization

processes of inorganic crystals have been investigated, the uses

of aqueous systems containing polymer–surfactant mixture in the

crystallization and aggregation of calcium phosphate have not

investigated. In this work we use PVP–sodium dodecyl sulfate

(SDS) solutions as the crystallization media for the synthesis of

HAP. Our reason for proposing this route is that the SDS polar

group through their electrostatic interaction with the calcium

ions can act as the active sites for the HAP nucleation [15,16].

When the surfactants simultaneously combine with the poly-

mer chains through their hydrophobic interaction, the aggregation

states of the polymer/surfactant supramolecules will be able to

control the size, shape, morphology, and poly dispersivity of HAP

crystals. Part of the polyvinyl alcohol (PVA) is a hydrophilic bio-

compatible polymer having the various characteristics needed for

biomedical applications [3,12–14]. Aqueous PVA solutions can be

transformed into a solid hydro gels by the physical cross linking

occurring during a freeze–thaw cycle. The PVP dispersion capa-

bility for the solid particles, as well as the mechanical stirring,

prevents the direct precipitation of HAP. This favors the nucle-

ation, growth, transformation or aggregation of HAP crystalline

0254-0584/$ – see front matter © 2008 Published by Elsevier B.V.

doi:10.1016/j.matchemphys.2008.05.082
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particles on the surfaces of PVA/SDS aggregates. However, the struc-

tural relationship between the PVA/SDS supramolecules and the

inorganic minerals is too ambiguous to be widely applied to the

biomimetic syntheses of functionally composite materials. Biomet-

ric synthesis involves the crystallization and aggregation processes

of inorganic minerals. This synthesis is the subject of the present

paper.

In this work, hydroxyapatite (HAP) has been synthesized in

SDS, through the mixing the PVA with the de-ionized water (in

an amount 5–25 ml). This is then followed by its mixing with the

SDS. The negative charges on the SDS polar groups act as the active

site for the opposite charge of Ca2+ to form the micelles. The for-

mation of the HAP structure occurs as the Ca2+ and PO4
3− ions

defuse into the micelle. The rate of crystal growth depends on

Table 1
Starting chemical amounts for the preparation of the crystal structure hydroxyapatite (HAP) in the sodium dodecyl sulfate (SDS) SDS/PVA@x ml (H2O), x = 5–25 ml

Sample Ca(NO3)2·4H2O (NH4)2HPO4 SDS (0.001 M) (ml) Polyvinyl alcohol (PVA)@(H2O)

HAp SDS 2.9802 g/10 ml/H2O 1 g/10 ml (H2O) 3 0

HAp PVA5 2.9802 g/10 ml/H2O 1 g/10 ml (H2O) 3 0.1 g/5 ml (H2O)

HAp PVA10 2.9802 g/10 ml/H2O 1 g/10 ml (H2O) 3 0.1 g/10 ml (H2O)

HAp PVA15 2.9802 g/10 ml/H2O 1 g/10 ml (H2O) 3 0.1 g/15 ml (H2O)

HAp PVA20 2.9802 g/10 ml/H2O 1 g/10 ml (H2O) 3 0.1 g/20 ml (H2O)

HAp PVA25 2.9802 g/10 ml/H2O 1 g/10 ml (H2O) 3 0.1 g/25 ml (H2O)

Fig. 1. Schematic of the synthesis of hydroxyapatite inside a polymeric capsule created by mixing poly vinyl alcohol (PVA) with SDS and the subsequent radiation of the

capsule. The XRD pattern is that of the hydroxyapatite formed by the microwave irradiation.
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the ratio of PVA and H2O. This ratio is a major factor in the HAP

formation.

2. Experimental details

The materials for the preparation of the hydroxyapatite are obtained by

irradiating the aqueous solutions with microwaves. The starting reagents are

Ca(NO3)2·4H2O, (NH4)2HPO4, PVA, SDS, and (NH4)OH. The amounts of calcium phos-

phate (Ca(NO3)2·4H2O), (NH4)2HPO4, SDS and PVA in the different mixtures are

listed in Table 1.

The process leading to the formation of the nanocrystallite hydroxyapatite (HAp)

is shown in Fig. 1.

The details of the process are:

(i) 0.1 g of PVA is dissolved in various amounts of de-ionized water (5–25 ml) and

mixed with 3 ml of SDS (0.001 M) (the sample being stirred for several time

until the PVA is completely dissolved in the de-ionized water) Notably, during

the stirring, bubbles occur between the interface of air and liquid.

(ii) The pH of solution is adjusted to 9 with (NH4)OH before the 10 ml of the

(NH4)2HPO4 solution is dropped into the solution which is constantly being

stirred.

(iii) In this stage, the PO4
3− ions are entrapped inside the polymer capsule. The

formation of hydroxyapatite nanocrystals begins to appear after the 10 ml of

the Ca(NO3)2·4H2O solution is added to solution containing the PO4
3−/polymer

matrix.

(iv) After the reaction is finished, the mixture is stirred for several minutes and the

pH is readjusted again to 9.0.

(v) The aqueous mixture is now put into a household microwave oven operating

in the frequency bands centered at 915 MHz. The mixture is exposed to the

radiation for 30 s. in an ambient atmosphere. The microwave accelerated the

formation of the hydroxyapatite [18,21].

(vi) After cooling to room temperature, the precipitates (white powder) are washed

several times with de-ionized water and the HAP samples are extracted by

freeze drying.

The crystal structure of the sample is determined by a Bruker diffractometer

(Model D8 Advance) using the Cu K� radiation. The diffractometer is operated at

40 kV with 40 mA current. The XRD pattern is scanned over the range 2� = 20–60◦ at

a scanning speed of 0.037◦ min−1. For the FT-IR measurements, the powders were

mixed with KBr and pressed into pellets. These were analyzed using a FT-IR spec-

trometer (Spectrum GX, Perkin Elmer, USA). A scanning electron microscope (JEOL

model JSM-6301F) is used to observe the changes in the sizes and in the morphol-

ogy of the samples heat treated at different temperatures. An accelerating voltage

of 15 kV is used to obtain the SEM images. The nanoparticles are examined by a

transmission electron microscope (TEM) (TECNAI, T20).

3. Bioactivity in simulated body fluid (SBF)

To study the bioactive behavior of biomaterials, the materials

are soaked in a simulated body fluid (SBF). This is a fluid which has

an ionic composition very similar to that of human plasma [1,22].

The SBF solution we used is one of the more extensively used one.

It contains the following amounts of chemicals: NaCl (136.8 mM),

NaHCO3 (4.2 mM), KCl (3.0 mM), K2HPO4 (1.0 mM), MgCl2·6H2O

(1.5 mM), CaCl2 (2.5 mM) and NaSO4 (0.5 mM). These chemicals are

mixed together and its pH is then adjusted to ∼7.4. The bioactivity

of HAP samples for various amounts of PVA@H2O concentration is

assessed by immersing the powders of each samples in 50 ml of SBF

for 3 h, for one day and for one week at 37 ◦C under static condi-

Fig. 2. XRD patterns of hydroxyapatite synthesized in SDS/0.1 g PVA x ml (H2O) where x = 5–25 ml. (a) The XRD patterns of an as-prepared HAP; (b) the pattern after soaking

the pellets in the SBF solution for 3 h; (c) for 1 day and (d) for 1 week.
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tions. The SBF is replaced every three days to avoid any changes in

the cationic concentration that may occur due to the degradation

of the samples. After immersion in the SBF, the powder samples

are washed with de-ionized water before analysis with the scan-

ning electron microscopy (SEM) and the X-ray powder diffraction

(XRD).

4. Results and discussions

4.1. XRD result

The XRD patterns for the powders synthesized in solutions hav-

ing different concentration of PVA in de-ionized water are shown

in Fig. 2. The as-prepared powders is first washed with water sev-

eral times to remove any un reacted chemicals and then they are

immersed in the stimulated body fluid (SBF) for the periods men-

tioned above at a temperature of 37 ◦C. The XRD patterns of most

samples show the presence of a single phase having the hydrox-

yapatite (HAP) structure. The sample synthesized in the solution

having 0.1 g PVA dissolved in 5 ml H2O however shows a broad

pattern at 2� about 30–35◦. This broadening is due to the slower

growth of HAP which occurs when the concentration of PVA gel

(∼0.0022 M) is high. The reaction between the calcium Ca2+ ions

and the phosphate ions is quicker when the ions can diffuse more

rapidly through the PVA gel. This is the case when the gel contains

more water, i.e., the ratio PVA/H2O is low. Evidence of this is the

appearance of sharp peaks in the XRD when the PVA is dissolved in

10–25 ml of H2O.

Fig. 2 also shows that there is no change in the XRD patterns

when the powders are soaked in the SBF for longer periods (i.e.,

there are no changes in the patterns). This is evidence that the

ions in the SBF solution did not destroy the crystal structure of

the hydroxyapatite when they are surrounded by the SBF for less

than one week. The average crystallite sizes can be calculated from

Shearer’s formula [5,20], using the half width of the [0 0 2] peak

at 2�∼26◦. The average crystallites sizes are between 15–30 nm. A

plot of the average sizes of the nanoparticles formed in solutions

containing 0.1 g PVA dissolved in different amounts of H2O is shown

in Fig. 3.

4.2. FT-IR results

The FT-IR spectrum analyses of the as-prepared HAP pre-

cipitated in SDS and of the PAP precipitated in the different

concentrations of PVA/SDS gel and which were soaked for one week

in the SBF are shown in Fig. 4(a) and (b), respectively. The dominant

bands seen in the FT-IR spectrums of the as-prepared HAP are due

to the presence of two types of carbonate–hydroxyapatite bonds in

Fig. 3. Average particle size the nanoparticles synthesized when the SDS is added

is solutions of 0.1 g of PVA and different amount of HO2.

Fig. 4. FT-IR spectra of synthesized hydroxyapatite. The curves show the signals

arising from the chemical residues on the powder after they were precipitated. (a)

The signals from an as-prepared hydroxyapatite pellets. (b) The signals after the

pellets were soaked in the SBF fluid.

the HAP’s. The stretching and vibrating modes of hydroxyl group

appear at about 3575 and 627 cm−1, respectively. The intensity of

the stretching mode of the hydroxyl (OH−1) group in the spectra

for HAP synthesized in the presence of SDS only is very weak. This

mode can not be seen in the spectra for the sample synthesized in

the presence of both SDS/PVA since the 3575 cm−1 peak is strongly

overlapped by the broad H2O band which occurs at 3415 cm−1.

The changes which occur when different PVA/H2O ratios are

used are similar to those seen in the samples prepared in pure SDS

except for the presence of the carbonate peaks. The presence of

a small amount of CO3
−2 groups is reflected by the appearances

of peaks in the range between 1459–1411 cm−1 and at 876 cm−1

[8,17,24,25]. The intensities of these peaks are very low. The broad

bands observed at 3416 and 1637 cm−1 [8,17,23,26] are due to the

absorbed water on the surface on the HAP crystallites. The intense

bands seen at 1088, 1035 and 961 cm−1 are due to the (PO4)−3

stretching modes [8,24]. The doublet at 602 and 562 cm−1 are due to

the (PO4)−3 blending mode [8,23,26]. Finally the peak at 1383 cm−1

is due to the [NH4]+ group. This peak disappears when the samples

are heated to 500 ◦C for 2 h.

From the FT-IR spectrums of the samples soaked in SBF and kept

at 37 ◦C for 7 days (see Fig. 4(b)), we conclude that the chemical

bonds which produce the FT-IR spectra seen in the hydroxyap-

atite synthesized without and with the different PVA concentration

(0.1 g PVA@x ml H2O; x = 5, 10, 15, 20 and 25 ml) are almost the

same as bonds present before the powders were soaked in the SBF

solution. The FT-IR bands for the OH−1, CO3
−2, (PO4)−3 groups as

well as those for the H2O are present. Comparing the spectra for

the samples soaked in SBF at 37 ◦C for one week and that of the

as-prepared powder, we see that the intensity of the O H stretch-

ing mode increase as the amount of de ionized water used was

increased from 10 to 15 ml. The main observation is the appearance

of the band for the CO3
−2 group vibration at 876 cm−1. The broad-

ening of the FT-IR bands of spectra seen at 1088, 1035 and 961 cm−1
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Fig. 5. Low-magnification TEM (left side frames) and high magnification (right-hand frames) of hydroxyapatite nanostructure. (a) Low magnification image; (b) low field

magnification of HAP synthesized in SDS; (c–f) TEM of hydroxyapatite in the presence of SDS/0.1 g PVA in 5 and 25 ml H2O, respectively.

is most likely due to the changes in the (PO4)−3 stretching modes

resulting from the distortion of the HAP crystalline structure occur-

ring when the CO3
−2 ions replace the phosphate groups in the HAP

structure. When this happens, we have a B-type hydroxyapatite.

The presence of the ions in the SBF solution also causes the HAP to

be poorly crystallized. This would weaken the Ca P bonds in the

HAP structure.

4.3. TEM result

Fig. 5 shows the TEM images of the nanocrystals The shapes

and crystallite sizes of the HAP synthesized with SDS present are

seen Fig. 5(a) and (b). Fig. 5(c) and (f) shows the shapes and sizes

of crystallites formed when the HAP was synthesized in the solu-

tions of SDS/0.1 g (PVA) dissolved in different amounts of water.

The images shown in Fig. 5(a) are those taken at the highest mag-

nification used in this study and are of the as-prepared formation

of the HAP in SDS. The images show that the shapes of particles

are star like. The center of star is made of the HAP, while the branch

may be from the micelle surfactant. The sizes of stars are controlled

by the shape and size of the HAP particles. Fig. 5(b) shows the

nanoribbons structure of the HAP in the SDS solution. The pictures

of the ribbons were obtained after washing the capsules several

times to remove the SDS. The sizes of ribbons are about 10–20 nm

in width and 50–100 nm in length. The shapes of HAP crystallites

grown in the presence SDS/PVA at various concentrations of the

H2O (see Fig. 5(c) and (f))) are (nano) rod-like, needle-like, cir-

cular and rectangular. These shapes may be due to the shape of
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Fig. 6. SEM images. The images show the changes in the hydroxyapatite structure (a) in the presence of only SDS; (b) in the presence of SDS/0.1 g PVA with 5 ml (H2O) (c and

d), SDS/0.1 g PVA 15 ml (H2O) (e and f) and SDS/0.1 g PVA 5 ml (H2O) (g and h).
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Fig. 7. SEM images. Images of the synthesized hydroxyapatite synthesized in the presence of SDS. But before they were soaked in SBF (a) before they were soaked in SDS; (b)

after they were soaked in stimulated body fluid (SBF) at 37 ◦C for 1 week.

template, i.e., the supramolecule formed by the PVA polymer and

surfactant.

The needle-like HAP crystallites are formed when the template

has a cylindrical structure. This happens when the negative charge

on the SDS of the SDS acts as the active site for the Ca ions. The

calcium ions can then react with the phosphate groups within

the cylindrical capsule and form needle shape. The size of needle

depends on rate of diffusion of the reactant ions through the PVA

gel.

4.4. SEM result

The low and high magnification SEM micrographs of the HAP

particles are seen in Fig. 5. The images seen in Fig. 6(a) and (b) are

the aggregations of the HAP particles precipitated from the solution

of pure SDS. The images seen in Fig. 6(c)–(h) are of the HAP particles

precipitated from solutions of 0.1 g PVA dissolved in 5, 15 and 25 ml

of de ionized water, respectively. The HAP particles prepared in the

SDS only appear as spherical particles. The particles prepared in the

PVA/SDS solutions are in the shape of polyhedron crystal. These are

less porous than those synthesized in SDS only. The averages sizes

of the particles synthesize in the presence of PVA and SDS are in

the range of 3–5 �m. This shows that template having the PVA/SDS

produces different results. The reasons for this is that the sulfate

groups belonging to the SDS in the template having the PVA/SDS

can also act as an active site. This would cause the HAP particles to

grow in an irregular manner.

4.5. Hydroxyapatite in simulated body fluid (SBF)

The effects of soaking the hydroxyapatite in the simulated body

fluid are seen in the SEM micrograms appearing in Fig. 7. The HAP

particles seen here are synthesized from SDS/0.1 g PVA in 5 ml de

ionized water. The two micrograms show the HAP before and after

they were soaked in SBF for 1 week. As we see, the surface of

HAP has changed, i.e., it has become much rougher. We attribute

this roughness to the accumulation of calcium carbonate (or cal-

cium phosphate) on the surface. This interpretation is supported

by the FT-IR measurements which show the appearance of the

CO3
−2 group vibration band at 876 cm−1. This interpretation is also

supported by the increase in the intensities of the XRD peak at

2�∼35◦ and the splitting of the peak at 2�∼26◦ in the HAP powders

soaked in the SBF (Fig. 1(b)–(d)). We lump the HAP particles which

have a surface roughness as being part of a new apatite-like phase.

Expecting the same will occur under in vivo conditions; this new

apatite-like phase should form on the surface of the hydroxyapatite

after its implantation into the body.
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Abstract
      A one-step chemical reaction was carried out to obtain a hydroxyapatite/collagen 

(HAp/Col) composite. The porous HAp/Col material is of globular structure comprising 

HAp nanocrystals, which well stabilized on a rod-like, microcrystal platform. Formation 

of the composite was driven by the mineralization of HAp crystals and interfacial 

interactions between ions on the HAp surface and residual ions on the Col matrix. IR 

absorption bands corresponding to hydroxyl and phosphate groups provided convincing 

evidence of the mineralization of HAp in the Col matrix. In vitro bioactivity of the 

HAp/Col was examined by soaking the composite in a simulated body fluid (SBF) 

solution. Surface morphology of the HAp/Col showed substantially large cavities which 

are of high potential for drug delivery applications. In this work, Vancomycin (VCM), an 

antibiotic, was well-stabilized within the pores and on the surface of the hybrid 

composite. Drug release behaviors and the possible drug release mechanisms of VCM 

from the HAp/Col were discussed. This work has suggested that the release of VCM 

depends on the stability of porous structure of the composite from the results of a rapid 

drug release within 5 hours and a very slow release over a period of time after 5 to 30 

hours.
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Introduction

    Fabrications of composite hybrid materials have received an extensive interest to 

produce artificial hard tissues such as cartilage and bone.  The highly organized structure 

of bones is derived from the mineralization of both inorganic constituent, hydroxyapatite 

(HAp), and organic macromolecule, collagen (Col). The HAp/Col composite hybrid 

material can be employed as an implantable material for correcting bone or tooth damage 

caused by accidents or diseases [1-3]. As the chemical formula of HAp is

(Ca10(PO4)6(OH)2) [1-5] similarly to the mineral present in bones and teeth,  the material 

becomes biocompatible after implantation in human body. In addition, since calcium 

phosphate ceramics and their ions are naturally present in the body, indicating their

biodegradability [1, 2]. For decades, there have been extensive efforts to use composite 

hybrid materials to duplicate bones and their enviable mechanical properties such as high 

strength and fracture toughness because these properties arise from the unique

incorporation between organic and inorganic compositions of bones. Nevertheless, the 

biomaterials used in orthopedic treatments are different drastically from natural bones. 

For instance, the biomaterials for total joint replacement are inert metal alloys and 

ceramics [1, 2] as well as some polymeric materials [6-8]. Many attempts have been 

carried out to synthesize composite materials of calcium phosphate (CaP) by 

incorporating metal ions [2] and introducing organic molecules such as polymers to 

enhance the biocompatibility and bioactivity of composites [6, 7]. It has been well known 

that natural bones contain collagen (Col) fibrils (~30% by weight) and that the CaP and 

HAp crystals grow and incorporate between collagen molecules, for which the ceramic 

crystals are regularly aligned along the Col matrix [1, 10]. Preparations of bone-like 

hybrid composite biomaterials have been widely developed mainly to integrate all 

possible properties suitable for orthopedic surgical treatments [9-18]. In addition, 

unsuccessful bone implants were often due to infection, as the implant can provide a 

region inaccessible to the body’s immune system. Bacterial bone infections can be a 

significant obstacle for successfully orthopedic surgery. To facilitate a recovery from 

bone implant, patients are commonly prescribed antibiotics to avoid infection due to 

bacteria in open fractures as well as anti-inflammatory medication. An advanced solution 

to this problem would be the incorporation of these medications directly into the 



biomaterials [19-23]. This research describes a one-step preparation of HAp/Col 

composite which is chemically similar to bone and teeth. Since the collagen in bone has a 

ropelike arrangement, we employed the collagen matrix as a template for the 

mineralization of HAp crystals. The HAp/Col hybrid composite was formed via a self-

organization mechanism that was induced by carefully controlling the charge states of the 

functional groups on collagen (-COO¯ and NH3
+) and hydroxyapatite (Ca2+ and PO4

3-). 

Thus, the HAp crystals align on the Col template through electrostatic interactions in the 

ionic system. An in vitro bioactivity test on the composite was carried out and changes in 

the microstructure of the composite were investigated. Furthermore, it was shown that 

this porous HAp/Col composite is appropriate for drug delivery applications [25-29]. 

This practical use was confirmed by examining the microstructure of the composite and

Vancomycin hydrochloride (VCM) incorporated therein. For the current study, VCM was 

selected as it has been used clinically to treat osteomyelitis infections in patients allergic 

to penicillin or to treat methycillin-resistant forms of Stayphylococcusaureus infections 

[21, 27-28]. As a result, the antibiotic containing HAp/Col composite may suitably 

release the medicinal exipient in an open fracture, providing an aseptic surgical treatment.    

Experimental Methods

      To prepare the HAp/Col composite, CaCl2 (Fluka) and K2HPO4 (Fisher Scientific, 

UK) were used as precursors of calcium and phosphate, respectively. Collagen from calf 

skin (Sigma, USA) acted as an organic template to form rod-like HAp structures and to 

inhibit excessively rapid growth of HAp crystals on the Col matrix. Throughout the 

reaction, pH was kept at ~9 by adding NH4OH (J.T. Baker, USA). The formation of HAp 

on the Col matrix was initiated via a co-precipitation process from solution at room 

temperature. The HAp/Col growth occurred through self-organization between ions on 

Col, carboxyl group (-COO-) and amino group (NH3
+), and HAp, calcium (Ca2+) and 

phosphate (PO4
3-) ions. Note that de-ionized water has been used as solvent throughout 

this work. First, 10 ml of 0.24 M of K2HPO4 solution was added to a 3g/L of Col 

solution. Then, the mixture was continuously stirred for 20 minutes and kept at pH~9 

throughout the reaction by adding extra NH4OH. At this stage, electrostatic interactions 

between NH3
+ from the Col matrix and PO4

3- ions are predicted to occur. Next, 10 ml of 



0.4 M CaCl2 was gradually dropped into the previous mixture and white precipitate of the 

HAp/Col composite then formed. The precipitate was continually stirred for one hour, 

and was washed using de-ionized water until the supernatant reached pH~7. Then, the 

wet precipitate was transferred into a Petri dish and solvent was completely removed 

under freeze drying. Diffraction patterns for all samples were recorded on a Bruker 

powder diffractometer (Model D8 Advance) using Cu K�1 radiation, operating at 40kV 

and 40 mA current, over a range 2� = 20º to 60º scan using a scanning speed of 1 

second/step with an increment of 0.037º. IR spectra were measured on an FT-IR 

spectrometer (Spectrum GX, Perkin Elmer (USA)) using the KBr pellet technique. A 

scanning electron microscope (JEOL model JSM-6301F) was used with an accelerating 

voltage of 15 kV to observe the microstructure of the composite samples before and after 

the bioactivity test and after drug-loading. To study the bioactivity of HAp/Col 

composite, the composite pellet (dimension of 10 mm in diameter and ~4 mm in 

thickness) was soaked in a simulated body fluid (SBF). This fluid has an ionic 

composition and pH similar to those of human plasma. In order to prepare a SBF

solution, one needs to get the concentration of a number of electrolytes in an aqueous 

solution as follows; NaCl (136.8 mM), NaHCO3 (4.2 mM), KCl (3.0 mM), K2HPO4 (1.0

mM), MgCl2•6H2O (1.5 mM), CaCl2 (2.5 mM) and NaSO4 (0.5 mM). In vitro tests were 

conducted by immersing the composite pellet in 50 ml of SBF for one week at 37 ºC 

under static condition. The SBF solution was replaced every three days to avoid any 

change in the cationic concentration that may occur due to degradation of the samples. 

After immersion in the SBF, the pellet sample was washed with de-ionized water before 

any further characterization. 

Drug-loaded HAp/Col composite was prepared in order to study the drug-release 

behavior of the composite. Here, 100 mg of the HAp/Col powder was immersed in a 

50mg/ml aqueous solution of Vancomycin (VCM) (Fluka, Biochemika). The mixture was 

incubated under stirring condition at 37 °C for 48 hours. Next, freeze-drying was 

performed to remove water resulting of the VCM loaded composite. An in vitro study of 

the release of antibiotic from the composite was monitored as follows. To study the 

behaviors of the stabilized VCM in the composite, the powder of the VCM loaded 

composite was dispersed in a 15 ml of phosphate buffer (Fisher Scientific, UK), and kept 



at pH�7 and at 37 �C. Then, the suspension was placed in a shaking bath (SKAKER, Sk-

300) operating with a rotating speed of 80 rpm for varied incubation times, 0.5, 2, 4, 6, 8, 

10, 20 and 30 hours. After the incubation, the composite was separated from the mixture

by centrifugation. To measure the released drug content, 3 ml of the supernatant was 

taken out to perform an absorption measurement at wavelength 280 nm for an assessment 

of the VCM concentration [31] on a UV-Vis spectrophotometer (Jenway, model 6405). 

Drug content was determined using a calibration curve of the VCM standard solution in 

Fig 6. In order to determine the remaining VCM content in HAp/Col, the separated 

samples were suspended in the phosphate buffer, for which the mixture was vigorously 

stirred for 1 hour, following by centrifugation. Subsequently, absorption property of the 

supernatant was measured.

Results and Discussion

Characterization of the HAp/Col composite

     Figure 1(a) represents the powder X-ray diffraction pattern of hydroxyapatite prepared 

by using similar method used to prepare HAp/Col, except no adding collagen. The 

powder XRD in Fig. 1(a) is a typical pattern for a single phase hydroxyapatite (XRD 

JCPDS data file NO. 9-432). Powder XRD of the as-prepared HAp/Col composite and 

the SBF-treated HAp/Col are shown in Fig 1(b) and Fig 1(c) respectively. Figure 1(b) 

reveals that the powder XRD of HAp/Col composite is slightly different from that of 

hydroxyapatite. However, few strong diffracted peaks (2� ~26° and 39°) and fairly weak 

peaks (over the 2� range of 30-35°) clearly indicate a severe “preferred orientation” of

the HAp crystals incorporated in the Col matrix. It should be pointed out that Col also 

gave a broad feature at 2� ~10-20°, indicating an amorphous phase. Figure 1(c) implied a 

less severe preferred orientation in the SBF soaked HAp/Col sample. However, a broad 

XRD feature shows a possibility of mixed crystalline phases. Chemical functional groups 

of the HAp/Col composite and chemical interactions between the organic and inorganic 

components were confirmed by IR spectroscopy. IR spectrum of the HAp/Col in Fig. 2(a)

represents strong absorption bands in the range of 3310-3450 cm-1 corresponding to 

overlapping signals generated by the O-H group of HAp and the N-H group of collagen. 

The characteristic bands at about 2900 cm-1 and 900 cm-1 respectively correspond to 



stretching and bending vibration modes of the C-H groups of collagen. The broad 

absorption bands at 3416 cm-1 and 1637 cm-1 correspond to moisture on the composite 

surface. Moreover, intense bands at 1088 cm-1, 1035 cm-1 and 961 cm-1 correspond to the 

(PO4)-3 stretching modes, while a doublet at 602 cm-1 and 562 cm-1 is due to the (PO4)-3

bending mode. Note that an absorption peak at 1383 cm-1 is an evidence of the (NH3)+

group in the Col matrix. In addition, the broadening of IR bands at 1088 cm-1, 1035 cm-1

and 961 cm-1 correspond to the (PO4)-3 stretching modes of HAp and possibly indicate 

some distortion in the HAp structure. By carefully comparing the IR spectrum of 

HAp/Col composite and those of HAp reported earlier [24], one can conclude that the 

shoulder signals around 1450 cm-1 and 1640 cm-1 and the doublet peaks around 873 cm-1

are characteristic of carbonated ions substituted on the phosphate site in an apatitic 

structure, so called B type apatite. More importantly, the absorption peaks detected at 

around 1629 cm-1 and 1510 cm-1 typically represent amide I (C=O bond) and amide II 

(C�H bond) bands, respectively. It should be noted that the intensity of the amide I peak 

is higher than that of the amide II peak, which may indicate that negatively charged 

groups such as the carbonyl groups (COO�) of the Col initiated the HAp nucleation and 

allowed the crystal growth on the Col matrix [17]. This phenomenon resembles the bionic 

growth of HAp crystals in natural bone during bio-mineralization.

The morphology of HAp/Col composite at the top surface and the platform are 

shown as SEM and TEM results in Fig 3. Figure 3(a-b) represent SEM micrographs of

the top surface of the HAp/Col composite, where as Fig. 3(c) represents the 

microstructure at the platform of the composite. The top surface of the composite shows a 

globular shape with big cavities in which the HAp crystals have embedded in the Col 

matrix. There are also pores between each globular particle. High-resolution SEM images 

of the composite (Fig. 3 (b)) clearly showed a relatively large empty space at the surface 

of composite. Figure 3(b) shows the pedestal parts of the composite representing rod-like 

HAp crystals with dimensions of about 1 �m in width and 6-8 �m in length. Note that the 

orientations of these crystals are almost in the same direction and it is consistent with X-

ray diffraction result which confirms “preferred orientations” of the HAp crystals on the 

Col matrix. The formation of rod-like structures may be due to crystal growth of the HAp 

phase on the Col matrix by self-organization process. This self-organization could be 



attributed to electrostatic interactions between ions of opposite charge contributed by Col 

(-COO- and NH3
+) and HAp (Ca2+ and PO4

3-). IR measurements on pure Col, pure HAp 

and the composite have confirmed the above described interactions.

In addition, the peak broadening of XRD result can be used to estimate the 

crystalline size in a direction perpendicular to the crystallographic plane based on 

Scherrer’s formula, d = ���	
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Q|� = 26º) using Scherrer’s equation, the average size of HAp crystallite 

of the HAp/Col composite 6.36 nm, consistent with the TEM result (Fig 3(d)) which 

shown the plate-like nanostructure of HAp/Col composite.

In vitro bioactivity test

After soaking the HAp/Col pellet in SBF for 7 days, a deposition of calcium 

phosphate of apatite crystals was detected, as shown in the cleared diffraction pattern 

(Fig. 1(b)) and in SEM micrographs (Fig. 4). Although all diffracted peaks are 

corresponding to a single crystalline phase of HAp, the peaks are fairly broad and not 

well-resolved compared to those seen in the literature [1, 2]. The broad diffraction peaks

in Fig. 1(c) may indicate that either the deposited phase does not perfectly crystallize or 

that the crystals are very small. As shown in Fig. 4, after immersion in SBF, there has 

been an agglomeration of tiny crystals on the surface of the composite. Besides, a number 

of diffraction peaks from the SBF immersed composite indicated less preferred 

orientation of HAp crystals formed on the HAp/Col surface. 

The relatively high content of HAp crystal on the immersed composite is 

confirmed by dominant IR bands corresponding to HAp phase, shown in Fig 2(b). The IR 

spectrum was composed of absorption bands typically associated with B type apatite. It 

should be pointed out that the asymmetric stretching vibration of a dissociated carboxyl 

group (-COO�) observed at 1629 cm-1 for HAp/Col (Fig. 2(a)) shifted to a higher 

wavenumber (1642 cm-1) after soaking in SBF (Fig. 2(b)). This result implied that the 

bond in that particular -COO� group was weakened because of the formation of a new 



chemical bond between Ca2+ ions on the HAp surface and COO� on Col [17, 18]. For this 

reason, it can be concluded that the nucleation of HAp crystals on a Col matrix is 

critically dependent on the charged functional groups at the Col surface.

The micrographs in Fig. 4 revealed that the surface of the HAp/Col composite, 

after immersion in SBF, comprised of a honeycomb-like structure with irregular pores 

and irregularly shape of agglomerated particles about 2-5 �m in diameter on the 

specimen. This result indicate the formation of in vitro nucleation of HAp crystals, and 

hence bioactivity of the HAp/Col composite. SEM/EDS spectroscopy has been carried 

out to identify chemical compositions of the HAp/Col and the particle deposited on the 

composite after immersion in SBF.  EDS studies reveal deposition of ion deposition on 

the composite surface after in vitro bioactivity test. Table 1 reported that the 

concentration ratios of Ca/P of the HAp/Col composite and the deposited particle are 

equal to 1.71 and 1.62 respectively. Note that these values are quite close to the Ca/P 

ratio of HAp and non-stoichometric HAp [1]. As the result, it can be concluded that new 

HAp crystals are formed after immersion of the HAp/Col composite in SBF.  Similar 

phenomena are expected under in vivo conditions, i.e. new HAp like phase should form 

on the surface of the HAp/Col composite after its implantation into human body.

In vitro release

VCM loaded HAp/Col particles were obtained by impregnation method. The 

incorporation of VCM within the HAp/Col structure was monitored from SEM 

micrographs as shown in Fig. 5. It is clear that the globular structure remains, after drug 

loading, but that the porosity of the structure (Fig. 5 (b)) has decreased. A gel-like film of 

VCM was observed on the composite surface, probably due to the presence of excess 

VCM. Higher magnification micrographs (Fig. 5 (b-c)) revealed that the surface of the 

HAp/Col is completely covered with a VCM layer. This is a strong indication that VCM 

is well-incorporated within pores of the composite. In addition, the deep pockets between 

each globular particle that were seen in Fig 3(a) have become groove-like features after 

drug loading (Fig 5 (b)). Instead of a porous surface structure, the surface appears to be 

much smoother in Fig 5 (c). The view in Fig. 5 (c) may represent an area on the HAp/Col 



that has been heavily loaded with VCM, which, in turn, might suggest that this composite

has a high capacity for drug delivery applications.

For the drug release study from the composite materials, the concentrations of 

VCM released from the HAp/Col composite was determined using a calibration curve of 

VCM of standard concentrations, for which, the relationship between absorbance and the 

concentration of VCM can be describe in equation (1)                                                                   

                                                                                                                             (1)

;where Ci is the VCM concentration and Ai is the UV-Vis absorbance at a wave length of 

280 nm. The release profile of VCM incorporated in HAp/Col composite is shown in Fig 

6. One can observe a fairly rapid release of VCM during the first five hours and that the 

cumulative percent release of VCM from the HAp/Col composite reached around 48.7%, 

probably because the immediate dissolution of the excess VCM at the composite surface. 

After that, much slower release is noticed as seen by a slight increase (3-4%) of the 

cumulative percent release resulting of the net percentage was not greater than 50% over

a period of 30 hours studied. More importantly, a gentle slope at 30 hours suggests that 

the release is going to carry on slowly. The porous structure of HAp/Col composite 

should play a very important role to the release behavior of any drug therein, as VCM can 

be incorporate within the collagen matrix by filling pores of the polymer through 

capillary forces and that might slow down the diffusion rate of VCM from the composite 

into the release medium (in this case, phosphate buffer). Nevertheless, the mechanism of 

drug release from a composite material can be very complex and involve a number of

factors including porosity and pore structure of the matrix, relaxation, and release

behaviors through the matrix.

Drug release kinetics can be examined in order to identify the release mechanism

of VCM from the composite HAp/Col. By using Peppas model [30]:
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where M0 and Mt are respectively initial concentration of drug in carriers and the time 

dependent concentration of drug released in medium at time t. Thus, Mt/M0 is the 

fractional of drug release while k is a rate constant, which depends on the structural and 

geometric characteristic of the samples such as the surface area of the particles, 

diffusivity of the drug solubility, concentration of drug and porosity [22, 29]. The 

calculated exponent n is a characteristic index related to mode of drug transport. If n =

0.5 the kinetic behavior of drug release is described by Higuchi model [31] when a drug 

releases from a homogeneous matrix-type delivery system. The process is diffusion-

controlled and is evidenced by proportionality between the amount of drug being released

and the square root of time. From (3), the empirical components, n and k, of VCM being 

released from the HAp/Col composite can be obtained from the best fitting curve 

provided by the Peppas model and from the slope of ln (Mt/M0) plotted against ln t in Fig 

6(b). It is clear from Fig. 6 that the change in gradient of ln (Mt/M0) occurs around t = 5 

hours of release. For t between 0.5 to 5 hours, the exponent and rate constant can be 

estimated,   n1 = 0.65 for k1 = 15.52, which indicate an intermediate mechanism between 

a diffusion-controlled process and a swelling-controlled process [30]. Swelling-controlled 

release generally occurs when diffusion of drug is faster than hydrogel swelling. Thus, 

the deformation of HAp/Col structure, or more specifically the changes of Col’s pore 

size, played an important role to the kinetics of drug release. On the other hand, over the 

period of t >5 to t =30 hours, the calculated exponent n2 = 0.05 for k2 = 44.88, and that 

the very low n value reflects the very slow diffusion of VCM from the composite [30]. 

From this experiment, the release of VCM from the HAp/Col composite deviated from 

the Higuchi model [31] ( n
t ktMM 0� , n = 0.5) where the results are discussed as follows. 

Within five hours, the release rate depends on the excess VCM loaded on the composite 

surface, including the deformed pore structure of the composite as the diffusion of drug 

occurred through the composite’s pores. Instead, over the period of time after 5 hours to 

30 hours studied, the relatively low release rate may results from some changes of the 

pore structure of collagen matrix upon swelling process, i.e pores closed and VCM was 

trapped therein. 

Conclusion



      The HAp/Col composite was prepared by a direct co-precipitation technique via the 

self-organization mechanism between HAp and collagen matrix. The composite

demonstrated excellent biocompatibility after soaking in SBF. Due to the globular shaped 

microstructure including its high porosity, the HAp/Col material prepared here holds 

promise as a candidate for drug delivery. Analysis of drug release behavior from the 

composite confirms a significant potential to use the HAp/Col composite in biomedical 

applications, i.e bone replacement and aseptic surgical treatment.  
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Figure Captions

Figure 1. XRD patterns of (a) HAp only, (b) HAp/Col composite and (c) HAp/Col 

composite after soaking in SBF solution for one week.

Figure 2. IR spectra of the HAp/Col composite; (a) HAp/Col and (b) HAp/Col after 

soaking in SBF fluid.

Figure 3. (a) SEM image at the top surface of HAp/Col, (b) at high magnification, (c)

the microcrystal platform of HAp/Col composite and (d) TEM of nanocrystalline 

hydroxyapatite formed at the top surface of HAp/Col.

Figure 4. SEM image of the HAp/Col composite after soaking in a simulated body fluid 

(SBF) at 37°C for one week; (a), EDS profile of HAp/Col composite after soaking in one 

week SBF solution at two different site at (b) HAp/Col surface and (c) new HAp 

structure formed on HAp/Col surface.

Figure 5. Representative SEM images of the HAp/Col after a 48 h incubation with VCM. 

(a) SEM image at X3.0K. (b) and (c) SEM images at X10.0K at different positions.

Figure 6. VCM release process from the HAp/Col composite materials in solution of 

phosphate buffer pH=7. (a) �
 �
 '���
 $��>
 �?<���>���!
 — Fitting of the early release

(below five hours) data to Eqn. (2) of text and – – – Fitting of Eqn. (2) to the latter time 

release (above ten hours) data.  



Table 1. EDS result of the elements analysis of HAp/Col composite after soaked in 7 

days SBF solution

Material Weight concentration (%) Ca/P
C O Mg P Cl K Ca Weight ratio

HAp/Col surface 18.36 36.08 0.2 14.75 1.59 0.49 25.2 1.71

Particles at surface 27.71 35.38 0.28 11.47 1.12 0.47 18.53 1.62
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