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a b s t r a c t

The objective of this work was to develop nanocrystalline apatite (Ap) dispersed in a chitosan (CHI)
matrix as a material for applications in bone tissue engineering. CHI/Ap composites of different weight
ratios (20/80, 50/50 and 80/20) and with CHI of different molecular weights were prepared by a biomi-
metic stepwise route. Firstly, CaHPO4�2H2O (DCPD) crystals were precipitated from Ca(CH3COO)2 and
NaHPO4 in the bulk CHI solution, followed by the formation of CHI/DCPD beads by coacervation. The
beads were treated with Na3PO4/Na5P3O10 solution (pH 12–13) to crosslink the CHI and to hydrolyse
the DCPD to nanocrystalline Ap. This new experimental procedure ensured that complete conversion
of DCPD into sodium-substituted apatite was achieved without appreciable increases in its crystallinity
and particle size. In addition, composites with silicon-doped Ap were prepared by substituting Na3PO4 by
Na2SiO3 in the crosslinking/hydrolysis step. Characterization of the resultant composites by scanning
electron microscopy, X-ray powder diffraction (XRD), thermal analysis and Fourier transform infrared
spectroscopy confirmed the formation, within the CHI matrix, of nanoparticles of sodium- and carbon-
ate-substituted hydroxyapatite [Ca10–xNax(PO4)6–x(CO3)x(OH)2] with diameters less than 20 nm. Rela-
tively good correspondence was shown between the experimentally determined inorganic content and
that expected theoretically. Structural data obtained from its XRD patterns revealed a decrease in both
crystal domain size and cell parameters of Ap formed in situ with increasing CHI content. It was found
that the molecular weight of CHI and silicate doping both affected the nucleation and growth of apatite
nanocrystallites. These effects are discussed in detail.

� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Effective substitution of defective bone tissue is a major chal-
lenge in orthopaedic surgery. A great deal of attention has been
focused on the development of suitable biocompatible and bioac-
tive materials, which may be used successfully for long-term bone
repair and regeneration. For this, one of the most widely used
materials is hydroxyapatite (HA) [Ca10(PO4)6(OH)2] [1–8], which
is known to be biocompatible, bioactive (i.e. having an ability to
form a direct chemical bond with surrounding tissues), osteocon-
ductive, non-toxic, non-inflammatory and non-immunogenic.

Conventional micro-scale HA is employed in different forms
(powder, dense or porous blocks, etc.) depending on the require-
ment of the particular application.

HA and calcium-deficient HA in nano-particulate form are
beginning to play a significant role in bone-related therapies owing
to their unique functional properties of high surface area to volume

ratio and their ultrafine structure, similar to that of biological apa-
tite. This similarity is of importance in cell–biomaterial interac-
tions [9,10].

Micro-particulate HA has mainly been used for the treatment of
periodontal osseous defects and alveolar ridge augmentation, be-
cause of its ease of production and handling and close surface con-
tact with the surrounding tissue [11]. However, particulate HA
suffers from the disadvantage that it can migrate from the im-
planted site, potentially causing damage to healthy tissue [12].

To resolve this clinical problem, composite materials based on
HA and natural [13–24] or synthetic [25–27] polymers have been
developed. The advantages of these kinds of systems lie, in general,
in combining the functional properties of single phase materials.
Natural polymer-based composites obtained from collagen [13],
alginate [15], gelatine [17] and chitosan (CHI) [14,16,18–24] are
playing a significant role in many tissue engineering applications
due to their tailor-made physical, chemical, mechanical and bio-
logical characteristics.

CHI (the N-deacetylation product of chitin) is being increasingly
used in the design of environmentally responsive biomaterials
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[16,18–24] because of its biocompatibility, biodegradability and
bioactivity in the human body. This biopolymer can be easily ob-
tained from chitin, an abundant and renewable material in the
biosphere.

In addition, CHI is flexible, has good solubility in various organic
acid solutions and, due to the intramolecular hydrogen bonds
formed between hydroxyl and amino groups, is suitably resistant
to heat and certain alkaline media [19]. It has also been reported
that the mechanical reliability and in vivo biomineralization of
CHI/HA composites are superior to those of either HA or CHI alone
[19,28].

Various ways of preparing CHI/HA composites have been devel-
oped, such as mixing an HA powder in a CHI solution [28] and coat-
ing HA particles onto a CHI film [29]. However, the composites
obtained by these means were microscopically non-homogeneous
and often caused inflammation when implanted. To overcome
these drawbacks, Yamaguchi et al. [19,23] proposed a one-step
co-precipitation method in which a CHI solution containing phos-
phoric acid was dropped into a calcium hydroxide suspension. A
similar procedure was also employed by Chang et al. for the prep-
aration of HA/gelatine nanocomposites [17]. Other authors biomin-
eralized CHI in a solid form (for example, as membranes) in
simulated body fluid [30]. Another approach was used by Hu
et al. [31] in which the CHI hydrogel was mineralized by controlled
in situ hybridization by an ionic diffusion process. The above ap-
proaches led to the incorporation of inorganic fillers into the struc-
ture of composites in the form of either nano- or micro-sized
particles.

Recently, an interesting bio-inspired route for the design of
composite materials containing CHI and nano-sized HA has been
reported [18]. The authors suggested that a biomimetic approach
should enable both the architecture (the structure) and the chem-
istry (the composition) of synthetic biomaterials to be controlled.
The method consisted of the formation of dicalcium phosphate
dihydrate (DCPD) (CaHPO4�2H2O) in bulk CHI acidic solution and
their co-precipitation by gradually increasing the pH of the reac-
tion medium by the dropwise addition of NaOH solution.

It should be noted that all of the above mentioned approaches
lead to a particular type of CHI/HA composite material each with
a distinctive structure and properties. In a similar way Peña et al.
[24] dispersed a commercial DCPD powder in a CHI solution in di-
luted citric acid. The resulting viscous slurry was transformed at
room temperature into a CHI/Ca-deficient apatite/composite on
being poured into NaOH solution. DCPD is a well-known precursor
of apatite (Ap) and will hydrolyse into either octacalcium phos-
phate or Ap in various aqueous solutions. The exact composition
of the resulting hydrolysis product depends upon the concentra-
tion, composition and pH of the hydrolysing solution, as well as
the time and temperature of hydrolysis and other factors [32–
37]. In reports by Rusu et al. [18] and Peña et al. [24] NaOH solution
was used at a physiological temperature during hydrolysis of DCPD
in the bulk of a CHI matrix. However, such hydrolysis conditions
did not lead to complete conversion of DCPD to HA [18].

In the current work the use of a solution of sodium phosphate is
proposed as an alternative hydrolysis medium for DCPD conver-
sion into sodium-substituted Ap, on the assumption that the buffer
capacity of a warmed solution of sodium phosphate would enable
the conversion of DCPD to proceed to completion [32,37]. Thus, as
described in the current paper, a new three step route was devel-
oped in which composites, formed from nano-Ap crystals dis-
persed in a CHI matrix, could be obtained. The selection of salts
(calcium acetate and dihydrogen sodium phosphate) as DCPD pre-
cursors, rather than strong acids or bases, and the substitution of
sodium hydroxide by tri-sodium phosphate in the hydrolysis med-
ium represent the new aspects of this bio-inspired procedure,
aimed at both avoiding any further destructive impact of the inor-

ganic component on the polymeric chains of CHI and guaranteeing
complete conversion of DCPD into Ap.

This experimental procedure was also applied to introduce sili-
con (Si) into the crystalline network of the Ap formed in the CHI
matrix. The use of Si [38–47] is currently receiving attention for
biomedical applications as a substitute for Ca in the crystal net-
work of HA and tri-calcium phosphate. Silicon plays an essential
role in the metabolic events that lead to endochondral and intra-
membranous bone formation [48,49], and together with Ca, Na
and P acts on the expression of certain genes responsible for con-
trolling the cell cycle of animal and human osteoblasts and stimu-
lates osteoproduction [50–52]. Many attempts to introduce Si into
an HA network as an effective way to improve the bioactivity level
of the material have been carried out [38,39,41–45,53–61].

With the above criteria in mind, and as a distinctive aspect of
the current study (compared to the above cited works by Rusu
et al. [18] and Peña et al. [24]) silicon (Si) was introduced as an
ionic doping agent during the in situ generation of the Ap phase
dispersed in the bulk CHI matrix. In this way it could be expected
that, as a result of the partial or total substitution of the tri-sodium
phosphate hydrolysing solution by sodium silicate solution, CHI/
silicon-doped apatite (CHI/Si-Ap) composites with improved oste-
ogenic properties would be obtained.

Studies were also made on the influence that the molecular
weight and degree of deacetylation of CHI and the CHI/Ap weight
ratio in the composites would have on the average crystallite size
of the inorganic component, since it was considered that the poly-
mer matrix would, in all likelihood, affect the nucleation and
growth of Ap/Si-Ap nanocrystallites [62].

In summary, the goal of this research has been to introduce new
experimental procedures to the biomimetic approach, to incorpo-
rate Si into the Ap structure and to determine how the different
structural properties of the biopolymer influence the dimensional
characteristics of Ap crystals, all with a view to establishing a suit-
able, bio-inspired route for producing novel materials under con-
trolled conditions at the nano level.

Scanning electron microscopy (SEM), powder X-ray diffraction
(XRD), Fourier transform infrared (FTIR) spectroscopy, thermo-
gravimetry (TG) and differential thermal analysis (DTA) were em-
ployed in the characterization of the composites produced.
Structural data about the crystallite size of Ap and Si-Ap in the
composites were obtained from XRD patterns.

2. Materials and methods

2.1. Materials

Three different CHIs were employed for the preparation of com-
posites. They are designated MD-CHI [deacetylation degree
(DD) = 89.3%, Mv = 1.4 � 105] (Primex, Iceland), M-CHI (DD =
78.7%, Mv = 1.14 � 105) and L-CHI (DD = 79.4%, Mv = 5.89 � 104),
both supplied by Aldrich, UK. Samples M-CHI (medium molecular
weight) and L-CHI (low molecular weight) had similar degrees of
deacetylation but differed in their molecular weights. Sample
MD-CHI has a similar molecular weight to sample M-CHI, but a
higher degree of deacetylation.

Purification was as follows. CHI was dissolved in aqueous acetic
acid (2%) until a homogeneous 1% CHI solution was attained. The
pH of the CHI solution was increased to 8.0 by dropwise addition
of 10% NaOH solution. The precipitated CHI gel obtained was
washed several times with deionised distilled water and vacuum
dried in a desiccator.

Glacial acetic acid (CH3COOH) was obtained from PANREAC
(Barcelona, Spain), calcium acetate [Ca(CH3COO)2] from BDH
(Poole, UK), sodium phosphate (Na3PO4) from Riedel-de Haën (See-
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ize, Germany), sodium tripolyphosphate (Na5P3O10) from Acros
Organics (Geel, Belgium) and sodium dihydrogen phosphate
(NaH2PO4�H2O), sodium hydroxide (NaOH) and methanol (CH3OH)
from Sigma Chemical Co. (Steinheim, Germany). All solutions were
prepared with redistilled water.

2.2. Methods

2.2.1. Preparation of composites
In order to obtain size-controlled nano-apatite particles dis-

persed in the CHI matrix, a stepwise co-precipitation route was fol-
lowed. Dispersed CaHPO4�2H2O (DCPD) crystals were first
precipitated in the bulk of a CHI solution. This was followed by
the formation of CHI/DCPD beads, by dropping the CHI solution
into a NaOH–CH3OH solution. After washing, the CHI beads con-
taining dispersed DCPD crystals were treated with Na3PO4/
Na5P3O10 solution to crosslink the CHI and to hydrolyse DCPD into
nanocrystalline apatite (Ap). To control the HA/Ap ratio in the final
composite, different proportions of the soluble salt precursors
were employed depending upon the CHI content. The synthesis
route may be summarized in two fundamental steps: (a) in situ
precipitation of DCPD; (b) further hydrolysis of DCPD to apatite.
These steps are represented by the following equations:

CaðCH3COOÞ2ðaq:Þ þ NaH2PO4ðaq:Þ þ 2H2O�!CHI
CaHPO4 � 2H2OðsÞ

þ CH3COOHðaq:Þ þ CH3COONaðaq:Þ ð1Þ

ð10� xÞCaHPO4 � 2H2OðsÞ þ x
3
Na3PO4ðaq:Þ

þ xH2CO3ðaq:Þ �!CHI Ca10�xNaxðPO4Þ6�xðCO3ÞxðOHÞ2ðsÞ
þ 12þ x

3
H3

� �
PO4ðaq:Þ þ ð18� 2xÞH2O ð2Þ

The experimental procedure to prepare the CHI/Ap composites
of different weight ratios (20/80, 50/50 and 80/20) was as follows.
To a determined volume of 2 wt.% CHI aqueous solution in 1% ace-
tic acid were added different volumes of 5 wt.% NaH2PO4�H2O and
5 wt.% Ca(CH3COO)2 aqueous solutions, at molar ratio Ca/P = 1.5
(Table 1). The mixture was then aged and vigorously stirred over-
night to ensure homogeneous dispersion of the fine precipitate of
DCPD in the viscous CHI solution. The resulting CHI/DCPD suspen-
sions were dropped into an excess of 10 wt.% NaOH solution in
CH3OH. The beads thus obtained were left to stand at room tem-
perature for 2 h and subsequently washed four times with cold
and warm water, successively. The CHI/DCPD beads were hydroly-
sed in a saturated solution of Na3PO4 containing 1 wt.% Na5P3O10 as
crosslinking agent. The hydrolysis proceeded at 60 �C for 72 h with
occasional stirring. Finally, the CHI/Ap composite beads were
filtered, washed free of alkali and freeze dried (�110 �C, 24 h).

2.2.2. Optical microscopy (OM) and scanning electron microscopy
(SEM)

Images of the ‘as obtained’ and lyophilized samples of the com-
posites beads were obtained using a Zoom Stereomicroscope
SMZ1000 (Nikon Instrument, USA) coupled to a CCD-IRIS video
camera (Sony, USA).

Freeze dried composite samples were glued onto a conductor
sample holder, vacuum coated with gold and examined with a
S470 cold field emission scanning electron microscope (Hitachi,
Japan) operating at 20 kV.

2.2.3. FTIR analysis
FTIR spectra were obtained with a Tensor 27 FTIR spectrometer

provided with the OPUS Data Collection Program (Bruker Optics,
USA). Samples were prepared in the form of KBr discs. Spectra were
recorded over the range 4000–400 cm�1 at 2 cm�1 resolution, with
the accumulation of 32 repeated scans.

2.2.4. Thermal analysis
Thermal analyses were carried out with a Q500 V6.5 Build 196

thermogravimetric analyser (TA Instruments, USA). Measurements
by thermogravimetry (TG), differential thermogravimetry (DTG)
and differential thermal analysis (DTA) were recorded at a heating
rate of 10 �C min�1 under a flow of air in the range 25 up to 600–
1000 �C, as indicated in the corresponding figures. Aluminium cru-
cibles were employed for the samples and reference (a-Al2O3).
Sample sizes ranged from 5 to 9 mg.

2.2.5. X-ray diffraction
X-ray diffraction patterns of the different samples studied in

this work were obtained with a Bruker Focus diffractometer
equipped with a D8 (h/h) goniometer and a LynxEyeTM position-sen-
sitive detector with a Cu anode (Ia1/Ia2 ratio = 0.5), operating at
40 kV and 40 mA. Diffraction patterns were recorded over a 2h
range of 5–80� in continuous mode. The step size was 0.02� and
0.5 s per step.

The EVA program and PDF-2 JCPDS files data bases were used to
perform the automated phase analysis. JCPDS files Nos. 46-0905
and 39-1894, corresponding to calcium-deficient hydroxyapatite
(CDHA) [Ca9HPO4(PO4)5OH] and CHI, respectively, were used for
identification.

2.2.5.1. Determination of crystal domain size and cell parameters of
apatite formed in situ. X-ray diffraction was used to estimate crys-
tallite size and cell parameters of the apatite phase formed inside
the composites. The experimental set-up and conditions described
above were employed for data collection, but the 2h range of
5–120� was scanned in continuous mode with a step size of
0.01� and 0.5 s per step.

Table 1
Solutions of reagents and their volumes employed for samples preparation.a

Designation Volume (ml)

CHI (2 wt.%) Ca(CH3COO)2 (5 wt.%) NaH2PO4 (5 wt.%) NaOH/MeOH (10 wt.%) Na3PO4/Na5P3O10 (sat./1 wt.%) Na3SiO4 (8.8 wt.%)

CHI20 25 60 45.4 150 70 0
CHI50 62.5 37.5 28.5 150 70 0
CHI50-Si50 62.5 37.5 28.5 150 35 35
CHI50-Si100 62.5 37.5 28.5 150 0 70
CHI80 100 15 11.4 150 70 0
CHI80-Si100 100 15 11.4 150 0 70
Ap 0 75 57 0 70 0
Ap-Si100 0 75 57 0 0 70

a Theoretical yield: 2.5 g of sample.
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The Engel et al. [63] variant of the Pawley method [64] in the
module Reflex Powder Refinement of Materials Studio Modelling
v4.0.0.0 (Accelrys Software Inc.) was employed to estimate crystal
domain size and cell parameters. This variant of the Pawley proce-
dure uses the Bragg intensities as freely varying refinement param-
eters and disregards the underlying atomic structure. In refining
those parameters affecting peak shapes and positions, such as pro-
file parameters, peak broadening, asymmetry parameters, line shift
corrections and cell parameters, the Pawley method has a distinct
advantage, in comparison with the conventional Rietveld refine-
ment method, in that it does not require any prior knowledge of
the unit cell contents. It is, therefore, often easier to refine such
parameters using the Pawley method.

The algorithm employed for calculating crystal domain size
from peak broadening was based on the Scherrer equation (Eq.
(3)):

L ¼ K
k

Dð2hhklÞcos hhkl
ð3Þ

where L is the average crystal domain size, k is the wavelength of
the X-ray radiation, D(2hhkl) is the broadening to full width at half
maximum (FWHM) of the peak, h is the Bragg angle and K is a cor-
rection factor close to 1 which, among others, accounts for the dif-
ference between ‘‘integral breadth” and FWHM.

Similarly, the estimation of cell parameters from peak position
was supported by Eq. (4) [65].

sen2hpeak ¼ k2

3
h2 þ hkþ k2

a2

 !
þ l2

c2
ð4Þ

where hpeak is the Bragg angle of the peak, k is the wavelength of the
X-ray radiation, h, k, and l are the Miller indices of the reflection and
a and c are the hexagonal cell parameters.

Samples were mixed with 10 wt.% pure polycrystalline silicon
as an internal standard and pressed into discs for examination.
The experimental X-ray diffraction pattern from the silicon stan-
dard was refined to obtain peak profile and instrument variables,
assuming an absence of peak broadening caused by strains and
crystal domain size and a pseudo-Voigt peak profile. The Profile
and instrumental variables thus obtained were used in the refine-
ment of crystal domain size and cell parameters for the apatite in
the samples. International Crystallographic Standards Database
structure files Nos. 29287 and 152190, corresponding to silicon
and CDHA, respectively, were used for refinement.

3. Results and discussion

3.1. Preparation and morphology of composites

In order to vary the CHI/Ap ratio in the final composite a novel
procedure was established whereby Ap was co-precipitated in a
stepwise fashion from soluble precursor salts using different pro-
portions of starting ingredients. Basically, by adding a solution of
NaH2PO4 (pH �5) to a solution of CHI in dilute CH3COOH followed
by a solution of Ca(CH3COO)2 (pH �5), all under stirring, a disper-
sion of fine DCPD crystals in acidic CHI solution was obtained. The
resulting suspension was then added dropwise into a H2O–CH3OH
solution of NaOH to precipitate CHI as droplets in which DCPD
crystals were embedded. Finally, the DCPD crystals embedded in
the CHI matrix were hydrolysed into Ap in a solution of Na3PO4

(pH �12).
After washing (to pH �7) the resultant composite beads were

roughly spherical, with average diameters between 300 and
250 lm, as shown for sample M-CHI80-Si50 in Fig. 1a. The cross-
section of a bead of M-CHI80-Si50, obtained by cutting with a razor
blade, is shown in Fig. 1b. The composite beads had a skin–core

structure which reflected the kinetics of gel drying with a shell
thickness of �10 lm. The composite beads shrank and their sur-
faces became rough after freeze drying (Fig. 1c). The scanning elec-
tron micrographs of freeze dried composites shown in Fig. 2 reveal
that they were made of aggregates of individual particles each of
�50 nm size. No segregation of Ap crystals was observed, suggest-
ing that they are embedded in the CHI matrix and both together
constitute the individual particles that form, in turn, the above
mentioned aggregates.

3.2. Qualitative analysis of crystalline phases

The only crystalline phases detected in the samples of compos-
ites were those of Ap and CHI (see Fig. 3). The broad peak between
15� and 30� (2h) corresponds to the main diffraction peaks of CHI
as reported in JCPDS file No. 39-1894. The overlapping of the char-
acteristic peaks that coalesce into a broad band is characteristic of
the low crystallinity polymeric network of CHI, where much of the
material is amorphous.

Fig. 1. Optical micrographs of beads of the composite M-CHI80-Si50. (a) As
obtained after water washing (hydrogel); (b) cross-section of a bead; (c) freeze
dried (Xerogel).
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Peaks characteristic of Ap matched JCPDS file No. 46-0905, re-
ported for CDHA (Ca9HPO4(PO4)5OH), well (Fig. 3). These peaks
were also quite broad, which suggests that the apatite crystals
were of small size.

The ashes obtained after calcination of CHI/Ap composites in air
at 1000 �C for 15 h were also submitted to X-ray qualitative phase
analysis. Strong characteristic diffraction peaks of HA (JCPDF file
No. 9-432) and weaker peaks corresponding to b-CaNaPO4 (JCPDF
file No. 29-1193) were detected. This result suggests that partial
substitution of Na by Ca took place in the apatite produced during
the in situ hydrolysis of DCPD in the presence of a high concentra-
tion of Na ions.

3.3. Infrared spectroscopy

Fig. 4 shows the FTIR spectra of Ap, M-CHI and their respective
composites. The infrared spectrum of Ap (Fig. 4a) exhibited the
characteristic absorption bands of HA at 3568 cm�1 (OH stretch)
and 631 cm�1 (OH librational). The broad bands peaking around
3430 and 1645 cm�1 are due to adsorbed water (HOH stretch
and bending, respectively) [66]. It also displayed the typical
absorption bands of the PO4 group in HA at 1000–1100 cm�1 (m3)
and 962 cm�1 (m1) [67]. The absorption bands observed at 604
and 565 cm�1 correspond to the m4 mode of the PO4 group [67].
Bands at 3568 and 631 cm�1 were hardly visible, indicating the
low crystallinity of the sample, which was also confirmed by the
presence of only two peaks around 600 cm�1 instead of the three
described in reports on more crystalline apatites, such as stoichi-
ometric HA [16,68]. The occurrence of bands at 1456, 1418 and
874 cm�1 indicates the presence of type B carbonate ions in the
apatite [66]. As bone mineral contains a substantial amount of car-
bonate (4–8 wt.%) in the human body, the presence of carbonate in
the Ap composites is advantageous, as it increases the mechanical
consistency and bioactivity of the apatite [69,70] and, hence, more
osteoconduction and tissue in-growth is expected upon
implantation.

The infrared spectrum of M-CHI (Fig. 4e) displayed the distinc-
tive absorption bands at 2942–2784 cm�1 (aliphatic C–H stretch-
ing band), 1657 cm�1 (amide I) and 1597 cm�1 (NH2 bending)
and 1321 cm�1 (amide III). The absorption bands at 1154 cm�1

(anti-symmetric stretching of the C–O–C bridge), 1082 and
1032 cm�1 (skeletal vibrations involving C–O stretching) are char-
acteristic of its saccharide structure [71]. The spectra of the CHI/
CDHA composites (Fig. 4b–d) exhibited the absorption bands of
both components, while the characteristic peaks of M-CHI became
stronger and more defined as the CHI content in the composites in-
creased. This confirmed that the composites were richer in the
polysaccharide in the order expected.

Fig. 2. Scanning electron micrographs of composites (a) M-CHI20 and (b) M-CHI50.

Fig. 3. X-ray powder diffraction patterns for Ap and M-CHI and composites
M-CHI20, M-CHI50 and M-CHI80. Ap, JCPDS file No. 46-0905; CHI, JCPDS file No.
39-1894.

Fig. 4. Infrared spectra of samples (a) Ap, (b) M-CHI20, (c) M-CHI50, (d) M-CHI80
and (e) M-CHI.
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Fig. 5 shows the infrared spectra of those materials prepared in
the presence of silicate ions during the hydrolysis step in compar-
ison to their Si-free analogues. The spectra of Ap (Fig. 5a) and Ap-
Si100 (Fig. 5b) are very similar. According to previous reports no
differences exist between the infrared spectra of ‘‘as-precipitated”
HA and Si-doped HA. Small differences are only noticeable after
heat treatment of the material above 1000 �C [61,72,73]. The same
is observed for spectra of composites containing 50 wt.% CHI ob-
tained by hydrolysis in silicate (Fig. 5c), silicate–phosphate
(Fig. 5d) and phosphate (Fig. 5e) solutions.

3.4. Thermal analysis

In the traces from the thermogravimetric analysis of the MD-
CHI/CDHA composites (Fig. 6) the three main decomposition steps
of chitosan are observed. In the first step an endothermic effect
(see DTA curve in Fig. 6), associated with the loss of water in the
temperature interval 30–150 �C, takes place. The second decompo-
sition step corresponds to a complex exothermic process in which
dehydration of the saccharide rings of chitosan occurs, together
with decomposition of the acetylated and deacetylated units of
the polymer [74]. The final step of pyrolysis corresponds to the oxi-
dative decomposition of chitosan residues. The curves are parame-
terised in Table 2.

It can be seen from Fig. 6 that the shapes of the weight loss vs.
temperature curves and the DTA profiles differ considerably from
one sample composition to another. This is indicative of the exis-
tence of an interaction between the chitosan matrix and the inor-
ganic phase [68]. Moreover, mixing chitosan with HA may cause a
decrease in its crystallinity and the chain order in the composite.
These factors may explain why, in Table 2, one can observe that
as the chitosan content of the composites increased they became
more thermally stable and the decomposition of chitosan started
at higher temperatures. The same pattern of behaviour was ob-
served for the composites of the three chitosan samples employed
(M-CHI, L-CHI and MD-CHI).

The curve of Ap (Fig. 7d) does not show any transition in the
temperature interval studied, indicating its high stability. The
small weight loss observed below 300 �C has been attributed to
dehydroxylation of nanocrystalline apatite [75].

The total weight loss due to the thermal decomposition of
chitosan decreased as the inorganic content in the composites in-
creased (Fig. 7b–d). Thermogravimetric analysis is a useful tool
for determining the quantity of inorganic content in CHI/Ap com-

posites [68,76]. Table 3 shows the following: (a) the composition,
as calculated from their corresponding TG curves, of all materials
prepared; (b) weight losses resulting from the first degradation
stage (loss of water), and from the second and third steps (burning
out of chitosan at 600 �C); (c) the amount of residue. Table 3 shows
reasonably good correspondence between the calculated inorganic
content of the composites and the theoretically expected value for
the samples prepared with chitosans of mediummolecular weight.
The composites obtained with CHI of low molecular weight con-
tained a higher proportion of the organic phase for the three com-
positions studied. This Ap loss could be the result of a higher
porosity of the L-CHI beads.

3.5. Average crystal domain size of Ap formed in situ

The results obtained for average crystal domain size are dis-
played in Table 4. From Fig. 8a and b it is evident that the crystal-
lite size along the c and [0 k 0] directions decreased as the chitosan
content in composites prepared with L-CHI (Fig. 8a) and M-CHI
(Fig. 8b) increased, in agreement with previous reports [18,75].
Crystal domain size along [0 0 l] exhibited the same trend for high
chitosan content. However, from a comparison of Fig. 8a and b it
seems that the molecular weight of CHI does not affect the average
crystal size of Ap in the composites.

The use of silicate solution in the hydrolysis step also caused a
reduction in the crystallite size along all studied directions, as pre-
viously observed for silicon-substituted apatites [77].

Fig. 9 shows the effect of adding silicate ions to the reaction
solution in the DCPD? Ap hydrolysis step. In the absence of CHI
average crystal domain size clearly decreased from sample Ap to
Ap-Si100, which was prepared in the same way as Ap except that
the Na3(PO4)/Na5P3O10 solution in the hydrolysis step was replaced
by a saturated solution of Na2SiO3. In composites M-CHI50, M-
CHI50-Si50 and M-CHI50-Si100 silicate addition during the hydro-
lysis step also reduced the average crystal domain size, although
the decrease was less pronounced than in the absence of CHI.

3.6. Cell parameters of the Ap formed in situ

The values obtained for cell parameters, a = b and c of the differ-
ent samples are listed in Table 4.

Fig. 10 shows the variation with CHI content of the cell param-
eters of Ap formed in situ for composites with low and medium
molecular weight CHI. Parameter a = b (Fig. 10a) decreased with
CHI content for L-CHI and M-CHI, but the decrease was more
intense for composites prepared from L-CHI. A similar picture is
observed in Fig. 10b for the parameter c, where the parameter
value decreased drastically with the increase of CHI content in
the composites for L-CHI. However, for those composites made of
M-CHI the decrease in c with CHI content is considerably less
significant.

The presence of silicate ions during the hydrolysis step in-
creased the parameter a = b and decreased the parameter c, as
can be seen in Fig. 11 by comparing sample Ap with Ap-Si100.
Composites prepared with 50 wt.% M-CHI (samples M-CHI50 and
M-CHI50-Si50 in Fig. 11) showed the same effect. However, M-
CHI50-Si100, the composite prepared by hydrolysis in phos-
phate-free silicate solution, deviated from this behaviour, as seen
in Fig. 11.

Cell parameters reported for Ap in the International Crystallo-
graphic Standards Database structure file No. 152190 are
a = b = 0.94396 nm and c = 0.68792 nm. The experimental value
obtained in this work for the parameter a = b for Ap formed in
the absence of CHI is smaller than the reported value, and this ef-
fect may be caused by the partial substitution of PO4 by CO3. This
indicates that the experimentally obtained Ap was a partially car-

Fig. 5. Infrared spectra of samples (a) Ap, (b) Ap-Si100, (c) M-CHI50-Si100, (d) M-
CHI50-Si50 and (e) M-CHI50.
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bonate-substituted type B apatite [78], as already shown by the
FTIR spectroscopy results.

Both cell parameters decreased as the CHI content in the exper-
imental composites increased, more markedly for those prepared

Fig. 6. Thermal analysis curves for composites (a) MD-CHI20, (b) MD-CHI50 and (c) MD-CHI80. ––, TG; � � �, DTG; – –, DTA.
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from L-CHI than from M-CHI. As previously observed by Murugan
et al. [75] this effect cannot be attributed to the inclusion of CHI in
the crystal lattice, due to the relatively large size of CHI molecules.
Instead, vacancies and imperfections caused by the decrease in
crystallinity should account for the decrease in these parameters.

Experiments carried out in silicate-containing hydrolysing solu-
tions led to variations in the parameters a = b and c, suggesting that
incorporation of silicate species into the lattice had taken place to
some degree. The variation observed in the magnitude of both
parameters could not be related to the silicate concentration in
the hydrolysing solution. Other authors have described small
parameter variations in silicon-substituted HA, attributable to the
replacement of PO4 tetrahedra by SiO4 in the crystal lattice. The
SiO4 group has a slightly higher volume than PO4 and may produce
lattice expansion [79]. On the other hand, some OH groups must be
lost in order to maintain the electrical balance of the lattice, caus-
ing contraction. The global balance and the effects on the parame-
ters a = b and c will depend upon the degree of incorporation of
SiO4 and loss of OH.

3.7. Crystallite size and cell parameters of Ap formed in situ

Bone implant materials made of sintered apatite are bioactive
but are only slowly reabsorbed in vivo. The relative physiological
stability of sintered apatite implants is, amongst other factors,
strongly related to its high crystallinity and large crystallite size.
Apatites produced by wet methods are more soluble and reabsorb-
able because of their smaller crystallinity and crystallite size [78].
The in situ procedure employed in this work to produce Ap in the
CHI matrix led to crystallite (crystal domain) sizes in the range

12.9–6.2 nm for the [h 0 0] and [0 k 0] directions and between
19.3 and 11.3 nm in the [0 0 l] direction. This last size is very sim-
ilar to the value of 18.6–16.4 nm recently reported for natural apa-
tite from mature cow bone [80]. It should be borne in mind that
crystal domain or crystallite size is not necessarily related to parti-
cle size, hence particles may be composed of several crystallites or
crystal domains. According to the a/c ratio of crystallites in the
composites obtained individual crystallites are rod-shaped with
the z-axis along the rod axis.

The study of composite series with varying CHI levels showed
that the higher the CHI content in a composite the smaller the
average crystallite size of the resultant Ap. These results agree with
data reported for CHI– and gelatine–apatite nanocomposites
[17,18,75]. Other authors who have observed this effect have not
provided any explanation as to its mechanistic causes. A possible
explanation could be that the increase in viscosity of the medium
leads to a decrease in the diffusion rate of ionic species involved
in the nucleation and growth of calcium phosphate phases in the
CHI matrix.

In this work some experiments were carried out where the
Na3PO4/Na5P3O10 hydrolysing solution was replaced by a
1:1 vol.% mixture of Na3PO4 and Na2SiO3 saturated solutions (M-
CHI50-Si50) or completely by a saturated Na2SiO3 solution (M-
CHI50-Si100). The aim was to introduce anionic silicate species
into the Ap lattice as a route to improving its bioactivity [US Patent
No. US6312468], with silicate anions entering the Ap lattice by
replacing some of the phosphate ions [79]. It was observed that
for those composites hydrolysed in silicate solutions the crystallite
size of the resulting Ap decreased with regard to Ap prepared in a
CHI-free medium, and the magnitude of decrease was directly
related to the silicate content of the hydrolysing solution.

Silicon-substituted HA prepared by wet co-precipitation and
sintering exhibits a similar effect. A decrease in apparent crystallite
size in the [h k 0] direction that was not attributable to microstrain
was found by Zou et al. They proposed that as well as an effective
decrease in crystallite size, crystal imperfections and defects could
also contribute to peak broadening [77]. Bearing in mind that sili-
cate ions replaced phosphate in the apatite lattice and that some
hydroxyl groups were lost to minimize the resulting electrical
imbalance [79], the presence of defects and some disorder are
not unexpected.

Thus, in our work the Ap particles contained in the composites
prepared in the presence of silicate solutions (M-CHI50-Si50 and
M-CHI50-Si100) are expected to be Si-substituted Ap with a nano-

Table 2
Observed effects for the three stages of thermal decomposition of M-CHI composites.

Sample DTG maximum (�C) Temperature range (�C) Mass loss (%)

First stage
M-CHI20 41 31–150 4.0
M-CHI50 60 33–150 6.8
M-CHI80 59 28–150 4.8

Second stage
M-CHI20 270 200–295 14.0
M-CHI50 294 210–338 26.2
M-CHI80 297 227–350 31.3

Third stage
M-CHI20 462 338–600 8.8
M-CHI50 483 340–600 21.4
M-CHI80 561 350–676 40.3

Fig. 7. Thermal analysis curves of composites (a) M-CHI20, (b) M-CHI50,
(c) M-CHI80 and (d) Ap. ––, TG; � � �, DTG.

Table 3
Weight losses of composites and experimental compositions determined by thermal
analysis.

Theoretical
composition (%)

Weight loss
at degradation
stage (%)

Residue at
600 �C (%)

Experimental
composition (%)

1st 2nd + 3rd

CHI/Ap 20/80
MD-CHI20 6.0 17.1 76.9 18.2/81.8
M-CHI20 4.0 19.6 73.1 23.2/76.8
L-CHI20 4.0 20.7 73.6 22.0/78.0

CHI/Ap 50/50
MD-CHI50 6.5 45.3 48.2 48.5/51.5
M-CHI50 6.8 47.6 45.0 51.4/48.6
M-CHI50-Si100 5.4 51.4 44.9 53.4/46.6
L-CHI50 7.1 55.6 37.2 59.7/40.3
L-CHI50-Si100 6.9 54.1 37.9 58.8/41.2

CHI/Ap 80/20
MD-CHI80 4.9 71.0 24.1 74.7/25.3
M-CHI80 4.8 71.4 23.0 75.7/24.3
L-CHI80 5.8 83.4 10.8 88.5/11.5
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metric crystal size and imperfections that should cause their bioac-
tivity and reactivity to increase.

4. Conclusions

A novel procedure was established to obtain size-controlled
apatite/CHI nanocomposites. This involved the stepwise co-precip-
itation of Ap from soluble precursor salts using different propor-
tions of starting ingredients in order to vary the CHI/Ap ratio in
the final composite.

The lack of any trace of residual DCPD in any sample after
hydrolysis confirmed the effectiveness of the proposed synthetic
route. The buffer capacity of the Na3PO4 solution employed en-
sured an almost constant pH of about 12 during the hydrolysis
and, in addition, the temperature of 60 �C during this step speeded
up the hydrolysis reaction to completion without an appreciable

increase in the crystallinity and particle size of the Ap obtained.
The proposed route seems to be highly effective for introducing
Si substitution into the crystalline network of the apatite formed
in the CHI matrix of the resulting composites.

The difference in TG and DTA profiles with change in composi-
tion clearly showed that interactions took place between the CHI
matrix and the inorganic phase. The increase in CHI content en-
hanced the thermal stability of composites for all CHI molecular
weights studied and all degrees of deacetylation.

Structural data obtained from XRD studies of the Ap phase
formed in situ showed crystallite (crystal domain) sizes smaller
than 20 nm. Furthermore, the procedure employed to produce Ap
in the CHI matrix led to a crystal domain in the range 12.9–
6.2 nm for the [h 0 0] and [0 k 0] directions and between 19.3
and 11.3 nm in the [0 0 l] direction, this last size being very similar
to the value of 18.6–16.4 nm recently reported for natural apatite
from mature cow bone. It was established that the CHI content
influences this parameter: the higher the CHI fraction in the com-
posite, the smaller the average crystallite size of the resultant Ap.
However, the molecular weight of CHI seems not to affect the aver-
age crystal size.

Both cell parameters (a = b and c) decreased as the CHI content
in the experimental composites increased, more markedly so for
those prepared from L-CHI than from M-CHI.

The presence of carbonate in CHI/Ap, as detected by FTIR spec-
troscopy, was a benefit in that it increased the mechanical reliabil-
ity and bioactivity of the apatite phase and, in this way,

Table 4
Values of average crystal domain size and cell parameters obtained for in situ formed Ap.

Sample Crystal domain size (nm)a Cell parameters (nm)a Fitness parameters (%)

[h 0 0] = [0 k 0] [0 0 l] a = b c Rwp Rp

Ap 13.4(1) 21.2(1) 0.9430(1) 0.6885(1) 2.89 2.18
Ap-Si100 5.7(1) 11.8(1) 0.9434(1) 0.6874(1) 2.46 1.94
L-CHI20 11.9(1) 16.8(1) 0.9434(1) 0.6892(1) 2.30 1.80
L-CHI50 11.0(1) 17.0(1) 0.9421(1) 0.6882(1) 2.01 1.58
L-CHI80 6.2(1) 11.3(1) 0.9380(1) 0.6861(1) 1.66 1.30
M-CHI20 12.9(1) 19.3(1) 0.9428(1) 0.6888(1) 2.30 1.80
M-CHI50 12.9(1) 19.3(1) 0.9425(1) 0.6889(1) 2.22 1.76
M-CHI80 9.4(1) 15.0(1) 0.9414(1) 0.6883(1) 1.84 1.46
M-CHI50-Si50 10.3(1) 15.1(1) 0.9427(1) 0.6886(1) 2.13 1.67
M-CHI50-Si100 8.6(1) 12.4(1) 0.9418(1) 0.6887(1) 2.18 1.73

a Uncertainty in the last figure is in parentheses.

Fig. 8. Variation in average crystal domain size of in situ formed Ap with CHI
content for composites with (a) low molecular weight CHI and (b) medium
molecular weight CHI.

Fig. 9. Effect of silicate ion addition to the hydrolysis solution on the average crystal
domain size of Ap.
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contributed to an improvement in the osteoconductivity of the
material.

The use of silicate solution in the hydrolysis step caused a
reduction in the crystallite size along all directions studied. It
was observed that the decrease was directly related to the silicate
content of the hydrolysing solution and dependent upon the
molecular weight of CHI (more intense for L-CHI).

Ap particles contained in the composites prepared by this
means in the presence of silicate solutions are expected to contain
ionic substitutions of Si and CO3 for PO4 and Na for Ca and have a
nanometric crystal size and imperfections, which should increase
their bioactivity and reactivity.
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