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Abstract    
Biomimetic collagen/hydroxyapatite scaffolds have been prepared by microwave assisted co-titration of phosphorous 

acid-containing collagen solution and calcium hydroxide-containing solution. The resultant scaffolds have been characterised 
with respect to their mechanical properties, composition and microstructures. It was observed that the in situ precipitation 
process could combine collagen fibril formation and hydroxyapatite (HAp) formation in one process step. Collagen fibrils 
guided hydroxyapatite precipitation to form bone-mimic collagen/hydroxyapatite composite containing both intrafibrillar and 
interfibrillar hydroxyapatites. The mineral phase was determined as low crystalline calcium-deficient hydroxyapatite with 
calcium to phosphorus ratio (Ca/P) of 1.4. The obtained 1% (collagen/HAp = 75/25) scaffold has a porosity of 72%  and  a mean 
pore  size of 69.4 μm. The incorporation of hydroxyapatite into collagen matrix improved the mechanical modulus of the 
scaffold significantly. This could be attributed to hydroxyapatite crystallites in collagen fibrils which restricted the deformation 
of the collagen fibril network, and the load transfer of the collagen to the higher modulus mineral component of the composite.
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1  Introduction 

Bone is a hierarchically structured inor-
ganic-organic composite material consisting of hy-
droxyapatite nanorods embedded in a collagen matrix. It 
contains 60%–70% mineral component in the form of 
small apatite crystals, 20%–30% collagen fibers, and 
10%–20% water[1]. The mineral component of the bone 
is composed mainly of carbonated apatite with low 
crystallinity. The main constituent of the mineral com-
ponent is hydroxyapatite with the chemical formula 
Ca10(PO4)6(OH)2) which has a Ca/P ratio of 1.67. Col-
lagen is the main fibrous protein in the body and a sig-
nificant constituent of the natural extracellular matrix. 
Collagen has a triple helical structure, and specific 
points along the collagen fibrils serve as nucleation sites 
for the bone mineral crystals. The collagen fibrils guide 
the precipitation and growth of nano-apatite crystals to 
form a nano-structured architecture consists of uniaxi-

ally oriented nano-HAp crystals embedded in collagen 
matrix and aligned parallel to the long collagen fibril 
axes[2]. Its unique molecular structure, microstructure 
and macrostructure give bone the unique mechanical 
properties to withstand dynamic loading. 

Both collagen and hydroxyapatite have been used 
in bone tissue engineering owing to their excellent os-
teoconductive property. The composite scaffold of these 
two natural materials has been proved to be more useful 
than a monolithic one. The ductile property of collagen 
increases the fracture toughness and decreases the 
stiffness of hydroxyapatite. While the addition of hy-
droxyapatite to collagen matrix improves the mechanical 
stability of the scaffold in both dry and wet condi-
tions[3,4], and accelerates osteogenesis[5]. Furthermore, 
by integrating rapid fabrication technology, in situ pre-
cipitation and mutil-layer stacking processing method, 
the structure and composition of collagen and hy-
droxyapatite nanocomposite could be manipulated to 
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make functionally gradient scaffold to mimick and re-
place skeletal bone[6–8]. 

Bone substitutes, generated by a tissue engineering 
approach, allow repair mechanisms to take place by 
providing a temporary porous scaffold that reduces the 
size of the defect which needs to be repaired. The scaf-
fold provides a mechanical support to the cells until the 
tissue has regenerated and remodeled itself naturally. In 
this application, the scaffold can be seeded with specific 
cells and signaling molecules in order to maximize tis-
sue growth, and the rate of degradation and absorption of 
these scaffold materials can be controlled[6]. Well de-
fined and controlled architecture, which can facilitate 
cellular infiltration and transport of nutrients and waste 
products, are essential[9–11]. The rationale behind mim-
icking the organization of the bone in a single scaffold is 
to create an environment that more closely resembles the 
natural Extra Cellular Matrix (ECM) of bone[12]. The 
most direct approach to provide “bioactive” bone-like 
material is to create a “mimic” composition, nanostruc-
ture and biological response that is similar to the bone. 
Many researchers have developed processing routes to 
prepare biomimetic collagen/HAp composite with re-
spect to morphology, structure and mineralisation[13–15]. 
In practice, direct mineralisation of collagen involves 
collagen fibril mediated precipitation of nanohy-
droxyapatite from the reaction of calcium-containing 
and phosphate-containing solutions[13,16]. 

In this work, biomimetic collagen/hydroxyapatite 
composite 3D porous scaffolds have been fabricated by 
using a microwave-assisted in situ collagen mineraliza-
tion process. In this method, a phosphoric 
acid-containing collagen solution and a cal-

cium-containing solution are simultaneously added into 
a reaction vessel through a pump at a predefined rate and 
controlled condition (pH=9, and temperature at 40 �C). 
The co-precipitation process allows self-organization of 
hydroxyapatite and collagen. The parameters which 
influence the formation and the nano-structure of 
nano-hydroxyapatite crystallites have been examined, 
and the resultant scaffolds have been investigated with 
respect to their morphology, microstructure and dynamic 
mechanical properties. The obtained results would pro-
vide useful information for the collagen-hydroxyapatite 
scaffolds to produce physical microenvironment for the 
cells growth and tissue formation. 

2  Materials and methods 

2.1 Preparation of bone-mimetic collagen/HAp 
composite  
The collagen/HAp composite was fabricated using 

a modified in situ collagen mineralization method that 
has been previously described[17]. The modified method 
uses a microwave reactor to assist the collagen miner-
alization process, the experiment setup is shown in Fig. 1. 
The in situ mineralization of collagen was based on the 
solution reaction of calcium hydroxide and phosphoric 
acid (Sigma-Aldrich, UK) in the present of collagen. 
The collagen dispersion was produced from microfi-
brillar type 1 collagen isolated from bovine Achilles 
tendon (Sigma-Aldrich, UK). To make colla-
gen/hydroxyapatite nanocomposite, the phos-
phate-containing collagen dispersion (0.5% (w/v) col-
lagen dispersion contains 0.3 mM H3PO4) was 
co-titrated with 0.5 mM Ca(OH)2 solution at the rate of  
1 mL per minute by using a high-end  titrator (Metrohm 

Fig. 1  Schematic of the experimental setup for in situ collagen/HAp composite preparation. 
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907,  Metrohm  Ltd.  UK). The amounts of Ca(OH)2 and 
H3PO4  were  determined  based  on  the   stoichiometric 
Ca/P molar ratio of 1.67 for hydroxyapatite. The titrator 
has three dosing units (Fig. 1): one is used to deliver 
collagen-H3PO4 aqueous solution, second to deliver 
Ca(OH)2 solution and third to deliver Na(OH) solution 
in order to maintain the pH value during in situ miner-
alization process. The reaction was performed in a 
START SYNTH microwave reactor (Milestone Inc, 
USA) with temperature maintained at 90 �C through a 
temperature control unit. 

After the reaction, the suspension was incubated for 
5 days at 37 �C, then degased and centrifuged to obtain 
collagen/HAp composite. The collagen/HAp composite 
scaffolds were fabricated by casting the composite sus-
pension into a polytetrafluoroethylene (PTFE) mould 
and freezing at �20 �C for 24 hours, then, freeze drying 
to obtain the porous scaffolds. 
 
2.2  Characterisations of the composites  

The microstructure of the composite and scaffold 
were examined by Scanning Electron Microscopy (SEM) 
(JEOL JSM-840F, JEOL) operated at an accelerating 
voltage of 5 kV, after sputter deposition of a conductive 
platinum film (2 nm). The pore size and size distribution 
of the samples were analyzed by a high resolution micro 
X-ray computed tomography (micro-CT) system (CT 40, 
Scanco Medical, Switzerland) operated at a voltage of 
55 kV and a current of 145 mA. Samples were scanned 
at 8 μm volume pixel (voxel) resolution with an inte-
gration time of 300 ms to produce 3D reconstructed 
images. After titration, the dispersed collagen/HAp 
composite in water was scooped on a cupper mesh with a 
carbon membrane for Transmission Electro Microgra-
phy (TEM) examinations. The obtained TEM specimens 
were examined by TEM (LEM-200CX, JEOL) in bright 
field model to assess the mineral phase morphology and 
interaction between collagen fibrils and the mineral 
phase. Electron diffraction patterns of the crystallites 
were used to identify the calcium phosphate phase. The 
local elemental analysis was carried out by a fitted 
EDAX Genesis system to assist the phase identification. 

The mineral phase was investigated by a multi-
purpose diffractometer ((XPERT PRO MRD, PANa-
lytical) operated at 40 kV and 40 mA using Cu radiation 
(�=0.15418 nm) over a 2� range from 5� to 70� at in-

crement of 0.001�. 1 mg specimen was mixed with po-
tassium bromide (KBr) powder and ground using an 
agate mortar and pestle. The resulting mixture was 
pressed into transparent disc with a diameter of 13 mm. 
Fourier Transform Infra-red (FTIR) spectra of the sam-
ple was examined in transmission mode using FTIR 
spectrometer (Spectrum 2000, Perkin Elmer) from the 
specimen disc in the range from 4000 cm�1 to 400 cm�1 
at a resolution of 4 cm�1. 

Surface chemistry of the samples was determined 
using a K-Alpha X-ray Photoelectron Spectroscopy 
(XPS) system (Thermo Scientific, UK). The X-ray 
source used was Mg K� line (hv=1253.6 eV), operating 
at an emission voltage and current of 20 mA. A  
survey scan in the range from 0 eV to 1000 eV was 
performed and high resolution spectra were also ob-
tained. 

Dynamic mechanical properties of the scaffolds 
were analyzed using a dynamic mechanical analyzer 
(DMA8000, PerkinElmer, UK). The dynamic tests on 
compression, tensile and shear modes were performed 
on scaffolds in wet condition at 37 �C. The sample was 
loaded into a sample holder, then dynamic stress was 
applied to the sample to a displacement of 0.5 mm  
at frequency of 1 Hz. The changes in strain, phase angle, 
tan
 and modulus, that related to the viscoelastic  
behaviour of the scaffolds, were monitored during the 
test. 

3  Results 

3.1  Microstructure of the scaffolds 
The properties of the obtained biomimetic colla-

gen/HAp scaffolds are dependent on the mineral size, 
composition and the in situ conditions for hydroxyapa-
tite formation. In this study, the final volume of the 
collagen/HAp dispersion was adjusted to 100 mL by 
water evaporation. The collagen concentration in the 
final dispersion is equivalent to 1%, with a colla-
gen/HAp mass ratio of 75/25. The obtained composite 
scaffold demonstrated an interconnected pore network,  
as  revealed  by  micro-CT  examination  in  Fig. 2a. It 
was observed that the resultant nanocomposites have a 
broad range of pore sizes ranging from less than 20 !m 
to larger than 300 !m. Detailed analysis indicated that 
the obtained scaffold has a porosity of 72% and a mean 
pore size of 69.4 μm, as shown in Fig. 2b. 
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Fig. 2  (a) Micro-CT examination: 1% m/v scaffold with 
collagen/HAp ratio of 75/25, porosity of 72% and mean pore size 
of 69.44±17.6 μm. (b) pore size distribution within scaffold. 

 

(a)  
 

(b)  
Fig. 3  SEM micrograph of collagen/HAp composite scaffold. (a)  
The oriented micro-channels (low magnification); (b) the 
interfibrillar hydroxyapatite clusters . 

It is well established that the pore size and porosity 
of  the  scaffold  play  a critical role in cell ingrowth and 
cell growth. The pores need to be large enough to allow 
cells to migrate into the structure, but small enough to 
establish a sufficiently high specific surface for a 
minimal ligand density required for efficient binding of a 
critical number of cells to the scaffold[18]. It is generally 
accepted that the optimal pore size is different for each 
specific cell type and tissue product. In the case of col-
lagen/HAp composite, the pore size and porosity could 
be controlled in final collagen concentration and freez-
ing rate. Generally speaking, the lower concentration 
produces larger pores than that of the higher concentra-
tion dispersion, and slower freezing rate results in bigger 
pores than that of fast freezing rate, as reported else-
where[19,20]. 

Fig. 3a shows the SEM image of the cross-sectional 
area of collagen/HAp composite. This image illustrates 
that micro-channels exist in the scaffold. These mi-
cro-channels align longitudinally, and parallel to the 
direction of solidification, i.e. heat transfer direction. 
The formation of such longitudinally oriented mi-
cro-channel networks could be explained by a planar ice 
front growth theory as described elsewhere[21]. The 
pores within scaffold arise from the ice crystals, which 
formed during the freezing of collagen dispersion. This 
forces collagen to aggregate into the interstitial spaces 
and create an interconnected network of collagen fibrils, 
as shown in Fig. 3b. The ice crystals grow to the vertical 
direction excluding the collagen/HAp nanocomposite in 
solidification. After sublimation of ice crystals, the 
spaces occupied by the ice crystals become pores, and 
result in a unidirectionally interconnected pore network. 
The size of the channels and the spacing between them 
range from several microns to 100 microns. A previous 
study has reported the pore size of the scaffold could be 
adjusted by altering the concentration of collagen dis-
persion and the addition of hydroxyapatite, the freezing 
rate and the pH value since these factors are known to 
affect both the nucleation and growth rates of ice crys-
tals[22]. Higher collagen concentration and higher 
freezing rate of the dispersion produce a lower porosity 
and smaller pore sizes; while higher porosity and larger 
pore size scaffolds could be obtained by lowing collagen 
concentration and freezing rate[23]. 

Detailed examination of collagen fibril networks 
revealed that collagen fibrils influence the precipitation 
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process of hydroxyapatite, as shown in Fig. 3b. This 
image illustrates some nano-hydroxyapatite covering the 
collagen fibrils, and some nanohydroxyapatite clusters 
filling part of the voids of the composite. 
 
3.2  Mineral phase and mineralisation of collagen 

matrix 
XRD was used to examine the mineral phase of the 

composite, and commercially available hydroxyapatite 
powder (Sigma-Aldrich, UK) was used as control. The 
XRD spectra of the control sample and the obtained 
composite are shown in Fig. 4. The phase composition of 
the precipitated nano-crystallite was identified as hy-
droxyapatite of low crystallinity. The two main peaks in 
the XRD spectra correspond to d-spacings of 2.816 Å 
and 3.45 Å, respectively. The strongest (211) peak  
at 31.9� corresponds to hydroxyapatite (P63/m) be-
longing to the hexagonal symmetry. These values are in 
agreement with the JCPDS 9-432 card of hydroxyapa-
tite. 

The electron diffraction pattern of the specimen is 
shown in Fig. 5. It exhibits a large number of typical 
rings of a low crystalline structure. From the rings cor-
responding to the basal planes (002) and (300), the lat-
tice parameters, a and c, can be determined as a = 0.943 
nm and c = 0.689 nm, respectively. As seen from the 
TEM bright field image, electron-dense swollen colla-
gen fibrils with regular cross-bands could be identified. 
Low magnification TEM (Fig. 5a) revealed that the 
collagen fibrils guide the precipitation of hydroxyapatite, 
and  hydroxyapatite  clusters   were  deposited  onto  the  
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Fig. 4  XRD analysis of biomimetic collagen/HAp (75/25) 
composite and hydroxpapatite powder. 

collagen fibrils, confirmed by the high magnification 
TEM analysis (Fig. 5b) revealing the heavily mineral-
ized fibrils. The thin plate-like nano-hydroxyapatite 
platelets precipitated inside the collagen fibrils to form 
collagen-hydroxyapatite composite. These intrafibrillar 
nano-hydroxyapatite crystallites were 10 nm – 30 nm 
long along their c-axes and were responsible for the 
cross-banded appearance of the mineralized collagen 
fibrils. The c-axes of hydroxyapatite crystallites are 
aligned  with  the  elongation  of the collagen fibrils. The 
 

 
 

 
Fig. 5 The electron diffraction pattern of biomimetic 
collagen/HAp (75/25) composite. (a) collagen fibrils guided 
nano-HAp precipitatation, which deposits onto collage fibrils to 
form interfibrillar hydroxyapatite agglomerates; (2) HAp 
nanocrystallites precipitating inside collagen fibril to form 
intrafibrillar hydroxyapatite. 
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architecture  of  collagen/Hap  nanocomposite  is similar 
to those found in mammalian bone[24,25]  
and in mineralized collagen fibril of human bone tis-
sue[26]. These intrafibrillar nano-hydroxyapatite crystal-
lites protect the collagen fibrils from dehydration 
shrinkage. 

The chemical composition of the collagen/HAp 
composite was evaluated more specifically using FTIR 
spectroscopy. The spectra of collagen and composite 
scaffolds are shown in Fig. 6. For collagen scaffold, the 
spectrum exhibited typical amide bands derived from 
collagen. The peak at 1650 cm�1 is assigned to amide I 
arised from the C=O stretch of the collagen, and the 
peaks at 1550 cm�1 and  1235 cm�1 are assigned to amide 
II and amide III, derived from the N-H in plane defor-
mation plus C-N stretch of collagen, respectively[27]. 
Normally, the amide I band is strong, the amide II band 
is weak and the amide III is moderate. The typical bands, 
such as N-H stretching at 3330 cm�1 for the amide A and 
C-H stretching at 3070 cm�1, are also evidenced in the 
spectrum[12,23,28]. For collagen/HAp composite scaffold, 
in addition to the main peaks of collagen namely amide I, 
II and III, the spectrum also exhibited bands derived 
from hydroxyapitate, which formed main peaks of the 
spectrum. A broad phosphate band in the range from 
1150 cm�1 to 950 cm�1 arises from the P-O asymmetric 
stretching mode (�3) of the phosphate groups. The triple 
(�4) degenerate bending modes of O-P-O bond were 
exhibited at 600 cm�1 and 570 cm�1[29,30]. 
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Fig. 6  FTIR spectra of collagen and collagen/HAp composite.        

  
3.3  Mechanical property 

To determine the influence of addition of hy-
droxyapatite on the dynamic property of the composite, 
dynamic mechanical tests were performed on composite 
samples with varied collagen/HAp ratio. Fig. 7 reports 
the dynamic modulus variations with collagen/HAp  
ratio  (by  mass).  It  was  observed  that  all three  moduli  

 

Collagen/HAp ratio (mass)

0.5

1.0

1.5

2.0

2.5

3.0

3.5
0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05
25/7555/5075/25100/0

C
om

pr
es

si
ve

 m
od

ul
us

 (M
Pa

)

ta
n

Compressive modulus

(a)

tan

 

 
Collagen/HAp ratio (mass)

25/7555/5075/25100/0

0.35

0.30

0.25

0.20

0.15

0.10

0.05

ta
n

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Te
ns

ile
 m

od
ul

us
 (M

Pa
)

Tensile modulus

(b)

tan

 

0.4

Sh
ea

r m
od

ul
us

 (k
Pa

)

Collagen/HAp ratio (mass)
25/7555/5075/25100/0

0.10

ta
n

0.6

0.8

1.0

1.2

1.4

1.6

1.8

0.12

0.14

0.16

0.18

0.20

0.22

0.24

0.26

0.28

 Shear modulus

(c)

tan

 
Fig. 7 Mechanical properties of collagen/HAp composite as 
determined by Dynamic Mechanical Analyser (DMA). (a) 
compressive modulus and tan#; (b) tensile modulus and tan#; and 
(c) shear modulus and tan#. 
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(compressive, tensile and shear) of the scaffold in-
creased with the collagen/HAp ratio. The pure collagen 
scaffold has a compressive modulus of 0.5 MPa, while 
the composite scaffold, which contains 75% of HAp, has 
a compressive modulus of about 3 MPa. This represents 
a six fold increase in compressive modulus. Similarly, 
the composite scaffolds also demonstrated a signifi-
cantly higher tensile and shear moduli than that of the 
collagen scaffold. 

Mineralization of collagen matrix increased the 
mechanical modulus of the scaffolds. The introduction 
of hydroxyapatite crystallites into the collagen fibrils 
restricted the deformation of the collagen fibril network. 
As a result, the viscous component of the collagen was 
reduced and elastic component was increased. This led 
to the decrease in tan# value, as revealed by dynamic 
mechanical analysis (Fig. 7). It was observed that col-
lagen scaffold has a tan# value of 0.35 in compressive 
mode, which was reduced with the incorporation of 
hydroxyapatite and reached 0.1 for composite with a 
collagen/HAp ratio of 25/75. Similar effects were also 
observed for tensile and shear test modes. 

4  Discussions 

Bone is a dynamic tissue, subjected to a continuous 
renewing during the life of each individual by the proc-
ess of bone remodelling. The coupling function of os-
teoclast and osteoblast can maintain a correct balance 
between bone resorption and osteogenic functions, thus 
maintaining a constant bone mass and strength[31]. In this 
process, the cells are assumed to provide “raw materials” 
and regulate the microenvironment for the formation of 
bone. It is generally believed that the osteoblasts release 
collagen molecules to form collagen fibrils. At the same 
time, calcium phosphate nanocrystals, provided by os-
teoblasts synthesize matrix vesicle, and epitaxially grow 
on collagen fibril to form strong hydroxyapa-
tite-collagen nanocomposite. 

The rationale for preparation of bone compositional 
mimic composite is to create a micro environment that 
more closely resembles the natural extra cellular matrix 
of the bone tissue. It is postulated that such environment 
would provide an appropriate micro-environment to 
support the cell growth and formation of new bone. In 
this paper, we have demonstrated that 
nano-hydroxyapatite could be incorporated into collagen 
fibrils by using a microwave-assisted in situ 

co-precipitation method. By introducing microwave 
during the precipitation process, the reaction between 
Ca2+ from calcium hydroxide and PO4

3� from phospho-
ric acid could be accelerated significantly[32], and reduce 
the particle size also reported elsewhere[33]. 

By mixing a phosphorus acid-containing collagen 
solution with a calcium-containing solution, the two 
precipitations, i.e. collagen fibril formation and hy-
droxyapatite formation, were combined in one process 
step. In this way, both reactions were initiated simulta-
neously. When acid-containing collagen solution is ti-
trated into the reaction vessel, which has a large quantity 
of deionized (DI) water with pH pre-adjusted to 8.5, the 
higher pH immediately induces collagen fibril formation. 
This was reflected by the rapid local turbidity increase as 
was observed during the experiment. These collagen 
fibrils are postulated to act as templates for the precipi-
tation of hydroxyapatite crystallites. The collagen fibrils 
guide the precipitation of hydroxyapatite crystallites to 
form hydroxyapatite clusters deposit onto collagen fi-
brils directly, as revealed in TEM analysis (Fig. 5a). 

Collagen fibrils are semi-crystalline aggregates of 
collagen molecules. Type-I collagen assembles its tro-
pocollagen units in a quarter-staggered array, which 
leads to hole and overlap zones that can be seen as a 
periodic banding pattern[2]. These are actually bundles of 
fibrils that are assembled into a structure by regular 
spacing and rotation of molecules to produce a five 
stranded helical microfibrils which are axially staggered 
by multiples of units estimated at 66.8 nm[34]. In these 
staggered repeat of the microfibril, the part containing 
five molecules in cross-section is called as the “overlap” 
and the part containing only four molecules is called as 
the “gap”. It is believed that when the collagen mole-
cules are “soaked” in the phosphorous acid aqueous 
solution, some phosphate ions could enter into these 
“gaps”. When the phosphorus acid-containing collagen 
solution contacts with a calcium-containing solution in 
the co-titration process, some calcium ions could diffuse 
into the collagen staggered gaps to react with phosphates 
ions that reside there to form apatite crystallites directly 
inside collagen fibres. In this way, homogeneously 
mineralised collagen fibrils could be obtained, as ob-
served in TEM examination (Fig. 5b). The incorporation 
of nano-hydroxyapatite crystallites in the collagen fibrils 
restricts the strain deformation of collagen fibrils. This 
turns flexible collagen fibrils into more stiff fibrils, as 
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evidenced by the dynamic mechanical analysis shown in 
Fig. 7. The DMA analysis demonstrated that the colla-
gen-hydroxyapate composites have significantly higher 
modulus and lower tan
 value than those of pure colla-
gen scaffolds. The increase in stiffness can also be ex-
plained by the load transfer of the collagen to the higher 
modulus mineral component of the composite. 

The molar ratio of calcium to phosphorus (Ca/P) of 
hydroxyapatite in this study was determined by the XPS 
analysis, and the elemental composition is listed in Table 
1. The Ca/P molar ratio was calculated as 1.4, which was 
lower than the stoichiometric molar ratio of HAp at 1.67. 
However, a wide range of non-stoichiometry is allowed 
in the apatite system[35]. The calcium-deficient hy-
droxyapatite formation in this study may be attributed to 
the electrolysis of the orthophosphate ions. 

For phosphorous acid, the conjugate base is the 
dihydrogen phosphate 2 4H PO� , which in turn has a 
conjugate base of hydrogen phosphate 2

4HPO � . The 
hydrogen phosphate 2

4HPO �  has a conjugate base of 
phosphate 3

4PO � . The dissolution of phosphoric acid is 
shown in the following reactions[36]: 

+ 3
3 4 2 3 2 4 1H PO +H O=H O +H PO 7.25 10 ,aK� �� -   (1) 

+ 2 8
2 4 2 3 4 2H PO +H O=H O +HPO 6.31 10 ,aK� � �� -   (2) 

2 + 3 13
4 2 3 4 3HPO +H O=H O +PO 4.80 10 ,aK� � �� -  (3) 

where Ka1, Ka2, Ka3 are acid dissociation constants given 
at 25�. 

As a result of dissociation of phosphoric acid, its 
conjugate bases cover a wide pH range, and it is PH 
dependent. Thus the composition of an aqueous phos-
phorous acid is pH value dependant. From the equilib-
rium equation associated with the three reactions de-
scribed above, for a 0.3 mM H3PO4 solution used in this 
study as starting material which has a   pH  of   3.30,  the  
solution  is  mainly  composed  of 2 4H PO�  with low 
concentration of 2

4HPO �  and negligible 3
4PO � . 

Since phosphate ions are absorbed to the collagen 
fibrils, they are less “mobile” than calcium ions. There-
fore,  the  flux  of  phosphate  ions  is  much  lower  than 
 
Table 1 Elemental composition of hydroxyapatite as determined 
by XPS analysis 

Element Position (eV) FWHM Area Atom%*
O1s 531.08 2.563 2437133 58.28 
P2p 347.08 2.432 1718084 23.99 

Ca2p 133.08 2.530 287636 17.11 

* Ca/P =1.402 

that of Ca2+ ions in the calcium-phosphate reaction sys-
tem. The formation of apatite mainly depends on the 
diffusion of calcium ions. While calcium hydroxide is 
less soluble in water and the state of the phosphate ions 
depends on pH, the precipitation reaction involves the 
dissolution of calcium hydroxide, diffusion of the ionic 
species such as Ca2+ and hydroxide ions, and electrolysis 
of the orthophosphate ions. Although the pH in the bulk 
solution is maintained at 8.5 in this study by titrating of 
NaOH solution, the local pH value in the vicinity of 
phosphate ions may be lower than that of the bulk solu-
tion. Once non-stoichiometric crystals grow, it may take 
a longer time for the calcium ions to enter the lattice of 
the apatite to reach stoichiometric composition. This 
may explain the Ca-deficiency in the present of HAp. 
The formed hydroxyapatite is a defect apatite with small 
crystal size of about 30 nm. This gives the hydroxyapa-
tite a lower crystallinity and higher solubility compared 
with stoichiometric hydroxyapatite and makes it similar 
to the apatite in the bone. 

It worth mentioning that the collagen fibrils act as a 
template for nano-hydroxyapatite precipitation. The 
formation of collagen fibrils and their dispersion will 
determine the homogenicity of the nano-collagen/HAp 
composite. When the phosphorus acid-containing col-
lagen solution contacts with a calcium-containing solu-
tion in the co-titration process, the formation of collagen 
fibrils occurs as a result of increase in local pH value. 
Simultaneously, nano-hydroxyapatites precipitate onto 
collagen fibrils to form nanocomposite granulates. 
These nano-granulates precipitate from the dispersion to 
the bottom of the reaction vessel. Even when the reac-
tions are carried out under stirring, the local concentra-
tion and granulate size and shape may vary. As a result, 
the homogenicity across the whole sample may be com-
promised. 

5  Conclusion 

Collagen-hydroxyapatite composite scaffolds have 
been prepared by a microwave assisted in situ 
co-precipitation processing route. The method could 
combine the collagen fibril formation and hydroxyapa-
tite formation in one process step, and both reactions 
were initiated simultaneously. The collagen fibrils 
formed are postulated to act as templates for the pre-
cipitation of hydroxyapatite crystallites during the 
co-precipitation process. There are two types of hy-
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droxyapatite in the composite: interfibrillar apatite that 
precipitated onto collagen fibrils to form hydroxyapatite 
clusters, and intrafibrillar hydroxyapatite that precipi-
tated directly inside collagen fibrils. The hydroxyapatite 
obtained in this study was a low crystalline cal-
cium-deficient apatite with the molar ratio of calcium to 
phosphorus (Ca/P) of 1.4, which was lower than the 
stoichiometric molar ratio of 1.67. The mineralization of 
collagen matrix improved the mechanical properties of 
the scaffold significantly because the hydroxyapatite 
crystallites in collagen fibrils restricted the deformation 
of the collagen fibril network. 

The method described could produce homogeneous 
bone-mimic collagen/HAp composite. However, to pre-
cisely control the precipitation and composition of hy-
droxyapatite inside collagen fibrils still a challenge, and 
is well worth further investigations. 
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