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ABSTRACT: Nano-fibrous hydroxyapatite/chitosan (HA/
CS) composites with HA contents of 0–70 wt % were pre-
pared by in situ hybridization with a preprepared chitosan
film as semipermeable membrane to slow down the
hybridization process. The phase composition, microstruc-
ture, and morphology of the composites were character-
ized by means of Fourier transform infrared spectroscopy,
X-ray diffraction, and high-resolution transmission elec-
tron microscopy. It was found that the in situ prepared
inorganic phase was hydroxyapatite nano-fibers that were
uniformly dispersed in the chitosan matrix. The average
diameter of the fibers were about 3 nm, while the length

of the fibers increases from 20 to 60 nm when the hy-
droxyapatite content increased from 10 to 70 wt %. The
compressive strength and Young’s modulus of these nano-
fibrous HA/CS composites increased with the increasing
HA content and reached the highest values of 170 and 1.7
GPa, respectively, at the HA content of 50–70 wt %, which
were much higher than the values of samples prepared by
coprecipitation. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci
124: 397–402, 2012
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INTRODUCTION

Natural bone is an organic–inorganic composite, in
which hydroxyapatite (HA, Ca10(PO4)6(OH)2) nano-
crystallites and collagen fibrils are well organized at
the nano-scaled level.1,2 Therefore, the composite
with nano-HA crystallites dispersed in synthetic or
natural polymer matrices has been considered as a
potential candidate as bone substitutes.

Nowadays, natural polymers3,4 and their deriva-
tives5 are preferred to synthetic polymers owing to
their biocompatibility, biodegradability, and biologi-
cal activity. Chitosan (CS) is an N-deacetylation
product of chitin consisting of glucosamine and N-
acetylglucosamine units linked through b-D-1,4-gly-
cosidic bonds.6 Owing to the unique properties such
as biodegradability by enzymes in human body,
nontoxicity of the degradation product, antibacterial
effect, and biocompatibility, CS-based biomedical
materials have attracted much attention.7–10 How-
ever, the lack of bone-bonding bioactivity and poor
mechanical properties at the high humidity condi-
tion limit the use of CS-based biomedical materials

in the field of bone tissue engineering. On the other
side, although the long-term biocompatibility and
the favorable interaction with soft tissue and bone
have been evidenced for the synthetic HA in the
process of application as bone substitutes,11–15 the
brittleness makes it impossible for HA to be used for
load-bearing bone repair and substitute.
Therefore, the nano-HA/CS composite materials

are expected to possess the favorable properties of
both CS and HA. It was reported13–16 that the HA/
CS composites showed better biocompatibility, tissue
regenerative efficacy, osteoconductivity, and favor-
able bonding ability with surrounding host tissues
than the pure CS scaffolds. At the same time, addi-
tion of HA particles to CS reduces the water absorp-
tion and increases the mechanical property of the
composites at high humidity condition.17

HA/CS composites have been synthesized with
various methods, including mechanical mixing of
HA powders in CS solution,18,19 coating of HA par-
ticles onto CS sheet,20 coprecipitation,21–23 and alter-
nate soaking process.24 In these approaches except
for coprecipitation, the inorganic particles can be not
uniformly distributed at the nano-scale in the or-
ganic matrix, which would lead to poor mechanical
properties. Although the coprecipitation method did
result in uniformly dispersed nano-sized HA crystal-
lites, but the precipitation was too fast so that disor-
dered microstructure was generally obtained. In con-
trast to the aforementioned methods, the in situ
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hybridization17,25,26 method is an effective way to
ensure uniform dispersion of inorganic phase in the
organic matrix and ordered microstructure, resulting
in good mechanical properties of the composite
materials.

In the system of Ca(OH)2-H3PO4-H2O, HA is the
most basic calcium orthophosphate,27 and insoluble
in neutral and basic medium, while the pH value for
CS precipitation is generally close to 6.0.28 Therefore
it is possible to synthesize HA/CS composites by
manipulating the pH value in the precursor solution.
In this article, the in situ hybridization method was
exploited to prepare nano-fibrous hydroxyapatite/
chitosan (HA/CS) composites with HA contents of
0–70 wt %, where the nano-fibrous HA phase was
in situ synthesized using Ca(OH)2 and H3PO4 as pre-
cursors in the CS matrix and using the CS film as a
semipermeable membrane to control the precipita-
tion speed. The microstructure and mechanical prop-
erties were characterized and the corresponding
mechanism was discussed.

MATERIALS AND METHODS

Materials

Biomedical grade CS (viscosity-average molecular
weight 4.5 � 105) with 95% degree of the deacetyla-
tion was supplied by Bomei Bioengineering (China).
Ca(OH)2, 85% orthophosphoric acid (H3PO4) solution,
and acetic acid (CH3COOH, reagent grade) were pur-
chased from Sinopharm Chemcial Reagent (China).

Preparation of CS film

Before synthesis of nano-HA/CS composite, a CS
semipermeable membrane was prepared as follows.
At first, an appropriate amount of 2 wt % CS solu-
tions was prepared by dissolving CS into 1 vol %
acetic acid and continuously stirring at room tem-
perature for 6 h. The obtained CS solution was fil-
tered to remove undissolved material and then
degassed by keeping the solution in a vacuum oven
for 3 h to remove the trapped air bubbles. The clear
and transparent CS solution was cast on the inner
surface of a dialysis bag (�12,000 Da, China) and
the redundant CS solution was poured out. After
soaking in a solution of 3 wt % NaOH aqueous solu-
tion for 30 min and washing to neutralization in
deionized water, the resultant CS film was dried in
vacuum. These processes were repeated two to three
times to synthesize a thick and seamless CS semi-
permeable membrane.

Preparation of nano-fibrous HA/CS composites

At first, an appropriate amount of 1 wt % CS
solution was prepared by dissolving CS into 1 vol %

acetic acid and continuously stirring at room tem-
perature for 6 h. Then the corresponding amount of
6 wt % H3PO4 aqueous solution was slowly added
to the transparent CS solution with continuous stir-
ring. Subsequently the obtained H3PO4-CS solution
was added dropwise to a suspension of 2 wt %
Ca(OH)2 with vigorous stirring at 37�C. The amount
of Ca(OH)2 suspension was weighted so that the
Ca/P ratio is 1.67 as same as in the HA phase. The
resulting slurry was stirred continuously for 6 h af-
ter the titration and then incubated at room tempera-
ture for 24 h. The pH value of the resulting slurry
after titration was about 5.1–6.0 corresponding to
different HA contents. The aged CS-Ca(OH)2-H3PO4

slurry was poured into a CS semipermeable mem-
brane coated dialysis bag and then immersed into a
2 wt % NaOH aqueous solution to in situ hybridize
the HA/CS composite. The pH value of the slurry
after in situ hybridization was about 12. After these
treatments, the products were filtered and washed
to neutralization with deionized water and at last
dried in a vacuum oven at 60�C for 24 h.
The amounts of all reagents were scaled according

to the final HA/CS weight ratios of 10/90, 20/80,
30/70, 50/50, and 70/30, and listed in Table I. For
comparison, another kind of HA/CS composite was
prepared by coprecipitation method as described
elsewhere.22

Synthesis of pure nano-HA

The pure nano-HA particles were synthesized by
wet chemical method using Ca(OH)2 and H3PO4 as
precursors. This reaction can be written as follows.29

10CaðOHÞ2 þ 6H3PO4 ����! Ca10ðPO4Þ6ðOHÞ2
þ 18H2O ðpH > 10Þ ð1Þ

With the atomic ratio Ca/P � 1.67, an appropriate
amount of 9 wt % H3PO4 aqueous solution was
slowly titrated into the 3 wt % Ca(OH)2 suspension
at 37�C under continuous stirring, while the pH value
of the solution was adjusted to be a little greater than
10 by controlling the titration speed of H3PO4 aque-
ous solution. After titration, the precipitates were

TABLE I
The Dosage of Reagents for the Preparation of CS/HA

Nanocomposites

HA/CS ratio
(wt %) CS (g)

Ca(OH)2
(g)

H3PO4

(g)

10/90 4.5 0.37 0.294
20/80 4 0.74 0.588
30/70 2.4 0.74 0.588
50/50 2 1.48 1.176
70/30 0.87 1.48 1.176
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aged at room temperature for 24 h. The nano-HA
particles were obtained by washing these precipitates
with deionized water and drying at 60�C.

Characterization

The Fourier transform infrared (FT-IR) spectroscopy
measurements were taken in a Nicolet Nexus spec-
trometer operating in transmission mode in the
range from 4000 to 400 cm�1 to confirm the chemical
composition and the possible interaction between
HA and CS in the composites. The powder samples
were mixed with KBr powders and pressed into
discs for the FT-IR measurement. X-ray diffraction
(XRD) was exploited to identify crystalline phases in
a Philips X’pert PRO X-ray diffractometer with Cu
Ka radiation. The XRD patterns were collected at
room temperature in the 2y scanning range from 10�

to 60� with a step of 0.033�. Transmission electron
microscopy (TEM, JEOL-2010) were exploited to
detect the morphologies of composites and the
grown HA crystals.

Mechanical properties of composites were eval-
uated by compressive measurement with a CMT4204
mechanical tester (SANS, China) at a constant cross-
head speed of 1 mm min�1. The samples for com-
pression measurement were prepared by pressing
the powders of nano-fibrous HA/CS composites in a
cylindrical stainless steel mold at 100�C under a pres-
sure of 200 MPa. The Young’s modulus was deter-
mined from the slope of initial linear elastic portion
in stress–strain curves. Both compressive strength
and modulus data were obtained by averaging over
five specimens prepared at same conditions.

RESULTS AND DISCUSSION

FT-IR analysis

Figure 1 shows the FTIR spectra of CS (Curve a),
nano-fibrous HA/CS composites with different HA

content (Curves b–e), and pure HA (Curve f). The
FTIR spectrum of pure CS (Curve a) exhibits charac-
teristic band around 3425 cm�1 corresponding to the
stretching vibration of hydroxyl group and the char-
acteristic bands at about 1660 and 1600 cm�1 corre-
sponding to the amides I and II. Additionally, the
bands at 2930–2850 cm�1 correspond to the ACH
backbone stretching vibrations and the bands at
1153, 1084, and 1028 cm�1 correspond to the CAO
stretching vibrations pertinent to the glucosamine
unit.30,31 The inorganic phase (Curve f) displays
absorption bands quite similar to the characteristic
bands of the stoichiometric HA. The bands at 1092,
1036, 962, 604, and 565 cm�1 correspond to different
vibration modes of PO3�

4 group in HA, and band at
3569 cm�1 can be assigned to the stretching vibra-
tions of OH� group.32,33

In the FTIR spectra of nano-HA/CS composites
(Curves b–e), the entire characteristic bands of HA
and CS were observed, except for the characteristic
band of the hydroxyl group of HA at the 3569 cm�1.
Furthermore, the characteristic bands of the Amides
I and II of CS, which correspond to the C¼¼O
stretching vibration and the NAH in plane bending
vibration, respectively, changed their relative
strength when the HA content changed, as shown in
Figure 2. The ratio between the peak strengths of the
amide bands II and I is about 1.36, 1.47, 1.66, and
2.43 when the HA content is 0 (pure CS), 10, 30, and
50 wt %, respectively, indicating that the relative
strength of the amide band I becomes more and
more weak. These phenomena imply that the num-
ber of un-affected C¼¼O bonds in CS decreases with
increasing HA content, because the strength of the
FTIR spectrum is proportional to the mass ratio of
the corresponding materials. This fact suggests that
there might be mutual interactions between the or-
ganic and inorganic components in the HA/CS com-
posites, which were possibly the hydrogen bonding
between the hydroxyl groups of HA and the C¼¼O
functional groups of CS molecules.34

XRD analysis

X-ray diffraction patterns of pure CS (Curve a),
in situ formed nano-fibrous HA/CS composites
(Curves b–e) and pure HA (Curve f) prepared in
our lab were shown in Figure 3. Pure CS was char-
acterized by a broad peak approximately at 20� that
can be assigned to chains aligned through intermo-
lecular interactions. The main diffraction peaks of
pure HA synthesized in this study were located at
25.9�, 31.9�, 32.2�, 32.9�, 34.1�, 35.1�, and 40.1�, in
coincidence with the data for standard HA phase
(JCPDS No. 09-0432).35 In all in situ hybridized
nano-fibrous HA/CS composites the peak at 20� cor-
responding to the CS is present but decreases in

Figure 1 FT-IR spectra of pure CS (a), 10 wt % (b), 30 wt
% (c), 50 wt % (d), and 70 wt % (e) nano-fibrous HA/CS
composites, and pure HA (f), respectively.
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height with the increasing content of HA. When the
HA content is 10%, besides the CS peak at 20�, only
two peaks appeared at 25.8� and 32�, corresponding
to the (002) diffraction and the overlapped diffrac-
tions of, (300), (211), and (112) of HA, respectively,
according to standard HA phase (JCPDS No. 09-
0432),35 and other peaks of HA is absent owing to
the low content of HA in the nano-fibrous HA/CS
composite. When the HA content is greater than
20%, all HA peaks similar to the pure HA phase are
detected, implying that the HA phase was in situ
formed in the hybrid composites. It can be seen that
with the increasing HA content, the HA peaks
become sharper, indicating an increase in grain size
of nano-HA. According to the Scherrer equation, the
mean grain size of nano-HA in the in situ hybridized
HA/CS nanocomposites is calculated as 20, 28, 35,
and 48 nm corresponding to the HA content of 10,
30, 50, and 70 wt %, respectively.

Microscopy analysis

TEM micrographs of nano-HA and HA/CS compo-
sites were shown in Figure 4. It can be seen that the
pure nano-HA particles [Fig. 4(a)] exhibit small rod-
like nano-crystallites with a mean size of about 45
nm in length and 20 nm in width. These HA crystal-
lites display a relatively uniform morphology. Typi-
cal TEM image of HA in the HA/CS composites
obtained by coprecipitation method [Fig. 4(b)] shows
a spindly shuttle-like morphology with an average
size of about 200 nm in length and 35 nm in width,
similar to the results reported in Ref. 22. The HA

crystallites in the in situ hybridized HA/CS compos-
ite [Fig. 4(c–e)] are nano-sized fibers with a high
mean aspect ratio (the diameter of fibers is about 3
nm) and a uniform dispersion in the CS matrix.
When the HA content increases from 30 to 70 wt %,
the length of HA fibers increases continuously from
about 30 to 60 nm while keeping the diameter
almost constant.
The high resolution TEM image of the nano-HA

fibers in the in situ hybridized HA/CS composite
[Fig. 4(f)] indicates that the distance between the
atomic layer perpendicular to the length direction of
the fibers is about 0.34 nm, which corresponds to
the spacing of the (002) plane of HA crystals. This
means that the growth of nano-HA crystallites in the

Figure 2 The enlarged FT-IR spectra of pure CS (a), 10 wt % (b), 30 wt % (c), and 50 wt % (d), nano-fibrous HA/CS
composites respectively.

Figure 3 XRD patterns of pure CS (a), 10 wt % (b), 30 wt
% (c), 50 wt % (d), and 70 wt % (e) nano-fibrous HA/CS
composites, and pure HA (f), respectively.
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CS matrix prefers in the c-axis and that the length
direction of the nano-HA fibers is along the c-axis.

Because the preprepared CS membrane was used
as semipermeable membrane, small ions such as
Naþ, OH�, Hþ and so on, can diffuse through the
CS membrane owing to the concentration gradient,
but larger ions such as Ca2þ and H2PO

�
4 are difficult

to migrate through the CS membrane and the CS
molecules can not migrate through at all. In general
the OH� and Hþ ions migrate much faster than the
other ions. When OH� ions migrate into the result-
ing solution through the CS membrane and encoun-
tered the CS-NHþ

3 , Ca2þ, and H2PO
�
4 , the CS was

precipitated at first and then the calcium phosphate
forms and converts to HA after aging. The HA was
in situ formed on the CS chains by coordinate bond-
ing. Because the Ca2þ and H2PO

�
4 ions are well-dis-

tributed in the resulting solution, the obtained HA/
CS composites are uniform.

As well known, the pH value for the formation of
HA must be more than 10. However, owing to the
obstruction of the semipermeable CS membrane the
concentration of OH� within the resulting slurry is
low and the adsorption of OH� ions onto the surface
of the HA nuclei was limited. This will slow down
the nucleation rate and the subsequent growth of
HA crystallites in terms of the kinetics of the crystal
growth process.36 On the other hand, in the case of
dilute ion concentration and slow nucleation rate,
the crystallites would grow preferentially in aniso-
tropic growth direction along the high energy facets
from the view of the quasi-equilibrium thermody-
namic state.37 The formation of HA nano-fibers can
be ascribed to the anisotropic growth of the HA
crystallites in such a low concentration. However,
for the coprecipitated HA/CS composite without CS
membrane as semipermeable membrane, the high
concentration of OH� promotes the HA crystallite
growth in isotropic or weak-anisotropic direction
and thus only spindly shuttle-like HA crystallites
were formed.

Mechanical properties

The mechanical properties of nano-HA/CS compo-
sites were evaluated by compressive measurements.
Compressive strength and Young’s modulus as a
function of HA content in nano-fibrous HA/CS com-
posites prepared by in situ hybridization were illus-
trated in Figure 5, where the results of the samples
prepared by coprecipitation are also shown for com-
parison. The compressive strength and Young’s
modulus of the nano-fibrous HA/CS composites
prepared by in situ hybridization increase from 87 to
174 MPa and from 0.6 to 1.7 GPa, respectively, when
the HA content increases from 10 and 70 wt %. This
variation is linear at low HA content and seems to
become saturated at high HA content. But for

Figure 4 TEM images of pure HA (a), 50 wt % HA/CS
nanocomposites fabricated by coprecipitation (b), and 30
wt % (c), 50 wt % (d), 70 (e) wt % nano-fibrous HA/CS
composites fabricated by in situ hybridization, respectively,
and the HRTEM image of a HA fiber in the in situ hybri-
dized 70 wt % nano-fibrous HA/CS composite (f).

Figure 5 The dependence of compressive strength and
Young’s modulus upon the HA content in nano-fibrous
HA/CS composite and co-precipitation HA/CS composite.
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samples prepared by coprecipitation, the compres-
sive strength was 90, 85, and 80 MPa when the HA
content was 30, 50, and 70 wt %, respectively. It is
clear that the compressive strength of the HA/CS
composites prepared by in situ hybridization are
obviously higher than the samples prepared by
coprecipitation. This enhancement would be attrib-
uted partially to the fibrous morphology of HA crys-
tallites and partially to the chemical interactions
between HA and CS, because the proper stress
transfer occurring between the filler and the matrix
governs the mechanical characteristics of organic/
inorganic hybridized composites.38,39 However, the
Young’s modulus of the coprecipitated composite is
only a little smaller than that of the in situ hybri-
dized composite.

CONCLUSIONS

In this study, nano-fibrous HA/CS composites have
been fabricated by in situ hybridization with the
help of preprepared CS semipermeable film. FT-IR,
XRD, and TEM analysis identify that the inorganic
phase in these composites were HA nano-fibers with
a diameter of about 3 nm and a uniform dispersion
in the composites. Incorporation of HA nano-fibers
into CS matrix significantly enhances the mechanical
properties of the composites. When HA content
increases from 10 to 70 wt %, the compressive
strength and Young’s modulus increase from 87 to
170 MPa and from 1.0 to 1.7 GPa, respectively,
which were higher than the samples prepared by
coprecipitation. These improvements can be mainly
ascribed to fibers reinforcement and the chemical
bonding between fibrous HA and the CS matrix.
The present study has demonstrated the feasibility
of this bio-mimetic approach to prepare high quality
nano-fibrous HA/CS composites.

The authors appreciate Dr. Chun Li at Nanchang Hangkong
University for her help in the compression experiments.
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