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a  b  s  t  r  a  c  t

Calcium  deficient  hydroxyapatite  (CDHA)  having  an  average  particle  size  of  45  nm  was  synthesized
by  reverse  emulsion  method.  It was  converted  to  the  respective  biphasic  calcium  phosphate  (BCP,
226  nm)  and  �-tricalcium  phosphate  (TCP,  450 nm)  by  calcination  at 800 ◦C and  1000 ◦C,  and  the  BCP
consisted  of  92%  TCP  and  8%  CDHA.  Subsequently,  chitosan  was  mixed  with  calcium  phosphates  to pre-
pare CDHA/chitosan,  BCP/chitosan,  and  TCP/chitosan  membranes.  The  initial  moduli  of  the  BCP/chitosan
eywords:
hitosan
alcium phosphate
omposite membranes

and  TCP/chitosan  membranes  were  about  1.9  times  that  of  the  pure  chitosan  membrane;  and  the  elonga-
tions  at  break  were  almost  6  times.  The  CDHA/chitosan  and  BCP/chitosan  could  induce  mineralization  of
apatite  on  the membranes  by  increasing  20.6  and  16.3  wt.%,  respectively,  after  24  days  in the  simulated
body  fluid.  Moreover,  the  BCP/chitosan  exhibited  superior  osteoblast  cell  attachment  and  proliferation
than  the  other  membranes.  It  has the potential  to be  used  as  the  barrier  membrane  for  guided  bone
regeneration.
. Introduction

Periodontitis is caused by some inflammatory diseases that
ould result in a progressive retrograde of the alveolar bone.
n order to overcome this problem, periodontal tissue engi-
eering using biomaterial-based therapy to restore bone tissue
as been developed (Behring, Junker, Walboomers, Chessnut, &

ansen, 2008; Imbronito, Todescan, Carvalho, & Arana-Chavez,
002; LeGeros, 2008). The approach of periodontal tissue engineer-

ng is considered promising to restore bone defect through the use
f engineered materials with the aim that they will prohibit the
nvasion of fibrous connective tissue and help repair the function
uring bone regeneration (Behring et al., 2008). In this regard, these
ngineered materials are named barrier membranes in periodontal
issue engineering. Successful barrier membranes thus require sev-
ral specific properties including selective permeability to prohibit
he invasion of fibrous connective tissue, excellent bone affinity to
uide bone regeneration, good mechanical strength to maintain a
ecluded space for bone regeneration and suitable degradability to
revent secondary surgical (Imbronito et al., 2002).
Bioresorbable polymers therefore are more advantageous than
ondegradable polymers for preventing a secondary surgical
Imbronito et al., 2002). Among various bioresorbable polymers,

∗ Corresponding author. Tel.: +886 2 26293856; fax: +886 2 26209887.
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chitosan is recognized as a potential barrier membrane for peri-
odontitis because it also has biocompatibility and bone affinity
(Burg, Porter, & Kellam, 2000; Etienne et al., 2005). Nowadays, chi-
tosan gels and films have been applied in various fields including
wound-dressing, drug controlled release, and tissue engineering
(Hamilton et al., 2007; Rinaudo, 2006). Fakhry, Schneider, Zaharias,
and Senel (2004) found that chitosan had better cell attachment
and spreading of osteoblasts over fibroblasts. Hamilton et al. (2007)
used various chitosan materials to prepare membranes. They found
that although the chitosan membranes used in the study had dif-
ferent degrees of deacetylation and different molecular weights,
they all could support high levels of bone cell proliferation. The
results thus suggest that chitosan-based materials have potential
to be used in periodontal application.

While chitosan is a biocompatible substrate for tissue propaga-
tion and is potentially an effective membrane in the repair of bone
defects, there is still a need for further improving the bone affin-
ity and mechanical properties of chitosan membranes. Considering
that bone is a nanocomposite consisting of nanoscale minerals of
biological apatite and a matrix of collagen, proteoglycans, and gly-
coprotein (Grynpas & Omelon, 2007), various calcium phosphate
ceramics have been proposed and extensively studied as candidates
for inducing bone regeneration. Especially, hydroxyapatite (HA),

Ca10(PO4)6(OH)2, and tricalcium phosphate (TCP), Ca3(PO4)2, are
the two  most important calcium phosphate ceramics for bone engi-
neering (LeGeros, 2008). HA chemically resembles the inorganic
component of human bone and is considered as an osteoconductive

dx.doi.org/10.1016/j.carbpol.2012.01.042
http://www.sciencedirect.com/science/journal/01448617
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nd bioactive ceramic (Chow & Eanes, 2001). On the other hand, TCP
s considered as a bioresorbable ceramic which can be gradually
eplaced by new functional bone due to its phenomenal biore-
orbability in biological environments (Dasgupta & Bose, 2009).
dditionally, some attempts have been made to develop biphasic
alcium phosphate (BCP) from a mixture of HA and TCP (Arinzeh,
ran, Mcalary, & Daculsi, 2005; Vallet-Regí, 2001). Since the BCP
ontained the TCP component, it could also gradually dissolve in
he body, releasing Ca2+ and PO4

3− to the local environment and
cting as a stem to form new bone (Vallet-Regí, 2001).

Several studies have been reported on the preparation and prop-
rties of chitosan/calcium phosphate composite membranes (Aylin

 Russell, 2007; Chesnutt et al., 2009; Kuo et al., 2009). Chesnutt
t al. (2009) used co-precipitation method to prepare chitosan/HA
caffold. The cell proliferation was significantly increased when
steoblast was cultured on the chitosan/HA composite scaffold
ompared to that on the pure chitosan. Kuo et al. (2009) found that
he chitosan membranes incorporated with TCP could give better
one healing than the pure chitosan membrane on the bone defect
fter 4 weeks of recovering. Aylin and Russell (2007) suggested that
he use of biphasic calcium phosphate (BCP) composed of HA and
CP as a means for enhancing the osteoconductivity of the chitosan
caffold for bone tissue engineering application. However, there is
till no report on the direct comparison of the chitosan compos-
te membranes incorporated with different calcium phosphates of
A, TCP, and BCP. Thus, our objective here is to present a systematic

tudy in describing the synthesis and structure characterization of
ifferent calcium phosphates obtained by reverse emulsion method
water in oil, W/O), as well as the mechanical properties and bio-
ogical responses of the chitosan composite membranes with the
s-prepared calcium phosphates, in the effort to develop nanocom-
osite barrier membranes for periodontal tissue engineering.

. Experimental

.1. Synthesis of calcium phosphate particles

Reverse emulsion method was used to prepare calcium phos-
hate nanoparticles. First, the calcium solution and the phosphate
olution were prepared separately by dissolving the required
mounts of the respective calcium nitrate (Ca(NO3)2·4H2O,
igma–Aldrich, USA) and diammonium hydrogen phosphate
(NH4)2HPO4, Sigma–Aldrich, USA) in distilled water. The molar
atio of Ca to P was controlled at 1.5. In the mean time, the sur-
actant, Span 80 (Fluka, USA), was added into the cyclohexane
Sigma–Aldrich, USA) at a concentration of 4% to prepare the oil
hase. The two aqueous solutions were then dropped into the oil
hase separately. The volume ratio of each aqueous phase to the
il phase was  fixed at 1/5. After sonication for 5 min  to produce
ater in oil emulsion, the two emulsions were mixed together and

onicated again. The pH value was maintained at 10 in the whole
rocess by dripping ammonium hydroxide solution. The final emul-
ion was aged at room temperature for 24 h. It was then washed by
eOH to remove the residual Span 80 and dried at 95 ◦C. The as-

ried particles were further heated to 800 ◦C or 1000 ◦C at a heating
ate of 5 ◦C/min and maintained at that temperature for 30 min  in

 muffle furnace (Thermo Scientific, USA). They were then cooled
own to room temperature in the furnace.

.2. Preparation of chitosan/calcium phosphate composite
embranes
Chitosan was purchased from Tokyo Chemical Incorporation
Tokyo, Japan). After purification, chitosan had a molecular weight
f 350,000 g/mol and deacetylation of 86% (Don, Chou, Cheng, &
ymers 88 (2012) 904– 911 905

Tai, 2011). The chitosan solution with 2 wt.% was first prepared in
a 0.5% (w/v) acetic acid aqueous solution, and it was then added
with the prepared calcium phosphate particles. The mixture was
stirred at 50 ◦C for 9 h to obtain a dispersion solution. Approxi-
mately 8 g of this dispersion solution was  poured into a Teflon dish
with a diameter of 8 cm and dried in a ventilation oven at 40 ◦C
for 24 h. The obtained calcium phosphate/chitosan membrane was
neutralized with a basic solution, NaOH(aq), and then washed with
a great amount of distilled water until pH 7.0. It was then oven-
dried at 40 ◦C again. All membranes with a diameter of 7.5 ± 0.3 cm
and a thickness of 30 ± 5 �m were thus obtained by direct dry-
ing in the oven. The weight ratio of the calcium phosphate to the
chitosan matrix was fixed at 3/10. For comparison, pure chitosan
membrane without calcium phosphate was also prepared with the
same procedure.

2.3. Characterizations of calcium phosphates and composite
membranes

The micelle size in the emulsion and particle size of the prepared
calcium phosphates were determined by dynamic light scattering
(DLS) using Zetasizer (Nano ZS, Malvern, UK). X-ray diffractome-
ter (XRD, D8-Advance, Bruker, Germany) employing the Cu-K�
radiation was used to examine the structures of the synthesized
calcium phosphates as well as the chitosan composite membranes.
The diffractometer was operated at 45 kV and 40 mA  over the
2� range of 5–60◦. The particle texture of calcium phosphates
was  examined using transmission electron microscope (TEM, EM-
2100F, JEOL, Japan). The morphology of composite membranes
was  examined using a scanning electron microscope (FESEM, Leo
1530, Oberkochen, Germany). Samples were coated by a very thin
layer of platinum before taking their SEM images. The average size
of the calcium phosphate particles on the composite membranes
was  determined from thirty different particles shown on the SEM
pictures using Image-Pro Plus software (Media Cybernetics, USA).
Energy dispersive spectrometer (EDS) was used to characterize
chemical elements of the synthesized calcium phosphate ceramics
and especially their Ca/P ratios. Furthermore, tensile mechanical
properties of the composite membranes were measured at room
temperature using an Autograph AGS-J series universal tester (Shi-
madzu, Japan). The membranes with thickness about 30 �m were
cut into the standard tensile specimens. The cross-head speed was
set at 2 mm/min. The stress and strain were measured continu-
ously and tensile mechanical properties including initial modulus
(E), ultimate tensile strength (UTS), and elongation at break (εb,
%) were calculated from the stress–strain curves. More than five
specimens were tested under each condition, and the results were
averaged.

2.4. In vitro assays in simulated body fluid

In order to assess the in vitro bioactive behavior of each
composite membrane, the membrane with a diameter of 1.5 cm
was immersed in a simulated body fluid (SBF) at 37 ◦C. The
SBF is the most favored model solution for the evaluation of
bioactivity of material by assessing the ability to induce apatite
formation. The SBF is an acellular solution containing the follow-
ing chemicals (Müler & Müler, 2006): NaCl (136.8 mM),  NaHCO3
(4.2 mM),  KCl (3.0–5.0 mM),  K2HPO4 (1.0 mM), MgCl2·6H2O
(1.5 mM),  CaCl2 (2.5 mM)  and Na2SO4 (0.5 mM). These chemicals
were mixed together and buffered at pH 7.3 with hydrochlo-
ric acid/tris(hydroxymethyl)aminomethane (Sigma–Aldrich, USA).

The SBF solution was  filtered in a 0.22 �m Millipore system to avoid
biological contamination. Each sample was  incubated in 50 mL  of
the SBF solution in an incubator-shaker with a circular motion
at 70 rpm. The changes of Ca2+ concentration in the SBF solution
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ig. 1. Fourier transforms infrared (FTIR) spectra of the as-dried particles from the
000 ◦C (c).

fter immersion of the composite membrane at 1, 3, 7, 14, and
4 days were measured by an atomic absorption spectrophotome-
er (Shimadzu, Japan). In addition, after 24 days of immersion, the

embranes were removed from the SBF, slightly rinsed with water
nd then acetone, and finally dried in the ventilation hood at room
emperature. These membranes were then characterized by SEM
nd XRD.

.5. In vitro test of osteoblast cell attachment and proliferation

Primary osteoblast (OB) cells were obtained from the parietal
ones of calvaria of SD rats in this study. They were suspended in the
G-DMEM (low glucose, Gibco/Invitrogen, California, USA) supple-
ented with 10% fetal bovine serum (Gibco/Invitrogen, California,
SA) and 1% penicillin/streptomycin (Gibco/Invitrogen, California,
SA) as the medium, and cultured in a humidified atmosphere of
5% air and 5% CO2 at 37 ◦C. Culture medium was renewed every

 days. The cells forming a monolayer were detached from the plate
y adding 0.5% trypsin at 37 ◦C for 1 min  and resuspended in the cul-
ure medium. Cell number was counted by the microscopy using a
eubauer hemocytometer. The tested membrane was placed on a

issue-culture-treated polystyrene plate and fixed with a silicone
ing. The OB cells (5 × 104 cells in 1 mL)  were then pipetted onto
he surface of the membrane. Both cell attachment and cell prolif-
ration were evaluated. After culturing at a specific time interval,
he membrane was washed by D-PBS to remove the unattached
B cells. The number of the residual cells on the membrane was
etermined by MTS  assay (Cell Titer 96 Aqueous One Solution,
romega, USA). Each membrane was dispensed with 100 �L culture
edium and 20 �L MTS  with a micropipette and then incubated at

7 ◦C for 4 h. The absorbance at 490 nm was measured using an
nzyme-linked immunosorbent assay with a Multiskan Spectrum

icroplate Spectrophotometer (Thermo science, UK), and it was

hen converted directly to the cell number using a standard curve.
ata were collected and averaged from five specimens for each con-
ition. The level of cell attachment was evaluated after culturing
se emulsion method (a), and the particles being further calcined at 800 C (b) and

for 1, 2, 4, 5, and 6 h; whereas the level of cell proliferation was
obtained after culturing for 1, 2, 3 and 4 days.

3. Results and discussion

3.1. Structure of calcium phosphate particles

Compared with other chemical routes, the emulsion method
typically exhibits better control over nanoscale morphology. There-
fore, calcium phosphate nanoparticles were produced by using
reverse emulsion method (water in oil, W/O). When the cal-
cium nitrate and ammonium phosphate aqueous solutions in
the cyclohexane oil phase containing Span 80 were sonicated
together, the produced W/O  emulsion had numerous stable aque-
ous micelles with an average size of 220 nm. This is smaller
than the size reported by Jarudilokkul, Tanthapanichakoon, and
Boonamnuayvittaya (2007) who  tried to produce HA nanoparti-
cles by W/O/W emulsion system consisting of Span 20 and Tween
80. They found the emulsion droplet size distributions were in
the range of 1–100 �m.  Inside the micelles, nucleation of calcium
phosphate ceramics occurred first due to the reaction of calcium
nitrate and ammonium phosphate (Ca/P = 1.5) at pH 10. Fig. 1(a)
presents the FTIR spectrum of the produced calcium phosphate
particles. The characteristic PO4

3− and OH− absorption peaks of
HA are observed. Yet, a weak absorption peak at 878 cm−1 is recog-
nized as the P O H vibration in the HPO4

2− group, which only
exists in the non-stoichiometric apatite (Lin, Liao, Chen, Sun, &
Lin, 2001). The hydroxyl group absorption bands are revealed to
some degree at 3570 and 640 cm−1. The absorption peaks at 890
and 1403–1456 cm−1 indicate the presence of carbonate group
(CO3

2−) which is commonly found in the synthesized apatite and
natural bones. The results thus indicate that the as-synthesized

particles have a structure of non-stoichiometric calcium deficient
HA (CDHA). When the produced CDHA particles were further cal-
cined at 800 ◦C, they underwent structure transformation to some
extent. Fig. 1(b) reveals several new peaks at 1120, 1042, 971, 945
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ig. 2. XRD patterns of the as-dried particles from the reverse emulsion method (a),
nd the particles being further calcined at 800 ◦C (b) and 1000 ◦C (c).

nd 606 cm−1 in the spectrum which are characteristic absorption
eaks of TCP. However, the OH− and HPO4

2− peaks at 3570 and
78 cm−1, with decreasing intensity, imply that the produced cal-
ium phosphate is composed of CDHA and TCP, i.e. biphasic calcium
hosphate (BCP). A complete transformation of CDHA to TCP was
chieved when the CDHA was calcined at a higher temperature of
000 ◦C. Fig. 1(c) clearly shows the distinct PO4

3− peaks of the TCP
t 971 and 944 cm−1 as well as the disappearance of the HPO4

2−

eaks of the CDHA.
The composition of the BCP could be estimated by its Ca/P

atio by knowing the Ca/P ratios of the individual CDHA and
CP. The EDS result shows that the produced CDHA has the
a/P ratio of 1.347 ± 0.038, suggesting a chemical formula of
a8.08(HPO4)1.92(PO4)4.08(OH)0.08 (Hench, 1998). On the other
and, the produced calcium phosphate by calcination at 1000 ◦C
as the Ca/P ratio of 1.502 ± 0.043. Since the pure TCP has a the-
retical Ca/P ratio of 1.50, the EDS result thus confirms that the
roduced calcium phosphate at 1000 ◦C is TCP. As the Ca/P ratios of
he individual CDHA and TCP were known, the composition of the
CP was then calculated from its Ca/P ratio of 1.469 ± 0.048. The
esult shows that the BCP contains 92.2% of TCP and 7.8% of CDHA.

The structures of the synthesized calcium phosphates were fur-
her confirmed by XRD patterns. The as-dried calcium phosphate
articles obtained from the reverse emulsion method has an apatite
tructure (Fig. 2(a), JCPDS file number 9-432). This agrees to the
eport from Pattanayak, Dash, Prasad, Rao, and Mohan (2007) that
he synthesized ceramics would be apatite when the initial Ca/P
atio is in the range of 1.50–1.67. Fig. 2(b) shows the XRD pattern
f the produced calcium phosphate at 800 ◦C. It can be seen that
he apatite peak diminishes and the TCP peak (JCPDS file number
-169) appears in strong intensity at diffraction angle 2� = 31.0◦.
his demonstrates the existence of a biphasic calcium phosphate
onsisting of CDHA and TCP. Kwon, Jun, Hong, and Kim (2003) also
ound the similar behavior that the CDHA can be resolved into the
table TCP upon calcination at 800 ◦C. When the calcination tem-
erature was increased to 1000 ◦C, single TCP phase was obtained
Fig. 2(c)). The XRD results thus agree with the FTIR and EDS anal-
ses. It was proposed that the composition of the produced BCP
ould be estimated from the relative intensity ratio of the TCP peak
RIRTCP) in the XRD pattern (Petrov, Dyulgerova, Petrov, & Popova,

001). By using the following equation:

IRTCP = ITCP

ICDHA + ITCP
(1)
ymers 88 (2012) 904– 911 907

where ICDHA and ITCP represent the intensities of the CDHA peak
(2 1 1) at 31.75◦ and the TCP peak (0 2 10) at 31.0◦, the RIRTCP value
is obtained as 0.92, suggesting that the produced BCP is composed
of 92% TCP and 8% CDHA, in agreement with the result obtained
from the EDS analysis.

The morphology and the particle size of the produced calcium
phosphate ceramics are shown in Fig. 3. It is clear that they have
quit distinctive characteristics in shape, size, and size distribution.
The produced CDHA has a needle-like structure and appears to
have a slight aggregation. The average particle size is about 45 nm.
However, the particles coarsen significantly when calcined at high
temperatures. The CDHA transforms to the respective BCP with a
rod-like structure and TCP with a spherical structure at 800 ◦C and
1000 ◦C. The average particle size is about 226 nm at 800 ◦C and
increases up to 450 nm at 1000 ◦C. Simultaneously, the size dis-
tribution becomes broaden with higher calcination temperature
as shown in Fig. 3(b). The same trend was  also observed in the
preparation of calcium phosphate nanopowder using reverse emul-
sion system consisting of poly(oxyethylene)5 nonylphenol ether
and poly(oxyethylene)12 nonylphenol ether as the non-ionic sur-
factants (Dasgupta & Bose, 2009).

3.2. Characterization and in vitro bioactivity of chitosan
composite membranes

In this study, organic/inorganic composite membranes were
produced from the biodegradable chitosan with the prepared three
different calcium phosphate particles (CDHA, BCP and TCP). Chi-
tosan was  used as the matrix to provide a barrier layer for tissue
reconstruction. Calcium phosphate is composed of Ca2+ and PO4

3−,
and therefore it plays a role in guiding bone tissue regeneration
(Hench, 1998). Fig. 4(a) shows the morphology of the chitosan
membrane and the prepared calcium phosphate/chitosan compos-
ite membranes, all illustrating a smooth and dense structure. In
addition, the CDHA, BCP, and TCP particles can be clearly observed
in the respective composite membranes that they distribute uni-
formly in the chitosan matrix and the interface between the
organic and inorganic phase is indistinguishable. This indicates
that these calcium phosphate particles have a high affinity to the
chitosan matrix. Moreover, the particle sizes of CDHA, BCP, and
TCP in the composite membranes are found to be 37.6 ± 11.1 nm,
279.5 ± 36.0 nm,  and 499.4 ± 33.0 nm,  respectively, close to the val-
ues of original particles before mixing with the chitosan. It thus
implies that the preparation of composite membranes would not
affect the particle size.

Bioactivity is the required property of the bone-tissue-
engineering material to be used as an implant in body application.
In this study, in vitro bioactivity of the composite membranes was
evaluated from the morphology changes of membranes after being
immersed in the SBF for 24 days. Compared to Fig. 4(a), the SEM pic-
tures in Fig. 4(b) reveal that some new inorganic particles deposited
uniformly on the surface of the composite membranes after 24 days
of immersion. Besides, more inorganic particles are found on
the surface of the CDHA/chitosan and BCP/chitosan compared
with the TCP/chitosan membrane. The increasing weight percent-
age due to the deposited inorganic particles on the membranes
is on the order of CDHA/chitosan (20.6 ± 2.9%) > BCP/chitosan
(16.3 ± 2.2%) > TCP/chitosan (9.9 ± 3.3%) > chitosan (3.6 ± 2.1%).

The crystalline structures of the composite membranes before
and after immersion in the SBF were examined by XRD. For the pure
chitosan membrane, two  broad peaks located at about 2� = 10.1◦

(form I) and 20.25◦ (form II) are observed (Samuels, 1981) as shown

in Fig. 5(a). As the calcium phosphate particles were added into the
chitosan, these two characteristic peaks became flatter, suggesting
that the addition of calcium phosphate ceramics could increase the
amorphous nature of the chitosan matrix. This is because during
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Fig. 3. TEM pictures (a) and particle size distributi

he drying process for film formation, the presence of calcium phos-
hate ceramics could disrupt the interaction and the alignment of
hitosan chains, and thereby decreased the crystallinity of the chi-
osan. On the other hand, the diffraction patterns of CDHA, BCP, and
CP in the respective composite membranes are almost the same
ith the spectra in Fig. 2 for the pure calcium phosphate parti-

les, indicating the structures of the inorganic calcium phosphates
id not change during the preparation of composite membranes.
ig. 5(b) shows the XRD patterns of the composite membranes after
eing immersed in the SBF for 24 days. The peak at 2� = 31.75◦ due
o the apatite increases in intensity in both CDHA/chitosan and
CP/chitosan membranes and appears in the TCP/chitosan mem-
rane. This suggests that the newly deposited inorganic particles
n the surface have a structure of the apatite phase.

In addition to the observation of the morphology changes
n the membranes, the changes of the calcium concentration
n the SBF with the incubation time were also evaluated and
he results are shown in Fig. 6. The decreasing rate of the Ca2+

oncentration in the SBF is found to be on the order of the
DHA/chitosan ≈ BCP/chitosan > TCP/chitosan > chitosan. The Ca2+

oncentration in the SBF decreased by 13, 49, 44, and 26%
or the respective chitosan, CDHA/chitosan, BCP/chitosan, and
CP/chitosan membrane after 24 days of incubation. It is clear that

ll membranes could uptake calcium ion and the composite mem-
ranes containing calcium phosphate ceramics have higher uptake
mount of Ca2+ than the pure chitosan membrane. For the three
omposite membranes, the CDHA/chitosan and the BCP/chitosan
) of the synthesized CDHA, BCP, and TCP particles.

exhibit higher Ca2+ adsorption than the TCP/chitosan. It was
reported that the CDHA phase could induce effective nucleation and
growth of the bone-like apatite in the body fluid (LeGeros, 2008).
However, it is to our surprise that the BCP/chitosan membrane in
which the BCP only contains 8% CDHA could also induce a notice-
able amount of apatite deposition on the membrane. Based on the
decreasing Ca2+ concentration in the SBF and the observation of the
apatite particles depositing on the composite membranes, it can be
deduced that the CDHA/chitosan and the BCP/chitosan composite
membranes could effectively induce the formation and the deposi-
tion of the apatite particles. Both composite membranes thus have
great bioactivity in vitro and may  have the ability to bond directly
to the living bone, when these materials are implanted in the body
due to the same ion concentrations in the SBF and the blood plasma.

3.3. Mechanical properties of chitosan composite membranes

For the application in the guided bone regeneration such as
the barrier membranes used in the treatment of periodontitis,
mechanical properties of membranes are crucial. A high strength
membrane is required not only for the cell attachment, prolifera-
tion, and differentiation, but also for resisting the in vivo stresses

and loads. The pure chitosan membrane is considered to have brit-
tle properties, as indicated in Table 1. Its elongation at break is less
than 20%. The advantage of the addition of calcium phosphate parti-
cles is quite obvious that the elongation at break is greatly increased
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Fig. 4. SEM pictures illustrating the top surface of the chitosan, CDHA/chitosan, BCP/chitosan, and TCP/chitosan membranes before (a) and after (b) being immersed in the
SBF  for 24 days at 37 ◦C.

Table 1
Tensile mechanical properties including initial modulus (E), ultimate tensile strength (UTS), and elongation at break (εb) of the pure chitosan, CDHA/chitosan, BCP/chitosan,
and  TCP/chitosan membranes.

Tensile properties Chitosan CDHA/chitosan BCP/chitosan TCP/chitosan

E (MPa) 689 ± 43a 1061 ± 134 1315 ± 71 1281 ± 49
UTS  (MPa) 131 ± 17 146 ± 18 239 ± 13 243 ± 21
εb (%) 19 ± 1 56 ± 4 113 ± 6 110 ± 8

a Average value and standard deviation from five determinations.
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Fig. 5. XRD patterns of the chitosan, CDHA/chitosan, BCP/chitosan, and TCP/chitosan
membranes before (a) and after (b) being immersed in the SBF for 24 days at 37 ◦C.

Fig. 6. The calcium ion concentration in the SBF during the immersion of various
chitosan composite membranes for 24 days at 37 ◦C (n = 5).
ymers 88 (2012) 904– 911

to 56%, 113%, and 110% for the CDHA/chitosan, BCP/chitosan, and
TCP/chitosan composite membranes, respectively. For their high
extensible ability, both BCP/chitosan and TCP/chitosan composite
membranes can be regarded as tough materials. Furthermore, the
initial modulus and ultimate tensile strength are also increased by
the addition of inorganic particles. The initial modulus is increased
by 54% when the CDHA particles are incorporated into the chitosan,
but it is increased by more than 85% with the addition of BCP or TCP
particles. The ultimate tensile strength values of the BCP/chitosan
and TCP/chitosan composite membranes are nearly the same and
are about 1.8 times the value of the pure chitosan membrane. The
result thus clearly shows that the addition of calcium phosphate
particles could greatly improve the tensile mechanical properties,
and it is more effective when the added calcium phosphate particles
are BCP and TCP.

3.4. Osteoblast cell attachment and proliferation

For the application in the guided bone regeneration, the cell
attachment and proliferation of osteoblast (OB) cells on the com-
posite membranes were studied. The result shows that there is a
significant difference in the cell culture with respect to the addi-
tion of calcium phosphate particles. The initial seeded OB cells were

5 × 104 1/mL, and the effective cell attachment was evaluated after
1, 2, 4, 5, and 6 h of culture as shown in Fig. 7(a). After 1 h of incu-
bation, the chitosan membrane has only about 3% of the initial OB
cells. However, the amounts of OB cells adhering to the composite

Fig. 7. The cell attachment (a) and cell proliferation (b) of OB cells cultured on the
chitosan, CDHA/chitosan, BCP/chitosan, and TCP/chitosan membranes.
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embranes are significantly higher than that to the chitosan mem-
rane. After 4 h of incubation, the CDHA/chitosan membrane has
he highest amount of the attached cells, approximately 95% of
he initial OB cells. Still, after 6 h of culture, the amounts of the
ttached OB cells are almost the same on all membranes, and they
re all greater than 95%. The cell attachment is known to be affected
y extracellular matrix proteins. Kilpadi, Chang, and Bellis (2001)
howed that the HA could adsorb some adhesive proteins such as
itronectin and fibronectin from the serum and thus increased the
rotein adsorption with the subsequent binding of the osteoblast
recursor to the HA. The result in Fig. 7(a) proves that the addition
f the CDHA could significantly increase the cell attachment on the
embrane.
The cell proliferation of OB cells cultured on the composite

embranes during a period of 4 days is shown in Fig. 7(b). The
ell number on day 1 is higher for the composite membranes com-
ared to the chitosan membrane, because the attachment of OB
ells is superior on the composite membranes than on the pure chi-
osan membrane. After that, the OB cells grow rapidly and steadily
ith the culture time. Still, the composite membranes have higher

ell viability toward OB than the pure chitosan membrane on the
ollowing days. Particularly, the BCP/chitosan and TCP/chitosan
omposite membranes exhibit higher proliferation of OB cells after

 days of culture than the other two membranes. The cell num-
er on day 4 increases by about 67% and 55% for the BCP/chitosan
nd TCP/chitosan membrane, respectively, when compared to the
ure chitosan membrane on the same day. The steady and grad-
al dissolution of BCP and TCP particles might create a localized
alcium- and phosphorus-rich environment, which is favorable for
steogenesis. This proves the positive effect of the TCP phase in
he BCP/chitosan and TCP/chitosan membranes on bone cell pro-
iferation. Santos, Farina, Soares, and Anselme (2009) compared
he chemical influence of the HA and TCP surfaces on human
steoblast cell. They showed that the TCP could induce the higher
ell proliferation, while the HA had higher cell attachment and dif-
erentiation. However, our study suggests that the BCP/chitosan
omposite membrane not only provides a template for osteoblast
ttachment, but also plays an important role for guiding osteoblast
roliferation, because of the presence of both CDHA and TCP phases.

. Conclusions

Three different calcium phosphate particles were produced
ased on a reverse emulsion method and the subsequent cal-
ination. Aqueous solutions of calcium nitrate and ammonium
hosphate were used as the aqueous phase, cyclohexane as the oil
hase, and span 80 as the surfactant. The as-dried particles were
ound to be the CDHA nanoparticles with an average size of about
5 nm.  These CDHA nanoparticles were further calcined at 800 ◦C
nd 1000 ◦C to obtain the respective BCP and TCP particles. The
verage particle size was increased to about 226 nm and 450 nm,
espectively. Subsequently, the composite membranes combining
hitosan and these calcium phosphate particles were prepared by
irect-drying method. These calcium phosphate particles could
odulate the mechanical properties, bioactivity, and cellular com-

atibility of the composite membranes. Both BCP/chitosan and
CP/chitosan composite membranes had superior tensile mechan-
cal properties and osteoblast cell proliferation. On the other hand,
he CDHA/chitosan and BCP/chitosan composite membranes could
nduce great bioactivity in the simulated body fluid and better

steoblast attachment. Overall, the BCP/chitosan composite mem-
rane developed in this study has the best optimum properties and
hus has the potential to be used as a barrier membrane for the
eriodontal treatment.
ymers 88 (2012) 904– 911 911
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