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a  b  s  t  r  a  c  t

Biocompatible  and  biodegradable  polyelectrolyte  complex  consisting  of  carboxylmethyl  cellulose  (CMC)
and chitosan  (CHI)  were  studied  as a template  for  calcium  phosphate  biomimetic  mineralization.
CMC/CHI/calcium  phosphate  hybrids  were  prepared  using  different  concentrations  of  simulated  body
fluid (2, 5  and  10  ×  SBF)  for producing  hybrids  with  different  organic/inorganic  ratio.  These  hybrids  were
characterized  using  X-ray  diffraction  (XRD),  infrared  spectroscopy  (FT-IR),  thermogravimetric  analysis
(TGA),  Scanning  electron  microscopy  (SEM)  and  energy  dispersive  X-ray  spectroscopy  (EDX).  The  equi-
eywords:
ybrid
olyelectrolyte
rug delivery
arboxymethyl cellulose
hitosan

librium  swelling  extents  of the  hybrids  were  found  to be dependent  on the inorganic  % in  the  hybrids.  The
release  profile  of  bovine  serum  albumin  as  a model  drug  in  simulated  intestine  solution  (pH  7.4)  during
24  h  has  established  the efficiency  of  the  hybrids  as  a sustained  delivery  system.  The  hybrids  developed
in  this  contribution  exhibit  a great  potential  in  bone  tissue  engineering  and  drug  delivery  applications.

©  2014  Elsevier  Ltd.  All  rights  reserved.

alcium phosphate

. Introduction

Recently, the combination of ceramic particles with polymeric
atrices has been extensively investigated as an alternative in

one tissue engineering (Danilchenko et al., 2011; Schweizer &
aubert, 2007). This process attempt to mimic  the formation of
ineralized tissues which composed of hierarchically neat apatite
ith collagen. It is reported that, the organized structures of bone
ave been shown to form by nonclassical mineralization processes
ontrolled by polyelectrolyte rich in acidic moieties (Ye, Wang,
eiger, Miles, & Lin-Gibson, 2013). Moreover, it is highly desir-
ble that hybrid materials can be used for bone implantation and
rug delivery synergistically (Zhang & Zhang, 2002). Using sim-
lated body fluid (SBF) with ion concentrations nearly equal to
hose of human blood plasma requires more than 7 days for pro-
ucing a uniform apatite coatings. However, using SBF with high

onic concentrations have been cited as a method to control the
urface topography in biomimetic calcium phosphate mineraliza-
ion and to reduce the time required for biomimetic mineralization
rocess (Costa et al., 2012). Practically, several studies have been

ade to understand the interactions between charged polymers

nd calcium phosphate to better control the biomimetic miner-
lization process. Moreover, a number of acidic molecules such as

∗ Corresponding author. Tel.: +20 1008842629.
E-mail address: ahmed nigm78@yahoo.com (A. Salama).

ttp://dx.doi.org/10.1016/j.carbpol.2014.07.022
144-8617/© 2014 Elsevier Ltd. All rights reserved.
polyaspartic acid (Deshpande & Beniash, 2008) and polyacrylic acid
(Liu et al., 2011) have been shown to promote intrafibrillar miner-
alization. These acidic polymers exhibit differences in their ability
to control the mineralization process. Recently, the kinetics of cal-
cium phosphate aggregation in the presence of carboxylate-bearing
polymers has been studied. The results revealed that the polymer
structure can alter calcium phosphate aggregation mechanisms,
whereas polymer concentration influences the rate of calcium
phosphate aggregation (Ye et al., 2013). However, using natural
polymers in biomimetic mineralization, especially anionic polysac-
charide, are a new approach for those purposes. Attempts have been
carried out to enhance calcium phosphate mineralization onto ionic
polysaccharides for preparation of hybrid materials resemble nat-
ural bone although it have different chemical structure(Barbosa,
Granja, Barrias, & Amaral, 2005; Liuyun, Yubao, & Chengdong,
2009). In addition, using natural polymers as scaffolds for tissue
engineering prevents the risks which may occur due to morbidity
between human cells and scaffolds. The biodegradability of these
polymers prevents a second surgical procedure for removing the
scaffold after bone healing. However, there are only a few reports on
the synthesis of carbohydrate/calcium phosphate hybrid materials.
For example, Coleman and coworkers studied the rate of hydroxy-
apatite growth and mineralization using anionic polysaccharides

like alginate and phsphorylated alginate. They found that alginate
had no large effect on development of calcium phosphate crystals
comparing to phosphorylated alginate which exhibited strong non-
specific binding to the crystals (Coleman, Jack, Perrier, & Grøndahl,

dx.doi.org/10.1016/j.carbpol.2014.07.022
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.07.022&domain=pdf
mailto:ahmed_nigm78@yahoo.com
dx.doi.org/10.1016/j.carbpol.2014.07.022


hydrate Polymers 113 (2014) 500–506 501

2
a
i
m
s
p
p
h
v
n
b

t
p
(
A
n
b
e
o
c
2

c
t
n
n
m
m
t
f
(
a
a
(
g
t

c
S
s
C
t
r
t
i
e

a
a
a
i
t
b
p
p
a
i

2

2

i

Table 1
Compositions of 2×, 5× and 10 × SBF.

2× 5× 10×

Phosphate part* [gm] Tris 1.2110 3.0275 6.055
Na2SO4.10H2O 0.0644 0.161 0.322
NaHCO3 0.1411 0.3528 0.7055
K2HPO4 0.0696 0.174 0.348

Calcium part [gm] Tris 1.2110 3.0275 6.055
NaCl 3.1980 7.995 15.99
KCl  0.0880 0.22 0.44
MgCl2.6H2O 0.1220 0.305 0.61
A. Salama, M. El-Sakhawy / Carbo

013). Sotome et al. (2004) prepared hydroxyapatite/collagene-
lginate as bone filler and as a carrier for drugs. This hybrid was
mplanted into the femur and the results showed high bone for-

ation, stability against enzyme digestion comparing with the
ame hybrid without alginate. Wang et al. prepared calcium phos-
hate/carboxymethyl chitosan hybrid materials nanoparticles by
recipitation method for doxorubicin hydrochloride delivery. The
ybrid materials loaded with drug were decorated by peptide KALA
ia self-assembly method. The in vitro study of these decorated
anoparticles shows that the cell inhibition significantly enhanced
y the presence of peptide (Wang et al., 2013).

Carboxymethyl cellulose (CMC), the major commercial deriva-
ive of cellulose, is anionic polysaccharide widely used in
harmaceuticals (Devi & Maji, 2009) and in biomedical fields
Ninan et al., 2013; Rodríguez, Renneckar, & Gatenholm, 2011).

 three dimensional carboxymethyl cellulose/hydroxyapatite
anocomposites were investigated for their application as a load
earing synthetic bone graft. The study showed that ionic/polar or
lectrostatic interactions are the main driving force for formation
f load bearing three dimensional nanocomposites via a pro-
ess similar to matrix mediated biomineralization (Garai & Sinha,
013).

Chitosan (CHI) is the nature unique cationic polysaccharide
omposed of �-(1,4)-linked glucosamine that is produced via
he alkaline deacetylation of chitin, the second- most abundant
atural polymer after cellulose (Chicatun et al., 2011). CHI has
umerous and plentiful amino and hydroxyl groups in the macro-
olecular chains which provide advantageous for conducting
edications reactions and for providing distinctive biological func-

ions (Danilchenko et al., 2011). Accordingly, CHI has been studied
or a wide range of biomedical applications such as drug delivery
Hu, Yang, & Hu, 2011; Wang et al., 2010) and tissue engineering
s a scaffolding material (Rinaudo, 2008) because its degradation
ccompanied without inflammatory reactions or toxic products
Chen et al., 2009). Moreover, CHI has the ability to promote
rowth and mineral rich matrix in cell culture and osteoconduc-
ivity (Tanase, Popa, & Verestiuc, 2012).

Polyelectrolytes are mixtures of positively and negatively
harged polymers blended at the molecular level (Sun, An, Zhao,
hangguan, & Zheng, 2012). Polyelectrolytes were reported as
timulated materials for inorganic biomimetic mineralization like
aCO3, BaSO4 and hydroxyapatite (Sun et al., 2012). Polyelec-
rolytes have been developed to be used as guide bone tissue
egeneration. CMC  can interact strongly with CHI due to the struc-
ural similarity. Consequently, CMC/CHI polyelectrolyte was widely
nvestigated in the field of biomaterials (Chen & Fan, 2007; Jiang
t al., 2008; Liuyun et al., 2009).

The current article focuses on the development of biodegrad-
ble porous scaffolds made from naturally derived polymers. CMC
nd CHI were chosen because their composition exhibits virtu-
lly no endotoxicity, cytotoxicity, and no antigenic properties upon
mplantation. The biomimetic mineralization process of polyelec-
rolyte could be enhanced using high concentrations of simulated
ody fluids (SBF). The study also addresses the morphology, crystal
hase of mineralized calcium phosphate on the swellable CMC/CHI
olyelectrolyte’s. Moreover, the release profile of bovine serum
lbumin, a model for macromolecules and drugs, as a function in
norganic ratio was investigated.

. Materials and methods
.1. Materials

Carboxymethyl cellulose sodium salt (>99.5%) with high viscos-
ty (4% in water at 25 ◦C are 1000–1500 mPa  S) was purchased from
CaCl2.2H2O 0.1470 0.3675 0.735

* Every part dissolves in 100 mL  double distilled water.

Fluka Biochemika. Chitosan, microcrystalline molecular weight:
100 000 to 300 000 and deacetylating grade 70 to 85% was  supplied
from Acros. Comassie brilliant blue (G-250) and bovine serum albu-
min  (BSA) were supplied by Sigma-Aldrich, St. Louis, USA. All other
reagents were of analytical grade and used as received without
further purification.

2.2. CMC/CHI polyelectrolyte complex preparation and
mineralizstion

CMC  (100 mg)  was dissolved in 10 mL deionized water and
CHI (100 mg)  was  dissolved in 10 mL 2% acetic acid solution. The
two solutions were mixed 1:1 by adding the CMC drop wise into
the stirring CHI solution. The formed polyelectrolyte was washed
by deionized water to remove acetic acid residue and freeze
dried.

Simulated body fluids with different concentrations were pre-
pared as shown in Table 1, to accelerate the calcium phosphate
formation (Ohtsuki, Kokubo, & Yamamuro, 1992). The biomimetic
mineralization process by immersing 5 gm of swellable CMC/CHI
polyelectrolytes in 50 mL  (25 ml  from each of calcium and phos-
phate part) 2×, 5× and 10 × SBF in Falcon tubes for 72 h. The
samples were attached by polystyrene thread to prevent the for-
mation of calcium phosphate by precipitations. SBF was renewed
after centrifugation every 24 h and the pH was checked on
samples regularly. pH values were maintained at 7.4 over the
entire course of the mineralization to minimize problems associ-
ated with SBF preparation and stabilization (Bohner & Lemaitre,
2009). Finally, the samples were washed with double distilled
water for 5 days and dried at room temperature for further
analysis.

2.3. Characterization methodology

2.3.1. ATR-FTIR
Attenuated total reflection-Fourier transform infrared spec-

troscopy (ATR-FTIR) was  done on a Thermo Nicolet FT-IR Nexus
470 with a diamond crystal. Spectra were recorded from 500 to
4000 cm−1 with a resolution of 2 cm−1.

2.3.2. XRD
X-ray diffraction (XRD) patterns were recorded using a Philips

apparatus PW 105 diffractometer (Philips Analytical, Cambridge,
UK) using Ni-filtered Cu radiation (CuK�, 0.154 nm)  at an operating
voltage of 40 kV.

2.3.3. SEM and EDX

Scanning electron microscopy was done on a JEOL JXA-840A

Electron probe microanalyzer with tungsten filament (30 kV). For
EDX experiments an Oxford INCAx-sight SN detector with a reso-
lution of 128 eV at 5.9 keV was used.
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3.3. XRD

The XRD patterns of the mineralized CMC/CHI hybrids at differ-
ent SBF concentrations are displayed in Fig. 3. All hybrids exhibit a
02 A. Salama, M. El-Sakhawy / Carbo

.3.4. Thermogravimetric analysis (TGA)
Thermogravimetric analysis was done on a Linseis STA PT-1600

hermal balance in air from 20 to 600 ◦C with a heating rate of
0 K min−1 and air flow of 50 mL  min−1.

.4. Equilibrium water absorbance of CMC/CHI pure and
ineralized polyelectrolyte

The equilibrium swelling of the CMC/CHI polyelectrolyte and
he calcium phosphate/polyelectrolyte hybrids were investigated
n pH similar to that of physiological fluid (7.4). The buffer solution
omposed of phosphoric acid (0.054 mol), boric acid (0.040 mol)
nd acetic acid (0.042 mol) and then adjusted to the required
H value by the dropwise addition of 0.2 N NaOH solution. A
reweighted hybrids were immersed in 20 mL  of buffer solution
nd the swollen hybrids weights were determined after removal
f the surface liquid using tissue paper, until equilibrium swelling
as attained. The swelling percent was calculated by the following

quation:

welling% =
[

(Wt − W0)
W0

]
× 100

here W0 is the initial weight and Wt the weight of the hybrids at
ime t.

.5. In-vitro BSA release

BSA-loaded polyelectrolyte/calcium phosphate hybrids were
repared by hybrids incubation in glass vials with 5 mL  BSA solution
25 mg  mL−1) for 48 h. After drying in vacuum oven, the amount
f loaded drug was calculated. The hybrids were transferred to a
lass vials containing 10 mL  simulated intestinal fluids (pH 7.4)
nd incubated at 37 ◦C without stirring. After that, one milliliter
f the release medium was taken periodically and assayed by Brad-
ord method (Bradford, 1976) at �max 595 nm using a photometer
010 (Germany). The withdrawn medium was replaced with the
ame volume of buffer solution, to keep the volume of the release
edium constant. The results were measured three times, and the

verage was recorded with standard deviation.

. Results and discussion

The aim of the current study was to investigate the feasi-
ility of the CMC/CHI polyelectrolyte polymer as a template for
alcium phosphate mineralization. Bearing opposite charges, the
ombination of CMC  and CHI via ionic interaction can form a poly-
lectrolyte complex in the form of hydrogel, the precursor for
iomimetic mineralization process in this study. Moreover, the

onic interaction between two polymers avoids the use of organic
recursors, catalysts, or cross-linking agents which alleviating the
oncern about toxicity or reactions with a therapeutic payload.
orous polyelectrolyte was examined under SEM after freeze dry-
ng which is desirable as no organic solvent residual traces are left
ehind.

.1. Morphology and fiber-size distribution of CMC/CHI
olyelectrolyte fibrous

Fig. 1 shows the surface topography of the microporous
MC/CHI 3D polyelectrolyte fibrous distribution which consisting
f 50 wt% CMC  and 50 wt% CHI. The polyelectrolyte presented a

omplete blend with a homogenous and a uniform fiber distri-
ution. In addition, the polyelectrolyte fibrous had fiber diameter
anging from 0.5 to 2 �m and pore size <5 �m.  It is regarded
hat surface roughness can enhance attachment and nucleation
Fig. 1. SEM for CMC/CHI polyelectrolyte.

of calcium and phosphate ions for calcium phosphate growth
layer.

3.2. IR

Polyelectrolyte CMC/CHI was  incubated in a simulated body flu-
ids with higher concentrations to those present in human blood
plasma by 2×, 5× and 10× for 72 h. FTIR spectra of pure and min-
eralized CMC/CHI polyelectrolyte at various SBF concentrations
were presented in Fig. 2. The specific bands for both CMC and CHI
appeared in the spectrum of the pure polyelectrolyte. The absorp-
tion bands at 3336 cm−1 was  attributed to stretching vibration
of the N H group and hydroxyl stretching vibrations. Moreover,
absorption band at 1589 cm−1, corresponding to the characteristic
bands of NH3+ and COO−, which reflected strong electrostatic
interaction between the negatively charged carboxylates ( COO−)
on CMC  and the positively charged amino groups ( NH3+) on CHI.
However, the mineralized polyelectrolytes have a characteristic
peaks at 1029 cm−1 (P O �3 mode), 561 cm−1 (P O �4 mode), and
890 cm−1 (P O �1 mode) which assigned to different vibrations
modes of PO3−

4 group in calcium phosphate.
Fig. 2. FTIR spectra of pure (PE0) and mineralized CMC/CHI polyelectrolyte at dif-
ferent SBF concentrations (2×,  5× and 10 × SBF).
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ig. 3. XRD patterns of mineralized CMC/CHI hybrids at different concentrations of
BF.

ery salient broad centered around 2� of 22◦ which assigned to
he amorphous glassy structure of the CMC/CHI polyelectrolyte.

oreover, the diffractogram of the mineralized polyelectrolytes
how no distinct crystalline peaks which may  refer to formation of
morphous calcium phosphate. It is well established that hydroxy-
patite is formed in metastable aqueous solutions via a precursor
hase, most commonly amorphous calcium phosphate. The pre-
ursor amorphous calcium phosphate hydrolyzes into the more
hermodynamically stable hydroxyapatite in aqueous solution at

 pH greater than 4.2.

.4. Thermogravimetric analysis

CMC/CHI polyelectrolyte and mineralized hybrid samples
ormed in different concentrations of SBF were subjected to ther-

ogravimetric analysis to estimate the thermal stability and
he actual content of the mineralized calcium phosphate. The
hermogram assigned three ranges of mass loss of the poly-
lectrolyte/calcium phosphate samples (Yusufoglu et al., 2008).
emoval of physically and chemically adsorbed water showed ini-
ial smooth weight loss started from room temperature up to
00 ◦C. The main weight loss decomposition occurred between 200
nd 400 ◦C which could be associated with CMC  and CHI pyroly-
is including depolymerization, dehydration, and decomposition
f glucosyl units (Saska et al., 2011). At approximately 500 ◦C,
MC/CHI polyelectrolyte has completely degraded and the inor-
anic phase (calcium phosphate) still remains. If calcium phosphate
as some incorporated carbonate in the form of carbonated apatite,
here will be a weight loss above 400 ◦C due to the CO removal
rom the hydroxyl apatite structure (Yusufoglu & Akinc, 2008). A
light mass loss between the temperature ranges of 400–600 ◦C

Fig. 4) possibly corresponds to the decarboxylation of the calcium
hosphate. The analyses of Fig. 4 and Table 2 show that increasing
he concentration of SBF from 2× to 5× or 10× was accompanied
ith an inorganic residue increase from 7.30 to 17.35 and 38.57,

able 2
DX and TGA data obtained for polyelectrolyte mineralized at different SBF concentration

Sample SBF EDX Atom% 

Ca P 

PE2X 2× 12.72 ± 0.45 8.98 ± 0.31
PE5X  5× 18.7 ± 4.59 11.53 ± 1.99
PE10X  10× 26.66 ± 2.33 16.35 ± 1.94
Temperature, C

Fig. 4. TGA for pure and mineralized polyelectrolyte.

respectively. Fig. 4 also shows the increasing of the hybrids ther-
mal  stability with increasing the mineral content which clearly
demonstrates that the mixing between the polyelectrolyte organic
polymers and mineralized calcium phosphate is on the molecular
level.

3.5. SEM and EDX

Morphologies of calcium phosphate synthesized at high ion con-
centrations (2×,  5× and 10 × SBF) are observed in Fig. 5. As shown,
polyelectrolyte fibrous incubated in 2 × SBF were covered with
heterogeneous and sparsely dispersed spherically-shaped particles
after 72 h of incubation. Moreover, the rate of growth and the size
of calcium phosphate spherical globules were found to increase
remarkably by increasing the ionic strength of the simulated body
fluid. Hydrogen bonding between the organic polymer and the inor-
ganic mineral plays an important role in avoiding phase separation
and yielding homogenous free standing hybrid (Rangelova et al.,
2011). The increasing of SBF to 5× greatly affected the growing pro-
cess and the final morphology by forming more homogenous with
large spherically-shaped particles of the precipitated calcium phos-
phate. In addition, these calcium phosphate layers became denser
and completely filled the pores between polyelectrolyte fibrous at
higher simulated body fluid concentration (10×). Thus, incubation
of CMC/CHI polyelectrolyte in different concentrations of simulated
body fluids can be used to produce calcium phosphate layer with
different topographical features and different particles morphol-
ogy which may  refer to the formation of calcium phosphate with
different phases.

The EDX analysis detected the presence of Ca and P elements
as the major constituents with Ca/P ratio 1.42, 1.61 and 1.69 for

polyelectrolyte 2×, 5× and 10×,  respectively. Moreover, EDX  shows
sharp increase in the Ca and P content on the surface of the hybrids,
likely due to the consequence increase in SBF concentration. In
addition, the Ca/P atomic ratios of the mineralized surfaces for

s.

TGA

Ca/P Weight loss at 600◦ C [%] (residue)

 1.42 ± 0.01 92.70 (7.30)
 1.61 ± 0.12 82.65 (17.35)
 1.69 ± 0.05 61.43 (38.57)
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Fig. 5. SEM at different magnifications and representative EDX for polyelectrolyte/calcium phosphate hybrid mineralized in 2× (top row), 5× (middle row) and 10 × SBF
(
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bottom row).

E 2× (1.42) are below the stoichiometric value of 1.5 for amor-
hous calcium phosphate. PE 5× and 10× have Ca/P atomic ratios
rom 1.61 to 1.69 which below the stoichiometric value of 1.67 for
ydroxyapatite. Deviation from the stoichiometic value are known

n the literatures and may  be due to cationic substitutions at the
a2+ sites by Mg2+ or Na+ or anionic substitution at PO3−

4 sites by
O2−

3 or HPO2−
4 or a combination of these substitutions (Costa et al.,

012). In conclusion, increasing the SBF concentration had a signif-
cant effect on the Ca/P ratio of the calcium phosphate mineralized
ayer which in so far produce a hybrid materials with different
rganic/inorganic ratios. The results from SEM and EDX studies
learly confirmed that the hybrids have new surface enriched by
a and P, which are the main constituents of HA.

.6. Growth mechanism of calcium phosphate on CMC/chitosan
ybrid

It is reported that, the driving force for calcium phosphate induc-
ng crystals is not only precipitation of calcium phosphate salts
ut also the activity of anionic and cationic functional groups to
tart nucleation process (Shkilnyy et al., 2008). In most cases of
alcium-phosphate salts mineralization, amorphous calcium phos-

hate was firstly formed as non-crystalline form, which have strong
endency to become hydroxyapatite by dissolution and recrystal-
zation (Dentini et al., 2012). This study showed that CMC/CHI could
e used as an effective template for biomimatic mineralization to
synthesize calcium phosphate with rough surface. The construction
of polyelectrolyte and the subsequent biomimetic mineralization
mechanism are illustrated in Fig. 6. Calcium phosphate layer forma-
tion onto the surface of the CMC/CHI polyelectrolyte was promoted
by carboxylic acid groups which present in the form of charged
functional carboxylate at pH 7.4 (Costa et al., 2012). These charged
functional groups act as nucleation sites which attract Ca2+ ions
on the polyelectrolyte surface. After that, combination of calcium
and phosphate ions will take place on the surface of polyelectrolyte
which in turns starts to form a nucleus of calcium phosphate. These
nuclei are formed on the polyelectrolyte surface and grow into a
dense calcium phosphate layer by additional precipitation of cal-
cium and phosphate ions from the SBF.

3.7. Swelling and bovine serum albumin % release from
polyelectrolyte and hybrid

Fig. 7 shows the swelling behavior of the polyelectrolyte and
polyelectrolyte/calcium phosphate hybrids at pH 7.4 and 37 ◦C.
The swelling% of CMC/CHI polyelectrolyte was slightly higher than
polyelectrolte/calcium phosphate hybrids. The combination of cal-
cium phosphate/polyelectrolyte would inhibit the extension of the

polymer chain and then suppress the swelling ratio (Shi, Qi, Du,
Shi, & Cao, 2013). Moreover, the polyelectrolyte hybrids need more
long time to attain the equilibrium swelling. The swelling property
will affect the drug-release percentage of the hybrid composites.
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Fig. 6. Preparation of CMC/CHI polyelectrolyte hydrogel and biomimetic mineralization process using SBF.
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ig. 7. Swelling % of pure CMC/CHI polyelectrolyte (PE0) and mineralized polyelec-
rolyte at different concentrations (2×,  5× and 10×) of SBF.

Fig. 8 shows the BSA release profiles from CMC/CHI polyelec-
rolyte and mineralized polyelectrolyte hybrids prepared using
ifferent concentrations of SBF as crystal growth medium. The
rug release was around 92% after 10 h for CMC/CHI polyelec-
rolyte. However, the release% for the hybrids prepared with 2×,
× and 10 × SBF were 80, 73 and 70%, respectively, at pH 7.4. It
ust be noted from Fig. 8 that the initial burst release of pure

olyelectrolyte had been decreased after mineralization process.
oreover, the BSA release from the hybrid composites is in line
ith the morphology and swelling results. In addition, the release

 slightly decreases with increasing the inorganic content. These

esults demonstrated that the mineralized polyelectrolyte could
inder the permeability of the encapsulated drug and reduce the
rug release effectively.
Fig. 8. Sustained BSA release profiles from pure CMC/CHI polyelectrolyte (PE0) and
mineralized polyelectrolyte hybrids at different concentrations (2×,  5× and 10×)  of
SBF  and pH 7.4.

4. Conclusion

CMC/CHI polyelectrolyte hydrogel could be used as a tem-
plate for calcium phosphate biomimetic mineralization. Poly-
electrolyte/calcium phosphate hybrids synthesized in different
concentrations of simulated body fluid solutions have differ-
ent surface morphology and different organic/inorganic ratios.
Thermogravimetric analysis showed an inorganic content of
7.3–38.57 wt%  (based on the mass of the dried gel at around

600 C) in the various samples. BSA release behaviors of the poly-
electrolyte hybrid materials revealed sustained release properties
from the calcium phosphate particles which hinder the perme-
ation of the encapsulated drug. Mineralization within SBF solution
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ndicated that CMC/CHI polyelectrolyte hybrids could be made into
 bioactive substrate that can be further studied for bone tissue
ngineering applications.

cknowledgment

This work was supported by the National Research Center
n Cairo, Egypt. Project of cellulose and paper department (no.
0130101).

eferences

arbosa, M.  A., Granja, P. L., Barrias, C. C., & Amaral, I. F. (2005). Polysaccharides
as scaffolds for bone regeneration. ITBM-RBM, 26,  212–217. http://dx.doi.org/
10.1016/j.rbmret.2005.04.006

ohner, M.,  & Lemaitre, J. (2009). Can bioactivity be tested in vitro
with SBF solution? Biomaterials, 30(12), 2175–2179. http://dx.doi.org/
10.1016/j.biomaterials.2009.01.008

radford, M. M. (1976). A rapid and sensitive method for the quantitation
of  microgram quantities of protein utilizing the principle of protein-
dye  binding. Analytical Biochemistry, 72(1–2), 248–254. http://dx.doi.org/
10.1016/0003-2697(76)90527-3

hen, H., & Fan, M. (2007). Chitosan/carboxymethyl cellulose polyelectrolyte com-
plex scaffolds for pulp cells regeneration. Journal of Bioactive and Compatible
Polymers,  22(5), 475–491. http://dx.doi.org/10.1177/0883911507081329

hen, K. Y., Liao, W.  J., Kuo, S. M.,  Tsai, F. J., Chen, Y. S., Huang, C. Y., & Yao, C. H.
(2009). Asymmetric chitosan membrane containing collagen I nanospheres for
skin  tissue engineering. Biomacromolecules, 10(6), 1642–1649. http://dx.doi.org/
10.1021/bm900238b

hicatun, F., Pedraza, C. E., Ghezzi, C. E., Marelli, B., Kaartinen, M.  T., Mckee, M. D.,
&  Nazhat, S. N. (2011). Osteoid-mimicking dense collagen/chitosan hybrid gels.
Biomacromolecules,  12,  2946–2956.

oleman, R. J., Jack, K. S., Perrier, S., & Grøndahl, L. (2013). Hydroxyapatite miner-
alization in the presence of anionic polymers. Crystal Growth & Design,  13(10),
4252–4259. http://dx.doi.org/10.1021/cg400447e

osta, D. O., Allo, B. A., Klassen, R., Hutter, J. L., Dixon, S. J., & Rizkalla, A. S. (2012). Con-
trol  of surface topography in biomimetic calcium phosphate coatings. Langmuir,
28(8), 3871–3880. http://dx.doi.org/10.1021/la203224a

anilchenko, S. N., Kalinkevich, O. V., Pogorelov, M.  V., Kalinkevich, A. N., Sklyar, A.
M.,  Kalinichenko, T. G., & Sukhodub, L. F. (2011). Characterization and in vivo
evaluation of chitosan-hydroxyapatite bone scaffolds made by one step copre-
cipitation method. Journal of Biomedical Materials Research A, 96(4), 639–647.
http://dx.doi.org/10.1002/jbm.a.33017

entini, M.,  Barbetta, A., Ferrer, M.  L., Monte, F., Chimica, D., Universita, S., & Moro,
P.  A. (2012). In Situ precipitation of amorphous calcium phosphate and cipro fl
oxacin crystals during the formation of chitosan hydrogels and its application
for  drug delivery purposes. Langmuir, 28,  15937–15946.

eshpande, A. S., & Beniash, E. (2008). Bio-inspired synthesis of mineralized
collagen fibrils. Crystal Growth & Design,  8(8), 3084–3090. http://dx.doi.org/
10.1021/cg800252f

evi, N., & Maji, T. K. (2009). Preparation and evaluation of gelatin/sodium car-
boxymethyl cellulose polyelectrolyte complex microparticles for controlled
delivery of isoniazid. AAPS PharmSciTech, 10(4), 1412–1419. http://dx.doi.org/
10.1208/s12249-009-9344-9

arai, S., & Sinha, A. (2013). Biomimetic nanocomposites of carboxymethyl
cellulose-hydroxyapatite: Novel three dimensional load bearing bone grafts.
Colloids and Surfaces B, Biointerfaces, 115C, 182–190. http://dx.doi.org/
10.1016/j.colsurfb.2013.11.042

u, Y., Yang, T., & Hu, X. (2011). Novel polysaccharides-based nanoparticle carriers
prepared by polyelectrolyte complexation for protein drug delivery. Polymer
Bulletin,  68(4), 1183–1199. http://dx.doi.org/10.1007/s00289-011-0683-9

iang, L., Li, Y., Wang, X., Zhang, L., Wen, J., & Gong, M. (2008). Prepara-
tion and properties of nano-hydroxyapatite/chitosan/carboxymethyl cellulose
composite scaffold. Carbohydrate Polymers, 74(3), 680–684. http://dx.doi.org/

10.1016/j.carbpol.2008.04.035

iu, Y., Li, N., Qi, Y., Dai, L., Bryan, T. E., Mao, J., & Tay, F. R. (2011). Intrafibril-
lar collagen mineralization produced by biomimetic hierarchical nanoapatite
assembly. Advanced Materials, 23(8), 975–980. http://dx.doi.org/10.1002/adma.
201003882
te Polymers 113 (2014) 500–506

Liuyun, J., Yubao, L., & Chengdong, X. (2009). A novel composite membrane of
chitosan-carboxymethyl cellulose polyelectrolyte complex membrane filled
with nano-hydroxyapatite. I. Preparation and properties. Journal of Mate-
rials Science: Materials in Medicine, 20(8), 1645–1652. http://dx.doi.org/
10.1007/s10856-009-3720-6

Ninan, N., Muthiah, M.,  Park, I.-K., Elain, A., Thomas, S., & Grohens, Y. (2013).
Pectin/carboxymethyl cellulose/microfibrillated cellulose composite scaffolds
for tissue engineering. Carbohydrate Polymers, 98(1), 877–885. http://dx.doi.org/
10.1016/j.carbpol.2013.06.067

Ohtsuki, C., Kokubo, T., & Yamamuro, T. (1992). Mechanism of apatite formation on
CaOSiO2P2O5 glasses in a simulated body fluid. Journal of Non-Crystalline Solids,
143,  84–92. http://dx.doi.org/10.1016/S0022-3093(05)80556-3

Rangelova, N., Radev, L., Nenkova, S., Salvado, I. M.  M., Fernandes, M. H. V., & Herzog,
M.  (2011). Methylcellulose/SiO 2 hybrids: sol–gel preparation and characteriza-
tion  by XRD, FTIR and AFM. Central European Journal of Chemistry,  9(1), 112–118.
http://dx.doi.org/10.2478/s11532-010-0123-y

Rinaudo, M.  (2008). Main properties and current applications of some polysaccha-
rides as biomaterials. Polymer International, 57(3), 397–430. http://dx.doi.org/
10.1002/pi.2378

Rodríguez, K., Renneckar, S., & Gatenholm, P. (2011). Biomimetic calcium phosphate
crystal mineralization on electrospun cellulose-based scaffolds. ACS Applied
Materials & Interfaces, 3(3), 681–689. http://dx.doi.org/10.1021/am100972r

Saska, S., Barud, H. S., Gaspar, A. M.  M.,  Marchetto, R., Ribeiro, S. J. L., &
Messaddeq, Y. (2011). Bacterial cellulose–hydroxyapatite nanocomposites
for bone regeneration. International Journal of Biomaterials, 2011, 175362.
http://dx.doi.org/10.1155/2011/175362

Schweizer, S., & Taubert, A. (2007). Polymer-controlled, bio-inspired calcium phos-
phate mineralization from aqueous solution. Macromolecular Bioscience, 7,
1085–1099. http://dx.doi.org/10.1002/mabi.200600283

Shi, J., Qi, W.,  Du, C., Shi, J., & Cao, S. (2013). Micro/nanohybrid hierarchi-
cal  poly (N-isopropylacrylamide)/calcium carbonate composites for smart
drug delivery. Journal of Applied Polymer Science, 577–584. http://dx.doi.org/
10.1002/app.38718

Shkilnyy, A., Friedrich, A., Tiersch, B., Schöne, S., Fechner, M.,  Koetz, J., & Taubert,
A. (2008). Poly(ethylene imine)-controlled calcium phosphate mineralization.
Langmuir,  24(5), 2102–2109. http://dx.doi.org/10.1021/la702523p

Sotome, S., Uemura, T., Kikuchi, M.,  Chen, J., Itoh, S., Tanaka, J., & Shinomiya, K. (2004).
Synthesis and in vivo evaluation of a novel hydroxyapatite/collagen–alginate
as a bone filler and a drug delivery carrier of bone morphogenetic pro-
tein.  Materials Science and Engineering: C, 24(3), 341–347. http://dx.doi.org/
10.1016/j.msec.2003.12.003

Sun, Z., An, Q., Zhao, Q., Shangguan, Y., & Zheng, Q. (2012). Study of polyelectrolyte
complex nanoparticles as novel templates for biomimetic mineralization. Crystal
Growth & Design,  12,  2382–2388.

Tanase, C. E., Popa, M.  I., & Verestiuc, L. (2012). Biomimetic chitosan–calcium phos-
phate composites with potential applications as bone substitutes: Preparation
and characterization. Journal of Biomedical Materials Research Part B: Applied
Biomaterials,  100B(3), 700–708. http://dx.doi.org/10.1002/jbm.b.32502

Wang, J., Chen, B., Zhao, D., Peng, Y., Zhuo, R.-X., & Cheng, S.-X. (2013). Peptide dec-
orated calcium phosphate/carboxymethyl chitosan hybrid nanoparticles with
improved drug delivery efficiency. International Journal of Pharmaceutics,  446(1-
2), 205–210. http://dx.doi.org/10.1016/j.ijpharm.2013.02.028

Wang, J., Chen, J.-S., Zong, J.-Y., Zhao, D., Li, F., Zhuo, R.-X., & Cheng, S.-X. (2010). Cal-
cium carbonate/carboxymethyl chitosan hybrid microspheres and nanospheres
for  drug delivery. The Journal of Physical Chemistry C, 114(44), 18940–18945.
http://dx.doi.org/10.1021/jp105906p

Ye, J., Wang, D., Zeiger, D. N., Miles, W.  C., & Lin-Gibson, S. (2013). Different
kinetic pathways of early stage calcium-phosphate cluster aggregation induced
by  carboxylate-containing polymers. Biomacromolecules, 14(10), 3417–3422.
http://dx.doi.org/10.1021/bm400660a

Yusufoglu, Y., & Akinc, M.  (2008). Effect of pH on the carbonate incorpora-
tion into the hydroxyapatite prepared by an oxidative decomposition of
calcium-EDTA chelate. Journal of the American Ceramic Society,  91(1), 77–82.
http://dx.doi.org/10.1111/j. 1551-2916.2007.02092.x

Yusufoglu, Y., Hu, Y., Kanapathipillai, M.,  Kramer, M., Kalay, Y. E., Thiyagara-
jan, P., & Mallapragada, S. (2008). Bioinspired synthesis of self-assembled
calcium phosphate nanocomposites using block copolymer–peptide conju-

gates. Journal of Materials Research, 23(12), 3196–3212. http://dx.doi.org/
10.1557/JMR.2008.0388

Zhang, Y., & Zhang, M. (2002). Calcium phosphate/chitosan composite scaffolds
for controlled in vitro antibiotic drug release. Journal of Biomedical Materials
Research, 62(3), 378–386. http://dx.doi.org/10.1002/jbm.10312

dx.doi.org/10.1016/j.rbmret.2005.04.006
dx.doi.org/10.1016/j.rbmret.2005.04.006
dx.doi.org/10.1016/j.biomaterials.2009.01.008
dx.doi.org/10.1016/j.biomaterials.2009.01.008
dx.doi.org/10.1016/0003-2697(76)90527-3
dx.doi.org/10.1016/0003-2697(76)90527-3
dx.doi.org/10.1177/0883911507081329
dx.doi.org/10.1021/bm900238b
dx.doi.org/10.1021/bm900238b
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0030
dx.doi.org/10.1021/cg400447e
dx.doi.org/10.1021/la203224a
dx.doi.org/10.1002/jbm.a.33017
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0050
dx.doi.org/10.1021/cg800252f
dx.doi.org/10.1021/cg800252f
dx.doi.org/10.1208/s12249-009-9344-9
dx.doi.org/10.1208/s12249-009-9344-9
dx.doi.org/10.1016/j.colsurfb.2013.11.042
dx.doi.org/10.1016/j.colsurfb.2013.11.042
dx.doi.org/10.1007/s00289-011-0683-9
dx.doi.org/10.1016/j.carbpol.2008.04.035
dx.doi.org/10.1016/j.carbpol.2008.04.035
dx.doi.org/10.1002/adma.201003882
dx.doi.org/10.1002/adma.201003882
dx.doi.org/10.1007/s10856-009-3720-6
dx.doi.org/10.1007/s10856-009-3720-6
dx.doi.org/10.1016/j.carbpol.2013.06.067
dx.doi.org/10.1016/j.carbpol.2013.06.067
dx.doi.org/10.1016/S0022-3093(05)80556-3
dx.doi.org/10.2478/s11532-010-0123-y
dx.doi.org/10.1002/pi.2378
dx.doi.org/10.1002/pi.2378
dx.doi.org/10.1021/am100972r
dx.doi.org/10.1155/2011/175362
dx.doi.org/10.1002/mabi.200600283
dx.doi.org/10.1002/app.38718
dx.doi.org/10.1002/app.38718
dx.doi.org/10.1021/la702523p
dx.doi.org/10.1016/j.msec.2003.12.003
dx.doi.org/10.1016/j.msec.2003.12.003
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00696-1/sbref0140
dx.doi.org/10.1002/jbm.b.32502
dx.doi.org/10.1016/j.ijpharm.2013.02.028
dx.doi.org/10.1021/jp105906p
dx.doi.org/10.1021/bm400660a
dx.doi.org/10.1111/j. 1551-2916.2007.02092.x
dx.doi.org/10.1557/JMR.2008.0388
dx.doi.org/10.1557/JMR.2008.0388
dx.doi.org/10.1002/jbm.10312

	Preparation of polyelectrolyte/calcium phosphate hybrids for drug delivery application
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 CMC/CHI polyelectrolyte complex preparation and mineralizstion
	2.3 Characterization methodology
	2.3.1 ATR-FTIR
	2.3.2 XRD
	2.3.3 SEM and EDX
	2.3.4 Thermogravimetric analysis (TGA)

	2.4 Equilibrium water absorbance of CMC/CHI pure and mineralized polyelectrolyte
	2.5 In-vitro BSA release

	3 Results and discussion
	3.1 Morphology and fiber-size distribution of CMC/CHI polyelectrolyte fibrous
	3.2 IR
	3.3 XRD
	3.4 Thermogravimetric analysis
	3.5 SEM and EDX
	3.6 Growth mechanism of calcium phosphate on CMC/chitosan hybrid
	3.7 Swelling and bovine serum albumin % release from polyelectrolyte and hybrid

	4 Conclusion
	Acknowledgment
	References


