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a b s t r a c t

Nano-hydroxyapatite/chitosan–pectin (nHCP) composite was prepared via mineralization of a
chitosan–pectin network. Then nHCP/chitosan–gelatin (nHCP/CG) scaffolds were prepared via the blend-
ing of nHCP and chitosan–gelatin solution. Results suggested that nHCP/CG scaffolds have appropriate
porosity, water absorption ability and degradation behaviors. nHCP can be fused into the pore wall of
nHCP/CG scaffold via chemical crosslinking interactions, which avoids the agglomeration and migra-
eywords:
olysaccharide
ulticomponent
ano-hydroxyapatite
caffold

tion of nHA particles. Moreover, the compressive strength of nHCP/CG scaffold ranges from 10.4 ± 1.64
to 13.5 ± 3.85 MPa. nHCP/CG scaffolds have stable physical and chemical structures, which can pro-
vide appropriate microenvironments for cells to attach and proliferate for MC 3T3-E1 cells. Therefore,
nHCG/CG is a potential biomaterial in bone tissue engineering.

© 2011 Published by Elsevier Ltd.

one tissue engineering

. Introduction

Three-dimensional (3D) nHA/polymer scaffolds constitute a
articularly large and interesting group in bone tissue engineer-

ng due to their similar structures to nature bone. An ideal
HA/polymer composite involved in bone-repair scaffold should be
iodegradable, mechanically robust and biocompatible. The com-
osites should also facilitate early mineralization and support new
one formation, while at the same time, allow for the replacement
y new bone (Cui, Li, & Ge, 2007). Some natural polysaccharides
chitosan, pectin, alginate, etc.) and proteins (collagen and gelatin)
ave been investigated because of the similarity of their structures
nd biocompatibility. Chitosan has a hydrophilic surface promot-
ng cell proliferation and differentiation (Suh & Matthew, 2000).
hitosan scaffolds are osteoconductive and are able to enhance
one formation both in vitro and in vivo (Di Martino, Sittinger, &
isbud, 2005; Khor & Lim, 2003). Pectin is a plant polysaccharide
rimarily obtained from edible plants, which is enriched in galac-
uronic acid and galacturonic acid methyl ester units. The carboxyl
roups of pectin play important roles in the process of mineral-

zation, which have a catalytic effect for heterogeneous apatite
ucleation. Pectin can provide mechanical strength for cell walls
f higher plants as well as play important roles in various cellular

∗ Corresponding author. Tel.: +86 22 27402893; fax: +86 22 27403389.
E-mail addresses: yaofanglian@tju.edu.cn, ripm@tju.edu.cn (F. Yao).

144-8617/$ – see front matter © 2011 Published by Elsevier Ltd.
oi:10.1016/j.carbpol.2011.04.015
processes (Kokkonen et al., 2008; Liu, Fishman, Kost, & Hicks, 2003).
Recently, pectin has also been investigated for possible applications
in bone tissue engineering (Liu et al., 2004). Gelatin is a partially
denatured derivative of collagen, which has the potential to sup-
port the growth of osteoblasts and promote bone regeneration in
defective areas (Rohanizadeh, Swain, & Mason, 2008). The mor-
phology and structure of the nHA crystals could be modulated by
these natural polymers if the nHA crystals were formed in situ in
these polymer solutions.

nHA/polymer nanocomposites have been synthesized via
blending the nHA particles and polymer (Kim, Kim, & Salih, 2005;
Kim, Knowles, & Kim, 2005). Such nHA/polymer nanocompos-
ites exhibit excellent physicochemical properties which appear to
make them a suitable candidate to be used as a supportive struc-
ture for cells functions (Nejati, Firouzdor, Eslaminejad, & Bagheri,
2009; Zhao et al., 2002). However, the nHA particles in this case
did not disperse well as they agglomerate easily and even settle.
As a result it is difficult to form a controlled structure (Kim, Kim,
et al., 2005; Kim, Knowles, et al., 2005) through preparation by
blending. Meanwhile, nHA crystals may migrate from the com-
posites because of the weak interactions between nHA particle
and polymer. When cells interact with the composites, the inter-
faces between nHA crystals and polymers were destroyed and nHA

crystals were easily released from the polymer matrix. This defect
may cause a large decrease in the mechanical strength. In order
to enhance the interactions between nHA crystals and polymers,
the nHA/polymer composites were prepared via mineralization

dx.doi.org/10.1016/j.carbpol.2011.04.015
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:yaofanglian@tju.edu.cn
mailto:ripm@tju.edu.cn
dx.doi.org/10.1016/j.carbpol.2011.04.015
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sing simulated body fluid (SBF) or Ca/P solutions. The nHA crystals
ormed on the surface of preformed polymer matrices. This method
ould effectively modulate the size of nHA crystals when different
olymer matrices were used (Li, Chen, Yin, Yao, & Yao, 2007; Yin
t al., 2004). The nHA/polymer nanocomposite obtained by surface
ineralization is a suitable substrate for the distribution, attach-
ent and migration of osteoblast-like cells. It also accelerates the

steogenic differentiation at an early stage and promotes ECM for-
ation (Manjubala, Ponomarev, Wilke, & Jandt, 2008; Manjubala,

cheler, Bossert, & Jandt, 2006). However, the polymer matrices
re covered gradually by nHA crystals along with the formation of
HA. As a result, effects of polymer matrices on cell functions are

imited to the short time when cells contact the uncoated surfaces.
herefore, it is a challenge to develop a new way for the prepa-
ation of nHA/polymer bulk composites, which could protect the
HA crystal from self-aggregation and improve the homogeneous
istribution of nHA crystals in the composites scaffold, to take the
lace of surface mineralization

In our previous research, the HA/chitosan–gelatin (HCG) com-
osite scaffolds were prepared via directly dispersing HA particles

nto chitosan–gelatin matrix. The HCG composites showed excel-
ent histocompatibility, but the HA particles are heterogeneous in
hitosan–gelatin matrix (Zhao et al., 2002). On the other hand,
he homogeneous nHA coating could be formatted on the sur-
ace of chitosan–gelatin network, and the nHA/chitosan–gelatin
etwork films could improve the attachment, proliferation and dif-

erentiation of mesenchymal stem cells (MSCs) (Li et al., 2009).
owever, owing to the directly contact with the nHA coating,

he chitosan–gelatin matrix of the composite has little affected
n the behavior of MSCs. In this study, in order to overcome
hese disadvantages, the multicomponent polysaccharide/nano-
ydroxyapatite composites were prepared using chitosan, gelatin
nd pectin as the organic matrix. First, the nHA/chitosan–pectin
nHCP) composites were prepared via mineralization. Then, for
he preparation of multicomponent nHCP/CG bulk composite films
nd scaffolds, the nHCP was blended with chitosan–gelatin (CG)
olutions. The crosslinking reaction between nHCP and CG net-
ork were carried out using glutaraldehyde as the crosslinking

gent. Here, nHA was introduced to the scaffold in the form of
HCP that could improve the dispersion uniformity and stability
f nHA crystal in CG matrix. The crosslinking reaction between
HCP and CG network also plays an important role in this. The
uitability of the nHCP/CG nanocomposite scaffold for tissue engi-
eering is described in terms of microstructure, physicochemical
nd mechanical properties. Moreover, the response of mouse
re-osteoblasts (MC 3T3-E1) to the multicomponent nHCP/CG
anocomposite was assessed. As controls, the nHA/CG compos-

tes are also prepared via directly blending nHA particles and
hitosan–gelatin solutions.

. Materials and methods

.1. Materials

Chitosan (CS, mean molecular weight 2.0 × 105 Ad, deacetyla-
ion, >85%) was supplied by Qingdao Medical Institute (Qingdao,
hina). Pectin (citrus-derived) and gelatin were purchased from
igma Chemical Co. (St. Louis, MO). All other reagents used were of
nalytical grade.

.2. Preparation and characterization of

ano-hydroxyapatite/chitosan–pectin composites

The synthesis of nHCP composites has been reported previously
Li, Kommareddy, et al., 2010; Li, Zhu, et al., 2010). Chitosan was
ers 85 (2011) 885–894

dissolved in acetic acid solution (1% v/v) and pectin was dissolved
in deionized water. Then the Ca(NO3)2 was added into pectin solu-
tion and NaH2PO4 was added into chitosan solution, at molar ratio
Ca/P = 1.67. After 5 h, the NaH2PO4/chitosan solution was added
dropwise into Ca(NO3)2/pectin solution with magnetic stirring. The
pH value was adjusted to 13. After 48 h, the precipitate was sepa-
rated by centrifugation and washed with deionized water until the
pH value reached 7.0. Further, the precipitate was lyophilized and
the nHCP composites containing 66.7% (wt%) nHA crystals were
obtained. All these steps except lyophilization were conducted at
room temperature.

The phase composition of as-prepared powders is determined
using X-ray diffraction (XRD) (Rigaku D/max 2500v/pc). The crys-
tallite morphology of the nHCP composites was observed by a
Transmission Electron Microscope (TEM, JEM-100CX II, Japan).

2.3. Preparation and characterization of multicomponent
nHCP/CG composite film and scaffold

2.3.1. Preparation of multicomponent nHCP/CG composites film
and scaffold

Chitosan and gelatin were dissolved in 1% (v/v) acetic acid
solution and water respectively and mixed together. The nHCP
composite powders were ultrasonically dispersed (800w) in
chitosan–gelatin (CG) solution for 10 min. A suitable amount of
glutaraldehyde aqueous solution (0.25 wt%) was incorporated into
the nHCP/CG dispersion at a magnetic stirrer and the mixture
was transferred to polystyrene Petri Dishes. After drying at room
temperature, a film with ca 0.1 mm thickness was obtained. The
scaffolds were prepared by freezing the dispersion mixture at
−50 ◦C for 24 h and lyophilized in a freeze dryer. In order to neu-
tralize the residue of acetic acid in films and scaffolds, this was
followed by treatment with NaOH solution (1%(wt%)) and washing
with deionized distilled water to pH = 7.0. Then, the samples were
retreated with sodium borohydride (NaBH4) solution to eliminate
the residual glutaraldehyde. The films and scaffolds were repeat-
edly washed with deionized water and normal saline for cell culture
studies. Finally the films were dried at room temperature and scaf-
folds were lyophilized again. The fraction of nHCP in the nHCP/CG
multicomponent composites were 0 (pure CG composites), 10, 30,
and 50 wt% respectively.

As controls, nHA/CG composite film or scaffold were also pre-
pared in the same way. The fraction of nHA particle in nHA/CG
composite is 50 wt%.

2.3.2. Interactions in nHCP/CG multicomponent composite
The interactions among each component in nHCP/CG and

nHA/CG composites were investigated by a FTIR spectrometer.
Dried composites were ground after embrittlement using liq-
uid nitrogen and mixed thoroughly with potassium bromide at
a ratio of 1:5 (Sample: KBr). The IR spectra were then ana-
lyzed using MAGNA-560 (Nicolet, USA) operating at the range of
400–4000 cm−1.

2.3.3. Microstructure of scaffold
The morphology of the scaffold was observed by SEM (XL30,

PHILIPS, The Netherlands). The scaffold was coated with gold using
a sputter coater (DeskII, Denton vacuum Inc.). During the process of
gold coating, the gas pressure was kept at 50 mtorr, and the current
was 20 mA. The coating time was 300 s. Samples were analyzed at
10 kV.
2.3.4. Water absorption of scaffold
Three dry scaffolds from each group were weighed and

immersed in 10 ml water at 37 ◦C. At various time intervals, the
scaffolds were carefully taken out and wiped with filter paper to
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emove surface water followed by measurement of the wet weight
f the sample. The water absorption was calculated using the Eq.
1), where Mw and Mo are the wet and dry weight of the sample,
espectively.

ater absorption (%) = 100
Mw − Mo

Mo
(1)

.3.5. Degradation behavior of scaffold
The degradation ability of the scaffold was evaluated using a

ysozyme degradation test. In this test, degradation profiles of 3D
caffolds were plotted after incubation in PBS including lysozyme
30,000 U/ml) at 37 ◦C air bath and observed for 11 weeks. At 1,
, 5, 7, 9 and 11 week, triplicate specimens for each sample were
emoved and washing with deionized water. The weight (wt) of
ample was measured after lyophilization. The weight remaining
as evaluated using the following Eq. (2).

eight remaining (%) = 100
Mt

Mo
(2)

.3.6. Mechanical strength of film and scaffold
The tensile strength of the multicomponent composite films

as evaluated using mechanical instrument (M350-10KN, Testo-
etric, England) equipped with fixed grips lined with thin rubber

n the ends. The initial grip separation was set at 40 mm, and the
rosshead speed was 1 mm/s. The tensile strength was determined
rom stress–strain curves obtained from uniaxial tensile tests.

Compressive modulus of scaffolds was measured using mechan-
cal instrument (M350-10KN, Testometric, England). All samples

ere column (16 mm in diameter and 12 mm in thickness). A
rosshead speed of 1 mm/min was used. The compressive mod-
lus is defined as the initial linear modulus on the stress/strain
urves. Six specimens were tested for each sample. The averages
nd standard deviations were reported.

.4. Response of pre-osteoblasts (MC 3T3-E1) to nHCP/CG
ulticomponent composite

.4.1. Cell attachment behaviors on nHCP/CG films
In order to evaluate the initial cell adhesion performance of the

ulticomponent nHCP/CG 2D films, cell attachment studies were
onducted. The pre-osteoblasts MC 3T3-E1 were seeded (1 × 105

ells per well) on prewetted nHCP/CG, CG and nHA/CG films in 24-
ell tissue-culture plates. DMEM supplemented with 10% FBS was
sed. At 1, 2, 4, 6 and 8 h, the MTT assay was measured to evaluated
he attachment ability of MC 3T3-E1 on the films. Briefly, at corre-
ponding time points the cell viability was evaluated using the MTT
ssay, in which 50 �l of MTT (Sigma, 5 mg/ml in Dulbecco’s PBS)
as added to each well and incubated at 37 ◦C, 5% CO2 for 4 h. After

emoval of the medium, the converted dye was dissolved in acidic
sopropanol (0.05 M HCl in absolute iospropanol). Solution (100 �l)
f each sample was transferred to a 96-well plate. The absorbance
f converted dye is measured at a wavelength of 570 nm using an
nzyme-linked immunosorbent assay (ELISA) plate reader (TECAN
PECTRA |||).

.4.2. Cell proliferation behaviors on nHCP/CG film and scaffold
The pre-osteoblasts MC 3T3-E1 were seeded (1 × 104 cells per

ell) on prewetted nHCP/CG, CG and nHA/CG films in 24-well
issue-culture plates. DMEM supplemented with 10% FBS was used
or cell proliferation of MC 3T3-E1. At day 1, 4, 7, 10 and 14 the MTT
ssay was measured to investigate the proliferation viability of MC

T3-E1 on the film.

Approximately 8 × 105 cells were seeded into each multicompo-
ent CG, nHCP/CG (50 wt%) and nHA/CG (50 wt%) 3D dry scaffolds

n 24-well tissue-culture plates and 500 �l DMEM cell cultivation
ers 85 (2011) 885–894 887

solution containing 10% FBS was added into each well. The prolif-
eration behaviors of MC 3T3-E1 in the 3D scaffolds at day 7, 14 and
21were evaluated using MTT assay.

2.4.3. Cell morphology on multicomponent composite film and
scaffold

A 500 �l cell suspension was seeded on the top of multicompo-
nent 2D films (ca 3.0 × 104 cells) and 3D scaffolds (ca 8.0 × 105 cells)
in 24-well tissue culture plates. At certain time points, the cell-
scaffold constructs were incubated with dye (0.02 mg/ml of PBS) for
3 min at room temperature, and then the cell-film and cell-scaffold
constructs were washed using PBS. Cell-scaffolds constructs were
directly viewed under a microscope to detect fluorescence at the
excitation and emission wavelengths of 490/520 nm. Transfected
cells appeared as green fluorescence. Meanwhile, after the MC 3T3-
E1 were cultured for 3–21 days at 37 ◦C and 5% CO2, the cell-film
samples were fixed with 2.5% glutaraldehyde in 0.1 M PBS (pH
7.2). The specimens were then dehydrated through a graded series
of ethanol, vacuum dried and gold coated for scanning electron
microscopy (SEM, XL30, PHILIPS, The Netherlands) observation.

2.5. Statistical analysis

Statistical analysis was performed with the OriginPro Software
for Windows. Results of cells viability were reported as mean stan-
dard deviation for n = 4, and the differences among the samples
were tested by Student’s t-test with a significance level of p < 0.05
or p < 0.01.

3. Results and discussion

3.1. Characterization of nHCP composite

The diffraction peaks at 26.0◦, 31.8◦, 32.9◦, 39.8◦ and 46.7◦ could
be defined in XRD patterns (Fig. 1(A)). All of those are consisted
with the ICDD standard card of HA, which implied that the crystal
phase in the samples is only HA without detecting other impurity
although the broadening and overlapping of peaks appeared due
to the poor crystallinity. That is to say, the HA crystal were formed
in chitosan–pectin system, and the size is ca. 15.8 nm which is
very similar to the value of apatite of natured bone (18.6–16.4 nm).
Moreover, the nHA crystals were embedded in chitosan–pectin
matrices (cf. Fig. 1(B)). Our previous research (Li, Kommareddy,
et al., 2010; Li, Zhu, et al., 2010) found that the chitosan–pectin
polyelectrolyte complex (PEC) networks play very important roles
in the formation of nHA crystal, the formation and dissociation of
chitosan–pectin PEC could modulated the nucleation and growth
of nHA crystals via adjusting pH values. Moreover, the disper-
sion of nHCP composite has a good stability when chitosan/pectin
ratio �1:1. These characteristics give nHCP have more obvious
advantages compared with naked nHA particles when preparing
homogeneous 3D porous scaffolds.

3.2. Combination of nHCP and chitosan–gelatin network

As shown in Fig. 2(A), the IR absorption at 1669 cm−1 of nHA/CG
composites can be attributed to COOH groups of gelatin of nHA/CG.
It shifted to the direction of higher wavenumbers compared with
COOH groups (1660 cm−1) of CG matrix. This suggested the for-
mation of hydrogen bond or polar interactions between nHA
crystalline and CG matrix (Fig. 2(B)). These interactions may also
exist between nHCP and CG matrix because the absorption of COOH

of nHCP/CG appeared at 1664 cm−1. Li et al. (Cheng et al., 2009)
found that hydrogen bonds may also existed between –NH2 of
CG matrices and OH groups of HA. These interactions may have
occurred similarly to those occurring between the components of
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Fig. 1. XRD patterns (A) and TEM image (B) of nHCP composites.

one (Thein-Han & Misra, 2009). Moreover, the absorption bands of
mino group at 1539, 1541 cm−1 which appear in gelatin and chi-
osan respectively, have become very weak or even disappeared
n the CG, nHCP/CG and nHA/CG composites. It is believed that
his results from Schiff base reaction between the amino groups of
hitosan or gelatin and aldehyde groups of glutaraldehyde. There-
ore crosslinking reaction may occur not only between chitosan
nd gelatin but also between nHCP composites and chitosan and/or
etween nHCP composites and gelatin because the unreacted side
roups (–NH2) of nHCP powder still exist (cf. Fig. 2(B)). That is to
ay, the nHCP composites could combine with CG matrix through
hemical crosslinking reaction. This is the main reason why nHCP
ould homogenously distribute in the CG network and remain their
tability for a long time.

.3. Microstructure of the nHCP/CG scaffold

The microstructure and pore size distribution of scaffolds sig-
ificantly affect cell proliferation, migration and function in bone
issue engineering, as well as vascularization. The importance of
orosity for bone tissue engineering has been consistently demon-
trated. The porosity parameter directly controls the mass transfer
f nutrients and metabolic waste products to cells as well as assists
ell migration and vascularization, all of which are essential fac-
ors for new bone formation. The porosity of nHA/CG (50 wt%)
caffold (70.8 ± 1.26%) is lower than that of nHCP/CG (50 wt%) scaf-
old (79.2 ± 3.32%). Moreover, the porosity of nHCP/CG scaffold

ecreased with the increasing of nHCP contents in multicomponent
HCP/CG system.

Fig. 3 shows SEM images of the nHCP/CG and nHA/CG porous
caffolds prepared by the freeze-drying method. The resulting 3D
Fig. 2. (A) FTIR spectra of CG, nHCP/CG (50 wt%) and (c) nHA/CG (50 wt%); (B) scheme
of the formation process of nHCP/CG and nHA/CG composites, illustrating the inter-
actions between CG matrix and nHCP, and between CG and naked nHA.

scaffolds have hierarchical porous structures with well-controlled
interconnected pores. The average pore diameters range from 100
to 200 �m. The nHCP composites are fused to pore wall of scaf-
fold, especially for nHCP/CG (50 wt%). However, the agglomerates
of nHA particles can be significantly observed in nHA/CG scaffolds.
Most of nHA particles located on the surface of pore wall (Fig. 3(E)).
These findings might due to the different dispersion stability of
nHCP and nHA in chitosan–gelatin solution. There are strong bind-
ing of Ca2+ with COO– of pectin, which results in more PO4

3−

expose on the surface of nHA crystal. The high surface negative
charges can avoid the coalescence phenomena of nHCP compos-
ites and make the nHCP composites homodisperse in CG matrix
(Li et al., 2009). As for nHA/CG scaffold, the situation is quite dif-
ferent, the naked nHA particles were easy to agglomerate and
could not well disperse in CG solution, even settled, which made
it difficult to form a homogeneous structure during the forma-
tion of nHA/CG scaffold (Kim, Kim, et al., 2005; Kim, Knowles,
et al., 2005). Most importantly, the binding mode of CG matrices
with nHCP in nHCP/CG scaffold and naked nHA in nHA/CG scaf-
fold is different. Although, there are ionic or polar interactions and
hydrogen bonds between nHA and CG matrix in both nHCP/CG and

nHA/CG composites. However, the chemical crosslinking between
CG matrix and nHCP powder only exists in nHCP/CG scaffolds,
which makes nHCP combine with CG matrix more tightly than
naked nHA.
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Fig. 3. SEM images illustrating the microporous structure of (A) CG, (B) nHCP/

.4. Water absorption and degradation of nHCP/CG scaffold

The hydrophilicity of scaffolds is one of the most critical fea-
ures in the evaluation of biomaterials for tissue engineering which
s important for the absorption of body fluid and for a transfer of
ell nutrients and metabolites. Results suggested water absorption
ncreases rapidly within the initial 2 h, and the water absorption
urther increase and attains an equilibrium state within 10 h due
o its compact 3-D scaffolds structure, which allow slow entry of
ater molecules into their inner core (Mandal, Priya, & Kundu,

009). All specimens could bind 1000–1900-fold of water and
till entirely maintain their form, which indicates that these 3D
caffolds have excellent hydrophilicity. Scaffolds containing nHCP
ave lower water absorption than pure CG scaffold, and the water
bsorption ability decrease with the increasing of nHCP fraction.
he strong interactions between CG matrix and nHCP consume
ome hydrophilic groups and depress the water uptake. Moreover,
he high hydrophilicity of pectin in nHCP result in the water absorp-

ion ability of nHCP/CG (50 wt%) being higher than that of nHA/CG
50 wt%).

The scaffolds are expected to be degradable and absorbable
ith a proper rate to match the speed of new tissues forma-
wt%), (C) nHCP/CG (30 wt%), (D) nHCP/CG (50 wt%) and (E) nHA/CG (50 wt%).

tion. The degradation behaviors of biomaterials in physiological
environments play important roles in the engineering process
of a new tissue. The degradation behaviors of nHCP/CG and
nHA/CG 3D porous scaffolds in lysozyme PBS solution are shown
in Fig. 4. These scaffolds’ weight losses increased gradually dur-
ing the whole period. The weight losses of nHCP/CG are lower
than those of pure CG. The fraction of nHA crystals in nHCP
with low degradation rate and low water absorption ability pro-
tected the CG matrix of nHCP/CG scaffold from hydrolyzing.
Meanwhile, the degradation rate slowed down when the nHCP
content increased (Fig. 4(A)). These phenomena may be due to
the presence of nHCP providing chemical crosslinking sites, which
enhance the stability of the network (Haroun, Gamal-Eldeen, &
Harding, 2009). It indicated that the degradation behavior could
be adjusted by changing the nHCP content in nHCP/CG scaf-
fold. Moreover, the weight remaining of nHA/CG (50%) scaffolds
is lower than that of nHCP/CG (50 wt%) scaffolds (cf. Fig. 4(B)).
Chemical crosslinking between nHCP and CG matrix makes the

degradation rate of nHCP/CG scaffold decrease. nHA particles
may migrate from nHA/CG scaffolds because there are only weak
ionic/polar interactions and hydrogen bonds between nHA and CG
matrix.
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Fig. 5. (A) Tensile strength of CG, nHCP/CG and nHA/CG (50 wt%) films and (B)
ig. 4. Degradation behavior of CG, nHCP/CG and nHA/CG scaffolds in 0.1 M PBS
ontaining 30,000 U/ml of lysozyme at 37 ◦C. Mean ± SD (n = 5). (a) CG, (b) nHCP/CG
10 wt%), (c) nHCP/CG (30 wt%), (d) nHCP/CG (50 wt%) and (e) nHA/CG (50 wt%).

.5. Mechanical behavior of nHCP/CG film and scaffold

Compared with CG films, nHCP/CG films exhibited lower
ensile strength which decreased linearly with the increase of
HCP content. The tensile strength of nHCP/CG (50 wt%) films
eached 17.40 ± 7.42 MPa. However, the tensile strength of nHA/CG
50 wt%) films is only 4.20 ± 2.90 MPa, as shown in Fig. 5(A). That
s to say, the addition of naked nHA particles sharply weakens the
ensile strength of CG films, but nHCP/CG film can maintain a higher
ensile strength because there are amounts of flaws in nHA/CG
lms due to the heterogeneous dispersion and agglomeration of
HA particles in CG matrix. nHCP composites could uniformly com-
ine into CG matrix due to the high stability of nHCP and chemical
rosslinking between nHCP and CG matrix.

The compressive strength of scaffolds used is of particular
mportance in tissue engineering since they are closely linked
o the dimension-maintaining ability and durability in practical
perations and applications. The compressive performance is the
ecessity of the structural stability to withstand stress incurred
uring culturing in vitro and implanting in vivo (Pompe et al., 2003).
any factors can contribute to the mechanical response of the mul-

icomponent composites scaffold, such as the particle sizes of the

norganic component, the inherent mechanical properties of the
rganic component, the interfacial interactions between the inor-
anic and organic components, the ratio of the inorganic/organic
ontent and crosslinking character (Cai et al., 2009). Fig. 5(B) shows
compressive strength of CG, nHCP/CG and nHA/CG (50 wt%) scaffolds (a: only one
sample).

the result of the relationship between the contents of nHCP in
nHCP/CG scaffolds and the compressive strength of the scaffold.
Generally speaking, introducing nHCP into CG networks enhanced
the compressive strength of scaffold. The compressive strength
increased linearly with the increase of the nHCP content. The com-
pressive strength of nHCP/CG (50 wt%) scaffold was 13.45 MPa.
Comparing this with the data for human bone, the compressive
strength of the composite scaffold is still far from that of the
cortical bone (strength of 130–180 MPa), but is close to the can-
cellous bone (strength of 4–12 MPa) (Kerin, Wisnom, & Adams,
1998), while the compressive strength of CG scaffold was only
10.47 MPa. It is well known that the introduction of rigid chain
segment could improve the materials’ mechanical strength. As a
result, the compressive strength of nHCP/CG increases because of
the addition of pectin. Moreover, the strong chemical crosslinking
interactions between nHCP and CG matrix also improve the com-
pressive strength of nHCP/CG composite scaffolds. Meanwhile, a
decrease in scaffold porosity greatly enhances the mechanical prop-
erties (O’Shea & Miao, 2008). However, introducing nHA into the CG
scaffold greatly decreased the compressive strength of the nHA/CG
scaffolds. The compressive strength of nHA/CG (50 wt%) scaffolds

is only 6.53 MPa. The introduction of HA which is more brittle than
CG would certainly increase the brittleness of nHA/CG composite
scaffolds, leading to a corresponding decrease in their compressive
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eeded initially at a density of 1.0 × 104 cells/ml. (B) and (C) Proliferation levels of MC
**p < 0.01) were observed on nHCP/CG and nHA/CG with respect to CG.

trength (Teng et al., 2009). Furthermore, agglomeration of nHA
rystals may occurred in nHA/CG composite scaffolds, larger sized
HA cyrstal acted as “flaws” in the continuous CG matrix due to the
eak interactions between naked nHA and CG matrix (Wang, Song,
Lou, 2010).

.6. Response of pre-osteoblasts (MC 3T3-E1) to nHCP/CG
omposite

.6.1. Cell behaviors on nHCP/CG film
The scaffold used for bone tissue engineering should be non-

oxic and have good biocompatibility, which is a central criterion
or ultimately deciding the feasibility of implantation in body. The
ell attachment and proliferation ability in scaffold in vitro is often
mployed as an important initial evaluation of cell biocompati-
ility. The attachment and proliferation of cells on scaffolds are
omplicated processes which are affected by many material fac-
ors, such as physical, chemical and geometric properties (Lieb
t al., 2003). The nHCP/CG composites are composed of well bio-
ompatible nHA and polysaccharide/protein which are expected to
rovide appropriate microenvironment that will modulate the cell
ttachment and proliferation. In order to understand the effect of
hemical composition of nHCP/CG composites on cells behaviors
f MC 3T3-E1, MC 3T3-E1 were seeded on nHCP/CG and nHA/CG

lms. Fig. 6(A) showed the attachment behaviors of MC 3T3-E1
ultured on the surfaces of nHCP/CG, nHA/CG (50 wt%) films and
CPS for a period of 8 h. More MC 3T3-E1 attached on nHCP/CG
lm surface than that on nHA/CG (50 wt%) surface with p < 0.05
and TCPS. (A) Attachment characterics of MC 3T3-E1 over a 8 h period, cells were
E1 over a 14-day period. Cells were seeded initially at a density of 1.0 × 104 cells/ml.

at each time point. However, there is no significant difference in
comparison with the TCPS. Moreover, the MC 3T3-E1 on nHCP/CG
(30 wt%) showed the best attachment ability. Fig. 6(B) and (C)
illustrated the MTT assay in terms of formosan absorbance as a
measure of proliferation viability of pre-osteoblast seeded onto
nHCP/CG and nHA/CG (50 wt%) films after 14 days culture. The
result reveals that the cell proliferated with the culture time on
both groups, but the growth rate of MC 3T3-E1 on the nHCP/CG
film is much higher than those on CG film. The proliferation behav-
iors of MC 3T3-E1 pre-osteoblasts on nHCP/CG film are similar to
that on TCPS (Fig. 6(B)). The chemical composition is an impor-
tant factor that influences the cell behaviors. Chitosan exhibits
high cell adhesion ability, while it restricts cell spreading, migra-
tion and proliferation due to the extremely high adhesion ability
(Chupa, Foster, Sumner, Madihally, & Matthew, 2000; Hamilton
et al., 2006). Our previous research also revealed the inhibition
of cell proliferation on chitosan scaffolds (Mao et al., 2004). Fur-
thermore, the hydrophilic pectin of nHCP/CG is suitable for cell
proliferation as well supply of nutrients (Li, Kommareddy, et al.,
2010; Li, Zhu, et al., 2010). It may not only bind peptides, including
growth factors, which increase the effective concentration of these
factors at the cell surface, but also attract integrins to the cell sur-
face. On the other hand, the nHA (15.8 nm) crystals could also help
the MC 3T3-E1 osteoblast, which carry calcium-sensing receptors

and recognize the nHCP/CG microenvironment (Ye et al., 2000).
Therefore, MC 3T3-E1 seeded on CG films showed lower prolifer-
ation activity than that on nHCP/CG. The nHCP/CG could maintain
stable chemical composition during cell culture due to the chem-
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Fig. 7. SEM images of MC 3T3-E1 seeded on CG, nHCP/

cal crosslinking. The agglomerated nHA particles could migrate
rom the nHA/CG film with the degradation of CG matrix, which

akes some MC 3T3-E1 detached from the nHA/CG film. Therefore,
C 3T3-E1 cultured on nHCP/CG (50 wt%) films display signifi-

ant differences compared with nHA/CG (50 wt%) films (p < 0.01)
Fig. 6(C)).

SEM images of pre-osteoblasts seeded on nHCP/CG and nHA/CG
50 wt%) films after 1, 7 and 14 days are presented in Fig. 7. In
eneral, pre-osteoblasts attached, spread and grew well. Their mor-
hology changed with time, irrespective of the type of film. At
ay 1, most of cells cultured on CG films were polygonal in shape
hile spindle cells appeared on other film surface. The morphol-

gy of pre-osteoblast on nHCP/CG (30 wt%), nHCP/CG (50 wt%) and
HA/CG (50 wt%) showed highly motility with filopodia and had the
esemblance of a sheet at day 14. While, the flat pre-osteoblasts
ould be observed on nHCP/CG (10 wt%) film. On the other hand,

he cell morphology seeded on CG was difficult to observe via SEM
fter 14 days because of the high degradation rate of CG film. Above
esults suggested that the nHCP/CG composites could construct
d nHA/CG (50 wt%) films cultured for 1, 7 and 14 days.

appropriate microenvironment for the attachment and prolifera-
tion of MC 3T3-E1 pre-osteoblast.

3.6.2. Cell behaviors on nHCP/CG scaffold
The proliferation ability of pre-osteoblasts seeded in nHCG/CG

(50 wt%) scaffold is significantly stronger than that in nHA/CG
(50 wt%) scaffold within 21 days (Fig. 8(A)) The fluorescent pho-
tographs also showed the same results, as showed in Fig. 8(B)
and (D). It can be observed clearly that the amount of MC 3T3-E1
increased a lot after 14 days culture compared with those cultured
for 7 days. The cells were proliferating not only on the outer surface,
but also inside the micropores. At day 14, the cells already began to
grow around the corner of the pores, and multilayers of cells were
visible. Furthermore, the pre-osteoblasts grew in a circular channel
towards the interior of the pore channel. The pores were rounded
by the cells and the diameter is ca. 130 �m. The same results can

be found out from the SEM images (Fig. 8(C)).

Owing to the strong chemical crosslinking interactions between
nHCP and CG network, the nHCP/CG scaffold could keep a constant
composition to provide appropriate and steady chemical microen-
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B) fluorescence micrographs of MC 3T3-E1 seeded in nHCP/CG (50 wt%) scaffold f
50 wt%) scaffolds for 14 days.

ironment for cell proliferation in a certain period. However, for
HA/CG scaffold, the chemical microenvironment of cell prolif-
ration may be destroyed when nHA particles migrate from CG
atrix. Moreover, nHCP/CG scaffolds could maintain their original

hapes and keep enough pore space due to their high mechani-
al properties. The in vitro experiments showed that the nHCP/CG
caffolds possess sufficient mechanical strength that will maintain
ts shape after several weeks’ culture of MC 3T3-E1 pre-osteoblast,

hich could provide appropriate physical microenvironment for
ell attachment and proliferation. However the shape of CG com-
osites was destroyed due to high degradation rate. As a result
f the cooperating of these factors, nHCP/CG composites could
mprove the attachment and proliferation of MC 3T3-E1 pre-
steoblast.

. Conclusions

In this article, the multicomponent polysaccharide/nano-
ydroxyapatite composites (nHCP/CG) were reported. The
HCP/CG scaffolds which were prepared via mineralization
nd blending can mimic both nanoscale architecture and chem-
cal composition of natural bone ECMs. The nHCP/CG scaffolds
xhibited high porosity, interconnectivity, water absorption
bility, controllable degradation behaviors and good mechanical

trength. Furthermore, the nHCP/CG scaffolds also showed excel-
ent mechanical stability and biocompatibility. This significantly
mproved biological responses of pre-osteoblast (MC 3T3-E1)
o nHCP/CG included improved cell attachment, proliferation
scaffold; (A) proliferation levels of MC 3T3-E1 within 21 days (*p < 0.05, **p < 0.01);
ays; (C) SEM and (D) fluorescence micrographs of MC 3T3-E1 seeded in nHCP/CG

and morphology in compare with CG and nHA/CG composites.
Especially for nHCP/CG (50 wt%) scaffold, the cell layer channels
with ca. 130 �m formed after 14 days of cultivation. The nHCP/CG
scaffolds avoided the agglomeration and migration of nHA particles
in nHA/CG scaffolds due to the chemical crosslinking interactions
between nHCP and CG matrix. In conclusion, the above results
indicated that the biodegradable nHCP/CG scaffold with a desirable
physico-chemical and biological properties will meet the essential
requirement for bone tissue engineering.
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