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ABSTRACT

Based on the principles of biomineralization, a calcium carbonate (CaCOs3 ) and chitosan composite mem-
brane was prepared by mineralized of calcium carbonate on chitosan/poly(vinyl alcohol) nanofibers
under dynamic condition. The morphology and structure of membranes were characterized by scanning
electron microscopy, X-ray diffraction and Fourier transform infrared spectroscopy. The results showed
that the chitosan/poly(vinyl alcohol) nanofibers produced thin CaCOs island crystals, which interlaced
with the chitosan fiber not only on the surface of the membrane but also within the membrane. The
crystals could develop into a continuous CaCO; membrane on the fibers at latter stage of mineralization,
the obtained crystals was mainly calcite type of CaCOs3, and with small quantity of vaterite. MTT test and
SEM imaging indicated that the attachment and growth of mouse fibroblast were well on the surface of
CaCOs/chitosan/PVA composite membrane, and this composite has a good application prospect in the
field of biomedical materials.

© 2011 Published by Elsevier Ltd.

1. Introduction

As well known, biomineral materials, such as teeth, bones and
shells, are composed of inorganic crystals and biopolymers. In
the process of biomineralization, the growth of inorganic crys-
tals is determined in a way by organic substrates. The biominerals
formed manifest unique structures and special properties com-
pared with their inorganic counterparts (Egan, Mavuso, & Ncokazi,
2001; Grassmann, Muller, & Lobmann 2002; Mann, 2001). In
contrast to conventional chemical synthesis by covalent bond inter-
action, biomineralization is a process of molecular-recognition
and molecular self-assemble through weaker interactions between
molecules. Potential application of biomimetic coatings covered
a broad range of industries and medicine (He et al., 2005;
Rhoads, Beyenal, Lewandowski, & Environ, 2005; Zhang, Wang, Gu,
Hartmann, & Mohwald, 2005).

The bone regeneration is a typical biomineral process, it had
been noticed that the biomimetic organoapatite materials had
broad applications for bone tissue engineering (Gao, He, Chen, & Yi,
2003; Osamu, 2005; Storrie & Stupp, 2005; Zhang et al., 2003). The
highly porous biodegradable 3D-scaffolds for adhesion of cells and
signaling molecules, having interconnected pore network struc-
ture was very important for tissue engineering. Meanwhile, studies
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indicate that a favourable pore size and micro-structural composi-
tion are important factors facilitating in-growth of fibrovascular
tissue or bone from the host. A various techniques to generate
porous scaffolds for tissue engineering have been reported, how-
ever, the scaffolds prepared by these techniques cannot be easily
adjusted to provide nanoscale features as present in the natural
extra-cellular matrix. The structures generated by electrospinning
contain nanoscale fibers with microscale interconnected spaces,
resembling the topographic features of the ECM (Doshi & Reneker,
1995; Reneker & Chun, 1996).

Being a biocompatible, biodegradable and bioactive material,
chitosan in the form of membranes offers a great potential as a
substrate in mineralization processes in vitro (Ehrlich et al., 2006;
Gooday, Prosser, illman, & Cross, 1991; Hirano, Inui, & Yamamoto,
1995; Hirano, Yamamoto, & Inui, 1997; Ho et al., 2005; Liang,
Zhao, Shen, Wang, & Xu, 2004; Muzzarelli, 2009, 2011; Neira-
Carrillo etal.,2005), as well as tissue engineering scaffold. However,
because of the poor electrospinnability and high brittleness of chi-
tosan, we employed chitosan and few of PVA together as a complex
organic matrix.

This new biomineralization organic matrix might have potential
for making new artificial bone materials. So study the mineraliza-
tion of hydroxyapatite, the principal mineral of bone, was very
necessary. In our recent work (Yang et al., 2008), a mineraliza-
tion biocomposite of hydroxyapatite (HAp) was prepared by using
N-carboxyethyl chitosan/PVA electrospun membranes as organic
matrix, and HAp was formed in supersaturated CaCl, and KH,PO4
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solution. The influences of carboxylic acid groups in N-carboxyethyl
chitosan/PVA fibrous scaffold and polyanionic additive poly(acrylic
acid) (PAA) in the incubation solution on the crystal distribution of
the HAp were investigated. In the above study, after the mineral
membrane was taken out from the incubation solution, it must be
treated with alkaline sodium hydroxide solution in order to obtain
HAp. Otherwise phosphate was formed, rather than HAp.

In addition, calcium carbonate has been recognized as bone fill-
ing material and its good osteoconductivity had been appreciated
in recent studies (Piattelli, Podda, & Scarano, 1997; Walsh et al.,
2003). Coral mineral (calcite or aragonite forms of calcium car-
bonate, 99%) has had considerable success considering its porous
structure (which ranges from 150 to 500 wm) is similar to cancel-
lous bone and is one of a limited number of materials that will
form chemical bonds with bone and soft tissues in vivo (Nissan,
2003).

Although the biomineralization and crystallization processes
associated with CaCO3 have been extensively studied, up to now,
electrospinning membrane used to mimic organoapatite matrix has
been seldom reported, is very interesting to biomedical material.

The present study is to develop calcium rich yet mechani-
cally stable chitosan/CaCO3; composite nanofibrous membranes
to simulate coral structure, and how it might nucleate calcium
carbonate.

2. Experimental
2.1. Materials

Chitosan (Mw 100,000, degree of deacetylation 85%) was
obtained from Zhejiang Golden-Shell Biochemical Co. (Zhejiang,
China). Polyvinyl alcohol (PVA, degree of polymerization 3500, 88%
hydrolyzed)was obtained from Kuraray Co. (Takyo, Japan). All other
reagents were obtained from Beijing Chemical Agent Co. (Beijing,
China).

2.2. Electrospinning process of composite nanofibrous membrane

A 7wt% of chitosan solution was made by dissolution of
chitosan in a 90 wt% acetic acid aqueous solution at room tem-
perature. A 10 wt% PVA solution was prepared by dissolution of
PVA in distilled water at 90°C with vigorous stirring for 4h.
Then, the chitosan solution was mixed with the PVA solution at
PVA:chitosan=10:90 wt%. Besides, some other additives were also
added into the above electrospinning solution, such as CaCO3, CaCl,
(i.e., CaCO3:chitosan=1:100wt% and CaCl,:chitosan=1:100 wt%)
to create the crystallization site.

The electrospinning experiments were performed at room tem-
perature. The above solutions were placed into a plastic syringe
(5mL) with a metal capillary, that was, a hypodermic needle with
flat-filed tip. The positive electrode of a high voltage power sup-
ply was connected to a metal capillary. An aluminum foil was
used as the collector. The processing parameters of electrospin-
ning were fixed as voltage 25KkV, feeding rate 1.0 mL/h, distance
between needle tip and collector 15cm, needle inner diameter
0.57 mm, humidity 25-45%. The prepared nanofibrous membranes
were put on the top of 50 wt% glutaraldehyde aqueous solution and
cross-linked by vapor of glutaraldehyde for 2 h at 25°C. Finally,
the electrospinning membranes were dried in vacuum at 40°C
overnight to remove the solvent.

The viscosity and conductivity of the chitosan/PVA blend solu-
tions were measured by a rotational viscometer (NDJ-79, Shanghai
Jichang Geology Instrument Co., Shanghai, China) and electric con-
ductivity meter (DDB-6200, Shanghai Rex Xinjing Instrument Co.,
Shanghai, China), respectively.

2.3. Mineralization of nanofibrous membrane

Supersaturated solutions for crystal growth experiments were
set up as following: a 100 mL beaker containing 5 mmol calcium
chloride (CaCl,) powder was placed into another 250 mL beaker
which contain 5 mmol sodium carbonate (Na,CO3) powder, then
deionized water was poured into inner and outer beaker until
the liquid level just covered the top of inner beaker, the mem-
brane was put on the top of inner beaker, so a CaCO3 crystals
could slowly deposit and grow on the membrane via diffusion
of Ca* and CO32~. The system was kept at 25°C. The product
membrane was taken out from the solution at different time inter-
vals, then washed thoroughly with deionized water and dried in
a vacuum to give the corresponding CaCOs/chitosan/PVA com-
posite product, which was negative for the chlorine test with
AgNOs.

The control crystallization experiment of different molar ratio
of CaCl, and Na,CO0s3 (1:1, 1:2, and 2:1) without any additives and
CaCl, and Nay;CO3 =1:1 with 0.01 wt% chitosan were made at the
same setup.

2.4. Morphology of electrospun nano-fibers and CaCOs3 crystals

The morphological appearance of the as-spun fibers, CaCO3
crystals was examined by scanning electron microscopy (SEM,
Hitachi S-450, Hitachi Co., Tokyo, Japan). The average diameter
of electrospun nano-fibers was determined by measurement of
50 single nano-fibers with the SEM image using image analysis
software.

2.5. Mechanical characterization of the composite membranes

The mechanical properties of electrospinning fibers mem-
branes were determined with a universal material testing
machine (INSTRON1185, Instron Co., Cambridge, USA) under
a cross-head speed of 10mm/min at 23°C. All samples were
prepared in the form of dog-bone shape with straight flange
dimensions of 20mm x 5mm. At least three repeated sam-
ples were tested for each type of electrospinning fibrous
membranes.

2.6. Structure analysis of the composite membranes

FTIR spectra were obtained by a FTIR Spectrometer (Nicolet
5700, Thermo Electron Corporation, Boston, USA) using KBr pel-
lets. The crystal phases of the obtained precipitates were identified
by a X-ray diffraction (XRD, D/max-RB, Rigaku Co., Tokyo, Japan)
using Ni-filtered Cu-Ko radiation (A =1.5406 A).

2.7. Characterization of biocompatibility in vitro

Viability of cells was determined by SEM (Zhou et al., 2008).
The cross-linked nanofibrous mats were fixed on glass cover slips
using copper tapes. The samples were then sterilized and exten-
sively washed three times with sterile PBS prior to transfer to
individual 24-well tissue culture plates. Aliquots (1 mL) of mouse
fibroblasts (L929) suspension with 1.5 x 10% cell/mL were seeded
on the sample membranes. After 48 h of culture, cellular constructs
were harvested, rinsed twice with PBS to remove nonadherent cells,
and subsequently fixed with 3.0% glutaraldehyde at 4°C for 4h.
After that, the samples were dehydrated through a series of graded
ethanol solutions and air-dried overnight. Dry samples were sput-
tered with gold for observation of cell morphology on the surface
of the scaffolds by a JSM-5600LV SEM.
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Fig. 1. SEM photographs of nanofibrous membranes. (a) PVA:chitosan=10:90 wt% nanofibers. (b) Chitosan/PVA/CaCOs3 90:10:1 wt% nanofibers. (¢) Chitosan/PVA/CaCOs3
90:10:1 wt% nanofibers after immersion for 1 day in supersaturated CaCOs solution. (d) Glutaraldehyde cross-linked chitosan/PVA/CaCOs (1 wt%) composite nanofibers after

immersion for 1 day in supersaturated CaCOs solution.
3. Results and discussion
3.1. Morphology of electrospun nanofibers

In references Zhen, Nie, Sun, Guo, and Yang (2007) and Zhou,
Yang, and Nie (2006), we showed that the chitosan acetic acid
aqueous alone could not be electrospun, adding PVA to the solu-
tions enabled fiber formation, and the higher the ratio of PVA, the
higher tensile strength and elongation at break for chitosan/PVA
nanofibers. In the process of electrospinning, the viscosity and
conductivity of polymer solution determined by polymer concen-
tration and additives have important influence on the morphology
of nanofibers.

As mineralization membranes scaffold require mechanical sta-
bility, formation of beaded fibers should be avoided. The fine
fiber morphology (see Fig. 1(a)) was achieved with chitosan 7 wt%
and chitosan/PVA=90/10 wt%, and the average fiber diameter was
200 nm. Chitosan composite nanofibers which contain 1 wt% CaCO3
nano-particles were fabricated (Fig. 1(b)). But the average diam-
eter of chitosan/PVA/CaCO3 (1wt%) fibers was increased clearly
to about, and it was about 500 nm. Generally, the increase of
viscosity and the decrease of conductivity of the electrospinning
solution would all lead to decrease of diameter of fibers (Zhou
et al.,, 2008). The viscosity and the conductivity increased visi-
bly upon the addition of CaCO3; nanoparticles to chitosan solution
(viscosity increased from 240 mPas to 546 mPas and conductiv-
ity increase from 1250 wscm~! to 2960 wscm~! when adding
1 wt% CaCO3), The two factors which have opposite effects on the
diameter of fibers, perhaps the viscosity played the leading role,

leaded the increase of diameters of CA/PVA/CaCO3 (1 wt%) com-
posite nanofibers. In addition, the nanofibrous membranes with
small amount of CaCO3 particles (chitosan:CaCO3; =100:1 wt%) had
slightly lower tensile strength (2.28 MPa) then this without CaCO3
(2.43 MPa).

It is well known that PVA and chitosan membrane has a high
swelling in water, the chitosan/PVA nanofibrous membrane would
lost its initials structure and mechanical strength after immersion
in water for 1 day, as shown in Fig. 1(c). So that, it was necessary
for chitosan/PVA nanofibrous membrane to crosslink, and cross-
linker glutaraldehyde could improve mainly water resistance by
introducing stable covalent bonds between the reactive side groups
presents in chitosan and PVA chains (Fig. 1(d)). These cross-linked
membranes were chosen to be mineralization matrix.

3.2. Mineralization of nanofibrous membranes

Calcification occurs when Ca?* and CO32~ accumulate in con-
centrations that exceed their solubility within an organic matrix.
After being immersed in the supersaturated CaCOs solution for 10
days, each calcificated chitosan/PVA membrane was a white sheet
and kept its original shapes (as shown in Fig. 2(a)) even after dry-
ing because of solid CaCO3 immobilized in the matrices. No chlorine
was detected in both the products on the matrix surface and within
the matrices, resulting in the slow liberation of CaCl, in aqueous
Na, CO3 solution. CaCOs crystals with a rhombohedral morphology
grow obviously as time goes on (Fig. 2(b) and (d)), the crystals were
not only on the surface of the membrane but also in the inside of the
membrane (Fig. 2(c)). Meanwhile, this result was proved as exam-
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Fig. 2. SEM photographs of composite nanofibrous membrane after mineralization for different time. (a)-(e): Chitosan/PVA/CaCOs (1 wt%) membrane. f: Chitosan/PVA/CaCl,

(1 wt%) membrane (c) was longitudinal section, and others were surface of membrane.

ined by IR absorptions. The formed crystals appeared in particles,
which interlaced with the chitosan/PVA fibers (Fig. 2(d) as shown
by the arrows). Especially, relative to chitosan/PVA/CaCO3 mem-
brane, many smaller crystal of CaCO3 consecutively grown on the
surface of matrix chitosan/PVA/CaCl, fibers (Fig. 2(f)). The reason
deduced this results may be as follows: in the process of prepa-
ration electrospinning solution, added less than 1 wt% CaCl, to the
chitosan solution, the solution still kept homogeneous, but chitosan
would separate out from the solution when CaCl, more than 1 wt%,
was likely to complex interaction between chitosan and Ca2*. By
comparison, added 1 wt% CaCOs to the chitosan solution, it inhibits

the crystallization of CaCOs leads to a local high concentration inor-
ganic ions promoted the polycrystal nucleation and the growth of
CaCO3 unequally. This fact indicated that the disperse degree of
Ca?* in the electrospinning solution influenced on the formation
and polymorphs of the CaCO3 crystals.

In addition, because of swilling and dissolution of chitosan
and PVA, the nanofibrous structure disappeared when the non-
crosslinked chitosan/PVA nanofibrous membrane immersed in the
solution (Fig. 2(e)).

In nature, CaCOs has three crystal phases: calcite, vaterite, arag-
onite. The most commonly formed of CaCOs3 in biological organisms
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Fig.3. FTIR spectrum of the mineralizated CaCO3/PVA/CaCl, composite membranes.

are calcite and aragonite, vaterite is an unstable polymorphs and it
is converted into the most thermodynamically stable calcite rapidly
(Roque, Molera, & Vendrell-Saz, 2004; Weiner & Addadi, 1997).

IR adsorption bands (1425, 876, 745 and 712 cm~! correspond-
ing to CO32~) of the crystalline polymorphs (calcite and vaterite, Xu,
Han, & Cho, 2004) are clearly visible in the FTIR spectrum of the min-
eralizated chitosan/PVA/CaCl, composite membranes (Fig. 3). The
results were in accordance with the X-ray diffraction result (Fig. 4),
which confirms the presence of both calcite and vaterite phases
within the final membrane. The band at 1650 cm~! corresponded
to amide I band of chitosan.

To further characterize the crystal structure of the deposited
CaCO3 on the chitosan/PVA membrane, X-ray diffraction (XRD)
analysis was performed. The result indicated that the mineralized
chitosan/PVA/CaCl; (1 wt%) fibrous membranes consisted of mostly
calcite with a small amount of vaterite.

The XRD pattern of the CaCO3 crystals in supersaturate solu-
tion containing chitosan showed in Fig. 4(b), peaks at 260=29.5°,
47.6° and 48.6° for calcite and at 260=23.2°, 27.3°, 33.2°, 36.1°,
39.5° and 43.3° for vaterite. The mineralized fibrous membranes
chitosan/PVA/CaCl, (1 wt%) showed the peaks expected of a crys-

Intensity(a.u.)

20(degrees)

Fig.4. XRD patterns of formed CaCOs crystals on chitosan/PVA/CaCl; (1 wt%) fibrous
membranes (a) and CaCO; crystals formed in solution containing chitosan (b) (c:
calcite; v: vaterite).

talline material and peaks located in the same position as CaCOs,
as shown in Fig. 4(a), which mainly showed the feature of calcite,
meanwhile, with small amount vaterite (Takashi, Takuo, Takahiro,
Taku, & Makoto, 1998). A broad peak at 260=10-25° came from
chitosan and PVA.

3.3. Effect of the composition of mineralization solution on CaCO3
crystal structure

In order to reveal the interaction between CaCOs3 crystals and
polymer scaffold, and impact of ions in the solution, the effect of
molar ratio of CaCl, and Na,CO3 in mineralization solution on the
morphology of CaCOs3 crystal was studied (Fig. 5a-c). The effect of
polyelectrolyte chitosan on the morphology of CaCO3 was investi-
gated as well (Fig. 5d).

In the case of different ratio of CaCl, and Na,CO3 without any
additives, a lot of CaCOj3 crystals occurred in the solution, and the
shape and dimension of these crystals were varying. However, it
was in calcite form confirmed by X-ray analysis. The ratio of CaCl,
and Na;COs in the solution did not have much effect on the crystal
morphology.

The SEM micrographs of the CaCOs crystals collected in the pres-
ence of chitosan in the incubation solution showed that the CaCO3
crystals were mostly in calcite form. However, the crystals showed
abnormal shape, because of adsorbed polymer on nanocrystal sur-
faces may be lead to the difference of growth rate in each crystal
face of CaCO3 polymorph. The aggregation of nanocrystals led to
various shapes of the final CaCOj3 crystal.

3.4. Mechanism

Similar to biomineralization, heterogeneous nucleation of
CaCOs crystal is crucial for its successful growth on chitosan/PVA
membrane surface, because only heterogeneous nucleation can
produce strong bonds at the interface between the polymer phase
and mineral crystals. Adding CaCO3 or CaCl, to chitosan/PVA
solution prior to electrospinning is a good method to promote het-
erogeneous nucleation.

Several factors could influence mineral nucleation and crys-
tal growth on a polymer film, such as the degree of saturation of
a supersaturated solution and the surface charges on a polymer
film. It is crucial for successful mimetic synthesis that only het-
erogeneous nucleation be promoted on the polymer film and that
homogeneous nucleation be suppressed in the mother liquid. Sat-
uration of the mother solution favours homogeneous nucleation
from solution. On the other hand, one key factor for successfully
mineralization on organic polymer substrates is to increase the
density of charges or polarity on the substrate surface (Zhang
& Gonsalves, 1998). In this work, the electrospinning solution
was prepared by dissolution chitosan in a concentrated acetic
acid, and a lot of amino group of chitosan were protonized,
and the density of charges on the electrospinning membranes
increased.

Besides, in order to provide nucleated forerunner ion of CaCO3
crystals inside or on the surface of fiber, a small amount of CaCl,
or CaCO3 were added to the electrospinning solutions. The radius
of Ca%* was only 0.174nm, and average diameter of the electro-
spinning fibers of chitosan was 100-200 nm, so that, CaZ* could
penetrated into the inside of swelling fibers, and also on the surface
of fiber. So the crystals could grow both ways.

The possible mechanism of CaCOs3 particle growth on chi-
tosan/PVA nanofibrous membrane derived from the XRD, SEM, and
FT-IR results could be elucidated as follows: first, calcium ions were
dissolved into polymer matrixes solution and nucleation occurred
throughout the chitosan/PVA nanofibers, followed by the crystal
growth into vaterite particles until they were closed together with
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Fig. 5. SEM photographs of a large-area CaCOs crystals formed in the supersaturated CaCO3 solution made of molar ratio of CaCl,:Na;COs (a) 1:2, (b) 1:1,(c) 2:1, and (d) 1:1,

0.01 wt% chitosan was added to the mineralization solution.

Fig. 6. SEM images of mouse fibroblasts grown on CaCOs-chitosan/PVA fibrous membranes after 2 day culture.

neighboring particles, and finally formed most stable calcite crys-
tal form. The composite structure was not a simple formation of
a CaCOs3 layer was on the polymer nanofibers, but CaCOs3 particles
dispersed in polymer matrixes.

3.5. Biocompatibility

To examine the biocompatibility of composite scaffold, an indi-
rect cytotoxicity test was conducted by using mouse fibroblasts
(L929) cells. Even though we were interested in using the obtained
mineralized mats as potential bone scaffolds, it was mandatory to
test the materials with L929 just to comply with the ISO10993-5
standard test method. The electron micrograph of the cells grown
on the scaffold fiber for 48 h is shown in Fig. 6. The cells were
observed to grow normally on the composite fibrous mesh.

4. Conclusions

In this study, a new type of biocomposite membranes was
designed by mineralization method of chitosan/PVA/Ca%* elec-
trospun nanofibers in the supersaturated CaCOs solution. The
structure of membranes and crystal type of CaCO3; was exam-
ined by FTIR, X-ray and SEM observation. The composite structure
suggested that the calcite CaCOs crystals grew both on the
surface and in the inner of the membrane. It is possible pro-
cess can be briefly summarized as follows: first, calcium ions
were dissolved into polymer matrixes solution and nucleation
occurred throughout the chitosan/PVA nanofibers, followed by
the crystal growth into vaterite particles until they were closed
together with neighboring particles, and finally formed most sta-
ble calcite crystal form. MTT test and SEM imaging indicated
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that the biocompatibility of composite membrane was well for
bioapplication.

In order to apply this mineralization to field of bone restora-
tion, further study of osteoblast function, hydrolysis behavior of
chitosan/PVA nanofibrous membranes and a bone healing activity
is necessary. However, the present study showed the poten-
tial of chitosan/PVA/CaCO3 composite nanofibrous for induction
CaCOs3 crystal in vitro environment, the inorganic/organic com-
posite reported here may provide new biomimetic materials with
specific mechanical and biological properties.
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