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ABSTRACT

Chitosan (CS)rods are a good candidate as temporary mechanical supports in bone regeneration, however
the bending strength and bending modulus should be improved to match commercially available devices
used for bone fracture internal fixation. Poly(p-amino-phenylacetylene)/multi-walled carbon nanotubes
(PaPA/MWCNTs) hybrids with superparamagnetic Fe;04 nanoparticles (Fe30,@PaPA/MWCNTSs) are
applied to reinforce the CS rods. Fe304@PaPA/MWCNTSs could be uniformly dispersed in CS solution
and aligned by an external magnetic field, in the direction parallel to the axis of CS rod. This greatly
helped to resist the bending stress, thus the bending strength and modulus of the reinforced CS rods are
124.6 MPa and 5.3 GPa, respectively; which are 34.8% and 29.3% stronger than pure CS rods. As a result,
the magnetic-field-assisted in situ precipitation method offers one feasible route for the reinforcement
of CS-based devices with nano-scaled one-dimensional additives such as MWCNTs. In addition, CS-based
biomaterials containing Fe3;0,@PaPA/MWCNTSs could obviously promote MG63 cells proliferation, so CS
rods modified with Fe;0,@PaPA/MWCNTs are good candidates for bone fracture internal fixation.
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© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan (CS) has been widely used as temporary mechanical
supporter for the regeneration of bone due to its desirable biocom-
patibility, biodegradability and inherent wound healing properties
(Di Martino, Sittinger, & Risbud, 2005; Gupta & Jabrail, 2006; Kim
et al,, 2004; Leroux, Hatim, Freche, & Lacout, 1999; Moroni &
Elisseeff, 2008; Zhu, Wang, Cui, Feng, & De Groot, 2003). But its
solubility and processability are undesirable due to the multiple
hydrogen-bonds linking between polysaccharide macromolecules.
Protonation of the amino groups in the polysaccharide and break-
ing of the hydrogen bonding make CS soluble in acidic aqueous
solution. When treated with basic aqueous solution, the acidic
CS solution is neutralized and the polysaccharide macromolecules
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recover to their primary state. By gradually soaking NaOH aque-
ous solution into CS solution holding in a cylindrical mold, we
prepared pure CS rods and CS/hydroxyapatite composite rods (Hu,
Qian, Li, & Shen, 2003). This strategy is referred as an in situ pre-
cipitation, which provides a simple method to fabricate CS-based
devices in various shapes and dimensions (Chen, Hu, Chen, Li,
& Shen, 2006; Hu et al.,, 2003; Hu, Chen, Li, & Shen, 2006; Hu,
Li, Wang, & Shen, 2004). In average, the bending strength and
modulus of the pure CS rods made by in situ precipitation are
92.4 MPa and 4.1 GPa, respectively (Hu et al., 2003, 2004). The bend-
ing strength is lower than the quota for internal fixation of bone
fracture in clinical application. For example, the bending strength
and bending modulus of the commercial nails produced by Dikfix
are 130 MPa and 2.0-3.0 GPa, respectively (Hu et al., 2002). In the
purpose of using the CS rods for the internal fixation of bone frac-
ture, a substantial reinforcement of the pure CS rods have to be
realized.

Multiwalled carbon nanotubes (MWCNTSs) have found impor-
tant applications in high-performance composites due to their
extraordinary tensile strength (Dresselhaus, Dresselhaus, & Eklund,
1996; Saito, Dresselhaus, & Dresselhaus, 1998). The properly sur-
ficial modified MWCNTs have shown to be biocompatible and
demonstrated potential usages in the area of tissue engineering
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and drug delivery systems (Hussain et al., 2009; Nel et al., 2009;
Saito et al., 2008, 2009; Sirivisoot & Webster, 2008; Veetil & Ye,
2009). Meanwhile, recent investigation of the response of bone
cells to MWCNTs indicated that MWCNTSs inhibit osteoclastic bone
resorption in vivo and suppressed a transcription factor essential
for osteoclastogenesis in vitro. These experimental data suggest
that MWCNTs have beneficial effects on bone growth (Narita
et al., 2009; Xu, Khor, Sui, & Chen, 2009). As a result, it is ratio-
nal to recognize that MWCNTs may also be used to reinforce CS
rods.

The first premise to make use of MWCNTs in the reinforce-
ment of CS rods is to make the MWCNTs uniformly dispersible
in aqueous media because MWCNTs themselves are known to
be insoluble in any solvents. Fortunately, some strategies, both
covalent and non-covalent surface modification have been devel-
oped for effective dispersing MWCNTs in aqueous solutions (Islam,
Rojas, Bergey, Johnson, & Yodh, 2003; Kang et al., 2009; Kharisov,
Kharissova, Gutierrez, & Mendez, 2009; Lee, Kim, Chen, Shao-
Horn, & Hammond, 2009; MacNeil, 2008; Matarredona et al., 2003;
Peng & Wong, 2009; Yurekli, Mitchell, & Krishnamoorti, 2004).
In our previous research, we found that poly(phenylacetylene)
(PPA) and its derivatives containing aromatic pendants such as
pyrene, ferrocene and triphenylamine moieties showed strong
power to disperse MWCNTSs in proper solvents by wrapping PPA
chains onto the surface of MWCNTSs (Tang & Xu, 1999; Xu et al.,,
2008; Yuan et al., 2006, 2007; Zhao et al., 2008, 2009). In addi-
tion, the amino and carboxylic groups modified PPAs could even
lead to desirable dispersion of MWCNTs in aqueous medium.
Noncovalent functionalization of MWCNTs with PPAs is harm-
less to the inherent mechanical properties of MWCNTSs, thereby
is helpful to enhance the mechanical strength of CS rods. More-
over, good biocompatibility and cytophilic property of PPAs have
been verified by intentionally designed experiments (Salhi et al.,
2001).

Alignment of MWCNTSs in a specified direction is the second
premise to make full use of the intrinsic physical properties of
MWOCNTs. It is expected that the bending strength and modulus
can be enhanced when the MWCNTs are aligned parallel to the
axial direction of a CS rod. According to literatures, the orienta-
tion of MWCNTSs could be realized by different techniques such as
using liquid crystals as self-organizing templates (Kumar & Bisoyi,
2007; Lagerwall etal.,2007; Scalia et al., 2008), mechanical drawing
(Dou et al., 2006; Miaudet et al., 2005), and electrophoretic deposi-
tion (Kim, Xuan, Ye, Mohammadi, & Lee, 2008; Kim, Lee, Tanaka, &
Weiss, 2008; Lu, Cheng, Leduc, & Ho, 2008). But for the preparation
of CS rods, above-mentioned methods are useless. In the present
research, we try the strategy of using magnetic force to induce
the alignment of MWCNTs (Tumpane, Karousis, Tagmatarchis, &
Norden, 2008). The MWCNTs were firstly coated with poly(p-
aminophenylacetylene); then magnetic Fe304 nanoparticles were
chemically deposited onto the surface of amino-functionalized
PPA/MWCNTs hybrid by the coordination of amino groups to Fe2*
and Fe3* cations. The acidic solution containing MWCNTs decorated
with Fe304 nanoparticles and PPA-based polycations were mixed
with CS solution. The mixture was filled into a cylindrical mold,
which was immersed into a basic solution for in situ precipitation.
During the precipitation process, an external magnetic field was
applied in the axial direction of the cylindrical mold. The align-
ment of the MWCNTs would be induced by the applied magnetic
field.

Finally, Fe304/NH,-PPA/MWCNTSs-CS nanocomposite rods were
fabricated. Moreover, our experimental results demonstrate that
the Fe304/NH,-PPA/MWCNTSs can be uniformly dispersed in CS
matrix and the orientation of the Fe304-deposited MWCNTSs can
be achieved. Foremost, both the bending modulus and strength of
the modified CS rods have been enhanced.

Table 1
Mass ratio of PaPA, FeCl,-4H, 0, FeCl3-6H,0 and MWCNTs of Fe3 04 @PaPA/MWCNTs.
Sample PaPA FeCl,-4H,0 FeCl3-6H,0 MWCNTSs
(mg) (mg) (mg) (mg)
Fe304@PaPA/MWCNTs-1 50 70 140 8
Fe;0,@PaPA/MWCNTs-2 100 140 280 16

2. Experimental
2.1. Materials

Chitosan (biomedical grade, M=5.63 x 10°, D.D=91%, Qingdao
Haihui Bioengineering Co., Ltd), acetic acid (CP, Yixing Niujia Chem-
ical Reagent Plant), sodium hydroxide (AR, Hangzhou Xiaoshan
Chemical Reagent Corporation), MWCNTSs (20-30 nm in diameter,
~30 wm in length, Shenzhen Nanotech Port Co., Ltd), FeCl,-4H,0
and FeCl3-6H,0 (AR, Sinopharm Chemical Reagent Co., Ltd), per-
manent magnet (N-35, 12000G, Ningbo Sanhe Qiangci Co., Ltd).
4-Aminophenylacetylene is commercially available and purchased
from Aldrich. The catalyst of Rh*(nbd)[CgH5B-(CgHs)3] was pre-
pared in our laboratories, where nbd is the abbreviation of
2,5-norbornadiene.

2.2. Preparation of water soluble polymer-MWCNTs hybrids

The synthesis and characterization of poly(p-amino-
phenylacetylene) (PaPA) were carried out in the same procedures
as reported in literature (Yuan et al., 2009). PaPA is readily sol-
uble in acidic aqueous solution, and protonated PaPA is derived.
Simple mixing the protonated PaPA with MWCNTs afforded
polymer/MWCNT nanohybrids with a moderate water solubility.

2.3. Preparation of polymer/MWCNT hybrids decorated with
magnetic particles

Into a 100 mL two-necked round-bottomed flask with a stir bar,
20 mL hydrochloric acid aqueous solution (pH<4) and PaPA was
added under stirring; a light yellow-brown solution was obtained.
Then, MWCNTs were added into the solution. After stirring for 0.5 h,
the mixture was filtered through a cotton filter to remove insol-
uble MWCNTs. FeCl,-4H,0 and FeCl;-6H,0 were introduced into
the filtrate. After stirring for 0.5 h, the pH of the above solution
was adjusted to ~12 with sodium bicarbonate aqueous solution,
and then adjusted to ~6 with hydrochloric acid aqueous solution.
The mass ratio of PaPA, FeCl,-4H,0, FeCl3-6H,0 and MWCNTs of
Fe304@PaPA/MWCNTs is listed in Table 1.

2.4. Preparation of CS-based composite rods containing aligned
Fe30,4,@PaPA/MWCNTSs hybrids

180mL acetic acid aqueous solution (2%, v/v) was added
into a 220 mL aqueous solution containing Fe30,@PaPA/MWCNTs
nanohybrids. 20g CS was added into the above mixture;
and the stirring was kept for 1h. A sol of CS containing
Fe304@PaPA/MWCNTs hybrids was obtained. The sol was held for
24h to remove the trapped air bubbles, and then injected into
a cylindrical mold. Put the mold into sodium hydroxide aqueous
solution (5%, wt), soaked for 6h to form CS gel rod containing
Fe304@PaPA/MWCNTs hybrids. During the gel formation process,
a pair of permanent magnets was set near the two ends of the mold.
The obtained gel rods were washed with deionized water to remove
the resultant salts formed in the generation of Fe304 and the neu-
tralization treatment. Finally, the rods were air-dried in oven at
60°C, and the dried rods (diameter: 5 mm, length: 10 cm) were sent
for structure and property measurements.



1128 Z. Wang et al. / Carbohydrate Polymers 84 (2011) 1126-1132

Fig. 1. (A) TEM images of MWCNTs in the primary form, (B) PaAPA/MWCNTs hybrids, (C) an amplified image showing the details in dash-lined box of image B, and (D)

nano-composite of Fe30,@PaPA/MWCNTs.
2.5. Invitro cell test

CS solution containing Fe304,@PaPA/MWCNTs nanohybrids was
casted into membrane, soaked in sodium hydroxide aqueous solu-
tion (5%, wt), then washed with deionized water, at last air-dried
in oven at 60°C. The membranes sterilized by ultraviolet irradia-
tion were cut into square pieces (5mm x 5mm), and placed in a
culture plate. The in vitro cell tests of the hybrid membranes were
performed using MG63 cells, and the results were compared with
those obtained using blank culture plate (control group). MG63
cells were plated at density of 2.5 x 10% cells/mL in 2% FBS DMEM
(200 pL). Cultivation was conducted for 24 h, 48 h, 72h at 37°C in
5% CO,. MG63 cells were treated with Cell Titer 96 Aqueous One

MWCNTs
bundle

Protonated
PaPA

Exfoliated
MWCNT

Solution Reagent (Promeg), and then measured the optical density
(OD) with enzyme calibration system (A =490 nm, Bio-Rad Model
680) for the cell proliferation assessment.

2.6. Instrumentations

The morphology, dispersion and orientation of MWCNTSs in the
CS matrix were investigated with TEM (JEOL, Japan, JEM-1200EX)
and SEM (Japan, HITACHI S-4800) techniques. The composite rod
was cut into ultrathin sections before TEM test, and coated by gold
before SEM observation. All of the samples were air-dried in oven
at 60°C for 2h to remove the moisture before mechanical test-
ing. Bending strength and bending modulus were determined by

FeCl,
FeCl,

_.—‘—b
sodium

bicarbonate

Fe,0,@PaPA/
MWCNTSs hybrid

Scheme 1. Preparation route towards Fe30,@PaPA/MWCNTSs nanostructures.
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Fig. 2. A typical SEM image showing the morphology of the cross-section of
a CS rod containing Fe3;04@PaPA/MWCNTs hybrid in CS matrix. The fractured
sample was obtained in a mechanical measurement, which was conducted after
magnetic-induced alignment. The white arrows direct to the rod-like nanostructures
projecting out of the fracture surface.

three-point bending tests, which were performed on the univer-
sal materials testing machine made by Reger Company (Shenzhen,
China). The spanlength was 40 mm and loading rate was 2 mm/min.
Magnetic measurement was performed by using a magnetome-
ter (Physical Properties Measurement System, PPMS-9, Quantum
Design) at 298 K. X-ray diffraction measurement was carried out
on Rigaku D/max 2550PC using a monochromatic Cu K, radiation
generated at 40 kV, 300 mA. The samples were scanned from 5 ° to
60° at a rate of 10°/min.

3. Results and discussion

3.1. Hybridization of CS and Fe304,@PaPA/MWCNTs
nanostructure

The wrapping of PaPA polymer chains onto the surface of MWC-
NTs was experimentally confirmed by our previous investigation,
which afforded the solubility of the PaPA/MWCNTs hybrids in
organic solvents (Yuan et al., 2009). After treated with acid, the pro-
tonated PaPA bestowed the PaPA/MWCNTSs hybrid with a proper
solubility in aqueous solution. Here, we present the typical mor-
phology of MWCNT used in the construction of nanohybrids. As
shown in Fig. 1A, the average diameter of the “naked” MWC-
NTs is about 20-25 nm, which is in agreement with the product
description of MWCNTs. After hybridization with PaPA, the aver-
age diameter of the nano-tubular entities becomes 60-70 nm. On
the surface of MWCNTSs, a thin coating layer can be observed, and
the thickness of the coating layer with lower contrast is about
25-30nm (Fig. 1B and C), which is assigned to PaPA component.
Thanks to the amino groups of PaPA, the PaPA/MWCNTs hybrid
was bestowed with the solubility up to 316 mg/L in acidic aqueous
solutions (see Scheme 1) (Yuan et al., 2009). Upon the protona-
tion of the amino groups, the ionized coating layer not only greatly
helps to the exfoliation of the MWCNTSs from the bundles, but also
effectively prohibits the re-aggregation the separated MWCNTSs via
static electric repulsion.

Asreflected by our previous work, the hybrids of PaAPA/MWCNTs
were facilely decorated by metal (Ag) and metal oxide (ZnO)
nanoparticles, owning to the interaction between amino groups
and metal cations (Xu et al., 2007, 2008; Yuan et al., 2009). Simi-
larly, the interaction between amino groups and ferric cations also
worked in the formation of Fe304 nanoparticles on the surface of
PaPA/MWCNTs hybrids, furnishing three-component composites
of Fe304,@PaPA/MWCNTs (see Scheme 1). By controlling the reac-
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Fig. 3. Magnetization hysteresis loop for CS rod containing Fe;04@PaPA/MWCNTs
nanohybrid (measure at 298 K).

tion time and the concentration of the reactants, the loading rate
of Fe304 onto PaPA/MWCNTs can be tuned. As shown in Fig. 1D,
the decoration of Fe304 on the surface of PaPA/MWCNTs hybrid
is indiscrete, and the uncovered protonated PaPA segments (poly-
cations) help to solvate the composite of Fe30,@PaPA/MWCNTs.
Consequently, the three-component composite can be still par-
tially dissolved in acidic aqueous solutions. Taking the advantage
of this solubility, the Fe30,@PaPA/MWCNTs hybrid can be uni-
formly dispersed in CS solution and kept separating through the
in situ precipitation process. The SEM image in Fig. 2 demonstrates
the morphology of the cross-section of the fracture that sponta-
neously formed in the mechanical measurement. The arrows direct
to the rod-like nanostructures projecting out of the fracture sur-
face, which can be assigned to the hybrid nanotubules. Clearly,
these nanotubules are separately dispersed in the CS matrix and
no bundles can be observed in the whole vision.

3.2. Alignment of Fe30,4,@PaPA/MWCNTs nanostructures in CS
matrix

The purpose of decorating Fe30,4 particles onto the surface
of the PaPA/MWCNTs hybrid is to induce the alignment of the
MWCNTs in the CS matrix by external magnetic field, thereby to
enhance the bending strength and bending modulus of CS rods.
To make sure the Fe30,@PaPA/MWCNT nanohybrid can respond
to the external magnetic filed, the coercivity and remanence of
the Fe30,@PaPA/MWCNTs nanohybrids were firstly evaluated by
using a Quantum Design VSM with a field strength ranging from
—5 to 5kOe. The magnetization as a function of magnetic field
strength is shown in Fig. 3. The magnetization of the sample rapidly
increased with the increase of the field strength and became leveled
offat +2.2 kOe, and the saturation magnetization of the nanohybrid
was ~0.23 emu/g. In addition, only very small hysteresis loop has
been recorded. These behaviors indicate that the Fe304 nanoparti-
cles are superparamagnetic materials. Meanwhile, a phase analysis
was also conducted on an X-ray diffraction instrument, and the
diffraction pattern is demonstrated in Fig. 4. The peak at 20.1° is
the characteristic diffraction peak of CS. In comparison with the
standard card [card no. 85-1436], the peaks at 20=35.6°, 46.7°,
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Fig. 4. X-ray diffraction pattern of the CS rod containing Fe3;04,@PaPA/MWCNT
nanohybrid.

and 53.7° are assigned to the diffractions from indices (311),
(400), and (42 2), indicating that the Fe304 particles in the hybrid
are pure Fe304 in a spinel polymorph (Wang, Bao, Yang, & Chen,
2008; Yan, Tomita, & Ikada, 1998). These data further confirm that

Dy

2% Ui

Fe,O,@PaPA/MWCNTs
hybrid dispersed in CS
acetic acid solution

—>
—>

g
g

Soaking-in sodium
bicarbonate solution
Applying magnetic field

. Fe,O,@PaPA/
CS matrix / MWCNTs I

the Fe30,@PaPA/MWCNTs nanohybrid has the expected magnetic
property.

To align the MWCNTSs in CS matrix, a pair of permanent mag-
nets was put at the two ends of the cylindrical mold during the
in situ precipitation process. As shown in Scheme 2, upon the
induction of the external magnetic field, the Fe30,@PaPA/MWCNTs
nanostructures gradually aligned in the axial direction of the
cylindrical mold. This is confirmed by the TEM images given in
Fig. 5. The ultra-thin slices were prepared as illustrated in Fig. 5A.
Fig. 5B demonstrates the some typical morphological features of
the slice sample. Firstly, several rod-like nano-sized entities with
dark contrast can be observed; these entities are assigned to the
Fe304,@PaPA/MWCNTSs due to the heavy Fe atoms and the back-
ground with light contrast is assigned to the CS matrix. Such an
observation, together with the SEM image shown in Fig. 2, indicates
that the Fe30,@PaPA/MWCNTs nanohybrids have been incorpo-
rated into the CS matrix.

Secondly, the rod-like Fe3;0,@PaPA/MWCNTs entities are
aligned in the same direction with their long axis parallel to the
axis of the rod, which can be judged from their respective alignment
relative to the margin line of the slice sample. This observation val-
idates the alignment of the Fe30,@PaPA/MWCNTSs nanohybrids in
the resulted CSrods, which is induced by the applied magnetic field.
Thirdly, Fig. 5C shows some details of the Fe30,@PaPA/MWCNTs
nanostructures; the areas marked with white arrows are the seg-
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Scheme 2. Magnetic-field-induced alignment of Fe;0,@PaPA/MWCNTs nanostructures in CS matrix.
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Fig. 5. (A) An illustration of the cutting of the ultrathin slices for TEM observation; (B) a typical TEM image of the ultrathin slice from a CS rod reinforced with
Fe304@PaPA/MWCNTs nanohybrid; (C) a magnified image demonstrating the existence of partially “naked” MWCNTSs (white arrows).
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Table 2
Bending strength and bending modulus of different bone fracture internal fixation
devices.?

Sample Bending Bending
strength (MPa) modulus (GPa)
Pure CS rods 92.44+2.0 4.1+0.1
CS rods reinforced with 109.4+1.1 5.0+0.1
nanohybrid of
Fe;0,@PaPA/MWCNTs-1
(aligned)
CS rods reinforced with 1246+1.3 5.3+0.1
nanohybrid of
Fe;0,@PaPA/MWCNTs-2
(aligned)
CS rods reinforced with 96.0+1.1 5.5+0.1
nanohybrid of
Fe;04@PaPA/MWCNTs-2
(non-aligned)
Dikfix? 130.0 2.0-3.0
BiofixP 190.0-200.0 8.0-10.0

2 Determined by using the standard method of ANSI/ASAE S459-1993. The data
in the 1st and 2nd entries in the table are the average values of 5 parallel measure-
ments.

b The data are extracted from Ref. (Hu et al., 2003).

ments decorated with Fe304 component, and the white arrows
point at the “naked” or/and lightly decorated segments of the
MWCNTs. These features imply the incomplete coverage of Fe30,4
on the surface of the PaAPA/MWCNTSs hybrids, consistent with the
TEM micrograph in Fig. 1C. In addition, the length of the rod-
like of Fe304,@PaPA/MWCNTs nanostructures seems shorter than
those observed in Fig. 1. This is due to the slicing operation
in sample preparation (see Fig. 5A), which may cut off longer
Fe3;04@PaPA/MWCNTSs nanostructures.

3.3. Bending strength and modulus of the composite CS rods

The utmost goal of the present work is to enhance the bending
strength and modulus of pure CS rods. To quantitatively evaluate
the bending strength and modulus of the resulted CS rods contain-
ing Fe304,@PaPA/MWCNTs nanohybrid, comparative experiments
have been conducted on both pure and composite CS rods, and
the data are list in Table 2. Also list in Table 2 are the reference
data of a commercially available sample used for internal fixation
of bone fracture (Dikfix Ltd., Co. and Biofix Ltd., Co.). Increasing
the amount of Fe30,@PaPA/MWCNTs led to higher mechanical
properties. However, much more Fe30,@PaPA/MWCNTSs contained
in CS solution resulted in much lower solution viscosity, and the
mixture solution could not be prepared into CS rods, the detailed
reason need further research. Bending strength and bending modu-
lus of the CS rods reinforced with aligned nanohybrids could reach
124.6 MPa and 5.3 GPa, respectively. Quantitatively, these values
increased by 34.8% and 29.3% in comparison with the pure CS rods.
While in comparison with the CS rods blending with non-aligned
nanohybrids, the bending strength increased 29.8%, while only lost
3.6% of the bending modulus. Especially, the bending strength is
approximate to the quota of the nails made in Dikfix. The efficient
improvement in the mechanical properties is associated with the
good dispersion and aligned MWCNTs parallel to axis of the rods,
which endure bending stress effectively.

Table 3

OD of control group and CS hybrid membranes group.
Groups 24 (h) 48 (h) 72 (h)
Control 1.008 + 0.090 1.538 +£0.091 1.675 + 0.093
CS membranes containing  0.490 + 0.038 1.469 + 0.064 2.296 + 0.073

Fe;0,@PaPA| MWCNTs

3.4. Cell proliferation on CS membrane containing
Fe30,4@PaPA/MWCNTs nanohybrids

MG63 cells were cultivated with FBS DMEM, and then treated
with Cell Titer 96 Aqueous One Solution Reagent (Promeg). The
OD (Asgp) of the CS hybrid membranes group and the control
group is listed in Table 3. Compared with the control group,
the CS hybrid membranes group could obviously promote MG63
cells proliferation (P<0.05), so CS hybrid membranes containing
Fe304@PaPA/MWCNTs are biocompatible and beneficial for the
proliferation of cells.

4. Conclusions

We have fabricated composite CS rods reinforced with MWCNTs
aligning in the axial direction of the cylindrical rod. The bend-
ing strength and bending modulus of the composite CS rods are
124.6 MPa and 5.3 GPa resepectively, which are 34.8% and 29.3%
higher than the pure CS rods. These experimental results indicate
that the key mechanical properties (bending strength and modulus)
of the CS rods reinforced by axially aligned MWCNTSs are approx-
imate to the commercially available materials. The incorporation
of the MWCNTSs into CS matrix was achieved by simply mixing
acidic aqueous CS solution and Fe304@PaPA/MWCNTs nanohy-
brids. The solubility of the Fe30,@PaPA/MWCNTs in acidic aqueous
solution derived from the protonated amino groups of the PaPA
component. The alignment of the Fe30,@PaPA/MWCNTs nanohy-
brid was realized by applying a magnetic field to the mixture
solution during the in situ precipitation process. The response of
the magnetic Fe304 particles to the external field ensured the
orientation of the MWCNTs. SEM and TEM images, XRD and mag-
netization measurements confirmed the existence of magnetic
Fe3;04@PaPA/MWCNTSs nanohybrids in the prepared composite CS
rods. In addition, it has been demonstrated that Fe304 is harmless
to living tissues. For example, ferromagnetic bone cement is useful
for local hyperthermia in bone (Wang et al., 2008; Yan et al., 1998).
Sometimes, magnetism could stimulate bone growth (Markaki &
Clyne, 2004; Takegami et al., 1998). CS-based biomaterials contain-
ing Fe304,@PaPA/MWCNTSs could obviously promote MG63 cells
proliferation. Overall, the magnetic field assistant in situ precipi-
tation method is facile to the preparation of CS rods. Therefore, the
present work provides a useful strategy to fabricate different CS
devices reinforced with various one-dimensional nanostructures.
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