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ABSTRACT: Magnetic scaffolds for bone tissue engineer-
ing based on a poly(e-caprolactone) (PCL) matrix and iron
oxide (Fe3O4) magnetic nanoparticles were designed and
developed through a three-dimensional (3D) fiber-deposi-
tion technique. PCL/Fe3O4 scaffolds were characterized by
a 90/10 w/w composition. Tensile and magnetic measure-
ments were carried out, and nondestructive 3D imaging
was performed through microcomputed tomography
(Micro-CT). Furthermore, confocal analysis was under-
taken to investigate human mesenchymal stem cell adhe-
sion and spreading on the PCL/Fe3O4 nanocomposite
fibers. The results suggest that nanoparticles mechanically
reinforced the PCL matrix; the elastic modulus and the
maximum stress increased about 10 and 30%, respectively.
However, the maximum strain decreased about 50%; this

suggested an enhanced brittleness. Magnetic results evi-
denced a superparamagnetic behavior for these nano-
composite scaffolds. Micro-CT suggested an almost
uniform distribution of nanoparticles. Confocal analysis
highlighted interesting results in terms of cell adhesion
and spreading. All of these results show that a magnetic
feature could be incorporated into a polymeric matrix
that could be processed to manufacture scaffolds for
advanced bone tissue engineering and, thus, provide new
opportunity in terms of scaffold fixation and functionaliza-
tion. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 122: 3599–
3605, 2011
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INTRODUCTION

Tissue engineering has been defined as a multidisci-
plinary field that integrates principles of engineering
and life sciences to develop biological substitutes
that restore, maintain, or improve tissue function.1

To achieve tissue regeneration, cell-based thera-
pies, tissue-inducing factors, and biocompatible
scaffolds have been investigated singularly and in
combination.2–15

The most promising approach involves the cell
seeding of three-dimensional (3D) porous and biode-
gradable scaffolds.

In the design of scaffolds for tissue engineering
applications, the main ambition is to reproduce the
function of the natural extracellular matrix to pro-
vide a temporary template for the growth of target
tissues.16

It is well known that a scaffold has to satisfy sev-
eral requirements16–18 and show a set of chemical,
biochemical, and biophysical material properties that
are able to control and promote specific events at the
cellular and tissue levels.19 In particular, with regard
to hard tissue engineering, such as bone, it appears
clear that scaffolds should possess suitable mechanical
properties and architecture to play their specific role.
Over the past years, great efforts have been made

to develop technologies aimed at manufacturing
scaffolds. In particular, the introduction of rapid
prototyping technologies in the biomedical field has
allowed for the division of scaffold fabrication tech-
niques into two main groups, conventional and
novel methods.16,20,21

However, with conventional manufacturing tech-
niques, the precise control of the internal morpho-
logy and interconnectivity (i.e., pore size, pore ge-
ometry, spatial distribution of pores, internal
channels) is strongly limited.20–23

Conversely, rapid prototyping can be considered
as the main strategy able to produce customized
scaffolds with a reproducible internal architecture.
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Rapid prototyping techniques allow one to obtain a
higher degree of architectural control and, thus,
enhances the transport of oxygen and nutrients
throughout the scaffold.16,20,24

Data obtained from computed tomography or
magnetic resonance imaging medical scans can be
used to make a customized computer-aided design
(CAD) model and, hence, a scaffold that should
present the exact external shape required to correct
the damaged tissue site.20,22,25,26

Among the rapid prototyping methods, the 3D
fiber-deposition technique has emerged as a power-
ful tool for the manufacture of well-defined and cus-
tom-made scaffolds with 100% interconnected pores,
also because of its flexibility in processing a wide
range of materials.16

Natural, synthetic, semisynthetic, and hybrid
materials have been proposed and studied to make
scaffolds.20,22,27–35 However, unlike natural poly-
mers, synthetic polymers show several advantages,
including flexibility and processability into different
sizes and shapes.36

Among synthetic polymers, poly(e-caprolactone)
(PCL), a biodegradable aliphatic polyester, has
already been considered for a wide range of applica-
tions, such as tissue-engineered skin, drug-delivery
systems, and scaffolds for supporting fibroblast and
osteoblast growth.37–41

In a further study on dynamic coseeding onto 3D
fiber-deposited PCL scaffolds, Kyriakidou et al.42

underlined how osteoblasts increase the proliferation
of endothelial cells and how endothelial cells
amplify the growth of osteoblasts but decrease their
differentiation.

Moreover, as reported in the literature, many
polymeric and composite materials have been con-
sidered to make porous scaffolds, also with the
more advanced manufacturing methods (i.e., rapid
prototyping techniques).43

Recently, it has been reported that nanotechnology
may enhance the performance of all of the materials
used for regrowing bone. This approach has led to
the design of materials with nanostructured surface
features or constituent nanomaterials, such as fibers,
grains, or particles, that show at least one dimension
from 1 to 100 nm. Nanomaterials highlight proper-
ties that are superior to those of their conventional
bulk (or microstructured) counterparts as a conse-
quence of novel physical properties also related to
nanoscale features.43–46

The novel aspect of nanotechnology results in the
design of materials that may reproduce the natural
nanostructure of tissues. In the field of bone regener-
ation, the significant role of nanotechnology in
improving the efficiency of polymer-based materials
has been evidenced by several investigations.43,44,47

Nanocomposites can mimic the constituents of natu-

ral bone better than the individual components, and
the effect of nanoscale features on scaffold function
and properties becomes important.44,47 Natural bone
can be considered a hierarchical material with
the lowest level belonging to the nanoscale range.
For this reason, materials with nanometer-sized
structures seem to be natural choices for making
scaffolds with enhanced properties for bone tissue
engineering.44

Thus, nanocomposites consisting of a natural or
synthetic polymer reinforced with an inorganic
phase (i.e., ceramic phase) are increasingly preferred
for bone tissue regeneration because they more
closely mimic the structure of natural bone. In com-
parison with conventional composites, nanocompo-
sites better induce cell response because of their sim-
ilarity with the natural structure. Moreover, the
mechanical performances of nanocomposites may
also be further improved in comparison with con-
ventional composites.48

In this context, many works suggest that better
osteoconductivity can be achieved with synthetic
composite materials that are similar in size and mor-
phology to both the inorganic particles and organic
phase of bone,44,49,50 and bone cell functions seem to
be better enhanced through interaction with nano-
phase ceramics and nanostructured polymers collec-
tively rather than individually.44,50–54

A conceptually innovative solution for the design
of magnetic scaffolds for tissue engineering was
recently proposed.55 This strategy aims to design
magnetic scaffolds through the dip coating technique
that are able to attract and take up in vivo growth
factors, stem cells, or other bioagents bound to mag-
netic particles.
Accordingly, the aim of this research was to high-

light an approach in the design and development of
3D fiber-deposited magnetic PCL/iron oxide (Fe3O4)
scaffolds. We also investigated the effect of Fe3O4

nanoparticles on the biological, mechanical, and
magnetic performances.

EXPERIMENTAL

Design and preparation of PCL/Fe3O4

nanocomposite scaffolds

PCL (weight-average molecular weight ¼ 65,000,
Aldrich, St. Louis, MO) pellets were dissolved in tet-
rahydrofuran with stirring at room temperature. Pol-
yvinylpyrrolidone (PVP) coated Fe3O4 (99.5%, 25
nm, 0.2 wt % PVP, NanoAmor, Houston, TX) nano-
particles and then ethanol were added to the PCL/
tetrahydrofuran solution during stirring. A PCL/
Fe3O4 nanoparticles weight ratio (w/w) of 90/10
was used. An ultrasonic bath (Branson 1510 MT,
Danbury, CT) was also used to optimize the Fe3O4
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nanoparticle dispersion in the polymer solution.
Accordingly, a homogeneous paste was obtained,
and then, the solvent was totally removed. Succes-
sively, PCL/Fe3O4 (90/10 w/w) pellets were made.

Nanocomposite fibers and 3D scaffolds with a 0�/
90� pattern were preliminary manufactured by the
processing of PCL/Fe3O4 (90/10 w/w) pellets
through a 3D fiber-deposition technique.

In particular, we built nanocomposite scaffolds by
extruding and alternatively depositing the fibers
along the 0� direction and the 90� direction between
two successive layers, thus obtaining a 0�/90� pattern.
PCL/Fe3O4 (90/10 w/w) pellets were initially placed
in a stainless steel syringe and then heated at a tem-
perature of 130–140�C with a heated cartridge unit
placed on the mobile arm of a bioplotter-dispensing
machine (Envisiontec GmbH, Gladbeck, Germany).
Successively, a nitrogen pressure of 8.5–8.9 bar was
applied to the syringe through a cap. The nozzle used
to extrude the PCL/Fe3O4 fibers was stainless steel
characterized by an inner diameter of 400 lm. Scaf-
folds were characterized not only by the fiber diame-
ter (depending on the needle diameter and/or the
deposition speed) but also by the fiber spacing
(strand distance, that is, center-to-center distance) and
layer thickness, which influenced the overall pore
size. A deposition speed of 30 mm/min was used.

Images of the PCL/Fe3O4 nanocomposite fibers
and scaffolds are shown in Figure 1.

Tensile tests of the PCL/Fe3O4

nanocomposite fibers

Tensile tests of the PCL and PCL/Fe3O4 nanocompo-
site fibers [340–360 lm and 380 lm in diameter (D),
respectively] were performed with an Instron 5566
dynamometer (Bucks, UK) equipped with a 10-N load

cell. The length of the fiber between the grips was set
to 20 mm. The fibers were tested at a constant cross-
head speed of 50 mm/min, according to the standard
practice ASTM D 3822. The engineering stress was
obtained as the force measured by the loading cell di-
vided by the total area of the fiber cross section: A ¼
p/4D2, whereas the strain was defined as the ratio
between the vertical displacement (i.e., the elonga-
tion), assumed to be equal to the crosshead displace-
ment, and the initial distance between the grips.
Statistical differences for the tensile modulus (E),

maximum stress (rmax), and maximum strain (emax)
between the polymeric and nanocomposite groups
were assessed with a one-way analysis of variance
through the software package OriginPro 7 (Origin-
Lab Corp., Northampton, UK).

Imaging analysis

Microcomputed tomography (Micro-CT) was per-
formed at a resolution of 5.8 lm through a SkyScan
1072 system (Aartselaar, Belgium) with a rotational
step of 0.9� over an angle of 180� to capture the
image and, hence, shape and size of the polymer
and nanocomposite fibers. Cross sections and 3D
models of the nanocomposite fibers were then recon-
structed with SkyScan’s software package, Image J,
and Materialise Mimics software (version 12.0, Mate-
rialise, Leuven, Belgium) for image analysis and vis-
ualization of the results from Micro-CT scanning.
Also, a Nikon Eclipse 80i microscope (Mellville,

NY) equipped with a Nikon digital camera was
used for optical imaging of the scaffolds.

Magnetization analysis

Magnetization measurements were performed in a
Squid magnetometer (San Diego, CA) designed for
the operation ranges �7 T � B � þ7 T and 1.8 K �
T � 400 K. First, direct-current magnetization and
alternating-current susceptibility at low magnetic
field (several millitesla (mT)) were measured as
functions of temperature. The material revealed
superparamagnetic behavior with a blocking temper-
ature at about 250 K.
The field-dependent magnetization curve, which

is of practical interest for biomedical applications,
was taken at in vivo temperature conditions of T ¼
310 K. Assuming monodisperse particle size, we fit-
ted the experimental curve with a Langevin function
common for superparamagnetic behavior:

M ¼ Ms cothðlpH=kBTÞ � kBT=lpH
� �

(1)

where Ms is the saturation magnetization, lp stands
for the magnetic moment of a particle, kB is the
Boltzmann constant, and T and H are the tempera-
ture and magnetic field.

Figure 1 Optical images of an (a) nanocomposite fiber
showing the capability of the 3D fiber-deposition process
to realize straight fibers and (b) a magnetic scaffold
attracted by a neodymium magnet. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Confocal laser scanning microscopy

Preliminary confocal laser scanning microscopy was
carried out to study human mesenchymal stem cell
adhesion and spreading on the PCL/Fe3O4 nanocom-
posite fibers at 72 h after seeding. To visualize the
cells adhered to the nanocomposite fibers, the phal-
loidin-labeled actin filament fluorescence intensity
was measured with several steps along the length of
the fibers by means of a confocal laser scanning
microscope (Zeiss LSM 510/Confocor 2, Oberkochen,
Germany) equipped with argon and helium–neon
laser sources at a wavelength of 543 nm and with a
20� objective. Images were acquired with a resolu-
tion of 512 � 512 pixels. The emitted fluorescence
was detected with LP 560 and HFT 488/543 filters.

RESULTS AND DISCUSSION

Tensile tests of the PCL/Fe3O4

nanocomposite fibers

Figure 2 shows typical tensile stress–strain curves
for the PCL and PCL/Fe3O4 fibers. In particular, the
stress–strain curves obtained showed an initial linear
region. Consecutively, a small decrease in the slope
occurred up to a local rmax value; this was followed
by a decrease of the tensile stress. Then, it is worth
noting that a plateaulike region and, finally, a new
increase were observed until rmax were reached.

E, rmax, and emax are reported in Table I.
The results from the tensile tests evidenced a duc-

tile behavior for both the PCL and PCL/Fe3O4 fibers.

In particular, E obtained for the PCL fibers was con-
sistent with the literature data;42 however, the
slightly greater value measured in this investigation
may have been related to the higher speed of testing
(50 mm/min).
Even though the inclusion of Fe3O4 nanoparticles

strongly reduced emax, the results suggest that the
modulus and rmax were enhanced. The increases of
stiffness and strength observed for PCL/Fe3O4 sug-
gested that the use of 10 wt % magnetic nanopar-
ticles was still an effective reinforcement, even if a
maximum effect was expected at lower amounts of
nanoparticles. However, the results from the statisti-
cal analysis highlighted a significant statistical differ-
ence between the polymeric and nanocomposite
groups (p < 0.01) for both rmax and emax, whereas a
weaker difference (p < 0.05) was observed for E.
Furthermore, the values of E obtained for the

fibers seemed to match those of trabecular bone;56

this suggested the possibility of designing 3D fiber-
deposited scaffolds for advanced bone tissue engi-
neering by suitable selection of specific architectures
and laydown patterns.

Imaging analysis

The first study step through Micro-CT involved the
evaluation of the fiber diameter produced through a
bioplotter, whereas the second one showed the dis-
tribution of Fe3O4 nanoparticle clusters. As for the
diameter, the results evidence values of 340–360 and
380 lm for the PCL and PCL/Fe3O4 fibers, respec-
tively. The images obtained through the Micro-CT
system scan allowed for the 3D reconstruction of the
nanocomposite fibers and, hence, the distribution of
Fe3O4 nanoparticles (Fig. 3).
In particular, 3D reconstructions through Material-

ise Mimics highlighted an evident distribution of
Fe3O4 nanoparticle clusters; thus, a uniform distribu-
tion of nanoparticles along each fiber composing the
scaffold was expected. The clustering effect of high
surface-to-volume ratio particles is widely docu-
mented; levels much lower than 10% already pro-
duce clusters. If clusters are effective for magnetic
features of the scaffold, higher amount of clusters
are known to drastically reduce the mechanical
properties. The higher number of clusters, which can
be detected from Figure 3, suggested that further
increasing the amount of nanoparticles may lower
mechanical properties. It is also interesting to

Figure 2 Typical stress–strain curves obtained from the
tensile tests performed on PCL and PCL/Fe3O4 fibers. The
increase of strength, but a decrease of strain to failure, can
be detected for magnetic nanocomposite fibers. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE I
E, rmax, and emax Values Reported as Mean Value 6

Standard Deviation

Fiber E (MPa) rmax (MPa) emax (mm/mm)

PCL 571.5 6 45.6 29.3 6 3.2 12.3 6 2.0
PCL/Fe3O4 640.0 6 60.4 38.1 6 4.1 5.5 6 1.4
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observe that mechanical properties of these scaffolds
(Table I) were in the range of those related to trabec-
ular bone. Therefore, the variation in the amount
of nanoparticles may be a useful tool for tailoring
mechanical features.

Figure 4 shows the imaging through optical
microscopy of the investigated scaffolds.

Optical imaging showed that the fibers composing
the scaffold were very well aligned and regularly
spaced along each layer; this suggested proper
performance of the fiber-deposition process. More-
over, a 100% interconnectivity among macropores
was observed. Therefore, morphologically controlled
composite scaffolds based on a PCL matrix can
be fabricated in similar fashion to neat PCL
structures.16,42,43

Magnetization analysis

The magnetization curves, as shown in Figure 5,
showed a superparamagnetic behavior for these PCL
scaffolds containing 10 wt % magnetic Fe3O4 nano-
particles. The particle moment (lp), estimated from
eq. (1), was about 106 lB. As each Fe3O4 molecule
carried a magnetic moment of 4.7 lB, we estimated
the particle diameter to be about 28 nm, which was
equivalent to a particle mass of about 2 � 105 Fe3O4

molecules. This agreed well with the grain diameter
provided by the producer. This further suggested a
mass concentration of nanoparticles of N ¼ Ms/lp �
1.5 � 1015 particles per gram.
Even if the saturation value was low if compared

to a dip-coated scaffold,12 it was still encouraging

Figure 3 3D reconstructions of nanocomposite fibers obtained through Image J software: (a) Fe3O4 particles are
evidenced through digital filtering and highlighted in red, and (b) Fe3O4 particles are reported in white into a gray PCL
matrix. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4 Optical microscopy image of a PCL/Fe3O4 scaf-
fold showing that fibers composing the scaffold were very
well aligned and regularly spaced along each layer and,
thus, suggested proper performance of the 3D fibers depo-
sition process. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 5 Magnetic moment per mass measured at 310 K
for two different PCL/Fe3O4 samples. The black solid lines
represent fits of the Langevin function to the experimental
data points. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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because these scaffolds could be attracted and fixed
by a magnetic field [Fig. 1(b)] and they were capable
of attracting the scaffold through the fully intercon-
nected porosity (Fig. 3) obtained through rapid pro-
totyping techniques, magnetized bioaggregates used
for scaffold functionalization.

Confocal laser scanning microscopy

Confocal images showed interesting results in terms
of cell adhesion and spreading (Figs. 6 and 7).
Hence, preliminary studies suggest a high ability of
the magnetic scaffolds to support adhesion and pro-
liferation of human bone marrow stem cells, at least
in vitro. Therefore, this new type of scaffold is a val-
uable candidate for tissue engineering applications
and offers novel magnetic options.

In particular, confocal analysis highlighted an
increase in the adhered number and a more evident
spreading of human mesenchymal stem cells when
compared to the results usually obtained from only
PCL fibers.41 This could have probably been due to
the presence of Fe3O4 nanoparticles or to the surface
topography and roughness of the nanocomposite
fibers. With regard to the release of nanoparticles,
several in vitro and in vivo investigations have

already confirmed that magnetic nanoparticles with
adequate biocompatible coatings do not have cyto-
toxic effects on cell development.57 Furthermore,
some magnetic nanoparticles coated with arginine-
glycine-aspartic acid (RGD) peptides showed good
biocompatibility in contact with osteoblasts.58 Dob-
son59 also highlighted that the change in the mag-
netic properties of magnetic nanoparticles in the
presence of a magnetic field had no influence on cel-
lular toxicity. However, further research is needed to
asses whether this enhanced cell-material behavior is
related to the presence of magnetic Fe3O4 powder or
to changes in the topography of fibers due to the
presence of nanoparticles.

CONCLUSIONS

Completely interconnected nanocomposite magnetic
scaffolds were successfully prototyped through 3D
fiber deposition. An amount of 10 wt % of nanopar-
ticles allowed for increases in the stiffness and
strength of the scaffold and provided magnetic fea-
tures that allowed for the design of novel fixation
methods and functionalization of the scaffold, thus
providing novel strategies for designing scaffolds for
bone tissue engineering. Moreover, a biological
in vitro investigation suggested an increase in the
adhered number and a marked spreading of human
mesenchimal stem cells.

The authors gratefully acknowledge MAGISTER Magnetic
Scaffolds for in vivo Tissue Engineering VII PQ project NMP-
2007-4.2.3.-1. The authors also thank G. Ametrano for per-
forming themicro-CT imaging.
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