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Italy

1. Introduction

Tissue engineering can be defined as an interdisciplinary field applying the principles of
engineering and life sciences towards the development of biological substitutes that restore,
maintain, or improve tissue function (Langer & Vacanti, 1993). To accomplish this aim, a
balanced combination of cell culture growth with supporting biomaterials is required, as
well as the introduction of bioactive agents able to enhance and direct cell and tissue
aggregation. Regenerative medicine has been sometimes looked as an extension of tissue
engineering, but it can be considered nowadays one of the major interdisciplinary scientific
challenges, aiming at regenerating the soft and hard tissues, organs, and nerves damaged or
responsible for main human disabilities. The definition given by Kaiser marks the difference
of such field from others, and its specific link with pathologies care: “a new branch of medicine
will develop that attempts to change the course of chronic disease and in many instances will
regenerate tired and failing organ systems” (Kaiser, 1992). The central focus of regenerative
medicine is represented by human cells. These may be somatic, adult or embryo-derived
stem cells and, recently, induced-pluripotent stem cells.

In both tissue engineering and regenerative medicine, the role of scaffolds is predominant,
constituting the framework for cell attachment, proliferation, and differentiation.
Biodegradable natural and synthetic polymers, as well as some non-biodegradable polymers
have been extensively studied and used for the 2D and 3D reconstruction, as well as for the
healing of different tissue typologies (Jagur-Grodzinski, 2006). Several requirements have
been identified as crucial for the production of tissue engineering scaffolds: (1) the scaffold
should possess interconnecting pores of appropriate scale to favour tissue integration and
vascularisation; (2) it should be made from material with controlled biodegradability or
bioresorbability, allowing the new forming tissue to replace the scaffold; (3) it should have
appropriate surface chemistry to favour cellularattachment, proliferation and
differentiation; (4) it should own adequate mechanical properties to match the intended site
of implantation and handling; (5) it should not induce any adverse response; (6) it should be
easy to fabricate into a variety of sizes and shapes (Hutmacher, 2001). Furthermore, it is
known that the principal objective of a scaffold is to recapitulate extracellular matrix (ECM)
function in a temporally coordinated and spatially organized structure, and a key issue is to
encode required biological signals within the scaffold, in order to control the main cellular
processes (Causa et al., 2007).

In order to mimick the nanometric organization of biological structures, many attempts
have been made in the latest years in order to obtain synthetic or natural scaffolds having
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nanometric-sized cues, able to better direct cell behaviour. Nanotechnologic processes
paved the way for such challenge, allowing for the preparation of matrices with pores,
grooves, fibers and other structures in a submicrometric range of sizes. This allowed a broad
range of new insights, like the investigation of the effect of submicron topography on cell
adhesion, migration and differentiation, or the evaluation of the differences, in terms of
protein adsorption and morphology, on materials showing a nanometric roughness in
comparison with more flat or micrometric-roughness-characterized substrates. Furthermore,
the introduction of nanocomposites made by bulk materials (e.g., polymers) with
nanoparticles embedded in their structure, allowed the fabrication of new structured
nanoscale materials having promising properties for tissue engineering applications. In
general, the ability to control the assembly of nanoparticles into discrete organized clusters
inside a polymeric matrix is of broad interest in the field of nanotechnology, as magnetic,
electronic and optical behaviours of complex, three-dimensional nanocomposites are highly
dependent on the size of the nanoparticles, as well as on the distance between them (Sanyal
et al., 2004). Such nanoparticle-mediated properties become biologically interesting when
integrated into a scaffold for tissue engineering or regenerative purposes; the incorporation
of nano-sized objects into degradable or not-degradable polymeric networks, in fact, may
provide a more favourable synthetic microenvironment to more closely mimic natural tissue
physiology, with the addition of certain physical stimuli.

In the present chapter, some techniques and preparation methods to obtain nano-doped
matrices are described, together with the chemical and physical properties of the fabricated
nanoscale material. The encouraging results obtained by many research groups using
polymeric scaffolds doped with various nanoparticle typologies are then reported,
highlighting the specific advantages that the inclusion of such nanoparticles brings to this
technology. The main aspects regarding protein adsorption, cell adhesion, proliferation and
differentiation on the described scaffolds are discussed, also trying to envision future
applications and challenges related to these materials. The conclusion aims at strengthening
what emerges from recent studies, namely that nano-doped scaffolds can be considered a
new and promising instrument for cell and tissue growth and regeneration, with the
possibility to provide tuned and controlled physical stimuli to the biological culture, in
order to enhance or direct its behaviour.

2. The importance of “nano” in scaffold design

Nanomaterials are materials with basic structural units, grains, particles, fibers or other
constituent components smaller than 100 nm in at least one dimension (Siegel & Fougere,
1995), and they include nanoparticles, nanoclusters, nanocrystals, nanotubes, nanofibers,
nanowires, nanorods, nanofilms, efc. The intrigue of nanotechnology relies on the ability to
control material properties by assembling such materials at the nanoscale, allowing for the
construction of new devices with peculiar properties. In fact, after decreasing material size
into the nanoscale, there is a dramatic increase in surface area and surface roughness to
volume ratios, thus leading towards superior physiochemical (i.e., mechanical, electrical,
optical, catalytic, magnetic, efc.) properties.

Several investigators recently came to the conclusion that in order to achieve a breakthrough
in the fields of tissue engineering and regenerative medicine, it is necessary to mimic the
natural biological processes (Tu & Tirrell, 2004; Stupp, 2005). From this perspective, the
importance of nanomaterials becomes clear, since natural tissues or organs are nanometer in
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dimensions and cells directly interact with nanostructured ECM matrix. Bone, for example,
is a nanocomposite consisting of a protein based soft hydrogel template (constituted by
collagen or other non-collagenous proteins (laminin, fibronectin, vitronectin, etc.) and water)
and hard inorganic components like hydroxyapatite (HA). The bone matrix is composed for
the 70% of nanocrystalline HA, which is typically 20-80 nm long and 2-5 nm thick (Kaplan et
al., 1994). Other protein components in the bone ECM have also nanometric size,
contributing to create a nanoscale environment surrounding and affecting mesenchymal
stem cell, osteoblast, osteoclast, and fibroblast adhesion, proliferation and differentiation.
Cartilage is a flexible connective tissue composed of a small cellular component (the
chondrocytes) and a dense nanostructured ECM rich in collagen fibers, proteoglycans and
elastin fibers. Cartilage is able to lubricate joints and withstand static and dynamic loads
remarkably well; such properties can be well understood treating cartilage ECM as a
composite medium, with a proteoglycans phase exerting swelling pressure and collagen
phase resisting it (Basser & Horkay, 2005).

The use of nanomaterials for bone and cartilage regeneration allowed the achievement of
exciting results, well reviewed in (Zhang & Webster, 2009). This success is due to the
dimensional similarity of materials to bone/cartilage tissue, but also to their special surface
properties (topography, surface wettability, and surface energy) due to their greater surface
area and roughness compared to conventional or micron structured materials. An important
mechanism underlying the increased cellular response on nanostructured materials relies in
protein adsorption. As known, cell behaviour is strongly influenced by serum protein
adsorption on the biomaterials surface; a nanostructuration allows an increased adsorption
of specific proteins (fibronectin, vitronectin, laminin, efc.) before cells adhere on implants,
regulating cell behaviour and dictating tissue regeneration. Furthermore, the surface
topography determines not only the amount of protein adsorbed, but even its functional
interconnectivity (Fig. 1).

Fig. 1. Atomic force microscope of PLGA nanospheres with different dimensions coated
with fibronectin (5 pg/ml). (A) Phase image of fibronectin adsorbed on PLGA with 500 nm
surface features, revealing no interconnectivity between proteins. (B) Phase image of
fibronectin adsorbed on PLGA with 200 nm surface features, revealing significant
interconnectivity between proteins. Images from (Miller et al., 2007). Reproduced with
permission from John Wiley and Sons.
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Collagen in bone and cartilage is a triple helix self-assembled into nanofibers 300 nm in
length and 1.5 nm in diameter; many recent efforts have been therefore dedicated to
exploring the influence of novel biomimetic nanofibrous or nanotubular scaffolds on
regenerative medicine, by following a bottom-up self-assembly process. Carbon
nanotubes/nanofibers (CNTs/CNFs), for example, due to their superior mechanical and
electrical properties, are ideal scaffold candidates for bone tissue engineering applications
(Tran et al., 2009).

Vascular tissue is a layered structure characterized by several nanostructured feature, due to
the presence of collagen and elastin in the vascular ECM. Even for this kind of tissue,
nanomaterials have a strong influence on regeneration performances, like demonstrated by
(Choudhary et al., 2007), reporting that vascular cell adhesion and proliferation were greatly
improved on nanostructured Ti compared to conventional Ti.

Nanomaterials have also demonstrated to be useful for damaged nerves healing. Central
nervous system (CNS) and peripheral nervous system (PNS) show different repair procedures
after injury: for the PNS, the damaged axons usually regenerate and recover by means of
proliferating Schwann cells; for the CNS, it is much more difficult to re-extend and re-
innervate axons, due to the absence of Schwann cells. Moreover, due to the influence of
astrocytes, meningeal cells and oligodendrocytes, a thick glial scar tissue forms around neural
biomaterials, preventing proximal axon growth and inhibiting neuron regeneration. To be
effective in PNS and CNS regeneration, biomaterials should therefore have excellent
cytocompatibility, mechanical and electrical properties. Nanotechnology allowed in the latest
years the development of novel and improved neural tissue engineering materials, with the
design of nanofiber/nanotube scaffolds (Fig. 2) with exceptional cytocompatibility and
conductivity properties to boost neuron activities (Mattson et al., 2000; Gheith et al., 2005), as
well as with the introduction of piezoelectric nanoparticles-mediated neuron stimulation, with
the aim of enhancing neurite outgrowth in treated cells (Ciofani et al., 2010).

Fig. 2. a Neonatal hippocampal neurons adhering on purified multi-walled carbon
nanotubes-coated glass substrates, showing extended neuritis after 8 days of culture; (B)
single neurite in close contact to carbon nanotubes; (C) PC12 neural cells grown on vertically
aligned carbon nanotubes coated with polypyrrole. Images from (Zhang & Webster, 2009).
Reproduced with permission from Elsevier.
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The regeneration of other tissues and organs, like bladder, muscle, skin, kidney, liver,
pancreas and immune system has been addressed using nanotechnology approaches
(Nukavarapu, et al., 2008; Khademhosseini et al., 2008). Nanomaterials more efficiently
improve such tissues regeneration, for the same reasons mentioned above (biologically
inspired roughness, increased surface energy, selective protein adsorption, efc.).

3. Preparation methods and properties of doped matrices

Composite materials made of nanoparticles in a polymeric matrix have been under
investigation for at least one decade, not only for biological applications (only recently
proposed), but also to develop smart devices, like nonlinear optical materials. A study of
Pavel and MacKay (Pavel & Mackay, 2000) described the production of randomly dispersed
(and non-aggregated) cadmium sulfide nanoparticles in a transparent polymer matrix of
poly(methyl metacrylate) (PMMA). The process was based on a reverse micellar system,
followed by polymerization to produce a solid inorganic/organic composite, and it was the
first report in the literature of such technique to obtain a “one-system” synthesis of
nanoparticles dispersed in a polymer matrix.

In general, the field of polymer matrix-based nanocomposites started to emerge with the
recognition that exfoliated clays could yield significant mechanical properties advantages as
a modification of polymeric systems. Clays are naturally occurring minerals, mainly
aluminosilicates, having a sheet-like (layered) structure, and consisting of silica SiO4
tetrahedra bonded to alumina AlO¢ octahedra in a variety of ways. Nanocomposites can be
obtained by following different methods, such as in situ polymerization, solution, and latex
methods. Melt processing has been also recognized an appreciable method, as it is
considered more economical, more flexible for formulation, and it involves compounding
and fabrication facilities commonly used in commercial practice (Paul & Robeson, 2008).
During the fabrication process, a key aspect in the polymer-clay (or organoclay) interaction
is the affinity that the polymer segments have for the silicate surface. Specific surfactants can
be used, in order to induce a greater exfoliation; in all cases, the best exfoliation is achieved
when the structure of the surfactant and the process parameters are optimized (Fig. 3(A)).
As already mentioned, the most evident effect of clay-based reinforcement is an increase of
the mechanical properties of the material, that has been demonstrated to be superior if
compared with microcomposites or bulk materials (Fig. 3(B)).

Electrophoretic deposition (EDP) is a cost-effecting and efficient processing method to
produce ceramic nanocomposites and laminates. It can be seen as two combined processes:
first the migration of charged particles dispersed in a liquid medium (electrophoresis) under
an applied electric field and secondly the coagulation process of the particles at the
electrode. Good dispersion and stability of the suspension are essential factors to obtain a
homogeneous deposition. Cho and co-workers described the co-deposition of carbon
nanotubes (CNTs) and TiO; nanoparticles on a stainless steel substrate by EDP (Cho et al.,
2008). During this process, both CNTs and titania particles move towards the deposition
electrode, once an electrical field is applied, creating a region close to the electrode surface,
specifically called “infiltration trajectory”. Here, the charge of the deposited CNT films
influences the motion of the charged particles; under the effect of the repulsive forces due to
the surrounding CNTs, the particles will follow the path with the fewest possible obstacles
until reaching the next interstice between adjacent CNTs. The result is a homogeneous
distribution of CNTs and TiO; throughout the whole coating thickness, with a high amount
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of porosity. The authors did not perform quantitative evaluation of physical properties, but
they envisioned the interesting mechanical, electrical conductivity, and photocatalytic
properties of these coatings, useful for biomedical applications.
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Fig. 3. a Mechanism of organoclay dispersion and exfoliation during melt processing; (B)
comparison of modulus reinforcement (relative to matrix polymer) between nanocomposites
based on nanoclays and glass fibers (aspect ratio ~20) for a nylon 6 matrix. Images from
(Paul & Robeson, 2008). Reproduced with permission from Elsevier.

In order to replicate natural structures on the nano-scale level, electrospinning is a common
and inexpensive method that allows the easy fabrication of random or ordered nanofibrous
constructs. A variety of materials can be processed by electrospinning, and a certain level of
control can be achieved over the desired nano-structures. In the development of bone grafts,
nanofibrous scaffolds have been used as fillers, and to bridge critical size defects; the
fabrication of nanofiber-calcium phosphate composites has been a step forward. Since
minerals in the native bone are predominantly found on the surface, some researchers have
deposited hydroxyapatite nanoparticles on the surface of electrospun fibers. The most
commonly used surface mineralization techniques include soaking the scaffold in simulated
body fluid (SBF) (Wei & Ma, 2006) and the alternating dipping method (Ngiam et al., 2009).
Of these two techniques, the alternating dipping method has the advantage of significantly
faster mineral deposition, requiring hours to complete rather than days for the SBF soaking
technique.

The mineralization of 3D block nanofibrous scaffolds is different. In fact, 2D membranes
have most part of their surface exposed to the solution, while 3D block scaffolds require the
solution to reach the inner core, requiring a modification of the alternating dipping
technique. Teo and co-workers described the fabrication of 3D electrospun poly(L-lactic
acid) scaffolds and their mineralization by means of two approaches: the static
mineralization (soaking the scaffold for 1h in a mineral solution) and the flow
mineralization (placing the scaffold in a perfusion chamber, and using a circulating
peristaltic pump to periodically provide the scaffold with the mineral solution) (Teo et al.,
2011). The analysis of mechanical properties revealed that the presence of minerals
significantly increased both compressive strength and compressive modulus of the
scaffolds. The compressive strength of the static mineralized scaffolds was 2.4 times greater
than that of the unmineralized scaffolds, while the modulus was 1.9 times greater. Such
analysis also revealed that the mineralization technique has a significant influence on the
mechanical properties of the scaffolds, being the compressive strength and modulus of the
flow mineralized scaffolds 6.1 times and 2.8 times greater, respectively, than those of the
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static mineralized scaffolds. Interestingly, these properties are not related to the overall
mineral content (found to be 43.3% in flow mineralized scaffolds, and 62.3% in static
mineralized scaffolds), but to the distribution of minerals inside the 3D structure of the

scaffold.

The use of nanoparticles (mainly nano-hydroxyapatite), nanofibers and nanotubes in
polymer or bioceramic matrices in order to produce nanometric features on the surface of
3D scaffolds has been recently well reviewed (Meng et al., 2010). Table 1 shows advantages
and disadvantages of the main used techniques to produce nanocomposite scaffolds.

Nanostructured
surfaces

Method of
fabrication

Advantages

Disadvantages

Nanoparticles

Solvent-casting/ salt
leaching technique

Controlled porosity,
controlled pore size and
simple operation

Limited interpore
connectivity, using
organic solvents

Modified rapid

prototyping
technique

Ability to produce complex
products quickly

Difficulty to design and
fabricate
scaffolds with fine
microstructures, low
porosity

Freeze-drying and
freezing
-lyophilization

Highly porous structures,
high pore interconnectivity

Limited to small pore
sizes

Self-dispersing

Good dispersion,
immobilization of
nanoparticles on the

Relatively long processing
time, use of organic

technique surface of 3D scaffolds by solvents
chemical bonding
Multilayers incorporating
proteins, drugs, and
growth Dissolving problems of
LbL method factors in mild conditions, | nanoparticles in aqueous

strong adhesion between

each layer, easy to control

many processing variables
during the preparation

media, requiring organic
solvents

Paste extruding

Complete pore
interconnectivity,

Limited to small pore

deposition macroshape control, sizes, use of organic
Process 3D interconnected pore solvents
structure
Controlling the shape of
) composite structures with
Micro . .
) higher resolution, well )
stereolithography Shrinkage problems
developed 3D
MSTL )
interconnected pore
structure
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Nanostructured Method of .
L. Advantages Disadvantages
surfaces fabrication
Laver Well-interconnected pores,| Use of organic solvents,
yer improved surface problems with residual
manufacturing
roughness solvent
Nanosized particles are
Nano-emulsion and well encapsulated in . .
. . High processing
selective microspheres, .
- ] temperatures, limited to
laser sintering complete pore .
. [ . small pore sizes
techniques interconnectivity,
macroshape control
TIPS and High porosity with pore | Use of organic solvents
subsequent solvent | anisotropy and high pore | and long time to sublime
Sublimation interconnectivity solvent
Homogeneous nanofiber . .
morphology can be Relatively long processing
Particle leaching and P

Nanofibers

time
. ly i o
Electrospinning generated spontaneously in problems with residual
a 3-D macroporous and
. solvent
nanofibrous structure
Combination of nano and
Fiber bonding and microfibers in the same 3D | Limit range of polymers,
. 2. scaffold architecture, use of
Electrospinning o . .
mimicking the physical organic solvents
structure of ECM
Controlled fiber layer

Electrospinning and

thickness, fiber diameter,

LbL and fiber orientation, Use of high-voltage
Methods ability to create complex apparatus
hierarchical architectures
Ability to fabricate highly
functionalized 3D scaffolds
DPMD and with an open porous  |Relatively high processing
electrospinning network, a controllable temperature for the
shape and a biocompatible workable range
nanofibrous inner
architecture
Electrospinnin Controlled patterned e
withp3D ° architecturei and 3D Difficulties to control
Collecting configurations many parameters

Phase separation
and particle

Controlled macropore
shape and size by particles,
interpore opening size by
assembly conditions, pore

leaching techniques| wall morphologies by continuous fibers with
phase separation control over fiber
parameters orientation

processing time, unable to

Limited to a few
polymers, longer

produce long and
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Nanostructured Met.hod. of Advantages Disadvantages
surfaces fabrication
Close resemblance to Complex process, limited
Self assembly to a few polymers,

10logical processes inability to control

Simple process,

homogeneous nano and )
: Needs to use organic
microstructures

CNT assemblies EPD possible, controlled solvents in

thickness of CNT layers in N i
different substrates
Controlled surface

Chemical chemistry, ggod dispersion, '
modification direct Use of organic solvents
covalent bonding with the
matrix
Solvent casting with|  Achieves mechanical |Limited by the complexity
the integrity, electrical in the design,
inclusion of CNTs conductivity construction of the mold

Table 1. Methods of fabrication of 3D nanocomposite scaffolds and corresponding
advantages and disadvantages of each strategy. Table from (Meng et al., 2010). Reproduced
with permission from John Wiley and Sons.

The hybrid technique developed by Park and co-workers, based on a combination of direct
polymer melt deposition (DPMD) and electrospinning (Park et al., 2008) is particularly
interesting, even if not including nanoparticles but nanofibers in a polymer matrix. The aim
of the DPMD process was to determine the overall architecture of the 3D scaffold, by
producing polycaprolactone (PCL) microfibers able to provide mechanical support and
overall shape of the device; to this aim, a stainless steel syringe with a micronozzle, a
syringe heating device, a compressed air dispenser and a three-dimensionally moving
micropositioning system were used. The electrospinning process allowed to obtain PCL and
PCL/collagen nanometric fibers applying voltage to a 22-gauge needle on a syringe pump
at an infusion speed of 10 pm/min and using a grounded collector. By combining DPMS
and electrospinning a hybrid process was proposed, consisting of two-step sequential
process (Fig. 4(a)). As a woodpile-like structure was fabricated in a layer-by-layer approach,
the nanofiber matrices were inserted between each layer of the microfibrous structure.
Subsequent microfiber layers combined with nanofiber matrices were repeatedly laminated
onto the previously combined layers, in order to fabricate a 3D complex structure. (Fig. 4(B)
and 4(C)).

The beauty of this and other similar approaches is the ability to efficiently simulate the 3D
fibrous extracellular environment, allowing the envisioning of challenging applications in
tissue engineering and regeneration.

Another hybrid approach was proposed by Erisken and co-workers, that described a
methodology integrating a twin screw extrusion process with electrospinning, and allowing
the dispersion of nanoparticles into polymeric binders and the generation of nanoparticle-
incorporated fibers and nanofibers. In particular, they dispersed p-tricalcium phosphate (p-
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TCP) nanoparticles into PCL matrices, in order to generate biodegradable non-woven
meshes for tissue engineering applications (Erisken et al., 2008-a). The fiber size was in the
range 200 - 2000 nm, and mechanical characterization of the scaffolds revealed that the
ultimate tensile strength at break of the meshes increased from 0.47 to 0.79 upon the
incorporation of the -TCP nanoparticles.

(A) m » - i
Repetitive

process

Fig. 4. (A) The DPMD/ electrospinning hybrid process. A 3D structure can be built by
alternating such processes; (B) and (C) photographs of hybrid layers composed by
microfibers and electrospun nanofibers. Images from (Park et al., 2008). Reproduced with
permission from Elsevier.

More recently, Jack and co-workers reported the fabrication and characterization of nano-
sized hydroxyapatite (HA)/poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) polymer
composite scaffolds, developed by means of a modified thermally induced phase-separation
technique (Jack et al., 2009). The presence of the HA nanoparticles significantly affected the
thermodynamic state of the polymer-solvent solutions, resulting in a completely different
porous architecture upon solidification. EDS characterization confirmed that the clusters
observed in the SEM images were indeed HA particles (Fig. 5(A), (B), and (C)).

In order to investigate the mineralization ability, the scaffolds were immersed in SBF for an
overall period of 2 weeks, evaluating the mechanical performances before and after this
treatment. The results showed that the immersion of the pure PHBV scaffolds in SBF for up
to 2 weeks does not significantly change their mechanical performances, confirming that the
polymer matrix does not significantly degrade in such an environment over the observed
period. In addition, the incorporation of the HA nanoparticles leads to a marked increase in
both the stiffness and strength of the scaffolds (Fig. 5(D) and (E)).
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Fig. 5. (A) SEM image showing the PHBV scaffold doped with HA nanoparticles. The circles
indicate the approximate regions in the scaffold that the EDS spectra (B) and (C) were
collected from; compressive moduli (D) and compressive strength (E) of the PHBV (light
grey) and HA/PHBYV (dark grey) scaffolds following 0, 1 and 2 weeks of immersion in SBF.
*=p<0.05. Images from (Jack et al., 2009). Reproduced with permission from Elsevier.

As described, biocompatibility and structural stability are two important aspects for
engineering functional tissues. An interesting grafted collagen scaffold with a collagen
triple-helix shape was developed and reinforced with Al;O3-ZrO, nanoparticles, in order to
strengthen the mechanical properties of the matrix (Cao et al., 2006). Such modification also
enhanced the thermal stability of the collagen matrix, bringing the authors to envision
biomedical and bionic applications of this hybrid material. Regarding the influence of
nanoparticles inclusion on the degradability of a matrix, Liu and co-workers showed that
titania nanoparticles alter PLGA degradation, when dispersed in the polymeric structure
(Liu et al., 2006). To produce the scaffolds, PLGA pellets were dissolved in chloroform and
nanophase titania powder was added to give a 30/70 ceramic/polymer weight ratio. The
composite mixture was then sonicated using different output power settings (and thus
obtaining different samples). After sonication, the suspension was cast into a Teflon petri
dish, evaporate in air at room temperature for 24 h and dried in air vacuum chamber for 48
h. After incubation in PBS for several days, the weight loss for the doped samples was
significantly lower than that of pure PLGA samples. Moreover, results showed that the
nanophase titania dispersed in PLGA can improve the structural stability and buffer the
harmful pH variations.

4. Current applications in tissue engineering and regenerative medicine

The development of innovative materials useful as scaffolds for regenerative medicine and
tissue engineering purposes tries to address, as we described, the mimicking of natural ECM

www.intechopen.com



306 Advances in Regenerative Medicine

in terms of structure, chemical composition, and mechanical properties. In the latest decade,
an intense research on polymeric matrices doped with several kinds of nanoparticles has
been carried on, trying to focus on the possible in vitro and in vivo biomedical applications of
these materials. For example, an interesting electrically conductive biodegradable composite
material made of polypyrrole (PP) nanoparticles and poly(D,L-lactide) (PDLLA) was
synthesized in 2004 and tested in vitro with human skin fibroblasts (Shi et al., 2004). It is well
known that electrical stimulation is capable of modifying cellular activities, like cell
migration, cell adhesion, DNA synthesis, and protein secretion. An electrically conductive
scaffold is therefore interesting for the regulation of these activities, but it also must satisfy
other basic features, as biocompatibility and degradability. Such aim was achieved in this
study, including electrically conductive PP nanoparticles in a biocompatible and degradable
PDLLA matrix, easy to process and to test with cell cultures. Human skin fibroblasts were
cultured on the doped scaffolds, applying electrical currents in the range 0-800 pA. Cell
growth was affected by such stimulation, showing a maximum peak of growth in
correspondence to a 10 pA current stimulation.

The development of doped matrices can be useful not only for tissue regeneration, but
also for the enhancement of materials antimicrobial acitivity. It is the case of the cellulose
acetate nanofibers containing silver nanoparticles produced by Son and co-workers. They
demonstrated for the first time that polymer nanofibers containing Ag nanoparticles on
their surface could be produced by UV irradiation of the elctrospun fibers with small
amounts of silver nitrate (AgNOs) (Son et al.,, 2006). The number and size of Ag
nanoparticle on the matrix surface was found to continuously increase with the
irradiation time, and that the particles with an average size of 21 nm exhibited a strong
antimicrobial activity.

Specific applications for bone tissue engineering were described by some works in 2006 and
2007, reporting the results obtained by fabricating doped matrices and testing their
biological activity by immersing them in standard culture media and simulated body fluid
(SBF), or evaluating their in vitro response with osteoblasts-like cells or with human
mesenchymal stem cells (hMSCs) (Li et al., 2006; Gerhardt et al., 2007; Sui et al., 2007; Torres
et al., 2007; Zhang et al., 2007). The first example of Li et al. is constituted by electrospun silk
fibroin scaffolds containing bone morphogenetic protein 2 (BMP-2) and nanoparticles of
hydroxyapatite. TEM images confirmed that nHAP particles were successfully embedded in
the silk fiber scaffold, being well oriented along the fiber axis in some regions, but more
aggregated in other regions. Human bone marrow-derived MSCs were cultured for up to 31
days on nHAP- and BMP-2-containing silk scaffolds, on only BMP-2-containing silk
scaffolds, and on bare silk scaffolds as control, using an osteogenic medium. The scaffolds
containing BMP-2 supported higher calcium deposition and enhanced transcript levels of
bone-specific markers than on the controls; furthermore, the coexistence of BMP-2 and
nHPA in the scaffold resulted in the highest calcium deposition and up-regulation of the
transcript levels of the bone-related markers. Gerhardt and co-workers developed PDLLA
scaffolds filled with 0, 5 and 30 wt% TiO, nanoparticles by means of solvent casting. They
showed that the titania nanoparticles were not directly exposed on the composite surface,
but rather embedded in the PDLLA matrix, without forming agglomerates even at the
highest concentration. The bioactivity of such scaffolds was evaluated by immersing them in
supersaturated simulated body fluid for up to 3 weeks and evaluating the formation of
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hydroxyapatite on the material surface. HA nanocrystals with an average diameter of 40 nm
were formed on the 30 wt% TiO, composite films after 2 weeks, while only some traces of
HA crystals appeared on pure PDLLA and low titania content films after 3 weeks. The effect
of TiO; nanoparticles on the metabolic activity of MG-63 osteoblast-like cells was also
evaluated, finding that particle concentration up to 100 pg/ml had no significant effect on
MG-63 cell viability. Sui et al. developed PLLA/HA hybrid membranes via electrospinning
of a PLLA/HA dispersion. The authors found that the inclusion of HA nanoparticles
implied a considerably increment in the roughness and in the mechanical properties of the
matrix, as well as a decrease in its degradation rate in water. MG-63 osteoblast-like cells
were cultured on PLLA and PLLA/HA membranes, finding a higher cell adhesion and
growth in the latter substrates. A three-dimensional matrix was introduced by Zhang and
co-workers, that described the fabrication of PLGA hollow fiber membranes using a wet
phase-inversion approach and doped with HA nanoparticles. The aim was to obtain an
aligned, bioactive and biodegradable scaffold mimicking the natural histological structure of
human long bone, and they obtained an anisotropic membrane with a rough outer skin and
a smooth inner skin (Fig. 6(A)). The structure showed a highly porous morphology with a
unique asymmetric finger-like macroviod structure ideal to promote neovascularisation
(Fig. 6(B)). pH values of the culture media at different time-points were evaluated for pure
PLGA membranes and PLGA/HA membranes, finding that they were closer to neutral for
the composite matrices; nanoHA powders in the composite structures may facilitate to
neutralize the culture media. The bioactivity of such 3D scaffolds was also evaluated, by
immersing them in SBF for several days, finding a significantly higher biomineralization
rate for the nanodoped matrix in comparison with the pure PLGA scaffold. Finally, Torres et
al. tested the mechanical properties and bioactivity of porous PLGA/TiO, nanoparticle-
filled foams produced by thermally induced solid-liquid phase separation (TIPS) and
subsequent solvent sublimation. By manipulating the parameters of the TIPS process, they
were able to control the porous architecture, determining the presence of orientated tubular
macropores (Fig. 6(C), (D), and (E)). The bioactivity of the scaffolds was also demonstrated
by immersion in SBF for up to 28 days, and confirming the formation of hydroxyapatite
crystals on the scaffold surface.

The aim of doped biomaterials is not always to promote an enhancement of cell adhesion
and proliferation; in some cases, a specific application requires the inhibition of the
activity of a certain cell population. In the central nervous system (CNS), astroglial cells
proliferate and produce an ECM protein-rich glial scar to isolate any implant (for example
a neural electrode) and, in general, regeneration after injury in the CNS is inhibited
primarily due to astrocytic glial scar formation. It was therefore proposed a novel
composite material made of polyurethane (PU) and doped with zinc oxide (ZnO)
nanoparticles as nerve guidance channel material able to significantly reduce astroglial
cell adhesion and proliferation (Seil & Webster, 2008). Importantly, ZnO nanoparticles
possess piezoelectric properties, that make them promising for neural regeneration
applications. Regarding astrocyte behaviour on such materials, the collected data showed
a reduced ability of these cells to adhere and proliferate on ZnO nanoparticle PU
composites with higher nanoparticle concentrations. The authors finally proposed that the
piezoelectric properties of such composites may provide the stimulatory cues necessary to
promote neural cell function.
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Fig. 6. (A), (B): PLGA hollow fiber membrane doped with 30% nanoHA; (C), (D), and (E):
foam scaffolds made of plain PLGA(C), PLGA + 5 wt% TiO» (D), and PLGA + 20 wt% TiO»
(E). Some TiO; agglomerates are visible in the 20 wt% foam. Images from (Zhang et al., 2007)
and (Torres et al., 2007). Reproduced with permission from Elsevier

In the same year, several studies regarding bone tissue engineering were published (Erisken
et al., 2008-b; Guan et al., 2008; Nejati et al., 2008; Schneider et al., 2008; Duan et al., 2008; Wei
et al., 2008). An interesting PHB-based scaffold containing nanosized hydroxyapatite was
developed by Guan and co-workers by gas-jet/electrospinning. Bone marrow stroma cells
(BMSCs) were tested on the material, finding that both proliferation rate and alkaline
phosphatase (ALP) activity increased were higher on the nHAP/PHB scaffolds surface than
on standard tissue culture plates and pure PHB scaffolds surface. Rod-shaped nano-
hydroxyapatite and nHAP/PLA composite scaffolds were developed by Nejati et al. The rod
shaped nHAP particles (37-65 nm in width and 100-400 nm in length) were similar to
natural bone apatite in terms of chemical composition and structural morphology and they
were used to build PLA nanocomposites using thermally induced phase separation method
(Fig. 7(H), and (I)). Such scaffolds were found to be comparable with cancellous bone in
terms of microstructure and mechanical strength, making them suitable for bone tissue
engineering applications. Rat mesenchymal stem cells (MSCs) were tested on the material,
finding that nHAP/PLA scaffolds appeared biocompatible and non-cytotoxic to the cells.
Furthermore, after seven days of culture, round shape cells were found on the surface of
pure PLA scaffolds (Fig. 7(L)), while cells on the nanocomposite scaffolds exhibited spindle
shaped morphology and migrated through the pores (Fig. 7(M)). A flexible, cotton wool-like
PLGA/amorphous tricalcium phosphate (ATCP) nanocomposite was prepared by
Schneider and co-workers by electrospinning. It was shown that ATCP nanoparticles clearly
influenced the fiber morphology (Fig. 7(A), (B), (C), and (D)), also enhancing the
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biomineralization of the scaffold after immersion in SBF (Fig. 7(E), and (F)). Human
mesenchymal stem cells (hMSCs) were cultured on the composite matrix (Fig. 7(G)), finding
a good proliferation rate and an enhanced production of ALP and osteocalcin in comparison
with the controls.

Fig. 7. (A), (C): SEM images of electrospun pure PLGA scaffold; (B), (D): SEM images of
electrospun PLGA /ATCP (60/40) nanocomposite; (E), (F): SEM image of extracted
PLGA/ATCP (60/40) tubes after 45h of immersion in SBF. The high-magnification image
reveals a wall thickness of ~ 1 um; (G): hMSCs morphology after 4 weeks of culture on the
nanocomposite PLGA /ATCP scaffold. In blue: cell nuclei, in green: cytoskeletal actin, in red:
scaffold architecture; (H): SEM image of pure PLA scaffold; (I): SEM image of nHAP/PLA
composite scaffold; (L): optical microscope photographs of MSCs attached to the pure PLA
scaffold; (M): optical microscope photographs of MSCs attached to the nHAP/PLA scaffold.
Images from (Schneider et al., 2008) and (Nejati et al., 2008). Reproduced with permission
from John Wiley and Sons and Elsevier.

A functionally graded non-woven mesh of polycaprolactone incorporated with tricalcium
phosphate nanoparticles was fabricated by Erisken et al. using a new hybrid twin-screw
extrusion/electrospinning process. With such method, the concentration of nanoparticles
could be tailored in a targeted manner, changing the scaffold properties. MC3T3-E1 mouse
preosteoblast cells were cultured on the matrix, showing a good proliferation and well
differentiating into osteoblasts, converting the PCL-B-TCP non-woven composite meshes
into a bone tissue-like constructs. Duan and collegues used the selective laser sintering
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technology to produce Ca-P nanoparticle filled poly(hydroxybutyrate-co-hydroxyvalerate)
(PHBV) microspheres, as bioresorbable osteoconductive composite scaffolds. Ca-P particles
had a plate-like morphology with about 10 um in length and approximately several
nanometers in thickness; the composite matrix was prepared by means of emulsion solvent
evaporation method. Neither in vitro and in vivo experiments were performed, but the
authors foresaw that, once inside the human body, the Ca-P particles superficially
embedded on the microspheres could promote the formation of bone-like apatite and
enhance bone formation, while the internal Ca-P particles could stiffen the composite and
gradually release calcium and phosphate ions with the degradation on the PHBV matrix.
Wei et al. used the solvent casting methods to fabricate PDLLA films with 0 and 20 wt% TiO;
nanoparticles and with 20 wt% TiO, mixed with 5 wt% micrometer-sized Bioglass® particles.
In vitro bioactivity studies were carried out using SBF and culturing osteoblast-like MG-63
cells. The PDLLS films containing different concentrations of TiO; and Bioglass® particulate
inclusions showed no effect on cell viability after 7 days of incubation, and they showed
promising properties of bioactivity, making them attractive for bone tissue engineering.

A novel injectable scaffold for tissue engineering was developed in 2009 by Huang and
collegues (Huang et al., 2009). The opportunity to use an injectable scaffold is attractive for in
vivo perspectives, as it minimizes patient discomfort, risk of infection, scar formation and
the cost of treatment. The developed substrate was made of nano-hydroxyapatite/collagen
(nHAC) loaded on chitosan/f-glycerophosphate matrix. =~ Bone-marrow-derived
mesenchymal stem cells were tested, evaluating their proliferation capability. The composite
material showed no toxicity and it did not interfere with the proliferation capability of
MSCs, making it an interesting solution for bone tissue engineering, above all for its
injectability (ability to flow out totally from a syringe).

Another matrix for bone regeneration was fabricated by Thein-Han and co-workers (Thein-
Han et al., 2009), using a silicone rubber doped with nanohydroxyapatite and a process
involving uniform dispersion of nHA via shear mixing and ultrasonication, followed by
compounding at sub-ambient temperature and high-pressure solidification when the final
curing reaction occurred. MC3T3-E1 mouse pre-osteoblast cells were cultured on the
scaffold, finding that the cell density on the composite matrix was significantly higher than
that on the pure silicone rubber. Furthermore, immunofluorescence staining revealed that
cells on the composite matrix showed larger vinculin focal contacts with higher expression
level at the edges, in comparison with the non-doped material. Cytoskeletal actin
organization was also more prominent on the composite scaffold.

Regarding liver tissue engineering, titania/chitosan composite scaffolds were prepared by
Zhao et al. through a freeze-drying technique (Zhao et al., 2009). Doped matrices with 0.3 of
TiO,/chitosan weight ratio showed the best mechanical performances, maintaining an
interconnected pore structure. Hepatic immortal cell line HL-7702 was tested on these
structures, detecting liver-specific functions, such as albumin secretion and urea synthesis.
No differences were found between the doped scaffold and the pure chitosan matrix, in
terms of albumin and urea production; FESEM micrographs of cells cultured on the
different scaffolds revealed an better sustained attachment of hepatocytes on the doped
matrix, probably thanks to the improved mechanical characteristics, implying the potential
application of this material in liver tissue engineering.

Single-walled carbon nanotubes (SWNTs) are unique in structure and function, and they
have recently received significant attention due to their potential to create nanostructured
conductive materials. A composite SWNT/collagen material was recently proposed as
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conductive peripheral nerve regeneration matrix (Tosun & McFetridge, 2010). Neuron-like
PC12 cells were tested on collagen and SWNT/collagen scaffolds, finding an enhanced
proliferation rate on the doped matrices, and a normal expression of p53 gene, indicating the
absence of nanoparticle-induced DNA damage.

In another study, the influence of nanodoped matrices on cardiac and mesenchymal stem
cells (CSCs and MSCs) was evaluated, using PLGA films loaded with TiO, and CeO;
nanoparticles (Mandoli et al., 2010). The hybrid nanoCeO,/PLGA scaffolds showed a
parallel surface pattern, with a spacing of about 250 pm between the ridges (Fig. 8(A)).
Better CSC and MSC proliferate activity was observed for CeO, composites with respect to
either TiO»-added on unfilled PLGA films (Fig. 8(E)), together with a clear cell alignment in
the direction of the ridges (Fig. 8(B), (C), and (D)).
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Fig. 8. (A): SEM image of parallel-organized 20% CeO,/PLGA composite; (B), (C), and (D):
CSC seeded on the composite substrates having different nanoparticle concentrations; (E):
proliferation assay for the CSC culture on the different scaffolds (pure PLGA, CeO,/PLGA
and TiO,/PLGA). Images from (Mandoli et al., 2010). Reproduced with permission from
John Wiley and Sons.

Skeletal muscle tissue engineering was also addressed using a nanodoped matrix-based
approach (McKeon-Fischer & Freeman, 2010). PLLA and gold (Au) nanoparticles were
electrospun to create three composite scaffolds: 7% Au-PLLA, 13% Au-PLLA, and 21% Au-
PLLA. Rat primary skeletal muscle cells were cultured on the three scaffolds and on the
control (pure PLLA matrix), finding that they showed low proliferation capability on the
doped scaffolds. However, as demonstrated by the authors, this was not due to the
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nanoparticle toxicity, but to an enhanced cell fusion into myotubes and a higher level of cell
differentiation. The electrical conductivity of the scaffolds (increasing with the increase of
nanoparticle concentration) and the good cell behavior on them are promising for skeletal
muscle regeneration.

More recently, H9c2 rat cardiomyocytes were cultured on PLGA scaffolds loaded with
different concentrations of barium titanate nanoparticles (BTNPs) (Ciofani et al., 2011).
BNTPs have previously proven to be non-toxic even at high concentrations, and they have
intriguing properties, related to their piezoelectric nature that could influence some cell
activities. The PLGA/BTNPs were found to have increased mechanical properties in
comparison with bare PLGA scaffolds, with a Young’s modulus linearly increasing with the
BNTPs concentration and the surface roughness was also increasing due to the nanoparticle
presence. H9¢c2 cells showed an increased proliferation on the doped matrices, probably
related to the different protein adsorption due to the different surface roughness. The
authors hypothesize that BNTPs piezoelectricity could also have a role in such cell behavior,
also envisioning future nanoparticle-mediated scaffold stimulation.
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Fig. 9. (A) and (B): SEM images of PLLA and PLLA-CNT-pHA, respectively; (C), (D), (E),
and (F): Overview of the subcutaneous implantation of the scaffolds on the back of the rat;
(G): schematic overview of the scaffold placement; (H): scintigraphic image of the in vivo
measurement of released 13I-labelled BMP-2 in rat 14 days after implantation; (I): in vivo
release profile of 131]-labelled BMP-2 from the scaffolds. Images from (van der Zande et al.,
2011). Reproduced with permission from John Wiley and Sons.

An interesting nanocomposite for wound dressing applications was fabricated using [-
chitin and silver nanoparticles (Kumar et al., 2010). Such scaffold showed high porosity,
which increased for the composite matrix. This is due to the inclusion of the nanosilver
solution with the original -chitin hydrogel; when the sample was freeze-dried, the water in
the silver colloid, which got incorporated into the hydrogel, evaporated and the vacant
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space was left as pores in the scaffold, ultimately resulting in a highly porous composite.
Antibacterial studies revealed higher susceptibility of Gram-negative bacteria to nanosilver,
with a bacteria inhibition zone larger for higher nanosilver concentrations. The scaffolds
were also demonstrated to be cell-friendly, without significant toxicity induced on cultured
cells. The p-chitin/nanosilver composites were therefore proposed as novel and promising
wound dressing material.

A promising in vivo study was carried out by van der Zande and co-workers (van der Zande
et al.,, 2011), that fabricated pure PLLA scaffolds (Fig. 9(A)) provided with bone
morphogenetic protein-2 (BMP-2), to improve bone response. The problem to employ such
material in vivo is that BMP-2 is clearly almost immediately released from the site of
implantation by diffusion; to prolonge the retention of BMP-2 into the scaffold, the authors
fabricated PLLA matrices doped with carbon nanotubes (CNTs) and microhydroxyapatite
(RHA) (Fig. 9(B)).

Radiolabelled BMP-2 was loaded onto plain PLLA and composite PLLA-CNT-p HA
matrices, and the scaffolds were implanted subcutaneously for 5 weeks in rats (Fig. 9(C),
(D), (D), and (E)). In contrast with authors’ hypothesis, the in vivo release showed no
differences between the composite and plain PLLA scaffolds. Nevertheless, although
incorporated CNTs and p HA in a PLLA scaffold did not alter the release pattern of BMP-2,
they could still provide composite scaffolds with several other beneficial characteristics, as
higher mechanical performances and enhanced bone formation.

5. Conclusion

The development of innovative materials useful as scaffolds for the sustained growth of
cells is of particular interest in regenerative medicine and tissue engineering, because they
can be potentially tailored to mimic the natural extracellular matrix in terms of structure,
chemical composition, and mechanical properties.

In the past decades, an urgent necessity of innovative, “smart” materials for tissue
engineering raised, in order to obtain constructs able to sustain and promote cell
proliferation and tissue regeneration, and particular attention was dedicated to
polymer/ceramics composites, in order to take advantage by the physico-chemical
properties of these two classes of materials.

Nanostructured materials have been extensively explored in many biological applications
because of their intriguing physical and chemical properties. In particular, the intrinsic
optical, magnetic, and electrical properties owned by nanomaterials can offer remarkable
opportunities of interaction with complex biological processes for several biomedical
applications.

The advent of nanotechnology is set to accelerate development of improved and
sophisticated smart material technologies. Researchers are now considering the possibilities
of designing, altering, and controlling material structure at nanoscale levels in order to
enhance material performance and process efficacy. The advancements in nanomaterials are
expected to increase product quality and performance, and they are finding acceptance in
diverse applications such as sensors and electronic devices. Nanosensor particles assist in
creating tools for analyzing living cells and serve as reporters in industrial process
monitoring. In the future, smart materials are likely to derive their success from
nanotechnology that is likely to be instrumental in creating more varied, complex, and
intelligent systems.
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The advances and improvements in smart materials allow them to cater to a diverse set of
applications, especially in the defense, aerospace, healthcare, electronics, and semiconductor
industries. Although very few of these applications are at present commercially viable, their
potential for future acceptance is enormous. Smart materials are particularly useful for
cellular production: with the addition of cellular fluid and by regulating the cell’s shape and
mechanical conditions, smart materials can mimic these cells’ interactions and exhibit
effective results.

In our opinion, the combination of smart and nanomaterials, and the exploitation of their
impressive chemical and physical properties, will constitute a fundamental step towards
realistic clinical applications of tissue engineering and regenerative medicine.

6. References

Basser, P.J. & Horkay, F. (2005). Toward a constitutive law of cartilage : a polymer physics
perspective. Macromolecular Symposia, Vol.227, 1s.1, pp. 53-64.

Cao, Y., Zhou, Y., Shan, Y., Ju, H. & Xue, X. (2006). Triple-helix scaffolds of grafted collagen
reinforced by Al,O3-ZrO; nanoparticles. Advanced Materials, Vol.18, Is.14, pp. 1838-
1841.

Causa, F., Netti, P.A. & Ambrosio, L. (2007). A multi-functional scaffold for tissue
regeneration : the need to engineer a tissue analogue. Biomaterials, Vol.28, No.34,
pp. 5093-5099.

Cho, J., Schaab, S., Roether, J.A. & Boccaccini, A.R. (2008). Nanostructured carbon
nanotube/TiO, composite coatings using electrophoretic deposition (EDP). Journal
of Nanoparticle Research, Vol.10, pp. 99-105.

Choudhary, S., Haberstroh, K.M. & Webster, T.J. (2007). Enhanced functions of vascular cells
on nanostructured Ti for improved stent applications. Tissue Engineering: Part A,
Vol.13, Is.7, pp. 1421-1430.

Ciofani, G., Danti, S., D’Alessandro, D., Ricotti, L., Moscato, S., Bertoni, G., Falqui, A,
Berrettini, S., Petrini, M., Mattoli, V. & Menciassi, A. (2010). Enhancement of neurite
outgrowth in neuronal-like cells following boron nitride nanotube-mediated
stimulation. ACS Nano, Vol.4, No.10, pp. 6267-6277.

Ciofani, G., Ricotti, L., Menciassi, A. & Mattoli, V. (2011). Preparation, characterization and
in vitro testing of poly(lactic-co-glycolic) acid/barium titanate nanoparticle
composites for enhanced cellular proliferation. Biomedical Microdevices, Vol.13, pp.
255-266.

Duan, B., Wang, M., Zhou, W.Y. & Cheung, W.L. (2008). Synthesis of Ca-P nanoparticles and
fabrication of Ca-P/PHBV nanocomposite microspheres for bone tissue
engineering applications. Applied Surface Science, Vol.255, pp. 529-533.

Erisken, C., Kalyon, D.M. & Wang, H. (2008). A hybrid twin screw extrusion/
electrospinning method to process nanoparticle-incorporated electrospun
nanofibers. Nanotechnology, Vol.19, No.16, pp. 165302-165310.

Erisken, C., Kalyon, DM. & Wang, H. (2008). Functionally graded electrospun
polycaprolactone and [-tricalcium phosphate nanocomposites for tissue
engineering applications. Biomaterials, Vol.29, pp. 4065-4073.

www.intechopen.com



Nano-Doped Matrices for Tissue Regeneration 315

Gerhardt, L.C,, Jell, G.M.R. & Boccaccini, A.R. (2007). Titanium dioxide (TiO,) nanoparticles
filled poly(D,L lactic acid) (PDLLA) matrix composites for bone tissue engineering.
Journal of Material Science : Materials in Medicine, Vol.18, No.7, pp. 1287-1298.

Gheith, M.K., Sinani, V.A., Wicksted, J.P., Matts, R.L. & Kotov, N.A. (2005). Single-walled
carbon nanotube polyelectrolyte multilayers and freestanding films as a
biocompatible platform for neuroprosthetic implants. Advanced Materials, Vol.17,
Is.22, pp. 2663-2670.

Guan, D., Chen, Z., Huang, C. & Lin Y. (2008). Attachment, proliferation and differentiation
of BMSCs on gas-jet/electrospun nHAP/PHB fibrous scaffolds. Applied Surface
Science, Vol.255, pp. 324-327.

Huang, Z., Tian, J, Yu, B, Xu, Y. & Feng, Q. (2009). A bone-like nano-
hydroxyapatite/collagen loaded injectable scaffold. Biomedical Materials, Vol.4, pp.
55005-55012.

Hutmacher, D.W. (2001). Scaffol design and fabrication technologies for engineering tissues-
state of the art and future perspectives. Journal of Biomaterials Science, Polymer
Edition, Vol.12, pp. 107-124.

Jack, K.S., Velayudhan, S., Luckman, P., Trau, M., Grendahl, L. & Cooper-White, J. (2009).
The fabrication and characterization of biodegradable HA/PHBV nanoparticle-
polymer composite scaffolds. Acta Biomaterialia, Vol.5, 1s.7, pp. 2657-2667.

Jagur-Grodzinski, J. (2006). Polymers for tissue engineering, medical devices, and
regenerative medicine. Concise general review of recent studies. Polymers for
Advanced Technologies, Vol.17, pp. 395-418.

Kaiser, L.R. (1992). The future of multihospital systems. Topics in Health Care Financing,
Vol.18, No.4, pp. 32-45.

Kaplan, F.S., Hayes, W.C., Keaveny, T.M., Boskey, A.Einhorn, T.A. & lannotti, ].P. (1994). In :
Orthopedic basic science, Simon, S.R. (Ed.), pp. 127-185, Rosemont.

Khademhosseini, A., Borenstein, J.,, Toner, M. & Takayama, S. (2008). Micro and
nanoengineering of the cell microenvironment : technologies and applications, Artech
House, Norwood.

Kumar, P.T.S., Abhilash, S., Manzoor, K., Nair, S.V., Tamura, H. & Jayakumar, R. (2010).
Preparation and characterization of novel -chitin/nanosilver composite scaffolds
for wound dressing applications. Carbohydrate Polymers, Vol.80, pp. 761-767.

Langer, R. & Vacanti, J.P. (1993). Tissue Engineering. Science, Vo0l.260, No.5110, pp. 920-926.

Lee, JW., Ahn, G.S.,, Kim, D.S. & Cho, D.W. (2009). Development of nano- and microscale
composite 3D scaffolds using PPF/DEF-HA and micro-stereolithography.
Microelectronic Engineering, Vol.86, 1s.4-6, pp. 1465-1467.

Li, C., Vepari, C., Jin, H.J., Kim, H.J. & Kaplan, D.L. (2006). Electrospun silk-BMP-2 scaffolds
for bone tissue engineering. Biomaterials, Vol.27, Is.16, pp. 3115-3124.

Liu, H., Slamovich, E.B. & Webster, T.J. (2006). Less harmful acidic degradation of
poly(lacic-co-glycolic acid) bone tissue engineering scaffolds through titania
nanoparticle addition. International Journal of Nanomedicine, Vol.1, No.4, pp. 541-545.

Mandoli, C., Pagliari, F., Pagliari, S., Forte, G., Di Nardo, P., Licoccia, S. & Traversa, E.
(2010). Stem cells aligned growth induced by CeO, nanoparticles in PLGA scaffolds

www.intechopen.com



316 Advances in Regenerative Medicine

with improved bioactivity for regenerative medicine. Advanced Functional Materials,
Vol.20, pp. 1617-1624.

Mattson, M.P., Haddon, R.C. & Rao, A.M. (2000). Molecular functionalization of carbon
nanotubes and use as substrates for neuronal growth. Journal of Molecular
Neuroscience, Vol.14, No.3, pp. 175-182.

McKeon-Fischer, K.D. & Freeman, J.W. (2010). Characterization of electrospun poly(L-
lactide) and gold nanoparticle composite scaffolds for skeletal muscle tissue
engineering. Journal of Tissue Engineering and Regenerative Medicine, In press - DOI :
10.1002/ term.348.

Meng, D., Erol, M. & Boccaccini, A.R. (2010). Processing technologies for 3D nanostructured
tissue engineering scaffolds. Advanced Biomaterials, Vol.12, No.9, pp. B467-B487.

Miller, D.C., Haberstroh, KM. & Webster, T.]. (2007). PLGA nanometer surface features
manipulate fibronectin interactions for improved vascular cell adhesion. Journal of
Biomedical Materials Research, Vol.81A, Is.3, pp. 678-684.

Nejati, E.,, Mirzadeh, H. & Zandi, M. (2008). Synthesis and characterization of nano-
hydroxyapatite rods/poly(L-lactide acid) composite scaffolds for bone tissue
engineering. Composites : Part A, Vol.39, pp. 1589-1596.

Ngiam, M., Liao, S., Patil, A., Cheng, Z., Yang, F., Gubler, M., Ramakrishna, S. & Chan, C.K.
(2009). Fabrication of mineralized polymeric nanofibrous composites for bone graft
materials. Tissue Engineering : Part A, Vol.15, Is.3, pp. 535-546.

Nukavarapu, S.P.,, Kumbar, S.G., Nair, L.S. & Laurencin, C.T., In: Gonsalves, K.,
Halberstadt, C.R., Laurencin, C.T. & Nair, L.S. (Eds.) (2008). Biomedical
nanostructures. John Wiley & Sons, Inc., New Jersey, pp. 377-407.

Park, S.H, Kim, T.G., Kim, H.C,, Yang, D.Y. & Park, T.G. (2008). Development of dual scale
scaffolds via direct polymer melt deposition and electrospinning for applications in
tissue regeneration. Acta Biomaterialia, Vol.4, Is.5, pp. 1198-1207.

Paul, D.R. & Robeson, L.M. (2008). Polymer nanotechnology : nanocomposites. Polymer,
Vol.49, pp. 3187-3204.

Pavel, FM. & Mackay, R.A. (2000). Reverse micellar synthesis of a nanoparticle/polymer
composite. Langmuir, Vol.16, pp. 8568-8574.

Sanyal, A., Norsten, T.B. & Rotello, V.M. (2004). Nanoparticle polymer ensembles. In:
Nanoparticles, building blocks for nanotechnology, Springer, ISBN 0-306-48287-8, New
York.

Schneider, O.D., Loher, S., Brunner, T.J., Uebersax, L., Simonet, M., Grass, R.N., Merkle, H.P.
& Stark, W.J. (2008). Cotton wool-like nanocomposite biomaterials prepared by
electrospinning : in vitro bioactivity and osteogenic differentiation of human
mesenchymal stem cells. Journal of Biomedical Materials Research, Part B : Applied
Biomaterials, Vol.84, No.2, pp. 350-362.

Seil, ].T. & Webster, T.J. (2008). Decreased astroglial cell adhesion and proliferation on zinc
oxide nanoparticle polyurethane composites. International Journal of Nanomedicine,
Vol.3, Is.4, pp. 523-531.

Shi, G., Rouabhia, M., Wang, Z., Dao, LH. & Zhang, Z. (2004). A novel electrically
conductive and biodegradable composite made of polypyrrole nanoparticles and
polylactide. Biomaterials, Vol.25, Is.13, pp. 2477-2488.

www.intechopen.com



Nano-Doped Matrices for Tissue Regeneration 317

Siegel, RW. & Fougere, G.E. (1995). Mechanical properties of nanophase metals.
Nanostructured Materials, Vol.6, No.1-4, pp. 205-216.

Son, WK, Youk, J.H. & Park, W.H. (2006). Antimicrobial cellulose acetate nanofibers
containing silver nanoparticles. Carbohydrate Polymers, Vol.65, Is.4, pp. 430-434.

Stupp, S.I. (2005). Biomaterials for regenerative medicine. MRS bullettin, Vol.30, No.7, pp.
546-553.

Sui, G., Yang, X., Mei, F.,, Hu, X.,, Chen, G., Deng, X. & Ryu, S. (2007). Poly-L-lactic
acid/hydroxyapatite hybrid membrane for bone tissue regeneration. Journal of
Biomedical Materials Research Part A, Vol.82, Is.2, pp. 445-454.

Teo, W.E., Liao, S., Chan, C. & Ramakrishna, S. (2011). Fabrication and characterization of
hierarchically organized nanoparticle-reinforced nanofibrous composite scaffolds.
Acta Biomateriallia, Vol.7, pp. 193-202.

Thein-Han, WW. & Misra, R.D.K. (2009). Biomimetic chitosan-nanohydroxyapatite
composite scaffolds for bone tissue engineering. Acta Biomaterialia, Vol.5, Is.4, pp.
1182-1197.

Thein-Han, W.W., Shah, ]. & Misra, R.D.K. (2009). Superior in vitro biological response and
mechanical properties of an implantable nanostructured biomaterial :
nanohydroxyapatite-silicone rubber composite. Acta Biomaterialia, Vol.5, pp. 2668-
2679.

Torres, F.G., Nazhat, S.N., Sheikh, S.H., Fadzullah, M., Maquet, V. & Boccaccini, A.R. (2007).
Mechanical properties and bioactivity of porous PLGA/TiO; nanoparticle-filled
composites for tissue engineering scaffolds. Composite Science and Technology,
Vol.67, Is.6, pp. 1139-1147.

Tosun, Z. & McFetridge, P.S. (2010). A composite SWNT-collagen matrix : characterization
and preliminary assessment as a conductive peripheral nerve regeneration matrix.
Journal of Neural Engineering, Vol.7, pp. 66002-66012.

Tran, P.A., Zhang, L. & Webster, T.J. (2009). Carbon nanofibers and carbon nanotubes in
regenerative medicine. Advanced Drug Delivery Reviews, Vol.61, 1s.12, pp. 1097-1114.

Tu, R.S. & Tirrell, M. (2004). Bottom-up design of biomimetic assemblies. Advanced Drug
Delivery Reviews, Vol.56, Is.11, pp. 1537-1563.

Van der Zande, M., Walboomers, X.F., Olalde, B., Jurado, M.]., Alava, ]J.I., Boerman, O.C. &
Jansen, J.A. (2011). Effect of nanotubes and apatite on growth factor release from
PLLA scaffolds. Journal of Tissue Engineering and Regenerative Medicine, Vol.5, pp.
476-482.

Wei, G. & Ma, P. (2006). Macroporous and nanofibrous polymer scaffolds and
polymer/bone-like apatite composite scaffolds generated by sugar spheres. Journal
of Biomedical Materials Research, Vol.78 A, pp. 306-315.

Wei, J., Chen, Q.Z., Stevens, M.M., Roether, ]J.A. & Boccaccini, A.R. (2008). Biocompatibility
and bioactivity of PDLLA/TiO, and PDLLA/TiO,/Bioglass® nanocomposites.
Materials Science and Engineering C, Vol.28, pp. 1-10.

Zhang, N., Nichols, H.L.,, Tylor, S. & Wen, X. (2007). Fabrication of nanocrystalline
hydroxyapatite doped degradable composite hollow fiber for guided and
biomimetic bone tissue engineering. Materials Science and Engineering, Vol.27, No.3,
pp. 599-606.

www.intechopen.com



318 Advances in Regenerative Medicine

Zhang, L. & Webster, T.J. (2009). Nanotechnology and nanomaterials: promises for
improved tissue regeneration. Nano Today, Vol.4, pp. 66-80.

Zhao, L., Chang, ]J. & Zhai, W. (2009). Preparation and HL-7702 cell functionality of
titania/chitosan composite scaffolds. Journal of Materials Science : Materials in
Medicine, Vol.20, pp. 949-957.

www.intechopen.com



- Advances in Regenerative Medicine
ADVANCES [N

REGENERATIVE MEDICINE Edited by Dr Sabine Wislet-Gendebien

Tuleted by Sabiictel Wiikhed-Gisatabisn

ISBN 978-953-307-732-1

Hard cover, 404 pages

Publisher InTech

Published online 21, November, 2011
Published in print edition November, 2011

Even if the origins of regenerative medicine can be found in Greek mythology, as attested by the story of
Prometheus, the Greek god whose immortal liver was feasted on day after day by Zeus' eagle; many
challenges persist in order to successfully regenerate lost cells, tissues or organs and rebuild all connections
and functions. In this book, we will cover a few aspects of regenerative medicine highlighting major advances
and remaining challenges in cellular therapy and tissue/organ engineering.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Leonardo Ricotti, Gianni Ciofani, Virgilio Mattoli and Arianna Menciassi (2011). Nano-Doped Matrices for
Tissue Regeneration, Advances in Regenerative Medicine, Dr Sabine Wislet-Gendebien (Ed.), ISBN: 978-953-
307-732-1, InTech, Available from: http://www.intechopen.com/books/advances-in-regenerative-
medicine/nano-doped-matrices-for-tissue-regeneration

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBMIERFEK6SS LiEEPrREB ARG DA 4058 TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




