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Nanocomposites have emerged in the last two decades as an efficient strategy to upgrade the structural
and functional properties of synthetic polymers. Aliphatic polyesters as polylactide (PLA), poly(glyco-
lides) (PGA), poly(3-caprolactone) (PCL) have attracted wide attention for their biodegradability and
biocompatibility in the human body. A logic consequence has been the introduction of organic and
inorganic nanofillers into biodegradable polymers to produce nanocomposites based on hydroxyapatite,
metal nanoparticles or carbon nanotructures, in order to prepare new biomaterials with enhanced
properties. Consequently, the improvement of interfacial adhesion between the polymer and the
nanostructures has become the key technique in the nanocomposite process. In this review, different
results on the fabrication of nanocomposites based on biodegradable polymers for specific field of tissue
engineering are presented. The combination of bioresorbable polymers and nanostructures open new
perspectives in the self-assembly of nanomaterials for biomedical applications with tuneable mechan-
ical, thermal and electrical properties.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Tissue engineering (TE) is a multidisciplinary field focused on
the development and application of knowledge in chemistry,
physics, engineering, life and clinical sciences to the solution of
critical medical problems, as tissue loss and organ failure [1]. It
involves the fundamental understanding of structureefunction
relationships in normal and pathological tissues and the develop-
ment of biological substitutes that restore, maintain or improve
tissue function [2]. For in-vitro engineering of living tissues,
cultured cells are grown on bioactive degradable substrates (scaf-
folds) that provide the physical and chemical cues to guide their
differentiation and assembly into three-dimensional structures.
One of the most critical issue in TE is the realization of scaffolds
with specific physical, mechanical and biological properties. Scaf-
folds act as substrate for cellular growth, proliferation, and support
for new tissue formation. Biomaterials and fabrication technologies
play a key role in TE.

Materials used for tissue engineering applications must be
designed to stimulate specific cell response at molecular level. They
should elicit specific interactions with cell and thereby direct cell
attachment, proliferation, differentiation, and extracellular matrix
production and organization. The selection of biomaterials
: þ39 0744 492950.
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constitutes a key point for the success of tissue engineering practice
[3]. The fundamental requirements of the biomaterials used in the
tissue regeneration are biocompatible surfaces and favourable
mechanical properties. Conventional single-component polymer
materials cannot satisfy these requirements. In fact, although
various polymeric materials are available and have been investi-
gated for tissue engineering, no single biodegradable polymer can
meet all the requirements for biomedical scaffolds. Therefore, the
design and preparation of multi-component polymer systems
represent a viable strategy in order to develop innovative multi-
functional biomaterials. In particular, this review deals with the
introduction of nanostructures in biodegradable polymer matrices
to obtain nanocomposites with specific properties able to be used
in tissue engineering.

The basic functional subunits of cells and tissues are defined at
the nanoscale, hence understanding nanobiology and application of
nanotechnology represents a new frontier in TE research [4].
Nanotechnology enables the development of new systems that
mimic the complex, hierarchical structure of the native tissue.
Therefore, a confluence of nanotechnology and biology can address
several biomedical problems, and can revolutionize the field of
health and medicine [5]. Nanotechnology involves materials which
possess at least one physical dimension in the nanometer range, to
construct structures, devices, and systems with novel properties.
Many biological components, such as DNA, involve nano-dimen-
sionality, hence it has logically given rise to the interest in using
nanomaterials for tissue engineering. There are already several
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scientific reports on the impact of nanomaterials in TE. For example,
iron oxide super-paramagnetic nanoparticles and quantum dots
have been used to track the biodistribution of cells [6]. Interest-
ingly, nanomaterials can also be multifunctional systems capable of
both targeting and imaging [7]. Carbon nanomaterials, in particular,
have the potential for multiple uses in tissue engineering [8].

Generally, polymer nanocomposites are the result of the
combination of polymers and inorganic/organic fillers at the
nanometer scale [9,10]. The interaction between nanostructures
and polymer matrix is the basis for enhanced mechanical and
functional properties of the nanocomposites as compared to
conventional microcomposites. In the last two decades there has
been a continuous increase of research for the improvement of
material properties employing nanometric engineered structures
taking advantage of the inherent high surface areaevolume ratio of
nanomaterials [11]. Nanocomposite materials often show an
excellent balance between strength and toughness and usually
improved characteristics compared to their individual components
[12]. As a matter of fact, natural bonematrix is an organic/inorganic
composite material of collagen and apatites. From this point of
view, composite materials are excellent choices as bone tissue
engineering scaffolds [13]. Indeed, current opportunities for poly-
mer nanocomposites in the biomedical field arise from the multi-
tude of applications and the vastly different functional
requirements [14].

The mechanical properties of available polymeric porous scaf-
folds revealed insufficient stiffness and compressive strength
compared to human bone, so the possibility to use inorganic/
organic nanostructures to include in biodegradable polymers could
be an important possibility to increase and modulate mechanical,
electrical and degradation properties. The interface adhesion
between nanoparticles and polymer matrix is the major factor
affecting the nanocomposite properties. In order to increase the
interfacial strength between the two phases, various methods have
been tried in the past [15e19]. Therefore, themechanical properties
of nanocomposites are controlled by several microstructural
parameters such as the properties of the matrix, properties and
distribution of the fillers as well as interfacial bonding, and by the
synthesis or processing methods. The interfaces may affect the
effectiveness of load transfer from the polymer matrix to nano-
structures. Thus surface modification of nanostructures is needed
to promote better dispersion of fillers and to enhance the interfacial
adhesion between the matrix and the nanophase [18e20].
Recently, a variety of nanocomposites based on polyester and
carbon nanostructures have been explored for potential use as
scaffold materials in our laboratory [21e23].

The aim of this paper is to put in evidence the evolution and
potentiality of emergent nanocomposite approaches in tissue
engineering applications. So, this paper reviews current research
trends on relevant nanocomposite materials for tissue engineering:
biodegradable polymers, organic/inorganic nanostructures,
matrixenanostructure interaction, including strategies for fabri-
cation of nanocomposite scaffolds with inter-connected pores.
Dense nanocomposite films and 3D porous scaffolds are reviewed,
as well as the effects of the sterilization process and the surface
modification of the nanocomposites. Moreover, the in-vitro
degradation behaviour of polymer nanocomposites for TE and stem
cellebionanocomposite interactions are discussed.

2. Current polymer matrices for bionanocomposites

Polymers are the primary materials for scaffold fabrication in
tissue engineering applications and many types of biodegradable
polymeric materials have been already used in this field. They can
be classified as: (1) natural-based materials, including
polysaccharides (starch, alginate, chitin/chitosan, hyaluronic acid
derivatives) or proteins (soy, collagen, fibrin gels, silk); (2) synthetic
polymers, such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA),
poly(3-caprolactone) (PCL), poly (hydroxyl butyrate) (PHB)
[24e26].

Many advantages and disadvantages characterize these two
different classes of biomaterials. Synthetic polymers have relatively
goodmechanical strength and their shape and degradation rate can
be easily modified, but their surfaces are hydrophobic and lack of
cell-recognition signals. Naturally derived polymers have the
potential advantage of biological recognition that may positively
support cell adhesion and function, but they have poor mechanical
properties. Many of them are also limited in supply and can
therefore be costly. This review will focus on synthetic biodegrad-
able polymers, that can be produced in large-scale under controlled
conditions and with predictable and reproducible mechanical
properties, degradation rate and microstructure.

PGA, PLA, and their copolymers, poly(lactic acid-co-glycolic
acid) (PLGA) are a family of linear aliphatic polyesters, which are
most frequently used in tissue engineering [27e30]. They have
been demonstrated to be biocompatible and degrade into non-toxic
components with a controllable degradation rate in-vivo and have
a long history of use as degradable surgical sutures, having gained
FDA (US Food and Drug Administration) approval for clinical use.
These polymers degrade through hydrolysis of the ester bonds [31],
with degradation products eventually eliminated from the body in
the form of carbon dioxide and water; their degradation rates can
be tailored to satisfy the requirements from several weeks to
several years by altering chemical composition, crystallinity,
molecular-weight value and distribution.

PGA is widely used as polymer for scaffold [32], due to its
relatively hydrophilic nature, it degrades rapidly in aqueous solu-
tions or in-vivo, and loses mechanical integrity between two and
four weeks [32,33]. PGA has been processed into non-woven
fibrous fabrics as one of the most widely used scaffolds in tissue
engineering. The extra methyl group in the PLA repeating unit
(compared with PGA) makes it more hydrophobic, reduces the
molecular affinity to water, and leads to a slower hydrolysis rate.
PLA is degraded by hydrolytic de-esterification into lactic acid. The
morphology and crystallinity strongly influence PLA rate of
biodegradation and mechanical properties [34e36], therefore PLA
scaffold degrades slowly in-vitro and in-vivo, maintaining
mechanical integrity until several months [37,38]. To achieve
intermediate degradation rates between PGA and PLA, various
lactic and glycolic acid ratios are used to synthesize PLGA [39e42].
PLGA copolymers, with different PGA/PLA ratio (50:50, 65:35,
75:25, 85:15, 90:10) are currently applied in skin tissue regenera-
tion and generally for suture applications [43]. These polymers
(PLA, PGA, and PLGA) are among the few synthetic polymers
approved by the FDA for certain human clinical applications.

There are other linear aliphatic polyesters, such as poly(3-cap-
rolactone) (PCL) [44,45] and poly(hydroxyl butyrate) (PHB) [46],
which are also used in tissue engineering research. PCL degrades at
a significantly slower rate than PLA, PGA, and PLGA [47]. The slow
degradation makes PCL less attractive for biomedical applications,
but more attractive for long-term implants and controlled release
applications. PCL has recently been synthesized to improve
degradation properties [48] and it has been used as a suture
material and as a long-term drug delivery system. PCL has appeared
as a candidate polymer for bone tissue engineering; in fact, it
showed sufficient mechanical properties to serve as scaffold in
applications, such as bone substitution, where physical properties
have to be maintained for at least 6 months [49e55]. Scaffolds are
involved in a bone regeneration process, and this could be
enhanced by the addition of a carbonated apatite component, i.e.
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the main constituent of the inorganic phase of bone [3,56,57].
Commonly used biodegradable polymers, along with their selected
physical and chemical characteristics, are listed in Table 1.

3. Current nanostructures for bionanocomposites

3.1. Hydroxyapatite

Hydroxyapatite (HA) has been widely used as a biocompatible
ceramic material in many areas of medicine, but mainly for contact
with bone tissue, due to its resemblance to mineral bone [58].
Hydroxyapatite (Ca10(PO4)6(OH)2) is the major mineral component
(69% wt.) of human hard tissues, it could be natural or synthetic,
and it possesses excellent biocompatibility with bones, teeth, skin
and muscles, both in-vitro and in-vivo. HA promotes bone in-
growth, biocompatible and harden in situ and it has Ca/P ratio
within the range known to promote bone regeneration (1.50e1.67).
HA is biocompatible and osteoinductive and it is widely employed
for hard tissue repair in orthopaedic surgery and dentistry [59,60].

Inorganiceorganic composites aiming to mimic the composite
nature of real bone combine the toughness of the polymer phase
with the compressive strength of an inorganic one to generate
bioactive materials with improved mechanical properties and
degradation profiles. For such composites, the alkalinity of the
inorganic particle as hydroxyapatite neutralizes acidic autocatalytic
degradation of polymers such as PLA, exploiting a bioactive func-
tion [61].

To date, calcium phosphate biomaterials have been widely used
clinically in the form of powders, granules, dense, porous blocks
and various composites. Calcium phosphate materials form the
main mineral part of calcified tissues. HA has already been widely
used in clinic due to its similarity to bone mineral in structure and
composition. Hydroxyapatite promotes faster bone regeneration,
and direct bonding to regenerated bone without intermediate
connective tissue. It has been developed as bone graft substitute
and it is currently used in clinical applications [62e65]. Recent
research suggested that better osteoconductivity would be ach-
ieved if synthetic HA could resemble bone minerals in composition,
size and morphology [66]. In addition, nano-sized HA may have
other special properties due to its small size and huge specific
surface area. Webster et al. have shown significant increase in
protein adsorption and osteoblast adhesion on the nano-sized
ceramic materials compared to traditional micro-sized ceramic
materials [67]. Thus, there is a growing recognition that a nano-
sized inorganic component is likely to be more bioactive than
a micro-sized one [68]. In the case of nano-hydroxyapatite (n-HA),
studies have shown that due to nanometer surface topography, n-
HA particles influenced the conformation of adsorbed vitronectin
(a linear protein 15 nm in length that mediates osteoblast adhe-
sion), underlying mechanisms of enhanced osteoblast functions
have been elucidated [69]. Moreover, it has been reported in the
literature that increased initial calcium adsorption to nanoceramic
surfaces enhanced binding of vitronectin that subsequently
promoted osteoblast adhesion [70].

In this review we focused on synthetic n-HA, prepared by
precipitation method [71]. In Fig. 1 a transmission electron
microscopy (TEM) image of n-HA is reported. Image shows the as-
precipitate powder that consisted of needle-like particles,
10e30 nmwidth and 50e100 nm length. Nanocomposites based on
HA particles and biodegradable polymers have attracted much
attention for their good osteoconductivity, osteoinductivity,
biodegradability and high mechanical strengths. PCL/n-HA nano-
composites were processed and they combine the osteo-
conductivity and biocompatibility exhibited by HA ceramic with
PCL properties [23,37,59,72]. HAmaterials are very advantageous to
be used in hard-tissue replacement composites. However, due to
the brittleness of the HA and to the lack of interaction with poly-
mer, the ceramic nanoparticles may present deleterious effects on
the mechanical properties, when added at high loadings. Coupling
agents are generally used to overpass the lack of interaction with
polymer and n-HA aggregation.

Therefore, the incorporation of hydroxyapatite in a polymeric
matrix has to overcome processing and dispersion challenges, since
it is of great interest to the biomedical community. Consequently,
a desirable material in clinical orthopaedics should be a biode-
gradable structure that induces and promotes new bone formation
at the required site. To date, primarily polysaccharide and poly-
peptidic matrices have been used with hydroxyapatite nano-
particles in hybrid composites [73]. Nanocomposites produced
from gelatine and hydroxyapatite nanocrystals are conducive to the
attachment, growth, and proliferation of human osteoblast cells.
Collagen-based, polypeptidic gelatin has a high number of func-
tional groups and is currently being used in wound dressings and
pharmaceutical adhesives in clinics [74]. The flexibility and cost-
effectiveness of gelatin can be combined with the bioactivity and
osteoconductivity of hydroxyapatite to generate potential engi-
neering biomaterials. The traditional problem of hydroxyapatite
aggregation can be overcome by precipitation of the apatite crystals
within the polymer solution. The porous scaffold generated by this
method exhibited well-developed structural features and pore
configuration to induce blood circulation and cell in-growth.

3.2. Metal nanoparticles

Nanoparticles of noble metals have been studied with growing
interest, since they exhibit significantly distinct physical, chemical
and biological properties from their bulk counterparts. Discoveries
in the past decade have demonstrated that the electromagnetic,
optical and catalytic properties of noble-metal nanoparticles such
as gold, silver and platinum, are strongly influenced by shape and
size. The size-dependant properties of small metal particles are
known to yield particular optical [75], electrochemical [76] and
electronic [77] properties. This has motivated an upsurge in
research on the synthesis routes that allow better control of shape
and size.

Biomedical applications of metal nanoparticles have been
dominated by the use of nanobioconjugates that started in 1971
after the discovery of immunogold labeling by Faulk and Taylor
[78]. Currently metal-based nanoconjugates are used in various
biomedical applications such as probes for electron microscopy to
visualize cellular components, drug delivery (vehicle for delivering
drugs, proteins, peptides, plasmids, DNAs, etc), detection, diagnosis
and therapy (targeted and non-targeted). However biological
properties of metal nanoparticles have remained largely unex-
plored. Therefore, in this review we discuss the novel biological
properties and applications of gold and silver nanoparticles in the
nanocomposite development.

Currently, there is a very strong interest for the use of metal and
semiconductor clusters as advanced additives for plastics and
considerable research activities are being done in this novel field of
composite science [79,80]. The goal is to obtain small particle sizes,
narrow size distributions and well-stabilized metal particles.
Because of surface effects and the dramatic changes in properties
occurring when the critical length, which governs some physical
phenomenon (magnetic, structural, etc.) becomes comparable with
size, metal clusters have unique properties (e.g. plasmon absorp-
tion, near-IR photoluminescence, superparamagnetism, etc.). The
embedding of nanoscopic metal structures into polymeric matrices
represents the most simple way to protect clusters and take
advantage of their physical characteristics. Polymer-embedded
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Table 1
Physical properties of biodegradable polymers used as scaffolds.

Polymers Thermal & Mechanical Properties Degradation Properties Processing and Applications Polymer repeat unit structure Ref.

Melting
Temperature (�C)

Glass Transition
Temperature (�C)

Tensile
Modulus
(GPa)

Time (Months) Products Solvent Applications

Polylactic acid PLA 173e178 60e65 1.5e2.7 12e18 L-lactic acid

Choloroform
Dioxane
Dichlorometane
Etylacetate
Acetone
Tetrahydrofuran
hexafluoroisopropanol

Fracture fixation,
interference screws,
suture anchors,
meniscus repair

[24,26,39,44]

Polyglycolic acid PGA 225e230 35e40 5e7 3e4 Glycolic acid

Hexafluoroisopropanol
Acetone
Dicholoremthane
Choloroform

Suture anchors,
meniscus repair,
medical devices,
drug delivery

[24e26]

Poly(3ecaprolactone)
PCL

58e63 �60 0.4e0.6 >24 Caproic acid

Choloroform
Hexafluoroisopropanol
Dichlorometane
Toluene

Suture coating, dental
orthopaedic implants

[45e48]

Poly- latic-co-glycolic
PLGA (50/50)

Amorphous 50e55 1.4e2.8 3e6
D,L-lactic acid
and
glycolic acid

Choloroform
Dichlorometane
Etylacetate
Acetone
Tetrahydrofuran
hexafluoroisopropanol

Suture, drug delivery [24e26,44]

Poly- latic-co-glycolic
PLGA (85/15)

Amorphous 50e55 1.4e2.8 3�6
D,L-lactic acid
and
glycolic acid

Choloroform
Dichlorometane
Etylacetate
Acetone
Tetrahydrofuran
hexafluoroisopropanol

Interference screws,
suture anchors, ACL
reconstruction

[24,44]

Poly- latic-co-glycolic
PLGA (90/10)

Amorphous 50e55 e < 3
D,L-lactic acid
and
glycolic acid

Choloroform
Dichlorometane
Etylacetate
Acetone
Tetrahydrofuran

Artificial skin,
wound healing, suture

[24,44]

Poly(Propylene
Fumarate) PPF

30e50 �60 2e3

Depends on
the formulation
and composition
several months
>24

Fumaric acid,
propylene
glycol and
poly(acrylic
acid-cofumaric
acid)

Tetrahydrofuran,
Acetone,
Ethanol

Orthopaedic implants,
detal,foam coatings,
drug delivery

[174,175]
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Fig. 1. TEM micrograph of synthetic n-HA, prepared by precipitation method. Repro-
duced with permission by Bianco et al. [23].

Fig. 2. FESEM images of silver nanoparticles on ITO substrate.
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gold nanoparticles have been frequently investigated [80]. The
unique physical characteristics, gold/polymer nanocomposites are
potentially useful for a number of advanced functional application,
especially in the optical and photonic fields [81e86].

Silver (Ag) has been known to have a disinfecting effect and has
found applications in traditional medicines. Several salts of silver
and their derivatives are commercially employed as antimicrobial
agents. Thus, Ag nanoparticles have aptly been investigated for
their antibacterial property [87e89]. Commendable efforts have
been made to explore this property using electron microscopy,
which has revealed size-dependent interaction of silver nano-
particles with bacteria [88]. Silver nanoparticles have drawn
considerable interest for their capability to release silver ions in
a controlled manner which in turn leads to a powerful antibacterial
activity against a large number of bacteria [90,91]. It has been
shown that the use of nanostructured silver materials enhances the
inhibitory capacity likely because nanostructured materials have
a high surface area to contact [90e92]. However, their use has been
limited by difficulties associated with handling and processing
nanoparticles. In fact, they are easily aggregated because of their
high surface free energy, and they can be oxidized or contaminated
in air. Embedding of nano-sized metals into biodegradable polymer
matrices represents a valid solution to these stabilization problems
and permits a controlled antibacterial effect [93]. Moreover, low
concentrations of silver nanoparticles are able to induce surface
morphological changes in the polymer matrix and affect surface
nanocomposite wettability and roughness, all of these aspects can
influence the bacterial adhesion process on the nanocomposite
surface [94,95]. Fig. 2 shows field emission scanning electron
microscopy (FESEM) image of commercial silver nanoparticles,
supplied by Cima NanoTech (Corporate Headquarters Saint Paul,
MN USA) deposited on indium thin oxide substrate. The particle
size distribution is ranging from 20 nm to 80 nm.
3.3. Carbon nanostructures

Carbon nanostructures (CNS) are the most celebrated products
of nanotechnology to date [96], since the discovery of fullerenes,
carbon nanotubes (CNTs), carbon nanofibres (CNFs), graphene and
a wide variety of carbon related forms [97].

Carbon nanotubes are tubes made of a single sheet of graphene
(SingleWallCarbonNanoTubes, SWCNTs) or more sheets (Multi-
WallCarbonNanoTubes, MWCNTs). The regular geometry gives CNT
excellent mechanical and electrical properties, which makes them
attractive for the development of innovative devices in several
applied fields, including composites, sensors and nanoscale elec-
tronic devices [98e100].

Carbon nanofibres (CNFs) are cylindrical or conical structures
with diameters varying from few to hundreds nanometers and
lengths ranging from less than a micron to few millimeters. The
internal structure of carbon nanofibres is comprised of different
arrangements of modified graphene sheets ordered [97].

Graphene is a single layer two-dimensional material composed
of carbon atoms forming six membered rings and it presents long
and reactive edges [101e104]. Graphene became available in 2004,
by the “simple” expedient of cleaving a single atomic layer from
a sample of graphite using a piece of sticky tape. This discovery
stimulated a whirlwind of activity and graphene sheets are novel
nanofillers for composites with many unique properties [105e107].

Fig. 3,a, shows individually separated carbon nanofibres, char-
acterized by rough surface sidewalls and the diameters ranging
between 100 and 200 nm. Moreover, some hollow CNFs were also
detected within the sample. Fig. 3,b shows pristine SWCNT bundles
of about 10 nm in diameter, showing uniform diameter distribution
[21,22].

Carbon nanostructures can mismatch with the interface layer in
composite systems. Polymers that incorporate carbon nano-
structures have been investigated for a variety of biomedical
applications [8,20e22,108]. Carbon nanotubes have the potential in
providing the needed structural reinforcement for biomedical
scaffold. By dispersing a small fraction of carbon nanotubes into
a polymer, significant improvements in the composite mechanical
strength have been observed. CNTs, in fact, are one of the most
promising candidates for the design of novel polymer composites
[109,110]. Considerable efforts have been made to fabricate
different carbon based molecular structures and to explore new
applications in different fields including nanocomposites. The
physical properties and performance of polymer matrix in nano-
composites can be in fact significantly improved by the addition of
small percentages of carbon nanotubes less than 1% wt. [111]. The
main objective in the development of nanocomposites is to transfer
the unique properties of SWCNTs to matrix increasing their added
value and creating a good interface between the nanotubes and the
polymer. The role of the interface between the nanotubes and
polymer matrix is essential in transferring the load from the matrix
to the tubes, thereby enhancing the mechanical and electrical
properties of the composite. In our research, different techniques
were explored to improve the SWCNT dispersion in different
biopolymer matrix and improve the bioactivity of the composite
[21,22,110]. Both covalent and non-covalent functionalization of the
nanotube surface were considered in order to control the interac-
tions between polymer and carbon nanostructures. The advantage
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Fig. 3. FESEM images of CNFs (a) and SWCNTs (b).
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of a non-covalent attachment is that the perfect structure of
the SWCNTs is not damaged and their properties remain intact. The
disadvantage is that the forces between the polymer and
the SWCNTs are very weak, which means that the load may not be
transferred efficiently from the polymer matrix to the nanotube.
Covalent functionalization could include fluorine, radicals, amine
groups, etc., but the group that is most frequently attached to the
CNT sidewall are the carboxylic acid groups [112e114]. The nature
of the functional group at the CNT surface seems to play a deter-
minant role in the mechanism of interaction with cells.

In order to transfer their outstanding properties from nano to
micro-scale, one essential step involves CNS assembling and pro-
cessing with polymers, which is hindered by their intrinsic poor
solubility and processability. To improve their dispersion in poly-
mer matrix and their compatibility in biological fluids, sidewall
carboxylic functionalization has been investigated [108]. In
a previous work, we have shown that SWCNTs influenced the
mineralization process that was also affected by the surface SWCNT
functionalization. Nanotubes sustained osteoblast matrix deposi-
tion and allowed mineralization, cell differentiation and bone-like
tissue forming functions which indicates that SWCNTs provide an
effective nucleation surface to induce the formation of a biomi-
metic apatite coating [115].

However, wide attention has been dedicated to analyze the
eventual interactions of carbon nanotubes with living entities
[116e118] and any biomedical application should also consider
these aspects. Furthermore, there has been a tremendous interest in
using the properties of CNTs to promising biological applications
[119]. There have been several recent investigations concerning the
use of carbon nanotubes for biological purposes and their intro-
duction in biological systems taking advantage of the fact that
all living entities are carbon based and nanotubes are solelymade of
carbonwith a similar scale size of DNA [118]. CNTs could be ideal in
designing new tissue-engineered products in biological applica-
tions and promising possibilities can be expected by introducing
them to reinforce scaffolds for tissue engineering. On this point
there are different in-vitro investigations and very limited toxi-
cology information. The different results are due to different cells
investigated, the difference CNTmorphology and aggregation. CNTs
could be nanometric powders, but also they can be aggregated in
two and in three-dimensional structures (buckypaper), so the way
to interact with cells could be very different. However, the toxicity
and biocompatibility of carbon nanotube nanocomposites need to
be thoroughly investigated [108,120,121]. Although a large number
of investigations have been conducted on carbon nanotubes in
recent years, at different concentration, purification and function-
alization, and in the form of nanocomposites, using a range of cell
types, the results reported offer a quite disparate range of conclu-
sions, underlining in many cases the positive effect of the SWCNT
functionalization that induces an adequate solubility and individ-
ually dispersion in the biological environment [119]. The first
application of CNT technology to neuroscience research methods
were developed for growing embryonic rat-brain neurons on
MWCNTs. Considering the unmodified nanotubes, neurones extend
only one or two neurites, in contrast neurons grown on nanotube
coated with bioactive molecule elaborate multiple neurites, which
exhibited extensive branching. These findings establish the feasi-
bility of using nanotubes as substrates for nerve cell growth and as
probes of neuronal function at the nanometer scale [122]. In-vitro
experiments have shown that several different cell types have been
successfully grown on carbon nanotubes or CNT based nano-
composites. Carbon nanotubes are similar in shape and size to nerve
cells, hence they could help to structurally and functionally recon-
nect injured neurons. Hippocampal neurons grown on nanotubes
display a six-fold increase in the frequency of spontaneous post-
synaptic currents, evidence of functional synapse formation [123].
The data give information on the performance of carbon nanotubes
as support devices for bridging and integrating functional neuronal
networks in-vitro. The researchers foresee an impact of carbon
nanotubes on novel chronic neural implants. Investigating nano-
material interactions with nervous tissuewill also favour the design
of acceptably small electrodes to provide spinal microstimulation
without causing significant neural damage [123].

Honeycomb-like matrices of MWCNTs were fabricated as
potential scaffolds for tissue engineering [124]. Vertically aligned
carbon nanotubes on a silicon substrate were treated with an acid
solution that generates carboxylic acid groups at defects and the
ends of the nanotubes. Mouse fibroblast cells were cultured on the
nanotube networks. After seven days of growth, the fibroblasts
form a confluent layer and no cytotoxicity effects were observed.
These carbon networks can be used as biocompatible mesh for
restoring, maintaining, or reinforcing damaged tissues [117].

Recent studies have focused on the development of composite
materials incorporating carbon nanotubes to enhance the electrical
and mechanical properties of synthetic polymers commonly used
in biomedical applications [125e128]. The electrical conductivity of
CNS based nanocomposites is a useful tool in order to direct cell
growth, since they can conduct electricity stimulus into the tissue
healing process. For examplewhen an alternating current is applied
to the substrate, nanocomposites of poly(lactic acid) and MWCNTs
have been shown to increase osteoblast proliferation and calcium
production [129]. Despite an explosion of research into potential
biomedical applications of carbon materials, it is only recently that
information on toxicity and biocompatibility has become available
[130]. If the unique clinical potential of carbon nanotubes is to be
exploited, toxicological studies and pharmacological development
must continue in parallel, before eventually converging to provide
a clear acceptable framework to regulatory authorities and the
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public with toxicological and pharmacological studies that
may suggest guidelines for the safe use of carbon nanotubes in
medicine [131].

4. Current process in bionanocomposite technology

Tissues, in the body, are organized into three-dimensional (3D)
structures as functional organs and organ systems. To engineer
functional tissues and organs successfully, the scaffolds have to be
designed in order to facilitate cell distribution and guide tissue
regeneration in three dimensions [28,57e59,132]. Scaffolds with
designed microstructures provide structural support and adequate
mass transport to guide the tissue regeneration [133]. In TE the
scaffold also serves as a 3D template for cell adhesion, proliferation,
differentiation, extracellular matrix (ECM) formation and provides
an appropriate environment for the newly formed tissue. Generally,
the ideal scaffold for tissue regeneration should possess good
biocompatibility, biodegradability with controllable degradation
kinetics, easy fabrication and sufficient mechanical properties.

One critical issue is the realization of artificial supports, with
specific physical, mechanical and biological properties [1,2,59]. In
this part of the review different techniques to assembly the nano-
composites for tissue engineering applications will be shown.
Firstly dense 2D films will be analyzed, in order to investigate the
effect of composition on the final properties, then 3D architectures
will be considered, in order to show how the morphology affects
the nanocomposite properties.

4.1. Nanocomposite films

The approach in developing dense films as a prequel to 3D
scaffold development is a useful strategy, since it facilitates the
introduction of single variables with the purpose of observing their
impact on cell growth. Before a scaffold can be considered for use as
a substrate for cell culture, its properties must first be properly
characterized and optimised.

Researchers have tried a variety of processing techniques to
make dense polymer nanocomposite films. The incorporation of
nanostructures into polymer can generally be done in different
ways as follows:

(a) Solution method: it involves dissolution of polymers in
adequate solvent with nanoscale particles and evaporation of
solvent or precipitation.

(b) Melt mixing: the polymer is directly melt-mixed with
nanoparticle.

(c) In situ polymerization: the nanoparticles are first dispersed in
liquid monomer or monomer solution. Polymerization is per-
formed in presence of nanoscale particles.

(d) Template synthesis: using polymers as template, the nanoscale
particles are synthesized from precursor solution.

The first mentioned method, solvent casting, represents a flex-
ible, low-cost and short-term process widely used for the fabrica-
tion of polymeric nanocomposite films, by using a solvent in which
the polymer is soluble. The effects of different solvents used
represent a key point in the film realization that needs to be
elucidated. The choice of solvent influences film properties,
heterogeneity of the surface structure, reorientation or mobility of
the surface crystal segment, swelling, and deformation [134e136].
The polymer solubility appeared to be the dominant factor, as this
correlated with the surface structure. In nanocomposite develop-
ment by solvent casting process the effects of solvents used for the
realization of films need to be elucidated. Specific properties of
solvent (i.e., electron-pair donicity, solvochromic parameter,
hydrogen bond donation parameter and dielectric constant) can
support an effective dispersion of nanostructures in the solvent and
consequently in the polymer matrix.

Composites based on HA particles and biodegradable polymers
have been used clinically in various forms due to the good osteo-
conductivity and osteoinductivity of HA and biodegradability of
polymer matrix in the composites. In an ordinary PLA/HA blending
system, only physical adsorption is achieved between HA particles
and PLA matrix, consequently, its mechanical properties are low
and its load-bearing applications are limited. The interface adhe-
sion of HA particles and polymer matrix plays a very important role
and it represents the major factors affecting the properties of the
PLA/HA composites. In order to increase the PLA/HA interfacial
strength, various methods have been tried in the past [16e19]. In
order to improve the bonding between hydroxyapatite particles
and poly(L-lactide) (PLLA), and hence to increase the mechanical
properties of the PLLA/HA composite, the HA nanoparticles were
surface-grafted (g-HA) with the polymer and further blended with
PLLA [15]. Uniform nanocomposites were successfully prepared
and exhibited improved tensile strength, bending strength,
bending modulus and impact energy at the particle content of 4%
wt. compared to corresponding PLLA/HA composites. However, the
properties decreased with further increasing filler content for both
PLLA/g-HA and PLLA/HA. The tensile modulus and the bending
modulus increased with increasing filler content for both PLLA/g-
HA and PLLA/HA. The g-HA particles had both reinforcing and
toughening effects in the composites, in the filler content range
examined, from 2% wt. to 20% wt. These improvements could be
ascribed firstly to the grafted-PLLA molecules, which played a role
of the molecules between the fillers and the PLLA matrix, and
secondly to the g-HA particles which were uniformly distributed in
the composites and played the role of the heterogeneous
nucleating agents in the crystallization of the PLLA matrix. The
PLLA/g-HA composites also demonstrated improved cell compati-
bility due to the good biocompatibility of the HA nanoparticles and
a more uniform distribution of the g-HA nanoparticles on the film
surface [15e19].

The mechanical improvement was also observed in PCL-POE-
PCL block copolymer with HA introduction. In this case the effect
could be explained on the basis of a close bonding between poly-
meric matrix and HA grains, not only of physical nature, but also
chemical [137]. The interaction takes place with molecules of
3-caprolactone or PCL thanks to the presence of -OH groups at the
surface of HA grains which act both as chain-forming promoters
and as their traps in forming a bond.

Nanocomposite films based on carbon nanostructures and
biodegradable polymers show enhanced mechanical, thermal, and
electrical properties. In particular, nanocomposite based on PLLA
and SWCNTs and carboxylated SWCNTs at 1% wt. were investigated
in our laboratory. Thermal investigation (DSC) demonstrated
different PLLA crystallites were formed and a fraction interface-
polymer was organized around the nanotube sidewalls, as
confirmed by the presence of a shoulder during melting scans and
by decrease in melting temperatures [138,139]. DSC measurements
revealed that SWCNTs and their COOH groups created heteroge-
neous nucleation on the carbon nanotube sidewalls. At the
carboxylated nanotubeepolymer interface chemical affinity
modulated and enhanced the crystal order [139]. This good inter-
facial adhesion as well as good homogeneous dispersion in the
polymer system is a major player in transferring SWCNT properties
to the polymer matrix and in achieving the full SWCNT reinforcing
potential [109,140,141].

A homogeneous dispersion of CNFs was also revealed within the
PCL matrix and a good affinity between the polymer and nanofibre
sidewalls was also obtained. The enhanced crystal nucleation, due
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to the CNF presence, reduced the polymer chain bulk ability to be
fully incorporated into growing crystalline lamella [142] leading to
the formation of less ordered polymer crystals characterized by
more defected crystalline lamella. As a result of this bulk effect,
nanocomposite films showed lower crystallinity values (or at least
comparable) than neat PCL [22].

Dynamo-mechanical analysis (DMA) showed SWCNTs modified
the relaxation mechanism induced by polymerenanostructure
interaction. PLLA and SWCNTs showed a good interface affinity,
inducing an increase in DMA storagemodulus which was caused by
a reduction in the polymer chain molecular mobility at the PLLA/
SWCNTs interface [143]. The PLLA/SWCNTs-COOH nanocomposite
exhibited a better interaction whit the polymer matrix, than
SWCNT nanocomposites, as indicated by the highest storage
modulus (G0) and by the greatest shift in the glass transition
temperature Tg attributed to the partial decrease in PLLA chain
mobility due to the presence of SWCNTs and COOH groups [144].
An increase in the mechanical properties was evaluated also in the
PLGA polymer, by using DMA. Nanocomposite based on 1% wt.
carboxylic nanotubes (PLGA/SWCNTs-COOH) showed the higher
storage modulus that indicates stress transfers from the matrix to
the functionalized CNTs [21].

The addition of few CNF weight percentage, in PCL polymer
matrix, resulted in a strong reinforcing effect, raising up the tensile
modulus and inhibiting polymer drawing [22]. The increase of the
nanocomposite tensile modulus proceeded linearly with the CNF
content, from 1% wt. to 7% wt. Nanocomposite mechanical prop-
erties depend on the strength of interface that relays on the
interaction between the polymeric matrix and the nanostructure.
In CNF reinforced films, carbon nanofibres inhibit the macromo-
lecular sliding of chains. A remarkable reinforcement effect was
observed in nanocomposites, since tensile strength increased 14%
with respect to the tensile strength of the neat matrix but was
increased by 150% for the same level of deformation with only 7%
wt. of CNFs. Moreover, the tensile modulus increased one order of
magnitude respect to neat PCL film, resulting 1.4 GPa [22].
Mechanical properties revealed that incorporation of high aspect
ratio CNFs into the PCL matrix significantly enhanced the polymer
stiffness [145].

Novel ultra-high strength polymer composites demand
a uniform dispersion of the nanofillers in the polymer matrix and,
consequently a strong interaction between CNS and polymer is
needed [9e12,146]. Numerous efforts worldwide are addressing all
aspects of the rapidly developing nanohybrid field, including
synthesis, CNS dispersion, characterization and integration within
commercial products, such as those capitalizing the exceptional
enhancement in electrical conductivity resulting from nano-
structure addition (<10% wt.) [138]. By now, at least 200 scientific
publications report on the electrical percolation threshold of
carbon nanotubes in different polymer systems [138,147,148].
Experimental results showed that 3% wt. of SWCNTs in PCL, after
1.5 h sonication treatment, increased the polymer conductivity to
10�3 S·m�1 [149]. It has been observed that SWCNTs can act as
a nucleating agent for PCL crystals, and the composite structure has
shown a significant mechanical reinforcement of the polymer
[150]. Generally, several papers have been focused on composites
based on PCL and functionalized CNFs [151,152].

Composites with low CNF content (<3% wt.) showed a purely
insulating behaviour, as indicated by the frequency dependent
increase in conductivity with a slope of unity on the logelog plot of
specific conductivity [153]. A different behaviour is obtained
increasing CNF content, with 7% wt. of CNFs, conductivity remain
constant at a given frequency range [154]. Dielectric measurements
highlight the importance of carbon nanostructure clustering for the
formation of a conductive network. The change in AC conductivity
with frequency provides information about the overall connectivity
of the conducting network. The addition of carbon nanostructures
decreased the electrical resistivity (r) values of biodegradable
polymer films. Among the carbon structures, SWCNTs were the
most effective fillers to reduce the r of biodegradable polymer
films. The addition of SWCNTs lowered the r of PLLA film from
1.6 � 105 Ucm to values lower than 1 � 102 Ucm (filler concentra-
tion of 10% wt.). Furthermore, even the addition of 1% wt. SWCNT
caused dramatic decrease in r from 1.6 � 105 to 3e4 � 103 Ucm.
Such high effects of SWCNT can be ascribed to its needle-like
structure, which obliges SWCNT to effectively contact with each
other [155].

Nanocomposite films containing silver nanoparticles have been
also extensively used to prevent attack of a broad spectrum of
microorganisms and to reduce infections, although there is
a debate to explain the inhibitory effect of silver on bacteria [92].
Hence, the dispersion of silver nanoparticles in biodegradable
polymers would allow to obtain plastics able to release silver
species in a controlled manner thus preserving antibacterial action
for extended times.

Few reports on the development and use of silver nanoparticles
in PLGA matrix nanocomposites can be found in the scientific
literature [156,157]. Results demonstrated a prolonged antibacterial
effect of electrospun biodegradable fibres containing finely
dispersed silver nanoparticles, with antibacterial efficacy duration
longer than 20 days [158]. The metal nanoparticles enhance the
thermal conductivity of the nanocomposites that can speed up the
degradation process of the polymeric matrix [93]. Moreover, low
concentrations of silver nanoparticles are able to induce surface
morphological changes in the polymermatrix and affect the surface
nanocomposite wettability and roughness; all of these aspects can
influence the bacterial adhesion process on the nanocomposite
surface [94,95,159]. Contact angle increases with silver content
above 5% wt. Highly hydrophobic behaviour is associated to surface
roughness increase induced by the presence of silver nanoparticles.
Contact angle, in fact, depends on several factors as surface prep-
aration, roughness, chemical and physical configuration that can
influence biomaterial bacteria adherence [160,161].

4.2. Porous scaffolds

Scaffolds might be defined as an artificial structure capable of
supporting three-dimensional tissue formation, that allows cell
attachment and migration, deliver and retain cells and biochemical
factors enable diffusion of vital cell nutrients and expressed prod-
ucts. To achieve the goal of tissue reconstruction, scaffolds must
meet some specific requirements. A high porosity and an adequate
pore size are necessary to facilitate cell seeding and diffusion
throughout the whole structure of both cells and nutrients. High
porosity and pore interconnectivity are key requisites to increase
the specific surface area available for cell attachment and tissue in-
growth, so facilitating the uniform distribution of cells and the
adequate transport of nutrients and cellular waste products. Taking
into account the intimate correlation between specific cells and
pore sizes for optimal cell attachment and growth, it is crucial to
develop polymeric scaffolds with a high degree of porosity but,
simultaneously, with good control over the pore size and
morphology [57e59,162]. The development of novel biomaterials
with different fabrication techniques is critical for the success of
tissue engineering. Nanocomposite 3D scaffolds based on biode-
gradable polymers have been developed by using different nano-
structures and processing methods. These techniques mainly
include solvent casting and particulate leaching, gas foaming,
emulsion freeze-drying, electrospinning, rapid prototyping, and
thermally induced phase separation [28,33,37,57e59,74].
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Solvent casting particulate leaching is an easy technique that
has beenwidely used to fabricate biocomposite scaffolds [163,164];
it involves the dissolution of the polymer in an organic solvent,
mixing with porogen particles, and casting the solution into a pre-
defined 3D mould. The solvent is subsequently allowed to evapo-
rate. Porogen particles are removed by leaching following the main
processing step. Fig. 4 shows FESEM image of a PLGA scaffold
prepared in our laboratory by solvent casting-particulate leaching
technique. PLGA scaffold surfaces show a continuous microstruc-
ture of well inter-connected pores, 100e200 mm in diameter and
spherical shape.

To avoid toxicity effect of organic solvent, gas foaming process
can be used to fabricate highly porous polymer foams without the
use of organic solvents [165,166]. In this approach, carbon dioxide
(CO2) is usually used as an agent for the formation of polymer foam.

To combine the osteoconductivity of calcium phosphates and
good processability of polyesters, polymer/ceramic composite
scaffolds have been developed for bone tissue engineering. Ceramic
nanoparticles have been used in the scaffold, in order to increase
mechanical properties of the polymer matrix and increase osteo-
conductive properties [167,168]. They present good bioactivity,
manipulation and control over both macro and microstructure in
shaping to fit bone defects. However, most results reveal that, while
the incorporation of a ceramic phase improved the bioactivity of
the polymeric scaffold, this advantage is not usually combined with
a commensurate enhancement of the mechanical properties of the
composite [169]. Authors have described the limited reinforcement
offered by HA micrometric particles within a PCL matrix, indicated
by particle overexposure on the pore surfaces, combined with
a tendency to form clusters [170].

Recently, ceramic/polymer nanocomposites, particularly nano-
hydroxyapatite (n-HA) reinforcement and polymer matrix, have
gained much recognition as bone scaffolds not only due to their
composition and structural similarity with natural bone but also
because of their unique functional properties such as larger surface
area and superior mechanical strength than those of their single
phase constituents. Nanocomposite scaffold based also on rod
shaped nano-sized HA was developed in order to mimic natural
bone apatite morphology [168]. The incorporation of synthesized
n-HA instead of micro-sized hydroxyapatite (MHA) reinforcement
enabled the composite scaffolds to possess higher mechanical
strength, and more regular microarchitecture due to its more
interfacial area, surface reactivity and ultra-fine structure. It can be
suggested that the newly developed PLLA/n-HA composite scaffold
fulfil most of the requirements as a suitable bone substitute for
bone tissue engineering applications [168].
Fig. 4. FESEM image of PLGA scaffold prepared by solvent casting particulate leaching
technique.
The Ma group has developed a variety of scaffolds using ther-
mally induced phase separation (TIPS) [37,171,172]. The controlled
TIPS process was first used for the preparation of porous polymer
membranes. This technique was recently utilized to fabricate
biodegradable 3D polymer scaffolds [27]. Pore structure and pore
wall morphology can be controlled by phase separation parame-
ters. They have demonstrated that the addition of MHA increases
the adsorption of proteins and extracellular matrix (ECM) compo-
nents [173]. Different solvent systems were used to obtain scaffolds
with different microarchitectures and properties. When dioxane
was used alone, the porous structure resulted from a solideliquid
phase separation of the polymer solution. During quenching, the
solvent crystallized and the polymer were expelled from the
solvent crystallization front. Solvent crystals became pores after
subsequent sublimation. To better mimic the mineral component
and the microstructure of natural bone, novel nano-hydroxyapatite
composite scaffolds with high porosity and well-controlled pore
architectures were prepared using TIPS techniques. The high
porosity (90% and above) was easily achieved and the pore size was
adjusted by varying phase separation parameters. The introduction
of HA particles into the polymer solution perturbed the solvent
crystallization to some extent and thereby made the pore structure
more irregular and isotropic. The perturbation by n-HA particles,
however, was small even in high proportion up to 50% due to their
nanometer size scale and uniform distribution. Microscopy images
showed that the n-HA particles were dispersed in the pore walls of
the scaffolds and bound to the polymer very well. n-HA/polymer
scaffolds prepared using pure solvent system had a regular aniso-
tropic but open 3D pore structure similar to plain polymer scaffolds
while MHA/PLLA scaffolds had an isotropic and a random irregular
pore structure. The introduction of HA greatly increased the
mechanical properties and improved the protein adsorption
capacity. The results suggest that the newly developed n-HA/
polymer composite scaffolds may serve as an excellent 3D substrate
for cell attachment andmigration in bone tissue engineering. n-HA/
PLLA composite scaffolds maintained the main characteristic pore
architecture of solideliquid phase separation which was aniso-
tropic and regular. In contrast to n-HA/PLLA, the regular anisotropic
pore structure was obtained only when the HA content was very
low in MHA/PLLA scaffolds. In this case, low content of HA did not
affect the solvent crystallization significantly enough to alter the
pore structure [37]. These results suggest that the newly developed
n-HA/polymer composite scaffolds may be a superior choice for
bone tissue engineering.

Novel composite scaffold was proposed by Ambrosio et al.
which combines the use of two reinforcement systems in different
forms, particles and long fibres, to optimize the final mechanical
response of the scaffold. 3D porous PCL-based composite scaffolds,
tubular in shape, were prepared by the combination of the filament
winding technique and a phase inversion/salt leaching process. The
synergistic contribution between ceramic phase and a highly
organized, continuous fibre network influenced the mechanical
response of a scaffold oriented to mimic bone functional behaviour.
The integration of a solid porogen (i.e. sodium chloride crystals)
within a 3D polymer matrix enables creation of an inter-connected
pore network with well-defined pore sizes and shapes [162].

Recently, a variety of nanocomposite materials made of poly
(propylene fumarate) (PPF) and single-walled carbon nanotubes
have been explored for potential use as scaffold materials
[105,174,175]. These nanocomposites are injectable, thermally
crosslinkable, and cytocompatible in-vitro, making them promising
biomaterials for bone tissue engineering. SWCNTs, especially ultra
short SWCNTs, significantly reinforced PPF polymer, whose inferior
mechanical properties often limit its use as a highly porous scaffold
for load-bearing applications. Chemical functionalization of
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SWCNTs can improve their dispersion into PPF, augmenting their
reinforcing effects [105]. Therefore, functionalized ultra short
SWCNTs were introduced in the polymer to investigate their effects
on scaffolds for bone tissue engineering. They demonstrated that
up to 90 vol% scaffolds of nanocomposites can be reproducibly
created via thermal-crosslinking and salt porogen leaching. They
found that there was no significant difference in porosity, pore size,
and pore interconnectivity among scaffolds made of the three
different materials [124]. There was also a general trend of
enhancement in compressive mechanical properties of nano-
composite scaffold based on functionalized nanotubes. It has been
established that scaffold porosity plays a major role in determining
the compressive mechanical moduli and yield strengths in accor-
dance with power-law relationships [176]. These power-law
declines in mechanical properties with higher porosity set
a tradeoff for the benefit of increasing porosity of scaffolds to
improve pore interconnectivity for better tissue in-growth.

Smart scaffolds were also developed by Misra et al. [177]. They
have, for the first time, incorporatedmultiwalled carbon nanotubes
in a novel bioresorbable/bioactive composite, and they have
developed a ternary nanocomposite scaffold involving three
different materials. The addition of MWCNTs to the bioactive
compositesmaterialmakes newhighly conductingmaterial, since it
produces a three-dimensional electrical conducting network. The
MWCNT composites obey Ohm’s law and exhibit classic ohmic
conduction. The results showed that combining two different
nanostructures it is possible to develop multifunctional biomate-
rials with tailored bioactivity, structural andmechanical integrity as
well as electrical conductivity of porous scaffolds. The production of
a smart system, having the ability to perform all the required tasks
in tissue engineering, is the main task in scaffold development.

4.3. Nanohybrid membranes

Electrospinning is a straightforward technique to produce non-
wovenmicro- or nanofibrousmats, based on the application of high
voltage to a polymeric solution, in order to create an electrically
charged jet randomly collected onto a grounded target [178].
Electrospinning technology is a simple and versatile method to
prepare ultra thin fibres from polymer solutions or melts. The
obtained fibres usually have a diameter from several nanometers to
a few micrometers, and mostly in hundreds of nanometers. Elec-
trospun polymer nanofibres possess many extraordinary properties
including small diameters, the concomitant large specific surface
areas, a high degree of structural perfection and the resultant
superior mechanical properties. Additionally, the non-woven
polymer fabrics offer a unique capability to control the pore sizes
among nanofibres [179]. In the last decade, electrospinning tech-
nique has attracted a great interest since it allows to produce
fibrous non-woven micro/nano fabrics for tissue engineering,
mainly due to the structural similarity to the tissue extracellular
matrix. Several studies have reported the performance of nano-
fibrous materials in guiding cells to initially adhere and spread over
the material, as well as further triggering them to secrete the
appropriate ECMmolecules targeted to skin, blood vessel, cartilage,
muscle, adipose, nerve and bone. The intriguing features of
a fibrous morphology with diameters ranging from tens of nano-
meters to a few micrometers have attracted considerable attention
focused on exploiting the properties as well as structural tuning to
the tissue of concern for the applications as a tissue engineering
scaffold [22,180e182].

Electrospun nanocomposite scaffolds based on bioresorbable
polymers and hydroxyapatite particles allow osteoblast prolifera-
tion and differentiation, and are thus considered very promising
tissue enginnering [23,183e185]. Nanocomposite mats based on
PCL and n-HA show different properties respect to the polymer
matrix. Crystallization temperature of nanocomposites occurred at
higher temperature with respect to the neat sample, clearly
evidencing that n-HA nanoparticles promote the crystallization of
the PCLmatrix, acting as heterogeneous nucleating agents. Thermal
analysis (DSC) also evidenced that the presence of low n-HA
contents (e.g. up to 6.4% wt.) did not significantly affect the crys-
tallinity degree (Xc) value (e50%), the effect of the fibre-forming
process being predominant. The mechanical behaviour of fibre-
based polymeric structures [186e188] and their nanocomposites
have been extensively investigated [183]. As a general trend, we
found that mechanical properties of nanohybrids were not strongly
affected by the incorporation of n-HA up to 6.4% wt. According to
[189], blending PCL with nanoparticles is an effective approach to
afford dramatic improvement in elongation at break of the result-
ing nanocomposites.

It is known that the critical material parameters and the main
challenges formanufacturing nanocomposite are the homogeneous
dispersion of the nanoparticles in polymer solutions and the
interactions between the particles and the polymer chains [15e19].
Therefore, HA nanoparticles were grafted with PLA, in order to
easily disperse in a PLA matrix to form a PLA-g-HA/PLA composite.
The composite was electrospun into porous fibre mats. Uniform
PLA-g-HA/PLA composite nanofibre mats were successfully
prepared by electrospinning and they exhibited improved
mechanical properties compared to corresponding HA/PLA fibre
mats and the pristine PLA fibre mats. Especially at PLA-g-HA
content of 4% wt. the composite fibres showed highest tensile
strength and tensile modulus due to the uniform distribution of
PLA-g-HA in the composite fibres and the relative good interaction
and adhesion between the fillers and PLA matrix. The content and
the distribution of PLA-g-HA nanoparticles in the composite fibres
also affected the degradation rate of the composite fibremats [190].
Aligned nanocomposite fibres of PLGA/HAwere fabricated by using
a rotating collector by electrospinning. At low concentrations the
fibres had no agglomerates and good dispersion was achieved.
However, higher concentrations of HA resulted in increased
diameter and broken fibres due to agglomeration. The glass tran-
sition temperature (Tg) of the polymer was markedly reduced by
the fast processing technique of electrospinning. This reduction
brought the Tg down to be equal to or less than physiological
temperature. In addition, the low Tg resulted in oriented amor-
phous chains that folded, resulting in significant shrinkage.
However the presence of well-dispersed nanoscopic HA particles
reduced the chain mobility and hence helped to prevent shrinkage
to some degree. The glass transition was affected by the incorpo-
ration of n-HA into the polymer matrix which hinders chain
motion. This hindering resulted in a slight increase in the Tg as the
n-HA concentration increased from 0% to 10%, and thereafter
a plateau was reached [191].

An attractive feature of electrospinning technique is the chance
to align conductive nanoparticles with high aspect ratio within the
polymeric fibres. CNFs can orientate along the axis of electrospun
fibres due to the sink flow and the high extension of the electro-
spun jet [192]. The carbon nanofibre alignment however, depends
upon the CNF dispersion in the polymer solution [193]. The idea of
dispersing and aligning carbon nanostructures in polymer matrix
to form highly ordered structures and composite materials has
significant technological implications [21,194]. Fig. 5 shows a SEM
micrographs of a neat PCL electrospun mat (a) and PCL/CNFs elec-
trospun mats loaded with 1% wt. CNFs [22]. All electrospun fabrics
showed a well-defined non-woven fibrous architecture, and PCL
and PCL nanocomposite samples were comprised of homogeneous
and uniform fibres. However, there is a clear difference between the
diameter of composite fibres with respect to the pure matrix,
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Fig. 5. SEM micrographs of a neat PCL electrospun mat (a) and PCL/CNFs electrospun mats loaded with 1% wt CNFs. Reproduced with permission by Armentano et al. [22].
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probably ascribed to the increased electrical conductivity of the
suspension to be spun.

Electrospun nanofibrous scaffolds aimed to mimic the archi-
tecture and biological functions of ECM, are considered as very
promising substrates for tissue engineering [195,196].

Nanocomposite membranes based on multiwalled carbon
nanotubes and PCL were prepared by in situ polymerization,
whereby functionalized MWCNTs and unfunctionalized MWCNTs
were used as reinforcing materials. The functionalized MWCNTs
were chemically bonded with the PCL chains, as indicated by the
appearance of amide II group in FT-IR spectrum. The functionalized
nanocomposite showed better dispersion and thermal stability
compared to pristine tubes. The MWCNTs/PCL nanofibres were
electrospun from the solutions with different concentrations. The
nanofibre morphology is strictly connected with the process
parameters and composition. The beads formation decreased by
increasing the concentration of the PCL and the number of beads in
theMWCNTs/PCL composite nanofibres increased by increasing the
amounts of MWCNTs. The MWCNTs were embedded within
nanofibres and they were well oriented along the axes of the
nanofibres during electrospinning [194].

Significant effort has been devoted to fabricate various bioma-
terials to satisfy specific clinical requirements. Recently researchers
have employed the electrospinning technique in the incorporation
of multiwalled carbon nanotubes/hydroxyapatite (MWCNTs/HA)
nanoparticles into PLLA and the fabrication of a composite
membrane to satisfy the specific requirements of guided tissue
regeneration. This work represents the first trial on the fabrication
of a biomedical membrane which possesses dual biological func-
tions [197]. This new type of membrane shows excellent dual
biological functions and satisfied the requirement of the guided
tissue regeneration (GTR) technique successfully in spite of
a monolayer structure.

5. Sterilization of nanostructured bionanocomposites

Nanocomposite scaffold materials must be easily and accurately
sterilizable to prevent infection. The method of sterilization,
however, must not interfere with the bioactivity of the material or
alter its chemical composition which could, in turn, affect its
biocompatibility or degradation properties. The selection of an
appropriate sterilization method is an important step in the use of
polymer and nanocomposite films and scaffolds for biomedical
purposes. A lot of work has been reported on the effects of sterili-
zation methods on the properties of several polymers. In fact, each
method has its own advantages and disadvantages. The method
thatmay finally be used is dependent onmany factors including the
material to be sterilized and its resistance to the sterilization
procedure [198,199]. Although sterilization undoubtedly has effects
on the properties of biodegradable polymers and scaffolds, these
can be limited by adopting the less destructive sterilization
technique.

Sterilization can be done by a variety of procedures including
steam sterilization, ethylene oxide sterilization, g-irradiation, e-
beam sterilization, UV exposure, and dry heat sterilization. Because
of the high temperature range, autoclave or steam sterilization can
melt the polymer or alter its morphological structure. Energy
methods such as gamma and e-beam irradiation are instantaneous,
penetrating and non-toxic but may be associated with changes in
the molecular structure [200]. Gamma sterilization is perhaps the
most popular procedure for the terminal sterilization of heat-
sensitive medical devices. Sterilization by ionizing radiation typi-
cally uses gamma rays (g), that are photons of electromagnetic
radiation with energies in the range of 1 keVe10 MeV. g-irradia-
tion, causes substantial degradation of polyester chains with
increasing dosages of radiation. For example, at the standard
2.5 Mrad sterilization dose, considerable damage was observed on
PGA sutures [201]. By using g-irradiation a polynomial correlation
between dose and molecular weight was observed in the PLLA
polymer, in which the molecular weight decreased with increasing
dose of g-irradiation. Clearly, irradiation of PLLA leads to significant
molecular damage affecting the entire spectrum of material prop-
erties [202].

Biomedical devices prepared from biodegradable polyesters are
usually sterilized by ethylene oxide (ETO). Ethylene oxide gas
sterilization is almost exclusively used for bioabsorbable medical
devices, as it is generally regarded as having few destructive effect
on properties, with many workers reporting limited or zero effects
[203]. In comparison, gamma irradiation can cause chain scission
and crosslinking at doses of 2.5 Mrad [202]. Other sterilization
procedures, such as heat, steam or acid, cause extensive deforma-
tion of the devices and accelerated polymer degradation [204]. ETO
sterilization has its limitations as well it includes accelerated
degradation of the polymer, and residual ethylene oxide gas within
the bulk of the sterilized device.

Isopropanol washing may be an alternative for polymer sterili-
zation, as well as ethanol treatment. However, appropriate sterili-
zation may not be achieved [205]. Disinfection in 70% ethanol
(EtOH) for 30 min is often used in-vitro and it is shown to produce
no morphological and/or chemical damages to polyester scaffolds.
However, while gram-positive, gram-negative, acid-fast bacteria
and lipophilic viruses show high susceptibility to concentrations of
EtOH in water ranging from 60 to 80%, hydrophilic viruses and
bacterial spores are resistant to the microbial effects of ethanol
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[206]. Therefore, EtOH is considered as a chemical disinfectant
instead of a sterilizing media and cannot be used for in-vivo
applications of biomedical devices. Data obtained by Hooper et al.
confirm that, as a general rule, PLLA can be exposed to ethylene
oxide without detrimental changes in molecular weight, poly-
dispersity, mechanical properties, surface chemical composition,
and the degradation rate after sterilization. There were no obvious
trends related to the backbone or pendent chain structure of the
polymers [202].

Recently, a low-temperature radiofrequency glow discharge
(RFGD) plasma treatment was introduced as a sterilizing method
for polyester devices. While the RFGD plasmawas shown to induce
surface crosslinking or branching of the polymer, it did not affect
polymer crystallinity, mechanical properties, or overall melting
temperature [207]. The sterilization efficiency of plasma gas was
recently demonstrated by a 105 reduction of bacteria, bacterial
endospores, yeast and bacterial viruses within 90 s of exposure to
an atmospheric uniform glow discharge plasma [208], indicative of
a similar sterilization efficiency to that of ETO and g [205].

6. In-vitro biodegradation study of bionanocomposites

Degradation properties are of crucial importance in biomaterial
selection and design in tissue engineering [209e212]. Thus,
a polymer nanocomposite scaffold must meet certain design and
functional criteria, including biocompatibility, specific biodegrad-
ability profiles, mechanical properties, and, in some cases, aesthetic
demands. The underlying solution to the use of polymer nano-
composites in vastly differing applications is the correct choice of
matrix polymer chemistry, filler type, and matrixefiller interaction
for which the degradation process can be tailored [213].

The biomaterial should not only stimulate and support tissue
growth, but it may also degrade with the same rate at which new
tissue forms, and importantly, it has to possess the additional
ability to withstand the loading conditions experienced in situ.
The mechanical support is continuously needed as the material
degrades, until the new tissue can take up the load
[28,33,38,57,130]. Since the tissue engineering aims at the regen-
eration of new tissues, hence biomaterials are expected to be
degradable and absorbablewith a proper rate tomatch the speed of
new tissue formation. The degradation behaviour has a crucial
impact on the long-term performance of a tissue-engineered cell/
polymer construct. The degradation kinetics may affect a range of
processes such as cell growth, tissue regeneration, and host
response. The mechanism of aliphatic polyester biodegradation is
the bio-erosion of the material mainly determined by the surface
hydrolysis of the polymer. Extensive literature on biodegradation of
polymer materials reveals the complexity of the hydrolysis mech-
anism, in which it is important to understand not only the time the
material employs to bio-erode itself but also in what conditions it
will happen, in relation to the chemical composition of the samples,
the pH of the medium, temperature, surface treatments, sample
size and shape, reinforcing particles and particle functionalization
[25,212,214]. Fig. 6 shows scheme of the biodegradation process;
the factors affecting the degradation are underlined and correlated
to its importance in biomedical application. When the water
molecules attack the ester bonds in the polymer chains, the average
length of the degraded chains becomes smaller. The process results
in short fragments of chains having carboxylic end groups that
render the polymer soluble in water. Very often, the molecular
weights of some fragments are still relatively large such that the
corresponding diffusion rates are slow. As a result, the remaining
oligomers will lower the local pH value, catalyze the hydrolysis of
other ester bonds and speed up the degradation process. This
mechanism is termed autocatalysis, which is frequently observed in
thick biodegradable materials [215e217]. The degradation in semi-
crystalline polyesters undergoes preferentially within the amor-
phous regions because of a higher rate of water uptake in the free
volume than in the crystalline regions. The degraded segments
could then diffuse and give rise to re-crystallization; this increase of
crystallinity during hydrolytic degradation can be detected
from the whitening of the specimens and from the change in
properties [218].

Addition of nanostructures to bioresorbable polymers can alter
the polymer degradation behaviour, by allowing rapid exchange of
protons in water for alkali in the glass or ceramic. Inclusion of
bioactive glasses has been shown to modify surface and bulk
properties of composite scaffolds by increasing the hydrophilicity
and water absorption of the hydrophobic polymer matrix, thus
altering the scaffold degradation kinetics. Composite materials
based on inorganic nanoparticles, showed a strongly enhanced
polymer degradation rate if compared to the pure polymer. Tri-
calcium phosphate filled polymers showed deposition of small,
10 nm sized hydroxyapatite crystals on the surface of the
composite, while for pure PLGA no hydroxyapatite formation was
observed during degradation. This indicates improved osteo-
conductive properties of PLGA nanocomposites. The fast degrada-
tion and the superior bioactivity make these nanocomposites
a promising material for application in orthopaedic medicine
[38,214,219]. The differences between the composites and pure
polymers in decomposition were due to both biodegradation
mechanism of the polymers and dissolution of nanoparticles.

If the dimension of biomaterials is small (the diffusion path is
short), the hydrophilic oligomers can quickly escape from the
surface [220,221]. This is exactly the case of the electrospun scaf-
folds, where the dimension of the nanofibres is small and the
diffusion length of the degraded by-products (hydrophilic oligo-
mers) is short. As a result, the possibility of autocatalysis in elec-
trospun scaffolds is very limited [222]. Different aspects are
involved in the case of carbon nanostructure composite materials.
In a previous work, we investigated the in-vitro degradation of poly
(DL-lactic-co-glycolic acid) (PLGA) nanocomposite films, and we
analyzed the effects of the SWCNT incorporation and functionali-
zation on the structural behaviour of the nanocomposite films
produced [21]. Pristine (SWCNTs) and carboxylated (SWCNTs-
COOH) carbon nanotubes were considered. The hydrolytic degra-
dation of the PLGA matrix was clearly controlled by two mismatch
mechanisms: chain-scission and crosslinking. The incorporation of
SWCNTs increases the dimensional stability of the polymeric
samples but they do not seem to significantly modify the kinetics of
the hydrolytic erosion and the involved mechanisms with respect
to the neat PLGA. PLGA/SWCNT film samples exhibited a similar
weight loss behaviour than the neat PLGAwith destruction after 24
days. Faster mass loss and different infrared spectra were revealed
in SWCNT-COOH composites and this suggests higher interaction of
the functionalized tubes with the polymer matrix and with water
physiological solution leading to a more rapid erosion of the
nanocomposite [21]. In the crosslinking/chain-scission mismatch,
the second mechanism clearly dominated in PLGA/SWCNTs-COOH
systems. In fact, the presence of carboxylic groups in functionalized
SWCNTs-COOH accelerated the hydrolytic degradation of the PLGA
matrix and the weight loss of the nanocomposites. This behaviour
suggests the selective interaction of water at the interface between
the nanotubes and the polymeric matrix similar to the behaviour
reported at the fibreematrix interface in conventional composites
[223,224]. It is well know that this interaction is mainly controlled
by the fibre treatment, functionalization and coatings of fibres. The
interaction of the functionalized carboxylate nanotubes is high
enough to promote higher hydrolytic degradation with respect to
PLGA and PLGA/SWCNTs systems. Moreover, it should also be
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Fig. 6. Importance of biodegradability in biomedical application.
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considered that the higher dispersion of the functionalized
SWCNTs-COOH offers a better surface interaction with the biolog-
ical milieu than in the case of SWCNTs that form bundles and offer
a lower surface interaction with the polymer. Although the func-
tionalization of carbon nanotubes offers better possibilities for their
dispersion in the PLGA matrix, it is also clear that higher solubility
of SWCNTs-COOH and the promotion of a higher PLGA-water
interaction must be considered in the future development and
possible standardization of biodegradable biomaterials.

The degradation rates of the MWCNTs composites in simulated
body fluid (SBF) solution was reduced with the increase of nano-
tube percentage. The composites showed no cytotoxicity effects
especially when the MWCNT loadings were above 1% wt. [125]. The
existing reports on polymereCNT nanocomposites have been
mainly focusing on the CNT functionalization, composite prepara-
tion and property developments. Unfortunately the environmental
durability of CNT nanocomposites has yet to be studied. CNT
functionalization has opened in fact new horizons in the biocom-
patibility of carbon based materials. Pristine CNTs are insoluble in
biological fluids, and properly functionalized CNTs seem to have
high propensity to cross cell membranes. The chemistry of CNT
offers the possibility to introduce more than one functionality on
the same tube, so that targeting molecules, contrast agents, drugs,
can be used at the same time. Though it is too early to establish
CNTs for clinical use, these novel carriers are undoubtedly inter-
esting and need further investigation [225].

The catalytic biodegradation of carbon nanotubes in-vitro by
oxidative activity of horseradish peroxidase (HRP) and low
concentrations of hydrogen peroxide was reported by Allen et al.
[226]. Possible biotechnological and natural (plant H2O2 peroxi-
dases) ways for degradation of carbon nanotubes in the environ-
ment are presented. Results show that CNTs did not cause
inactivation of the enzyme. Examination of the samples at 12
weeks, revealed that the bulk of nanotubes were no longer present,
globular material had formed, contributing to the predominant
species imaged. The evidence of the biodegradation of carbon
nanotubes by HRP/H2O2 over the period of several weeks was
provided. These results marks a promising possibility for nanotubes
to be degraded by HRP in environmentally relevant settings. It is
tempting to speculate that other peroxidases in plants and animals
(e.g., myloperoxidase) may be effective in oxidative degradation of
carbon nanotubes and enhancement of these catalytic biodegra-
dation pathways may be instrumental in avoiding their cytotoxicity
in drug delivery, gene silencing, and tumor imaging. With further
insight into this type of biodegradation process, it will be possible
to engineer, more efficient drug delivery platforms, where the
patient need not worry about the injection of materials that risk to
accumulate causing cytotoxic effects. More studies are requested in
order to ascertain the by-product of the biodegradation, as well as
cellular studies for practical application. Further studies need
to investigate the mechanical properties of materials during
degradation as well as in-vivo degradation, cell response and
toxicity studies.

7. Bionanocomposite surface functionalization

Surface properties of nanocomposite scaffolds are a key factor in
governing the success of the engineered tissue, since the first
interactions between the cells and the substrate are protein
adsorption and then cell adhesion [227].

Multiple approaches have been developed to provide microm-
eter to nanometer scale alterations in surface architecture of
nanocomposite films and scaffolds to enable improved protein and
cell interactions, to guide cells to form tissue.

It is well-known that both chemical and topographical proper-
ties of material surfaces can influence cellular behaviour and can
control cell shape, functions and motility. Recent studies have
highlighted the mechanisms of cell-surface recognition and have
provided solid data to obtain novel materials that are able to guide
and activate specific cell behaviour on biomaterial [227e229].
Particularly the effects of micro-topography and more recently, the
effect of nanotopography on cell biology also represents a critical
issue [230e235]. Surface design generating biomaterial nano-
topography for tissue engineering-based strategies has been
demonstrated to enhance differentiation of progenitor cells into
their programmed lineage pathway. To this aim, efforts have been
made to tailor the surface of biomedical devices and biomaterials
in general, to provide chemical and physical cues to become
biocompatible to the surrounding tissues, or to guide cells to
form tissue [236].
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Chemical modification of nanocomposite scaffold surfaces is one
of the upcoming approaches that enables enhanced biocompati-
bility while providing a delivery vehicle for proteins. Similarly,
physical adsorption, radiation mediated modifications, grafting,
and protein modifications are other methods that have successfully
been employed for alterations of scaffold surface properties.

It is well-known that the aliphatic polyesters do not provide
a desired environment for cell adhesion, due to the lack of biolog-
ical recognition sites and its intrinsic hydrophobicity, compared to
the natural extracellular matrix: they do not expose functional
groups for the attachment of biologically active molecules
[237e239].

In order to apply biodegradable polyester based nanocomposite
in tissue engineering, their surfaces have been chemically and
physically modified with bioactive molecules and cell recognizable
ligands after the processing condition; this subsequently provides
bio-modulating or biomimetic microenvironments to contacting
cells and tissues. A variety of functionalization strategies of nano-
composite scaffolds with bioactive molecules including proteins,
nucleic acids, and carbohydrates have been employed [240]. In this
review, topographical and chemical immobilization methods of
bioactive molecules on the surface of various polymeric scaffolds
are described.

Therefore, many approaches to modify the surface of biode-
gradable polymer scaffolds have been undertaken in order to
introduce useful surface characteristics to the polymer. Surface
treatment techniques, such as plasma treatment, ion sputtering,
oxidation and corona discharge, affect the chemical and physical
properties of the surface layer without significantly changing the
bulk material properties. Using plasma processes, it is possible to
change the chemical composition and properties such as wetta-
bility, surface energy, metal adhesion, refractive index, hardness,
chemical inertness and biocompatibility [241]. Plasma techniques
can easily be used to induce the desired groups or chains on the
surface of a material [242e244]. Plasma treatment of polymer
substrates has been commonly employed to tailor surface adhesion
and wetting properties by changing the surface chemical compo-
sition [244]. Appropriate selection of the plasma source enables the
introduction of diverse functional groups on the target surface to
improve biocompatibility or to allow subsequent covalent immo-
bilization of various bioactive molecules. For example, typical
plasma treatments with oxygen, ammonia, or air can generate
carboxyl groups or amine groups on the surface [245e248]. Plasma
treatment affects the chemistry of the biodegradable polymer
surface, but at the same time it also introduces significant changes
in topography [249,250]. A variety of extracellular matrix protein
components such as gelatin, collagen, laminin, and fibronectin
could be immobilized onto the plasma treated surface to enhance
cellular adhesion and proliferation [251,252]. One of the surface
modification methods for biopolymer substrate surfaces is attach-
ment of extracellular matrix components or their derived synthetic
peptides, such as Arg-Gly-Asp (RGD), that is the most effective and
often employed peptide sequence for stimulating cell adhesion on
syntheticmaterial surfaces. This peptide sequence can interact with
the integrin receptors at the focal adhesion points. Once the RGD
sequence is recognized by and binds to integrins, it will initiate an
integrin-mediated cell adhesion process and activate signal trans-
duction between the cell and ECM, thus influencing cell behaviour
on the substrate including proliferation, differentiation, apoptosis,
survival and migration [253]. RGD peptide was immobilized on
two-dimensional biodegradable polymer film surfaces [254] and
3D porous scaffolds [255].

Since three-dimensional scaffolds have larger surface area and
highly inter-connected porous structure with suitable porosity and
pore size, modification of scaffold surface to improve the
interaction between cell and scaffold surface has more potential in
tissue engineering.

It was demonstrated that rat bonemarrow stromal cell adhesion
was significantly improved on the RGD-modified PCL films in
a serum-free culture condition.

We previously reported that radiofrequency oxygen plasma
treatment was effective in changing the surface properties of PLLA
films and porous scaffolds. The treatment was shown to function-
alize homogeneously the surface of the PLLA without affecting its
bulk properties. The plasma treatment was found to be successful
in achieving three-dimensional functionalization without any
adverse effect on the chemical composition and structure of the
scaffolds, thus preserving their properties for tissue engineering
applications. The effects of the oxygen plasma treatments on the
surface of the material have been shown to change wettability,
roughness and to enable the selective interaction between the PLLA
polymer surface and the protein, further improved stem cell
attachment [256]. Fig. 7 shows contact angle images of pure PLLA
(a) and oxygen treated PLLA, 10 Watt 5 min (b). In all the modified
PLLA films, a decrease in the contact angle was registered, which
means that the hydrophilicity increased greatly when oxygen
plasma treatment was applied. When the sample was treated with
a 10 W power supply for 5 min, the contact angles decreased from
90� to 50�, changing the original hydrophobic behaviour of PLLA
surfaces to hydrophilic. Contact angles less than 10� weremeasured
when applying a power supply of 20 W and a treatment time of 10,
5 or 2 min. The surface wettability of the modified PLLA films was
obviously enhanced compared to the control film.

It is suggested that this approach can be used with various types
of proteins and specific growth factors to modulate subsequent cell
functions, such as proliferation, differentiation and migration on
biomaterial surfaces.

8. Stem cellebionanocomposite interactions

Engineered nanocomposite scaffolds made by biodegradable
polymer matrices with organic/inorganic nanostructure phases, as
reviewed here, will play a vital role in combination with stem cell
seeding.

Bone marrow derived human mesenchymal stem cells (hMSCs)
are an important cell source for cell therapy and tissue engineering
applications. These stem cells have broad differentiation potential,
being able to differentiate into a variety of anchorage-dependent
cell types, including neurons, myoblasts and osteoblasts [257]. The
interactions between stem cells and their environment are complex
and not completely understood. In particular the relative impor-
tance of different physical parameters on the biocompatibility of
biomaterials for tissue engineering is poorly understood. Previous
studies showed that cells respond to the mechanical properties of
the substrate on which they are growing [258]. Thus, polyester
films with the lowest moduli provide themost favourable substrate
for cell growth and also provide the most appropriate mechanical
properties for the intended site of implantation. Rohman et al.
demonstrated that PLGA and PCL films support the growth of both
human bladder epithelial and smooth muscle cells [259]. Cell
growth was affected by themechanical properties of the films, with
enhanced proliferation on films that had an elastic modulus closer
to the native bladder tissue. This suggested an advantage in com-
plementing the mechanical properties of a biomaterial to the
intended site of implantation. The elastic modulus is a critical
parameter, where it is relevant to the biology at the microscopic
(cellular) level and may also have an impact at macroscopic (tissue/
organ) scales. By developing new bionanocomposites it is possible
to modulatemechanical properties for the specific sites, as reported
in this review [260]. Many model systems and measurement tools
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Fig. 7. Contact angle images of pure PLLA (a) and oxygen treated PLLA, 10 Watt 5 min (b). Reproduced with permission by Armentano et al. [256].
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have been engineered for observing and quantifying the effect of
mechanics on cellular response. Engineered synthetic polymeric
nanocomposites can allow precise and systematic control over the
mechanical properties of the cell substrate, and have provided
quantitative information about the forces that are sensed and
exerted by cells [261]. Recent studies have demonstrated the effect
of matrix stiffness on the phenotype and differentiation pathway of
mesenchymal stem cells (MSCs). They differentiated into neural,
myogenic or osteogenic phenotypes depending on whether they
were cultured on two-dimensional (2D) substrates of elastic
moduli in the lower (0.1e1 kPa), intermediate (8e17 kPa) or higher
ranges (34 kPa). Similar results were found for the three-dimen-
sional (3D) culture [262].

The studies reported by Yeung et al. [263] have shown that
cellular response to matrix stiffness may be very different in
different cell types and depends on the nature of the adhesion
receptor by which the cell binds its substrate. There are also
important differences between cells grown on two- and three-
dimensional adhesive materials, but even when confined to
adhesion on flat surfaces, the elastic constant of the surface can
determine cell morphology and protein expression over a very
wide range. Recent studies with aortic smooth muscle cells have
shown that substrate stiffness is a more important determinant
for cell shape than is the density of adhesive ligand towhich the cell
binds.

Fibroblasts and endothelial cells develop a spread morphology
and actin stress fibres only when grown on surfaces with an
elastic modulus greater than 2000 Pa, with a greater effect seen
when bound to fibronectin compared to collagen. In contrast,
neutrophils appear to be insensitive to stiffness changes over
a very wide range. The stiffness-dependence of fibroblasts and
endothelial cells is no longer evident when cells become
Fig. 8. Osteoblasts cells on PLLA/SWNTs-COOH films a
confluent, or in the case of fibroblasts even when two cells make
contact suggesting either that mechanosensing uses the cells
internal stiffness as a criterion or else that signaling from cad-
herins in cellecell contacts overrides signals from the cell-matrix
adhesion complexes.

Cell orientation and adhesion are known also to affect cell
behaviours and functions in both natural and engineered tissues.
Cell adherence to substrate plays a key role in morphogenesis and
organogenesis [264]. Cells in biological tissues are typically orien-
tated and spatially patterned. Oriented cells, for instance, could
provide favourable adhesion due to higher density of focal contacts
and rearrange the cytoskeletal structures (e.g., actin fibres) [265],
and also determine the alignment of collagenous matrix in healing
ligaments and tendons that are less organized after injury. Because
regulation of cell adhesion and orientation is important for cell-
based therapy and tissue engineering, several techniques, including
surface topography modification and use of physical stimuli, have
been developed to control cell orientation. For example, modifica-
tions in biomaterial surface properties such as the peak to valley
height of the surface structures have been shown to induce cell
orientation [265].

Electrical properties of the bionanocomposite substrates are
important issue in cell interaction. Although induced cell adhesion,
migration, and orientation in response to electrical stimulus have
been well documented using 2D cultured cells, electrically induced
cellular behaviours in the 3D scaffold remain unknown. Application
of electrical stimulus could then offer a novel physical approach for
controlling cell growth and differentiation in cell based therapy and
engineered tissue constructs by regulating cell adhesion and
orientation. Fibroblasts and rat MSCs seeded in the collagen scaf-
fold respond differently to electrical stimulus. While fibroblasts are
induced to reorient themselves perpendicularly to the axis of
fter 3h of cell attachment at different resolutions.
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Fig. 9. Stem cells on PLLA/HA mats.
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electrical stimulus, rat MSCs exhibit only a limited reorientation. At
least two physical mechanisms could be postulated to mediate cell
orientation in the 3D collagen scaffold. First, alignment of collagen
fibres in response to an electrical stimulus could induce cell
orientation. In summary, application of an electrical stimulus cau-
ses fibroblasts to change cell shape and reorient in the 3D collagen
scaffold perpendicularly to the direction of electrical stimulus,
accompanied by a preferential realignment of collagen fibres. The
same electrical stimulus applied to MSCs induces much less
significant reorientation or collagen fibre realignment. This may be
attributed to differential cell adhesionmechanisms. Finally, optimal
application of electrical stimulus could offer a novel engineering
technique to regulate cell type-dependent cellular shape and
orientation that are known to be involved in cell differentiation and
growth. It also can be of potential use to selectively control a pop-
ulation of cells in coculture environment [126,129,264].

HA nanoparticles have been introduced in bionanocomposites
to induce osteoconductivity. Bone regeneration was evaluated by
using osteogenic cells derived from human embryonic stem cells
(OC-hESCs) and an osteoactive PLGA/HA scaffolds, in-vivo [266].
They showed the first successful regeneration of bone tissues using
osteogenic cells that had been differentiated from hESCs. In-vivo
implantation of OC-hESCs and apatite-coated PLGA/HA scaffolds
showed a significant amount of new bone formation in ectopic sites
of implantation in immunodeficient mice.

Scaffold morphology, in term of interconnectivity, pore size,
shape and morphology is a key point in stem cells interaction.
Furthermore, there were some pores sized between 2 and 5 mm
dispersed on the walls of the scaffolds, which would be helpful for
fibrovascular colonization and nutrient transportation. Yuan et al.
found that micropores on the macropore walls of the calcium
phosphate ceramic were important in osteoinduction [267].

Therefore, small pores on the macropore surface of the scaffolds
may be also helpful to improve the biological performance of the
porous scaffolds and promote the favourable bioresorption of the
material. Fig. 8 shows osteoblasts cells seeded on PLLA/SWCNTs-
COOH films after 3 h of cell attchament at different resolution. The
osteoblast cells have attached and well flattened on the substrate
surface, showing good affinity with the PLLA/SWCNTs-COOH
polymer surface. Fig. 9 shows stem cells on PLLA/n-HAmats, where
cell shape is entirely adapted to fibrous space in a peculiar “moon
shaped” configuration.

9. Conclusions

Novel generation biomedical nanocomposites are expected to
be hybrid, biofunctional, intelligent and containing active
component. Polymer matrix composites have the advantage of
being very versatile, allowing for the tailoring of their final prop-
erties. Bionanocomposites can be designed and produced with
specific requirements, using a wide range of polymeric matrices,
reinforcements and processing routes.

As a result, much of the work is still ongoing and there is yet to
be a definite conclusion on the effect of nano-sized inclusions on
polymer systems. In this paper, a review has been presented on the
materials, processing, experimental results, and possible interpre-
tations of those results for polymer matrix nanocomposites.

The mentioned studies suggest that the combination of biode-
gradable polymer and nanostructures opens new perspective in the
nanodevices for biomedical applications with tunable mechanical,
thermal, morphological and electrical properties.

Acknowledgements

This work was supported by the European Commission FP6,
STRP Nanobiocom and by Ministero dell’Istruzione, dell’Università
e della Ricerca -FIRB ‘‘Idea Progettuale’’RBIP06FH7J_002 project.
Authors wish to thank Prof. G. Gusmano, A. Bianco, Prof. S. Martino,
Prof. A. Orlacchio, Prof. H. Arzate, Prof. F. Elisei, Prof. L. Latterini,
Prof. P. Locci and Prof. E. Becchetti for fundamental collaborations in
biological and material science fields.
References

[1] Langer R, Vacanti JP. Tissue engineering. Science 1993;260:920e6.
[2] Shalak R, Fox CF. Preface. In: Shalak R, Fox CF, editors. Tissue engineering.

New York: Alan R. Liss; 1988. p. 26e9.
[3] Jagur-Grodzinski J. Polymers for tissue engineering, medical devices, and

regenerative medicine. Concise general review of recent studies. Polym Adv
Technol 2006;17:395e418.

[4] Christenson EM, Anseth KS, van den Beucken Jeroen JJP, Chan CK, Ercan B,
Jansen JA, et al. Nanobiomaterial applications in orthopedics. Jorthopaedic
Res 2007;25(1):11e22.

[5] Gleiter H. Nanostructured materials, basic concepts and microstructure. Acta
Mater 2000;48:1e12.

[6] Bulte JWM, Douglas T, Witwer B, Zhang SC, Strable E, Lewis BK, et al.
Magnetodendrimers allow endosomal magnetic labeling and in vivo tracking
of stem cells. Nat Biotechnol 2001;19(12):1141e7.

[7] Gao XH, Cui YY, Levenson RM, Chung LWK, Nie SM. In vivo cancer targeting
and imaging with semiconductor quantum dots. Nat Biotechnol 2004;22
(8):969e76.

[8] Harrison BS, Atala A. Review, carbon nanotube applications for tissue
engineering. Biomaterials 2007;28:344e53.

[9] Gorrasi G, Vittoria V, Murariu M, Ferreira ADS, Alexandre M, Dubois P. Effect
of filler content and size on transport properties of water vapor in PLA/
calcium sulfate composites. Compos Sci Technol 2008;9:627e32.

[10] Peponi L, Tercjak A, Torre L, Mondragon I, Kenny JM. Nanostructured phys-
ical gel of SBS block copolymer and Ag/DT/SBS nanocomposites. J Mater Sci
2009;44:1287e93.

[11] Qiao R, Brinson LC. Simulation of intherphase percolation and gradients in
polymer nanocomposites. Compos Sci Technol 2009;69:491e9.

[12] Tjong SC. Structural and mechanical properties of polymer nanocomposites.
Mater Sci Eng R 2006;53:73e197.

[13] Murugan R, Ramakrishna S. Development of nanocomposites for bone
grafting. Compos Sci Technol 2005;65:2385e406.

[14] Hule RA, Pochan DJ. Polymer nanocomposites for biomedical applications.
MRS Bull 2007;32:354e8.

[15] Hong Z, Zhang P, He C, Qiu X, Liu A, Chen L, et al. Nano-composite of poly(L-
lactide) and surface grafted hydroxyapatite: mechanical properties and
biocompatibility. Biomaterials 2005;26:6296e304.

[16] Borum-Nicholas L, Wilson Jr OC. Surface modification of hydroxyapatite. Part
I. Dodecyl alcohol. Biomaterials 2003;24:3671e9.

[17] Song W, Zheng Z, Tang W, Wang X. A facile approach to covalently func-
tionalized carbon nanotubes with biocompatible polymer. Polymer 2007;48:
3658e63.

[18] Li J, Lu XL, Zheng YF. Effect of surface modified hydroxyapatite on the tensile
property improvement of HA/PLA composite. Appl Surf Sci 2008;255:494e7.

[19] Hong ZK, Qiu XY, Sun JR, Deng MX, Chen XS, Jing XB. Grafting polymerization
of L-Lactide on the surface of hydroxyapatite nano-crystals. Polymer
2004;45:6705e13.

[20] Thostenson ET, Ren Z, Chou T. Advances in the science and technology of
carbon nanotubes and their composites: a review. Compos Sci Technol
2001;61:899e1912.

Administrator
Highlight

Administrator
Underline

Administrator
Highlight

Administrator
Underline

Administrator
Highlight

Administrator
Underline

Administrator
Highlight

Administrator
Highlight



I. Armentano et al. / Polymer Degradation and Stability 95 (2010) 2126e21462142
[21] Armentano I, Dottori M, Puglia D, Kenny JM. Effects of carbon nanotubes
(CNTs) on the processing and in-vitro degradation of poly(DL-lactide-co-
glycolide)/CNT films. J Mater Sci Mater Med 2008;19:2377e87.

[22] Armentano I, Del Gaudio C, Bianco A, Dottori M, Nanni F, Fortunati E, et al.
Processing and properties of poly(e-caprolactone)/carbon nanofibre
composite mats and films obtained by electrospinning and solvent casting.
J Mater Sci 2009;44:4789e95.

[23] Bianco A, Di Federico E, Moscatelli I, Camaioni A, Armentano I, Campagnolo L,
et al. Electrospun poly(3-caprolactone)/Ca-deficient hydroxyapatite nano-
hybrids: microstructure, mechanical properties and cell response by murine
embryonic stem cells. Mater Sci Eng C 2009;29:2063e71.

[24] Shin H, Jo S, Mikos AG. Biomimetic materials for tissue engineering.
Biomaterials 2003;24:4353e64.

[25] Wen X, Tresco PA. Fabrication and characterization of permeable degradable
poly(DL-lactide-co-glycolide) (PLGA) hollow fiber phase inversion
membranes for use as nerve tract guidance channels. Biomaterials 2006;27:
3800e9.

[26] Koegler WS, Griffith LG. Osteoblast response to PLGA tissue engineering
scaffolds with PEO modified surface chemistries and demonstration of
patterned cell response. Biomaterials 2004;25:2819e30.

[27] Chu C, Lu A, Liszkowski M, Sipehia R. Enhanced growth of animal and human
endothelial cells on biodegradable polymers. Biochim Biophys Acta
1999;1472:479e85.

[28] Zhang R, Ma PX. Processing of polymer scaffolds: phase separation. In:
Atala A, Lanza R, editors. Methods of tissue engineering. San Diego: Academic
Press; 2001. p. 715.

[29] Pachence JM, Kohn J. Biodegradable polymers. In: Lanza RP, Langer R,
Chick WL, editors. Principles of tissue engineering. 2nd ed. San Diego:
Academic Press; 2000. p. 263.

[30] Bolland Benjamin JRF, Kanczler Janos M, Ginty Patrick J, Howdle Steve M,
Shakesheff Kevin M, Dunlop Douglas G, et al. The application of human bone
marrow stromal cells and poly(DL-lactic acid) as a biological bone graft
extender in impaction bone grafting. Biomaterials 2008;29:3221e7.

[31] Lin ASP, Barrows TH, Cartmell SH, Guldberg RE. Microarchitectural and
mechanical characterization of oriented porous polymer scaffolds. Bioma-
terials 2003;24:481e9.

[32] Li S. Hydrolytic degradation characteristics of aliphatic polyesters derived
from lactic and glycolic acids. J Biomed Mater Res Part B: Appl Biomater
1999;48:342e53.

[33] Ma PX, Langer R. Degradation, structure and properties of fibrous poly(gly-
colic acid) scaffolds for tissue engineering. In: Mikos AG, Leong KW,
Radomsky ML, Tamada JA, Yaszemski MJ, editors. Polymers in medicine and
pharmacy. PA: Materials Research Society; 1995. p. 99.

[34] Kuo YC, Leou SN. Effects of composition, solvent, and salt particles on the
physicochemical properties of polyglycolide/poly(lactide-co-glycolide) scaf-
folds. Biotechnol Prog 2006;22:1664e70.

[35] Sarazin P, Li G, Orts WJ, Favis BD. Binary and ternary blends of polylactide,
polycaprolactone and thermoplastic starch. Polymer 2008;49:569e609.

[36] Bleach NC, Nazhat SN, Tanner KE, Kellomaki M, Tormala P. Effect of filler
content on mechanical and dynamic mechanical properties of particulate
biphasic calcium phosphate polylactide composites. Biomaterials
2002;23:1579e85.

[37] Wie G, Ma PX. Structure and properties of nano-hydroxyapatite/polymer
composite scaffolds for bone tissue engineering. Biomaterials 2004;25:
4749e57.

[38] Zhang R, Ma PX. Degradation behaviour of porous poly(a-hydroxyl acids)/
hydroxyapatite composite scaffolds. Polym Preprint 2000;41:1618e9.

[39] Lu LC, Peter SJ, Lyman MD, Lai HL, Leite SM, Tamada JA, et al. In vitro and in
vivo degradation of porous poly(DL-lactic-co-glycolic acid) foams. Biomate-
rials 2000;21:1837e45.

[40] Sun B, Ranganathan B, Feng SS. Multifunctional poly(D, L-lactide-co-glyco-
lide)/montmorillonite (PLGA/MMT) nanoparticles decorated by Trastuzumab
for targeted chemotherapy of breast cancer. Biomaterials 2008;29:475e86.

[41] Park GE, Pattison MA, Park K, Webster TJ. Accelerated chondrocyte functions
on NaOH-treated PLGA scaffolds. Biomaterials 2005;26:3075e86.

[42] Wang Y, Challa P, Epstein DL, Yuan F. Controlled release of ethacrynic acid
from poly(lactide-co-glycolide) films for glaucoma treatment. Biomaterials
2004;25:4279e85.

[43] Donlan RM, Costerton JW. Biofilms: survival mechanisms of clinically rele-
vant microorganisms. Clin Microbiol Rev; 2002:167e93.

[44] Bendix D. Chemical synthesis of polylactide and its copolymers for medical
applications. Polym Degrad Stab 2008;59:129e35.

[45] Lepoittevin B, Devalkenaere M, Pantoustier N, Alexandre M, Kubies D,
Galberg C, et al. Poly(e-caprolactone)/clay nanocomposites prepared by melt
intercalation: mechanical thermal and rheological properties. Polymer
2002;43:4017e23.

[46] Li G, Gill TJ, De Frate LE, Zayontz S, Glatt V, Zarins B. Biomechanical conse-
quences of PCL deficiency in the knee under simulated muscle loads: an in
vitro experimental study. J Orthop Res 2002;20:887e92.

[47] Kang X, Xie Y, Powell HM, James Lee L, Belury MA, Lannutti JJ, et al. Adipo-
genesis of murine embryonic stem cells in a three-dimensional culture
system using electrospun polymer scaffolds. Biomaterials 2007;28:450e8.

[48] Griffith LG. Polymeric biomaterials. Acta Mater 2000;48:263e77.
[49] Choi SH, Park TG. Synthesis and characterization of elastic PLGA/PCL/PLGA

tri-block copolymers. J Biomater Sci Polym Ed 2002;13:1163e74.
[50] Chew SY, Hufnagel TC, Lim CT, Leong KW. Mechanical properties of single
electrospun drug-encapsulated nanofibers. Nanotechnology 2006;17:
3880e91.

[51] Ciardelli G, Chiono V, Vozzi G, Pracella M, Ahluwalia A, Barbani N, et al.
Blends of poly-(3-caprolactone) and polysaccharides in tissue engineering
applications. Biomacromolecules 2005;6:1961e76.

[52] Yang F, Both Sanne K, Yang X, Frank Walboomers X, Jansen JA. Development
of an electrospun nano-apatite/PCL composite membrane for GTR/GBR
application. Acta Biomater 2009;5:3295e304.

[53] Martin DP, Williams SF. Medical applications of poly-4-hydroxybutyrate:
a strong flexible absorbable biomaterial. Biochem Eng J 2003;16:97e105.

[54] Alexandre M, Dubois P. Polymer-layered silicate nanocomposites: prepara-
tion, properties and uses of a new class of materials. Mater Sci Eng
2000;28:1e63.

[55] Pektok E, Nottelet B, Tille JC, Gurny R, Kalangos A, Moeller M, et al. Degra-
dation and healing characteristics of small-diameter poly(3-caprolactone)
vascular grafts in the rat systemic arterial. Circulation 2008;118:2563e70.

[56] Aishwarya S, Mahalakshmi S, Sehgal PK. Collagen-coated polycaprolactone
microparticles as a controlled drug delivery system. J Microencapsul
2008;25:298e306.

[57] Ma PX. Scaffold for tissue engineering. Mater Today 2004;7(5):30e40.
[58] Freed LE, Novakovic GV, Biron RJ, Eagles DB, Lesnoy DC, Barlow SK, et al.

Biodegradable polymer scaffolds for tissue engineering. Biotechnology
1994;12:689e93.

[59] Rezwan K, Chen QZ, Blaker JJ, Boccaccini AR. Biodegradable and bioactive
porous polymer/inorganic composite scaffolds for bone tissue engineering.
Biomaterials 2006;27:3413e31.

[60] Klein CPAT, Driessen AA, de Groot K, van den Hooff A. Biodegradation
behaviour of varoius calcium phosphate materials in bone tissue. J Biomed
Mater Res 2004;17:769e84.

[61] Ferraz MP, Monteriro FJ, Manuel CM. Hydroxyapatite nanoparticles: a review
of preparation methodologies. J Appl Biomater Biomech 2004;2:74e80.

[62] Bianco A, Cicciotti I, Lombardi M, Montanaro L, Gusmano G. Thermal stability
and sintering behaviour of hydroxyapatite nanopowders. J Therm Anal Cal-
orim 2007;88:237e43.

[63] Koshin T, Murase T, Takagi T, Saito T. New bone formation around porous
hydroxyapatite wedge implanted in opening wedge high tibial osteotomy in
patients with osteoarthritis. Biomaterials 2001;22:1579e82.

[64] Bronzino JD. The biomedical engineering handbook. Boca Raton, FL: CRC
Press; 1995.

[65] Porter AE, Patel N, Skepper JN, Best SM, Bonfield W. Effect of sintered
silicate-substituted hydroxyapatite on remodelling processes at the bone-
eimplant interface. Biomaterials 2004;25:3303e14.

[66] Gay S, Arostegui S, Lemaitre J. Preparation and characterization of dense
nanohydroxyapatite/PLLA composites. Mater Sci Eng C 2009;29:172e7.

[67] Woodard R, Hilldore AJ, Lan SK, Park CJ, Morgan AW, Eurell JAC, et al. The
mechanical properties and osteoconductivity of hydroxyapatite bone scaf-
folds with multi-scale porosità. Biomaterials 2007;28:45e54.

[68] Webster TJ, Ergun C, Doremus RH, Siegel RW, Bizios R. Enhanced functions of
osteoblasts on nanophase ceramics. Biomaterials 2000;2:1803e10.

[69] Liao SS, Cui FZ, Zhu Y. Osteoblasts adherence and migration through three-
dimensional porous mineralized collagen based composite: nHAC/PLA.
J Bioact Compat Polym 2004;19:117e30.

[70] Webster TJ, Schadler LS, Siegel RW, Bizios R. Mechanisms of enhanced
osteoblast adhesionon nanophase alumina involve vitronectin. Tissue Eng
2001;7(3):291e301.

[71] Nishiguchi H, Kato H, Fujita H, Kim HM, Miyaji F, Kokubo T, et al. Enhance-
ment of bone-bonding strength of titanium alloy implants by alkali and heat
treatments. J Biomed Mater Res Appl Biomater 1999;48:689e96.

[72] Shin KC, Kim BS, Kim JH, Park TG, Nam JD, Lee DS. A facile preparation of
highly interconnected macroporous PLGA scaffolds by liquideliquid phase
separation II. Polymer 2005;46:3801e8.

[73] Hench LL, Polak JM. Third-generation biomedical materials. Science
2002;295:1014e7.

[74] Kretlow JD, Mikos AG. Review: mineralization of synthetic polymer scaffolds
for bone tissue engineering. Tissue Eng 2007;13:927e38.

[75] Templeton AC, Pietron JJ, Murray RW, Mulvaney P. Solvent refractive index
and core charge influences on the surface plasmon absorbance of alka-
nethiolate monolayer-protected gold clusters. J Phys Chem B 2000;104:
564e70.

[76] Lowinsohn D, Peres HEM, Kosminsky L, Paixäo TRLC, Ferreira TL, Ramirez-
Fernandez FJ, et al. Design and fabrication of a microelectrode array for
iodate quantification in small sample volumes. Sens Actuators 2006;B
113:80e7.

[77] Peto G, Molnar GL, Paszti Z, Geszti O, Beck A, Guczi L. Electronic structure of
gold nanoparticles deposited on SiOx/Si(100). Mater Sci Eng C
2002;19:95e9.

[78] Faulk WP, Taylor GM. An immunocolloid method for the electron micro-
scope. Immunochemistry 1971;8:1081e3.

[79] Mangeney C, Ferrage F, Aujard I, Marchi-Artzner V, Jullien L, Ouari O, et al.
Synthesis and properties of water-soluble gold colloids covalently derivat-
ized with neutral polymer monolayers. J Am Chem Soc 2002;124:5811e21.

[80] Caseri W. Nanocomposites of polymers and metals or semiconductors:
historical background and optical Properties. Macromol Rapid Commun
2000;21:21705e22.



I. Armentano et al. / Polymer Degradation and Stability 95 (2010) 2126e2146 2143
[81] Carotenuto G, Nicolais L. Synthesis and characterization of gold-based
nanoscopic additives for polymers. Composites: Part B 2004;35:385e91.

[82] Stutzmann N, Tervoort TA, Bastiaansen K, Smith P. Patterning of polymer-
supported metal films by microcutting. Nature 2000;407:613e6.

[83] Gansel JK, Thiel M, Rill MS, Decker M, Bade K, Saile V, et al. Gold helix
photonic metamaterial as broadband circular polarizer. Science
2009;325:1513e5.

[84] Luechinger NA, Loher S, Athanassiou EK, Grass RN, Stark WJ. Highly sensitive
optical detection of humidity on polymer/metal nanoparticle hybrid films.
Langmuir 2007;23:3473e7.

[85] Grote JG, Zetts JS, Nelson RL, Hopkins FK, Dalton LR, Zhang C, et al. Effect of
conductivity and dielectric constant on the modulation voltage for opto-
electronic devices based on nonlinear optical polymers. Opt Eng
2001;40:2464e73.

[86] Homola J. Present and future of surface plasmon resonance biosensors. Anal
Bioanal Chem 2003;377:528e39.

[87] Panacek A, Kvitek L, Prucek R, Kolar M, Vecerova R, Pizurova N, et al. Silver
colloid nanoparticles: synthesis, characterization, and their antibacterial
activity. J Phys Chem B 2006;110:16248e53.

[88] Morones JR, Elechiguerra JL, Camacho A, Holt K, Kouri JB, Ramirez JT, et al. The
bactericidal effect of silver nanoparticles. Nanotechnology 2005;16:2346e53.

[89] Baker C, Pradhan A, Pakstis L, Pochan DJ, Shah SI. Synthesis and antibacterial
properties of silver nanoparticles. J Nanosci Technol 2005;5:244e9.

[90] Falletta E, Bonini M, Fratini E, Lo Nostro A, Pesavento G, Becheri A, et al.
Clusters of poly(acrylates) and silver nanoparticles: structure and applica-
tions for antimicrobial fabrics. J Phys Chem C 2008;112(31):11758e66.

[91] Evanoff Jr DD, Chumanov G. Synthesis and optical properties of silver
nanoparticles and arrays. Chem Phys Chem 2005;6:1221e31.

[92] Rai M, Yadav A, Gade A. Silver nanoparticles as a new generation of
antimicrobials. Biotec Adv 2009;27:76e83.

[93] Lee JY, Nagahata JLR, Horiuchi S. Effect of metal nanoparticles on thermal
stabilization of polymer/metal nanocomposites prepared by a one-step dry
process. Polymer 2006;47:7970e9.

[94] Agarwal A, Weis TL, Schurr MJ, Faith NG, Czuprynski CJ, McAnulty JF, et al.
Surfaces modified with nanometer-thick silver-impregnated polymeric films
that kill bacteria but support growth of mammalian cells. Biomaterials
2010;31:680e90.

[95] An YH, Friedman RJ. Concise review of mechanisms of bacterial adhesion to
biomaterial surfaces. J Biomed Mater Res 1998;43:338e48.

[96] Dresselhaus MS, Dresselhaus G, Eklund PC. San Diego: Academic Press; 1996.
[97] Dresselhaus MS, Dresselhaus G, Eklund PC. Science of fullerenes and carbon

nanotubes. San Diego: Academic Press; 2001.
[98] Saito R, Dresselhaus G, Dresselhaus MS. London: ImperialCollege Press; 1998.
[99] Lee CJ, Park J, Kang SY, Lee JH. Growth and field electron emission of vertically

aligned multiwalled carbon nanotubes. Chem Phys Lett 2000;326:175e80.
[100] Sun LF, Liu ZQ, Ma XC, Zhong ZY, Tang SB, Xiong ZT, et al. Growth of carbon

nanotube arrays using the existing array as a substrate and their Raman
characterization. Chem Phys Lett 2001;340:222e6.

[101] Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y, Dubonos SV, et al.
Electric field effect in atomically thin carbon layers. Science 2004;306:
666e9.

[102] Geim AK, Novoselov KS. The rise of graphene. Nat Mater 2007;6:183e91.
[103] Huang B, Li Z, Liu Z, Zhou G, Hao S, Wu J, et al. Adsorption of gas molecules

on graphene nanoribbons and its implication for nanoscale molecule sensor.
J Phys Chem C 2008;112:13442e6.

[104] Li D, Kaner RB. Materials science: graphene-based materials. Science
2008;320:1170e1.

[105] Bon SB, Valentini L, Verdejo R, Fierro Garcia JL, Peponi L, Lopez-Manchado M,
Kenny JM. Plasma fluorination of chemically derived graphene sheets and
subsequent modification with butylamine. Chem Mater 2009;21:3433e8.

[106] Kim H, Macosko CW. Processing-property relationships of polycarbonate/
graphene composites. Polymer 2009;50:3797e809.

[107] Stankovich S, Dikin DA, Dommett GHB, Kohlhaas KM, Zimney EJ, Stach EA,
et al. Graphene-based composite materials. Nature 2006;442:282e6.

[108] Shi X, Hudson JL, Spicer PP, Tour JM, Krishnamoorti R, Mikos AG. Injectable
nanocomposites of single-walled carbon nanotubes and biodegradable
polymers for bone tissue engineering. Biomacromolecules 2006;7:2237e42.

[109] Zhang X, Liu T, Sreekumar TV, Kumar S, Moore VC, Hauge RH, et al. Poly(vinyl
alcohol)/SWNT composite film. Nano Lett 2003;3:1285e8.

[110] Valentini L, Armentano I, Biagiotti J, Kenny JM, Santucci S. Frequency
dependent electrical transport between conjugated polymer and single-
walled carbon nanotubes. Diam Relat Mater 2003;12:1601e9.

[111] Chen GX, Kim HS, Park BH, Yoon JS. Controlled functionalization of multi-
walled carbon nanotubes with various molecular-weight poly(L-lactic acid). J
Phys Chem B 2005;109:22237e43.

[112] Valentini L, Puglia D, Armentano I, Kenny JM. Sidewall functionalization of
single-walled carbon nanotubes through CF4 plasma treatment and subse-
quent reaction with aliphatic amines. Chem Phys Lett 2005;403:385e9.

[113] Dyke CA, Tour JM. Covalent functionalization of single-walled carbon
nanotubes for materials applications. J Phys Chem A 2004;108:11152e9.

[114] Balasubramanian K, Burghard M. Review chemically functionalized carbon
nanotubes. Small 2005;1:180e92.

[115] Armentano I, Alvarez-Pérez MA, Carmona-Rodríguez B, Gutiérrez-Ospina I,
Kenny JM, Arzate H. Analysis of the biomineralization process on SWNT-
COOH and F-SWNT films. Mater Sci Eng C 2008;28:1522e9.
[116] Dai H, Shim M, Chen RJ, Li Y, Kam NWS. Functionalization of carbon nano-
tubes for biocompatibility and biomolecular recognition. Nano Lett 2002;2:
285e8.

[117] Correa-Duarte MA, Wagner N, Rojas-Chapana J, Morsczeck C, Thie M,
Giersig M. Fabrication and biocompatibility of carbon nanotube-based 3d
networks as scaffolds for cell seeding and growth. Nano Lett 2004;4:2233e6.

[118] Huang W, Taylor S, Fu K, Lin Y, Zhang D, Hanks TW, et al. Attaching proteins
to carbon nanotubes via diimide-activated amidation. Nano Lett
2002;4:311e4.

[119] Dumortier H, Lacotte S, Pastorin G, Marega R, Wu W, Bonifazi D, et al.
Functionalized carbon nanotubes are non-cytotoxic and preserve the func-
tionality of primary immune cells. Nano Lett 2006;6:1522e8.

[120] Jan E, Kotov NA. Successful differentiation of mouse neural stem cells on
layer-by-layer assembled single-walled carbon nanotube composite. Nano
Lett 2007;7:1123e8.

[121] Tian F, Cui D, Schwarz H, Estrada GG, Kobayashi H. Cytotoxicity of single-wall
carbon nanotubes on human fibroblasts. Toxicol in Vitro 2006;20:1202e12.

[122] Mattson MP, Haddon RC, Rao AM. Molecular functionalization of carbon
nanotubes and use as substrates for neuronal growth. J Mol Neurosci
2000;14(3):175e82.

[123] Lovat V, Pantarotto D, Lagostena L, Cacciari B, Grolfo M, Righi M, et al.
Nanotube substrates boost neuronal electrical signaling. Nano Lett 2005;5
(6):1107e10.

[124] Mwenifumbo S, Shaffer MS, Stevens MM. Exploring cellular behaviour with
multi-walled carbon nanotube constructs. J Mater Chem 2007;17:1894e902.

[125] Liu Q, Wu J, Tan T, Zhang L, Chen D, Tian W. Preparation, properties and
cytotoxicity evaluation of a biodegradable polyester elastomer composite.
Polym Degrad Stab 2009;94:1427e35.

[126] MacDonald RA, Voge CM, Kariolis M, Stegemann JP. Carbon nanotubes
increase the electrical conductivity of fibroblast-seeded collagen hydrogels.
Acta Biomater 2008;4:1583e92.

[127] Shi X, Sitharaman B, Pham QP, Liang F, Wu K, Edward Billups W, et al. Fabri-
cation of porous ultra-short single-walled carbon nanotube nanocomposite
scaffolds for bone tissue engineering. Biomaterials 2007;28:4078e90.

[128] Meng J, Kong H, Xu HY, Song L, Wang CY, Xie SS. Improving the blood
compatibility of polyurethane using carbon nanotubes as fillers and its
implications to cardiovascular surgery. J Biomed Mater Res A 2005;74
(2):208e14.

[129] Supronowicz PR, Ajayan PM, Ullmann KR, Arulanandam BP, Metzger DW,
Bizios R. Novel current-conducting composite substrates for exposing oste-
oblasts to alternating current stimulation. J Biomed Mater Res 2002;59:
499e506.

[130] Smart SK, Cassady AI, Lu GQ, Martin DJ. The biocompatibility of carbon
nanotubes. Carbon 2006;44:1034e47.

[131] Lacerda L, Soundararajan A, Singh R, Pastorin G, Al-Jamal KT, Turton J, et al.
Communication. Dynamic imaging of functionalized multi-walled carbon
nanotube systemic circulation and urinary excretion. Adv Mater
2008;20:225e30.

[132] Weigel T, Schinkel G, Lendlein A. Design and preparation of polymeric
scaffold for tissue engineering. Expert Rev Med Devices 2006;3(6):835e51.

[133] Hollister SJ. Porous scaffold design for tissue engineering. Nat Mater
2005;7:518e24.

[134] Xiao G. Solvent-induced changes on corona-discharge-treated polyolefin
surfaces probed by contact angle measurement. J Colloid Interface Sci
1995;171:200e4.

[135] Otsuka H, Nagasaki Y, Kataoka K. Dynamic wettability study on the func-
tionalised PEGylated layer on a polylactide surface constructed by coating of
aldehyde-ended poly(ethylene glycol) (PEG)/polylactide (PLA) block copol-
ymer. Sci Technol Adv Mater 2000;1:21e9.

[136] Tang ZG, Black RA, Curran JM, Hunt JA, Rhodes NP, Williams DF. Surface
properties and biocompatibility of solvent-cast poly[3-caprolactone] films.
Biomaterials 2004;25:4741e8.

[137] Cerrai P, Guerra GD, Tricoli M, Krajewski A, Guicciardi S, Ravaglioli A, et al.
New composites of hydroxyapatite and bioresorbable macromolecular
material. J Mater Sci Mater Med 1999;10(5):283e9.

[138] Wagner HD, Vaia RA. Nanocomposites: issues at the interface. Mater Today
2004;7(11):38e42.

[139] Zhang D, Kandadai MA, Cech J, Roth S, Curran SA. Poly(L-lactide) (PLLA)/
multiwalled carbon nanotube (MWCNT) composite: characterization and
biocompatibility evaluation. J Phys Chem B 2006;110(26):12910e5.

[140] Paiva MC, Zhou B, Fernando KAS, Lin Y, Kennedy JM, Sun YP. Mechanical and
morphological characterization of polymerecarbon nanocomposites from
functionalized carbon nanotubes. Carbon 2004;42:2849e54.

[141] Mamedov AA, Kotov NA, Prato M, Guldi DM, Wicksted JP, Hirsch A. Molec-
ular design of strong single-wall carbon nanotube/polyelectrolyte multilayer
composites. Nat Mater 2002;1:190e4.

[142] Wu D, Wu L, Sun Y, Zhang M. Rheological properties and crystallization
behavior of multi-walled carbon nanotube/poly(3-caprolactone) composites.
J Polym Sci Part B Polym Phys 2007;25:3137e47.

[143] Kwiatkowska M, Broza G, Sculte K, Roslaniec Z. The in-situ synthesis of
polybutylene terephthalate/carbon nanotubes composites. Rev Adv Mater
Sci 2006;12(2):154e9.

[144] Wu CS, Liao HT. Study on the preparation and characterization of biode-
gradable polylactide/multi-walled carbon nanotubes nanocomposites. Poly-
mer 2007;48(15):4449e58.



I. Armentano et al. / Polymer Degradation and Stability 95 (2010) 2126e21462144
[145] Marras SI, Kladi KP, Tsivintzelis I, Zuburtikudis I, Panayiotou C. Biodegradable
polymer nanocomposites: the role of nanoclays on the thermomechanical
characteristics and the electrospun fibrous structure. Acta Biomater 2008;4
(3):756e65.

[146] Song H, Zhang Z, Men XH. Surface-modified carbon nanotubes and the effect
of their addition on the tribological behavior of a polyurethane coating. Eur
Polym J 2007;43(10):4092e102.

[147] Kuan CF, Kuan HC, Ma CCM, Chen CH. Mechanical and electrical properties of
multi-wall carbon nanotube/poly(lactic acid) composites. J Phys Chem Solids
2008;69:13951398.

[148] Coleman JN, Curran S, Dalton AB, Davey AP, McCarthy B, Blau W, et al.
Percolation-dominated conductivity in a conjugated-polymer-carbon-
nanotube composite. Phys Rev B 1998;58(12):7492e5.

[149] Mitchell CA, Krishnamoorti R. dispersion of single-walled carbon nanotubes
in poly(e-caprolactone). Macromolecules 2007;40(5):1538e45.

[150] Chatterjee T, Mitchell CA, Hadjiev VG, Krishnamoorti R. Hierarchical
polymer-nanotube composites. Adv Mater 2007;19(22):3850e3.

[151] Tsubokava N. Preparation and properties of polymer-grafted carbon
nanotubes and nanofibers. Polym J 2005;37(9):637e55.

[152] Se-Jin O, Hwa-Jeong L, Dong-Ki K, Seong-Woo L, David HW, Soo-Young P,
et al. Multiwalled carbon nanotubes and nanofibers grafted with poly-
etherketones in mild and viscous polymeric acid. Polymer 2006;47
(4):1132e40.

[153] Martin CA, Sandler JKW, Shaffer MS, Schwarz MK, Bauhofer W, Schulte K,
et al. Formation of percolating networks in multi-wall carbon-nano-
tubeeepoxy composites. Compos Sci Technol 2004;64(15):2309e16.

[154] Kim YJ, Shin TS, Choi HD, Kwon JH, Chung YC, Yoon HG. Electrical conduc-
tivity of chemically modified multiwalled carbon nanotube/epoxy compos-
ites. Carbon 2005;43(1):23e30.

[155] Tsuji H, Kawashima Y, Takikawa H, Tanaka S. Poly(L-lactide)/nano-structured
carbon composites: conductivity, thermal properties, crystallization, and
biodegradation. Polymer 2007;48:4213e25.

[156] Schneider OD, Loher S, Brunner TJ, Schmidlin P, Stark WJ. Flexible, silver
containing nanocomposites for the repair of bone defects: antimicrobial
effect against E. coli infection and comparison to tetracycline containing
scaffolds. J Mater Chem 2008;18(23):2679e84.

[157] Xu X, Yang Q, Bai J, Lu T, Li Y, Jing X. Fabrication of biodegradable electrospun
poly(L-lactide-co-glycolide) fibers with antimicrobial nanosilver particles.
J Nanosci Nanotechnol 2008;8(10):5066e70.

[158] Xu X, Yang Q, Wang Y, Yu H, Chen X, Jing X. Biodegradable electrospun poly
(l-lactide) fibers containing antibacterial silver nanoparticles. Eur Polym J
2006;42(9):2081e7.

[159] Wang J, Li J, Ren L, Zhao A, Li P, Leng Y, et al. Antibacterial activity of silver
surface modified polyethylene terephthalate by filtered cathodic vacuum arc
method. Surf Coat Technol 2007;201(15):6893e6.

[160] Katsikogianni M, Missirlis YF. Concise review of mechanics of bacterial
adhesion to biomaterials and of techniques used in estimating bacteria-
material interactions. Eur Cells Mater 2004;8:37e57.

[161] Ramage G, Tunney MM, Patrick S, Gorman SP, Nixon JR. Formation of Pro-
pionibacterium acnes biofilms on orthopaedic biomaterials and their
susceptibility to antimicrobials. Biomaterials 2003;24:3221e7.

[162] Guarino V, Ambrosio L. The synergic effect of polylactide fiber and calcium
phosphate particle reinforcement in poly e-caprolactone-based composite
scaffolds. Acta Biomater 2008;4:1778e87.

[163] Lu L, Peter SJ, Lyman MD, Lai HL, Leite SM, Tamada JA, et al. In vitro
degradation of porous poly(l-lactic acid) foams. Biomaterials 2000;21
(15):1595e605.

[164] Mikos AG, Thorsen AJ, Czerwonka LA, Bao Y, Winslow DN, Vacanti JP.
Preparation and characterization of poly(l-lactic acid) foams. Polymer
1994;35:1068e77.

[165] Cooper AI. Polymer synthesis and processing using supercritical carbon
dioxide. J Mater Chem 2000;10:207e34.

[166] Harris LD, Kim BS, Mooney DJ. Open pore biodegradable matrices formed
with gas foaming. J Biomed Mater Res 1998;42:396e402.

[167] Yang C, Yi L, Yi C, Xiabin J, Peibiao Z, Xuesi C. The nanocomposite
scaffold of poly(lactide-co-glycolide) and hydroxyapatite surface-grafted
with L-lactic acid oligomer for bone repair. Acta Biomater 2009;5(7):
2680e92.

[168] Nejati E, Mirzadeh H, Zandi M. Synthesis and characterization of nano-
hydroxyapatite rods/poly(L-lactide acid) composite scaffolds for bone tissue
engineering. Compos: Part A 2008;39:1589e96.

[169] Azevedo MC, Reis RL, Claase MB, Grijpma DW, Feijen J. Development and
properties of polycaprolactone/hydroxyapatite composite biomaterials.
J Mater Sci Mater Med 2003;14(2):103e7.

[170] Guarino V, Causa F, Netti PA, Ciapetti G, Pagani S, Martini D, et al. The role of
hydroxyapatite as solid signal on performance of PCL porous scaffolds for
bone tissue regeneration. J Biomed Mater Res B Appl Biomater 2008;86B
(2):548e57.

[171] Smith IO, Liu XH, Smith LA, Ma PX. Nanostructured polymer scaffold for
tissue engineering and regenerative medicine. Interdiscip Rev Nanomed
Nanobiotechnol 2009;1:226e36.

[172] Ma PX, Zhang R. Micro-tubular architecture of biodegradable polymer scaf-
folds. J Biomed Mater Res 2001;56:469e77.

[173] Woo KM, Zhang R, Deng H, Ma PX. Protein-mediated osteoblast survival and
migration on biodegradable polymer/hydroxyapatite composite scaffolds.
Transaction of the 28th Annual Meeting of the Society for Biomaterial, vol.
605, 2002.

[174] Shi X, Hudson JL, Spicer PP, Tour JM, Krishnamoorti R, Mikos AG. Rheological
behaviour and mechanical characterization of injectable poly(propylene
fumarate)/single-walled carbon nanotube composites for bone tissue engi-
neering. Nanotechnology 2005;16(7):S531e8.

[175] Sitharaman B, Shi X, Tran LA, Spicer PP, Rusakova I, Wilson LJ, et al. Injectable
in situ crosslinkable nanocomposites of biodegradable polymers and carbon
nanostructures for bone tissue engineering. J Biomater Sci Polym Ed 2007;18
(6):655e71.

[176] Karageorgiou V, Kaplan D. Porosity of 3D biomaterial scaffolds and osteo-
genesis. Biomaterials 2005;26:5474e91.

[177] Misra SK, Watts PCP, Valappil SP, Silva SRP, Roy I, Boccaccini AR. Poly(3-
hydroxybutyrate)/bioglass composite films containing carbon nanotubes.
Nanotechnology 2007;18:075701e8.

[178] Frenot A, Chronakis IS. Polymer nanofibers assembled by electrospinning.
Curr Opin Coll Interface Sci 2003;8:64e75.

[179] Yan S, Xiaoqiang L, Lianjiang T, Chen H, Xiumei M. Poly(L-lactide-co-3-cap-
rolactone) electrospun nanofibers for encapsulating and sustained releasing
proteins. Polymer 2009;50:4212e9.

[180] Teo WE, Ramakrishna S. Review. Electrospun nanofibers as a platform for
multifunctional, hierarchically organized nanocomposite. Compos Sci Tech-
nol 2009;69:1804e17.

[181] Huang ZM, Zhang YZ, Kotaki M, Ramakrishna S. A review on polymer
nanofibers by electrospinning and their applications in nanocomposites.
Compos Sci Technol 2003;63:2223e53.

[182] Jang JH, Castano O, Kim HW. Electrospun materials as potential platforms for
bone tissue engineering. Adv Drug Deliv Rev 2009;61:10651083.

[183] Venugopal J, Low S, Choon AT, Kumar AB, Ramakrishna S. Electrospun-
modified nanofibrous scaffolds for the mineralization of osteoblast cells.
J Biomed Mater Res 2008;85:408e17.

[184] Wutticharoenmongkol P, Pavasant P, Supaphol P. Osteoblastic phenotype
expression of MC3T3-E1 cultured on electrospun polycaprolactone fiber
mats filled with hydroxyapatite nanoparticles. Biomacromolecules 2007;8:
2602e10.

[185] Kim HW, Lee HH, Knowles JC. Electrospinning biomedical nanocomposite
fibers of hydroxyapatite/poly(lactic acid) for bone regeneration. J Biomed
Mater Res 2006;79A:643e9.

[186] Li WJ, Laurencin CT, Caterson EJ, Tuan RS, Ko FK. Electrospun nanofibrous
structure: a novel scaffold for tissue engineering. J Biomed Mater Res
2002;60:613e21.

[187] Kwon IK, Kidoaki S, Matsuda T. Electrospun nano- to microfiber fabrics made
of biodegradable copolyesters: structural characteristics, mechanical prop-
erties and cell adhesion potential. Biomaterials 2005;26:3929e39.

[188] Li WJ, Cooper JA, Mauck RL, Tuan RS. Fabrication and characterization of six
electrospun poly(alpha-hydroxy ester) based fibrous scaffolds for tissue
engineering. Acta Biomater 2006;2:377e85.

[189] Yang KK, Wang XL, Wang YZ. Progress in nanocomposite of biodegradable
polymer. J Ind Eng Chem 2007;13:485e500.

[190] Xu X, Chen X, Liu A, Hong Z, Jing X. Electrospun poly(L-lactide)-grafted
hydroxyapatite/poly(L-lactide) nanocomposite fibers. Macromolecular
Nanotechnology. Eur Polym J 2007;43:3187e96.

[191] Jose MV, Thomas V, Johnson KT, Dean DR, Nyairo E. Aligned PLGA/HA
nanofibrous nanocomposite scaffolds for bone tissue engineering. Acta Bio-
mater 2009;5:305e15.

[192] Ago H, Tobita M. Polymer composites of carbon nanotubes aligned by
a magnetic field. Adv Mater 2002;14:1380e3.

[193] Xie XL, Mai YW, Zhou XP. Dispersion and alignment of carbon nanotubes in
polymer matrix: a review. Mater Sci Eng R 2005;49:89e112.

[194] Saeed K, Park SY, Lee HJ, Baek JB, Huh WS. Preparation of electrospun
nanofibers of carbon nanotube/polycaprolactone nanocomposite. Polymer
2006;47:8019e25.

[195] Ramakrishna S, Fujihara K, Teo WE, Lim TC, Ma Z. An introduction to elec-
trospinning and nanofibers. Singapore: World Scientific Publishing; 2005.

[196] Greiner A, Wendorff JH. Electrospinning: a fascinating method for the
preparation of ultrathin fibers. Angew Chem Int Ed 2007;46:5670e703.

[197] Mei F, Zhong J, Yang X, Ouyang X, Zhang S, Hu X, et al. Improved biological
characteristics of poly(L-Lactic Acid) electrospun membrane by incorporation
of multiwalled carbon nanotubes/hydroxyapatite nanoparticles. Bio-
macromolecules 2007;8:3729e35.

[198] Kanjickal D, Lopina S, Michelle Evancho-Chapman MM, Schmidt S,
Donovan D. Effects of sterilization on poly(ethylene glycol) hydrogels.
J Biomed Mater Res A 2008;87A(3):608e17.

[199] Brun-Graeppi AKAS, Richard C, Bessodes M, Scherman D, Narita T,
Ducouret G, et al. The effect of sterilization methods on the thermo-
gelation properties of xyloglucan hydrogels. Polym Degrad Stab 2010;95:
254e9.

[200] Clough RL. High-energy radiation and polymers: a review of commercial
processes and emerging applications. Nucl Instrum Methods Phys Res B
2001;185(1e4):8e33.

[201] Gilding D, Reed AM. Biodegradable polymers for use in surgery polyglycolic/
poly(lactic acid) homo- and copolymers. Polymer 1979;20:1459e64.

[202] Hooper KA, Cox JD, Kohn J. Comparison of the effect of ethylene oxide and
g-irradiation on selected tyrosine-derived polycarbonates and poly(l-lactic
acid). J Appl Polym Sci 1997;63:1499e510.



I. Armentano et al. / Polymer Degradation and Stability 95 (2010) 2126e2146 2145
[203] Nuutinen JP, Clerc C, Virta T, Törmälä P. Effect of gamma, ethylene oxide,
electron beam, and plasma sterilization on the behaviour of SR-PLLA fibres in
vitro. J Biomater Sci Polym Ed 2002;13:1325e36.

[204] Rozema FR, Bos RRM, Boering G, van Asten JAAM, Nijenhuis AJ, Pennings AJ.
The effects of different steam-sterilization programs on material properties
of poly(L-lactide). J Appl Biomater 2009;2:23e8.

[205] Holy CE, Cheng C, Davies JE, Shoichet MS. Optimizing the sterilization of
PLGA scaffolds for use in tissue engineering. Biomaterials 2001;22(1):25e31.

[206] Gardner JF, Peel MM. Introduction to sterilization, disinfection and infection
control. New York, NY: Churchill Livingstone; 1991. pp. 91e137.

[207] Ayhan F, Ayhan H, Piskin E. Sterilization of sutures by low temperature argon
plasma. J Bioact Compat Polym 1998;13(1):65e72.

[208] Kelly-Wintenberg K, Hodge A, Montie TC. Use of a one atmosphere uniform
glow discharge plasma to kill a broad spectrum of microorganisms. J Vac Sci
Technol A 1999;17(4):1539e44.

[209] Maquet V, Boccaccini AR, Pravata L, Notingher I, Jerome R. Porous poly(a-
hydroxyacid)/Bioglass� composite scaffolds for bone tissue engineering.
I: preparation and in vitro characterisation. Biomaterials 2004;25(18):
4185e94.

[210] Yang YY, Shi M, Goh SH, Moochhala S, Heller J. POE/PLGA composite
microspheres: formation and in vitro behavior of double walled micro-
spheres. J Control Release 2003;88(2):201e13.

[211] Loo SCJ, Ooi CP, Boey YCF. Radiation effects on poly(lactide-co-glycolide)
(PLGA) and poly(l-lactide) (PLLA). Polym Degrad Stab 2004;83(2):259e65.

[212] Hurrell S, Cameron RE. Polyglycolide: degradation and drug release. Part I:
changes in morphology during degradation. J Mater Sci Mater Med 2001;12
(9):811e6.

[213] Drury JL, Mooney DJ. Hydrogels for tissue engineering: scaffold design
variables and applications. Biomaterials 2003;24(24):4337e51.

[214] Dunn AS, Campbell PG, Marra KG. The influence of polymer blend compo-
sition on the degradation of polymer/hydroxyapatite biomaterials. J Mater
Sci Mater Med 2001;12(8):673e7.

[215] Pandey Jitendra K, Raghunatha Reddy K, Pratheep Kumar A, Singh RP. An
overview on the degradability of polymer nanocomposites. Polym Degrad
Stab 2005;88:234e50.

[216] Djemai A, Gladden LF, Booth J, Kittlety RS, Gellert PR. MRI investigation of
hydration and heterogeneous degradation of aliphatic polyesters derived
from lactic and glycolic acids: a controlled drug delivery device. Magn Reson
Imaging 2001;19(3e4):521e3.

[217] Bikiaris DN, Chrissafis K, Paraskevopoulos KM, Triantafyllidis KS,
Antonakou EV. Investigation of thermal degradation mechanism of an
aliphatic polyester using pyrolysis gas chromatography mass spectrometry
and a kinetic study of the effect of the amount of polymerisation catalyst.
Polym Degrad Stab 2007;92:525e36.

[218] Chen H, Bei J, Wang S. Hydrolytic degradation of polyester-polyether block
copolymer based on polycaprolactone/poly(ethylene glycol)/polylactide.
Polym Adv Technol 2000;11:180e4.

[219] Loher S, Reboul V, Brunner TJ, Simonet M, Dora C, Neuenschwander P, et al.
Improved degradation and bioactivity of amorphous aerosol derived trical-
cium phosphate nanoparticles in poly(lactide-co-glycolide). Nanotechnology
2006;17:2054e61.

[220] Iannace S, Maffezzoli A, Leo G, Nicolais L. Influence of crystal and amorphous
phase morphology on hydrolytic degradation of PLLA subjected to different
processing conditions. Polymer 2001;42:3799e807.

[221] Li S, McCarthy S. Further investigations on the hydrolytic degradation of poly
(dl-lactide). Biomaterials 1999;20:35e44.

[222] Kim K, Yu M, Zong X, Chiu J, Fang D, Seod Y, et al. Control of degradation rate
and hydrophilicity in electrospun non-woven poly(d, l-lactide) nanofiber
scaffolds for biomedical applications. Biomaterials 2003;24:4977e85.

[223] Bian X, Ambrosio L, Kenny JM, Nicolais L, Occhiello E, Morra M, et al. The
effect of surface treatments of fibers on the interfacial properties in single
fiber composites. 1. Single carbon-fiber Epoxy-resin composite system.
J Adhes Sci Technol 1991;5:377e88.

[224] Bian X, Ambrosio L, Kenny JM, Nicolais L, Di Benedetto AT. Effect of water
absorption on the behaviour of e-glass fiber nylon-6 composites. Polym
Compos 1991;12:333e7.

[225] Bianco A, Kostarelos K, Prato M. Applications of carbon nanotubes in drug
delivery. Curr Opin Chem Biol 2005;9:674e9.

[226] Allen BL, Kichambare PD, Gou P, Vlasova II , Kapralov AA, Konduru N, et al.
Biodegradation of single-walled carbon nanotubes through enzymatic
catalysis. Nano Lett 2008;8(11):3899e903.

[227] Vitte J, Benoliel AM, Pierres A, Bongrand P. Is there a predictable relationship
between surface physical-chemical properties and cell behaviour at the
interface? Eur Cells Mater 2004;7:52e63.

[228] Yang J, Bei J, Wang S. Enhanced cell affinity of poly (D, L-lactide) by combining
plasma treatment with collagen anchorage. Biomaterials 2002;23
(12):2607e14.

[229] Fan YW, Cui FZ, Hou SP, Xu QY, Chen LN, Lee IS. Culture of neural cells on
silicon wafers with nano-scale surface topograph. J Neurosci Meth 2002;120
(1):17e23.

[230] Dalby MJ, Giannaras D, Riehle MO, Gadegaard N, Affrossman S, Curtis ASG.
Rapid fibroblast adhesion to 27nm high polymer demixed nano-topography.
Biomaterials 2004;25:77e83.

[231] Dalby MJ, Riehle MO, Johnstone H, Affrossman S, Curtis ASG. Investigating
the limits of filopodial sensing: a brief report using SEM to image the
interaction between 10 nm high nano-topography and fibroblast filopodia.
Cell Biol Int 2004;28:229e36.

[232] Hamilton DW, Riehle MO, Monaghan W, Curtis AS. Articular chondrocyte
passage number: influence on adhesion, migration, cytoskeletal organisation
and phenotype in response to nano- and micro-metric topography. Cell Biol
Int 2005;29:408e21.

[233] Yim EKF, Reano RM, Pang SW, Yee AF, Chen CS, Leong KW. Nanopattern-
induced changes in morphology and motility of smooth muscle cells.
Biomaterials 2005;26(26):5405e13.

[234] Crouch AS, Miller D, Luebke KJ, Hu W. Correlation of anisotropic cell
behaviors with topographic aspect ratio. Biomaterials 2009;30(8):1560e7.

[235] Martino S, D’Angelo F, Armentano I, Tiribuzi R, Pennacchi M, Dottori M, et al.
a-C:H nanopatterned film designs drive human bone marrow mesenchymal
stem cell cytoskeleton architecture. Tissue Eng Part A 2009;15:3139e49.

[236] Dalby MJ, Gadegaard N, Curtis AS, Oreffo RO. Nanotopographical control of
human osteoprogenitor differentiation. Curr Stem Cell Res Ther 2007;2
(2):29e138.

[237] Dalby MJ, Childs S, Riehle MO, Johnstone HJH, Affrossman S, Curtis ASG.
Fibroblast reaction to island topography: changes in cytoskeleton and
morphology with time. Biomaterials 2003;24(6):927e35.

[238] Wilkinson CDW, Riehle M, Wood M, Gallacher J, Curtis ASG. The use of
materials patterned on a nano- and micro-metric scale in cellular engi-
neering. Mater Sci Eng C 2002;19:263e9.

[239] Tsai WB, Chen CH, Chen JF, Chang KY. The effects of types of degradable
polymers on porcine chondrocyte adhesion, proliferation and gene expres-
sion. J Mater Sci Mater Med 2006;17:337e43.

[240] Pham QP, Sharma U, Mikos AG. Electrospinning of polymeric nanofibers for
tissue engineering applications: a review. Tissue Eng 2006;12:1197e211.

[241] Wan Y, Qu X, Lu J, Zhu C, Wan L, Yang J, et al. Characterization of surface
property of poly(lactide-co-glycolide) after oxygen plasma treatment.
Biomaterials 2004;25(19):4777e83.

[242] Ryu GH, Yang WS, Roh HW, Lee IS, Kim JK, Lee GH, et al. Plasma surface
modification of poly (d, l-lactic-co-glycolic acid) (65/35) film for tissue
engineering. Surf Coat Technol 2005;193:60e4.

[243] Favia P, d’Agostino R. Plasma treatments and plasma deposition of polymers
for biomedical applications. Surf Coat Technol 1998;98:1102e6.

[244] Hsu SH, Chen WC. Improved cell adhesion by plasma-induced grafting of L-
lactide onto polyurethane surface. Biomaterials 2000;21(4):359e67.

[245] Hegemann D, Brunner H, Oehr C. Plasma treatment of polymers for surface
and adhesion improvement. Nucl Instrum Methods Phys Res B Beam Interact
Mater Atoms 2003;208:281e6.

[246] Zhu X, Chian KS, Chan-Park MBE, Lee ST. Effect of argon-plasma treatment on
proliferation of human-skin-derived fibroblast on chitosan membrane in
vitro. J Biomed Mater Res A 2005;73A:264e74.

[247] Baker SC, Atkin N, Gunning PA, Granville N, Wilson K, Wilson D, et al.
Characterization of electrospun polystyrene scaffolds for three-dimensional
in vitro biological studies. Biomaterials 2006;27:3136e46.

[248] Park H, Lee KY, Lee SJ, Park KE, Park WH. Plasma-treated poly(lactic-cogly-
colic acid) nanofibers for tissue engineering. Macromol Res 2007;15:238e43.

[249] ShenH,HuX, Bei J,WangS. The immobilizationofbasicfibroblastgrowth factor
on plasma-treated poly(lactide-co-glycolide). Biomaterials 2008;29:2388e99.

[250] Qu X, Cui W, Yang F, Min C, Shen H, Bei J, et al. The effect of oxygen plasma
pretreatment and incubation in modified simulated body fluids on the
formation of bone-like apatite on poly(lactide-co-glycolide) (70/30).
Biomaterials 2007;28:9e18.

[251] Baek HS, Park YH, Ki CS, Park JC, Rah DK. Enhanced chondrogenic responses
of articular chondrocytes onto porous silk fibroin scaffolds treated with
microwave-induced argon plasma. Surf Coat Technol 2008;202:5794e7.

[252] He W, Yong T, Ma ZW, Inai R, Teo WE, Ramakrishna S. Biodegradable
polymer nanofiber mesh to maintain functions of endothelial cells. Tissue
Eng 2006;12:2457e66.

[253] Hersel U, Dahmen C, Kessler H. RGD modified polymers: biomaterials for
stimulated cell adhesion and beyond. Biomaterials 2003;24:4385e415.

[254] Zhang H, Hollister SJ. Comparison of bone marrow stromal cell behaviors on
poly(caprolactone) with or without surface modification: studies on cell
adhesion, survival and proliferation. J Biomater Sci Polym Ed 2009;20
(14):1975e93.

[255] Zhang H, Lin CY, Hollister SJ. The interaction between bone marrow stromal
cells and RGD-modified three-dimensional porous polycaprolactone scaf-
folds. Biomaterials 2009;30:4063e9.

[256] Armentano I, Ciapetti G, Pennacchi M, Dottori M, Devescovi V, Granchi D,
et al. Role of PLLA plasma surface modification in the interaction with human
marrow stromal cells. J App Polym Sci 2009;114:3602e11.

[257] Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al.
Multilineage potential of adult human mesenchymal stem cells. Science
1999;284:143e7.

[258] Discher DE, Janmey P, Wang YL. Tissue cells feel and respond to the stiffness
of their substrate. Science 2005;310:1139e43.

[259] Rohman G, Pettit JJ, Isaure F, Cameron NR, Southgate J. Influence of the
physical properties of two-dimensional polyester substrates on the growth
of normal human urothelial and urinary smooth muscle cells in vitro.
Biomaterials 2007;28:2264e74.

[260] Baker SC, Rohman G, Southgate J, Cameron NR. The relationship between the
mechanical properties and cell behaviour on PLGA and PCL scaffolds for
bladder tissue engineering. Biomaterials 2009;30:1321e8.



I. Armentano et al. / Polymer Degradation and Stability 95 (2010) 2126e21462146
[261] Plant AL, Bhadriraju K, Spurlin TA, Elliott JT. Review cell response to matrix
mechanics: focus on collagen. Biochim Biophys Acta 2009;1793:893e902.

[262] Pek YS,Wan ACA, Ying JY. The effect of matrix stiffness onmesenchymal stem
cell differentiation in a 3D thixotropic gel. Biomaterials 2010;31:385e91.

[263] Yeung T, Georges PC, Flanagan LA, Marg B, Ortiz M, Funaki M, et al. Effects of
substrate stiffness on cell morphology, cytoskeletal structure, and adhesion.
Cell Motil Cytoskeleton 2005;60:24e34.

[264] Sun S, Titushkin I, Cho M. Regulation of mesenchymal stem cell adhesion and
orientation in 3D collagen scaffold by electrical stimulus. Bioelectrochemistry
2006;69:133e41.
[265] Eisenbarth E, Linez P, Biehl V, Velten D, Breme J, Hildebrand HF. Cell orien-
tation and cytoskeleton organization on ground titanium surfaces. Biomol
Eng 2002;19:233e7.

[266] Kim S, Kim SS, Lee SH, Ahn SE, Gwakd SJ, Songe JH, et al. In vivo bone
formation from human embryonic stem cell-derived osteogenic cells in poly
(D, L-lactic-co-glycolic acid)/hydroxyapatite composite scaffolds. Biomaterials
2008;29:1043e53.

[267] Yuan HP, Kurashina K, de Bruijn JD, Li YB, de Groot K, Zhang XD. Preliminary
study on osteoinduction of two kinds of calcium phosphate ceramics.
Biomaterials 1999;20:1799e806.


	美国细胞修复系统医学中心
	www.cytothesis.us

	足够的机械性能，作为细胞支架(Scaffold/Cytoskeleton)的应用
	优化细胞支架(Scaffold/Cytoskeleton)最终的机械响应
	可生物降解的聚合物基納米複合材料的組織工程
	开辟了可协调的动力(力学/机械力)热能和电(气)性能的自组装纳米材料生物医学应用的新观点。
	Introduction
	Current polymer matrices for bionanocomposites
	Current nanostructures for bionanocomposites
	Hydroxyapatite
	Metal nanoparticles
	Carbon nanostructures

	Current process in bionanocomposite technology
	Nanocomposite films
	Porous scaffolds
	Nanohybrid membranes

	Sterilization of nanostructured bionanocomposites
	In-vitro biodegradation study of bionanocomposites
	Bionanocomposite surface functionalization
	「干细胞」与「生物纳米复合材料」之间的相互作用
	Conclusions
	Acknowledgements
	References




