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a  b  s  t  r  a  c  t

With  tissue  engineering  we  can  create  biological  substitutes  to repair  or replace  failing
organs  or tissues.  Synthetic  biopolymer-based  nanocomposites  are  of interest  for  use  in
tissue engineering  scaffolds  due to their biocompatibility  and  adjustable  biodegradation
kinetics.  The  most  often  utilized  synthetic  biopolymers  for  three  dimensional  scaffolds
in  tissue  engineering  are  saturated  poly(�-hydroxy  esters),  including  poly(lactic  acid)
(PLA), poly(glycolic  acid)  (PGA),  poly(lactic  acid-co-glycolic  acid)  (PLGA),  and  poly(�-
caprolactone)  (PCL). To  enhance  the  mechanical  properties  and  cellular  adhesion  and
proliferation,  the  incorporation  of  nanoparticles  (e.g., apatite  component,  carbon  nano-
structures  and  metal  nanoparticles)  has  been  extensively  investigated.  At the same  time,
current research  is  focused  on  the  interaction  between  stromal  cells  and  biopolymer
interfaces.  In  this  review,  current  research  trends  in  nanocomposite  materials  for  tissue
engineering,  including  strategies  for fabrication  of  nanocomposite  scaffolds  with  highly
porous  and  interconnected  pores  are  presented.  The  results  of the  in vitro  cell  culture  analy-
sis of  the  cell–scaffold  interaction  using  the  colonization  of mesenchymal  stem  cells  (MSCs)
and degradation  of the scaffolds  in  vitro  are  also  discussed.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the industrial revolution and particularly after
World War  II, the breakthrough in materials research has
become increasingly more rapid, and has resulted in the
wide use of materials such as polymers, metals, semi-
conductors, and agricultural chemicals (e.g., pesticides and
fertilizers). The production of these materials in increasing
quantities to meet the demands of a growing population
has led to the increased consumption of fossil fuel and the
release of wastes, resulting in regional and global environ-
mental problems ranging from air, water and soil pollution,
to climate changes.

These problems in turn limit the amount and extent to
which such materials can be used, and call for a re-thinking
of the design, synthesis, and production of materials in
mass use. In this regard, natural materials provide not only
a baseline for a comparison of the performance of man-
made materials, but also a clue to the development of new
materials that are more environmentally sustainable, in
addition to having a desirable functionality.

Hence, with this background, biopolymers are well-
known examples for renewable source based, environ-
mental benign polymeric materials [1]. These include
polysaccharides, such as cellulose, starch, alginate and
chitin/chitosan, carbohydrate polymers produced by
bacteria and fungi [2], and animal protein-based biopoly-
mers such as wool, silk, gelatin and collagen. Naturally
derived polymers offer interesting properties of biocom-
patibility and biodegradability. One of the advantages of
naturally derived polymers is the biological recognition
that may  positively support cell adhesion and function,
however, many have poor mechanical properties, and are
also limited in supply and can therefore be costly [3].

On the other hand, polyvinyl alcohol (PVA),
poly(�-caprolactone) (PCL), poly(lactic acid) (PLA),
poly(glycolic acid) (PGA), poly(hydroxy butyrate) (PHB)
and poly(butylene succinate) (PBS) are examples of
synthetic biodegradable polymers; it [4]. In today’s
commercial environment, synthetic biopolymers have
proven to be relatively expensive and available only in
small quantities, with applications in the textile and
medical industries, as well as the packaging industry.
Although this has led to limited applications, they can be
produced in large-scale under controlled conditions and
with predictable and reproducible mechanical properties,
degradation rate and microstructure [4,5].

In this context, one of the most promising synthetic
biopolymers is PLA because it is made from agriculture

products. Although PLA is not a new polymer, devel-
opments in the capability to manufacture the monomer
economically from agriculture products have placed this
material at the forefront of the emerging biodegradable
plastics industries.

PLA, PGA and their copolymers, poly(lactic acid-co-
glycolic acid) (PLGA) are extensively used in tissue
engineering for treating patients suffering from damaged
or lost organs or tissues [6,7]. They have been demonstrated
to be biocompatible, degrading into non-toxic components,
and have a long history as degradable surgical sutures with
FDA (US Food and Drug Administration) approval for clin-
ical use. PCL and PHB are also used in tissue engineering
research.

The task of tissue engineering demands a combination
of molecular biology and materials engineering, since in
many applications a scaffold is needed to provide a tempo-
rary artificial matrix for cell seeding. In general, scaffolds
must exhibit high porosity, proper pore size, biocompat-
ibility, biodegradability and proper degradation rate [8].
The scaffold must provide sufficient mechanical support to
maintain stresses and loadings generated during in vitro or
in vivo regeneration.

For some of aforementioned applications, enhance-
ment of the mechanical properties is often needed [9].
This can be achieved by the incorporation of nanoparti-
cles, such as hydroxyapatite (HA) carbon nanotubes and
layered silicates. Polymer/layered silicate nanocomposites
have become the focus of academic and industrial atten-
tion [10]. Introduction of small quantities of high aspect
ratio nano-sized silicate particles can significantly improve
mechanical and physical properties of the polymer matrix
[11]. However, the pore structure, the porosity, the crys-
tallinity and the degradation rate may  alter the mechanical
properties and, thus, the efficiency of a scaffold. As a con-
sequence, the scaffold fabrication method should allow for
the control of its pore size and shape and should enhance
the maintenance of its mechanical properties and biocom-
patibility [6,8].

During the past year, many techniques have been
applied for making porous scaffolds. Among the most pop-
ular are particulate leaching [12], temperature-induced
phase separation [13], phase inversion in the presence of a
liquid non-solvent [14], emulsion freeze-drying [15], elec-
trospinning [16], and rapid prototyping [6]. On the other
hand, foaming of polymers using supercritical fluids is a
versatile method in obtaining porous structure [8,17].

This review highlights the synthetic biopolymer-
based nanocomposites with the aim of producing porous



Author's personal copy

M. Okamoto, B. John / Progress in Polymer Science 38 (2013) 1487– 1503 1489

scaffolds in tissue engineering applications during the last
decade. In addition, current research trends on nanocom-
posite materials for tissue engineering are also reviewed,
including strategies for fabrication of nanocomposite
scaffolds with highly porous and interconnected pores.
The results of the in vitro cell culture analysis of the
cell–scaffold interaction using the colonization of mes-
enchymal stem cells (MSCs), and in vitro degradation of
the scaffolds are also discussed.

2. Tissue engineering applications

Tissue engineering applies methods from materials
engineering and life science to create artificial constructs
for regeneration of new tissue [6,7]. Tissue engineering
facilitates the creation of biological substitutes to repair
or replace the failing organs or tissues. One of the most
promising approaches toward this direction is to grow cells
on scaffolds that act as temporary support for cells during
the regeneration of the target tissues, without losing the
three dimensional (3D) stable structure.

Polymeric scaffolds play a pivotal role in tissue engi-
neering through cell seeding, proliferation, and new tissue
formation in three dimensions, showing great promise
in the research of engineering a variety of tissues. Pore
size, porosity, and surface area are widely recognized as
important parameters for a tissue engineering scaffold.
Other architectural features such as pore shape, pore wall
morphology, and interconnectivity between pores of the
scaffolding materials are also suggested to be important for
cell seeding, migration, growth, mass transport and tissue
formation [6].

Scaffolds made from collagen are being rapidly replaced
with ultraporous scaffolds from biodegradable polymers.
Biodegradable polymers are attractive candidates for scaf-
folding materials because they degrade as the new tissues
are formed, eventually leaving nothing foreign to the body.
The major challenges in scaffold manufacture lies in the
design and fabrication of customizable biodegradable con-
structs with properties that promote cell adhesion and cell
porosity, along with sufficient mechanical properties that
match the host tissue, with predictable degradation rate
and biocompatibility [6,7,18].

The biocompatibility of the materials is imperative. That
is, the substrate materials must not elicit an inflammatory
response nor demonstrate immunogenicity of cytotoxicity.
The scaffolds must be easily sterilizable in both the surface
and the bulk to prevent infection [19]. For scaffolds partic-
ularly in bone tissue engineering, a typical porosity of 90%
with a pore diameter of about 100 �m is required for cell
penetration and a proper vascularization of the ingrown
tissue [20].

Bioactive ceramics such as HA and calcium phosphates
are another major class of biomaterials for bone repair
is [21,22]. They showed appropriate osteoconductivity
and biocompatibility because of chemical and structural
similarity with the mineral phase to native bone. How-
ever, their inherent brittleness and the difficulty to shape
them are disadvantages. For this reason, polymer/bioactive
ceramic composite scaffolds have been developed in appli-
cations for the bone tissue engineering. They exhibit good

bioactivity, manipulation and control microstructure in
shaping to fit bone defects [23].

3. Synthetic biopolymer and its nanocomposites for
tissue engineering

The extensive literature on nanocomposite research
(e.g., polymer/layered silicate) is covered in reviews
[10,24–26]. The study on nanocomposites has gained
greater momentum. This new class of materials is now
being introduced in structural applications, such as gas
barrier film, flame retardant product, and other load-
bearing applications [27]. Among these nanocomposites,
biopolymer-based nanocomposites are considered to be a
stepping stone toward a greener and sustainable environ-
ment. Biopolymer-based nanocomposites are described in
detailed studies and reviews elsewhere [28–30].

The most often utilized synthetic biopolymers for
3D scaffolds in tissue engineering are saturated poly(�-
hydroxy esters) including PLA, racemic mixture of d,l-PLA
(PDLLA) and PGA, as well as PLGA [31–33]. These poly-
mers degrade through hydrolysis of the ester bonds. Once
degraded, the monomeric components are removed by
natural pathways. The body contains highly regulated
mechanisms for completely removing monomeric com-
ponents of lactic and glycolic acids. PGA is converted to
metabolites or eliminated by other mechanisms. On the
other hand, PLA is cleared via the tricarboxylic acid cycle.
Due to these properties PLA and PGA have been used
in products and devices, including degradable sutures,
approved by the US FDA. The cost of PLA for medical use is
about 3$/g, which is three order of magnitude higher than
conventional injection moldable PLA (3$/kg) [34]. PLA and
PGA may  be processed easily, and their degradation rates,
physical and mechanical properties are adjustable over a
wide range by using various molecular weights and copoly-
mer  composition. These polymers undergo a bulk erosion
process such that can cause scaffolds to fail prematurely.
The abrupt release of their acidic degradation products can
cause a strong inflammatory response [35]. Table 1 shows
an overview of the discussed biopolymers and their phys-
ical properties. Their degradation rates decreases in the
following order:

PGA > PDLLA > PLLA > PCL∼PPF

PGA degrades rapidly in aqueous solution or in vivo, and
loses mechanical integrity between two  and four weeks.
The extra methyl group in the PLA repeating unit makes it
more hydrophobic, reduces the molecular affinity to water,
and leads to a slower degradation. Therefore, the scaffolds
made from PLA degrade slowly both in vitro and in vivo,
maintaining mechanical properties over several months
[45].

PCL degrades at a significantly slower rate than PLA,
PGA, and PLGA. The slow degradation makes PCL less
attractive for biomedical applications, but more attractive
for long-term implants and controlled release application
[6,36]. PCL has been used as a candidate polymer for bone
tissue engineering, where scaffolds should maintain phys-
ical and mechanical properties for at least 6 months [37].
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Table 1
Physical properties of synthetic biopolymers used as scaffold materials.

Biopolymers Thermal properties Tensile modulus (GPa) Biodegradation time (months)

Tm (◦C)a Tg (◦C)b

PLLA 173–178 60–65 1.2–3.0 >24
PDLLA – 55–60 1.9–2.4 12–16
PGA  225–230 35–40 5–7 3–4
PLGA (50/50) – 50–55 1.4–2.8 Adjustable: 3–6
PCL  58–63 –60 0.4–0.6 >24
PPF 30–50 –60 2–3 >24

Reproduced from [48].
a Melting temperature.
b Glass transition temperature.

Poly(propylene fumarate) (PPF), an unsaturated linear
polyester, has been developed for orthopedic and dental
applications [38]. Its degradation products are biocompat-
ible and readily removed from the body. The double bond of
PPF main chains leads to in situ cross-linking, which causes
results in a moldable composite. The preservation of the
double bond and molecular weight are key characteristics
to control the final mechanical properties and degradation
time.

However, PPF and other biodegradable polymers lack
the mechanical strength required for tissue engineering of
load-bearing bones [39]. The development of composite
and nanocomposite materials utilizing inorganic particles,
e.g., apatite components (i.e., the main constituent of the
inorganic phase of bone [6]), bioactive glasses, carbon
nanostructures (e.g., nanotubes, nanofibers, and graphene),
and metal nanoparticles has been investigated.

3.1. Hydroxyapatite (HA)-base nanocomposites

HA promotes bone ingrowth and biocompatible because
around 65 wt% of bone is made of HA, Ca10(PO4)6(OH)2.
Natural or synthetic HA has been intensively investigated
as the major component of scaffold materials for bone tis-
sue engineering [40]. The Ca/P ratio of 1.50–1.67 is the key
issue to promote bone regeneration. Much better osteocon-
ductive properties have been reported in HA by changing
composition, size and morphology [41]. The nano-sized HA
(nHA) may  have other special properties due to its small
size and huge specific surface area. A significant increase in
protein adsorption and osteoblast adhesion on the nano-
sized ceramic materials was reported by Webster et al.
[42].

Fig. 1 shows the rod shaped morphology of the nHA
with particle width ranging from 37–65 nm and length
from 100 to 400 nm [43]. The compressive strength of
bioceramics increases when their grain size reduced to
nanolevels [44].

Nanocomposites based on HA particles and biopolymers
have attracted attention for their good osteoconductiv-
ity, osteoinductivity, biodegradability and high mechanical
strengths. The Ma  group mimicked the size scale of HA
in natural bone and showed the incorporation of nHA
improved the mechanical properties and protein adsorp-
tion of the composite scaffolds, while maintaining high
porosity and suitable microarchitecture [44].

Nejati et al. [43] reported that the effect of the synthesis
nHA on the scaffolds morphology and mechanical proper-
ties in poly(l-lactic acid) (PLLA)-based nanocomposites.

The morphology and microstructure of the scaffolds
were examined using scanning electron microscope (SEM)
(Fig. 2). The nanocomposite scaffold (Fig. 2c and d) main-
tain a regular internal ladder-like pore structure, similar to
neat PLLA scaffold (Fig. 2a and b) with a typical morphology
processed by thermally induced phase separation [13].
Rod-like nHA particles are distributed within the pore
walls, n with no aggregation in the pores (Fig. 2e and f).
However, the nanocomposite exhibits little effect of nHA on
the development of the pore morphology as compared with
that of neat PLLA. Pore size of neat PLLA and nanocomposite
scaffolds are in the range of 175–97 �m,  respectively. In the
case of microcomposite scaffold (Fig. 2g and h), micro-HA
(mHA) particles are randomly distributed in PLLA matrix.
Some are embedded in the pore wall and some are piled
together between or within the pores. Among composite
and neat PLLA scaffolds, nanocomposites scaffolds showed

Fig. 1. SEM micrographs of the synthetic nHA rods.
[43], Copyright 2008. Reproduced with permission from Elsevier Ltd.
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Fig. 2. SEM micrographs of pure PLLA, PLLA/nHA and PLLA/mHAP scaffolds. (a, b) Neat PLLA and cross-section; (c, d) PLLA/nHA: 50/50 and cross-section;
(e,  f) PLLA/nHAP: 50/50; (g, h) PLLA/mHAP: 50/50 scaffold.
[43], Copyright 2008. Reproduced with permission from Elsevier Ltd.
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the highest compressive strength (8.67 MPa) with 85.1%
porosity, comparable to the high end of compressive
strength of cancellous bone (2–10 MPa) [46].

PCL/nHA nanocomposites were prepared and they com-
bine the osteoconductivity and biocompatibility shown by
HA ceramic with PCL properties [45,47–49]. The structural
characterization of a novel electrospun nanocomposite
and the analysis of cell response by a highly sen-
sitive cell, embryonic stem cell for PCL/Ca-deficient
nHA system have been investigated [47]. For higher
Ca-deficient nHA contents (∼55 wt%), the mechanical prop-
erties significantly decreased, and the onset decomposition
temperature and crystallinity considerably decreased.

Due to the brittleness of HA and lack of interaction with
polymer matrix, the ceramic nanoparticles may  present
deleterious effects on the mechanical properties, when
loaded at high levels. Coupling agents are generally used
to overcome both the lack of interaction with polymer and
nHA aggregation [49–51]. In order to increase the inter-
facial strength between PLLA and HA, and hence increase
the mechanical properties, the nHA particles were surface-
grafted (g-HA) with the polymer and further blended with
PLLA [50]. The PLLA/g-HA nanocomposites also demon-
strated improved cell compatibility due to the favorable
biocompatibility of the nHA particles and more uniform
distribution of the g-HA nanoparticles on the film sur-
face [50,51]. These nanocomposites are of interest to the
biomedical community because the materials have a struc-
ture that induces and promotes new bone formation at the
required site.

Calcium phosphate biomaterials certainly posses osteo-
conductive properties and may  bind directly to bone under
certain conditions [43]. Calcium phosphate materials are
suitable for the calcified tissue generation.

3.2. Metal nanoparticles-base nanocomposites

Currently, metal nanoparticle-based nanocomposites
are used in various biomedical applications, such as probes
for electron microscopy to visualize cellular structure, drug
delivery, diagnosis and therapy. The unique physical char-
acteristics of gold nanoparticle-based nanocomposites are
used in the optical and photonic fields [52], not medical
applications.

Silver (Ag) is known to have a disinfecting effect, and has
found applications in traditional medicines. Ag nanopar-
ticles have aptly been investigated for their antibacterial
property [53]. Biopolymer-embedded Ag nanoparticles
have been investigated [54]. The nano-sized Ag permits
a controlled antibacterial effect due to the high surface
area. For PLLA-based nanocomposite fibers including Ag
nanoparticles, a antibacterial effect longer than 20 days was
shown [55]. PLGA-based nanocomposites have also been
[56,57]. The metal nanoparticles induce a thermal conduc-
tivity in the nanocomposites that enhances the degradation
rate [55]. Furthermore, the Ag nanoparticles change the
surface wettability and roughness of the nanocomposites.
For these reasons it is very difficult to control the bacterial
adhesion process.

Of particular interest, it is important to note that Ag
nanoparticles are recognized and listed under carcinogenic

materials by the World Health Organization (WHO). These
hazardous signs require immediate and thorough action
not only from the environment and human health view-
points, but also from the perspective of socio-economic
benefits [58].

3.3. Carbon-base nanocomposites

Carbon nanostructures in polymer matrix have been
extensively investigated for biomedical applications [59].
Carbon nanotubes (CNTs) have potential for use in biomed-
ical scaffolds. Honeycomb-like matrices of multi-walled
nanotube (MWNT) have been fabricated as potential scaf-
folds for tissue engineering [60]. Mouse fibroblast cells
were cultured on the nanotube networks, prepared by
treatment with an acid solution that generates carboxylic
acid groups at the defect of the nanotubes. The carbon
networks can be used as a biocompatible mesh for restoring
or reinforcing damaged tissues because of no cytotoxicity of
the networks. The electrical conductivity of the nanocom-
posites including carbon nanostructures is a useful tool to
direct cell growth because they can conduct an electri-
cal stimulus in the tissue healing process. An osteoblast
proliferation on PLLA/MWNT nanocomposites under an
alternating current stimulation was  investigated [61]. The
results showed an increase in osteoblast proliferation and
extra-cellular calcium deposition on the nanocomposites
as compared with the control samples. Unfortunately, no
comparison was  made with a currently used orthopedic
reference material under electrical stimulation.

Mikos et al. [62] investigated in vitro cytotoxicity
of single-walled CNT (SWNT)/PPF nanocomposites. The
results did not reveal any in vitro cytotoxicity for PPF/SWNT
functionalized with 4-tert-butylphenylene nanocompos-
ites. Moreover, nearly 100% cell viability was  observed on
the nanocomposites and cell attachment on their surfaces
was  comparable with that on tissue culture polystyrene.
The nature of the functional group at the CNT surface seems
to play an important role to improve the dispersion of CNTs
in polymer matrix and in the mechanism of interaction
with cells. The sidewall carboxylic functionalized SWNTs
exhibited an nucleation surface to induce the formation of
a biomimetic apatite coating [63].

Nanodiamonds (NDs) synthesized by detonation are
one of the most promising materials for use in multifunc-
tional nanocomposites for various applications, including
biomedical [64–66]. To fully benefit from the advantages
of NDs as nanofillers for biopolymeric bone scaffolds, they
need to be dispersed into single particles. The quality of the
filler dispersion in the matrix is important, because it deter-
mines the surface area of the nanoparticles available for
interaction with the matrix. When adequately dispersed,
NDs increase the strength, toughness, and thermal stability
of the nanocomposites [67]. The purified NDs are composed
of particles with 5 nm average diameter. They contain an
inert diamond core and are decorated by functional groups
such as COOH, OH, NH2, etc. [64].

Zhou et al. [68] prepared multifunctional bone scaf-
fold materials composed of PLLA and octadecylamine-
functionalized ND (ND-ODA) via solution casting, followed
by compression molding. Addition of 10 wt% of ND-ODA
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Fig. 3. A schematic representation of a biomineralization process on PLLA/ND-ODA scaffolds in SBF. (1) The initial stage. (2) While in contact with SBF,
PLLA  is hydrolyzed, resulting in the formation of COOH groups on the surface of the scaffold. Due to the degradation of PLLA, ND-ODA is exposed to
SBF.  The exposed COOH groups of ND-ODA dissociate and form negatively charged COO on the surface. In addition, the ND-ODA may  speed up the
degradation of PLLA to produce more COOH groups on the PLLA surface. The negatively charged surface attracts Ca2+. (3) The deposited calcium ions, in
turn,  interact with phosphate ions in the SBF and form bonelike apatite. (4) The bonelike apatite then grows spontaneously, consuming the calcium and
phosphate ions to form apatite clusters.
[68], Copyright 2012. Reproduced with permission from Elsevier Ltd.

resulted in a 280% increase in the strain to failure and
a 310% increase in fracture energy as compared to neat
PLLA. Both of these parameters are crucial for bone tissue
engineering and for manufacturing of orthopedic surgical
fixation devices. The biomineralization of the nanocom-
posite scaffolds was tested in simulated body fluid (SBF)
[69]. The apatite nucleation and growth occurred faster on
the nanocomposites than on neat PLLA (Fig. 3) [68]. The
increased mechanical properties and enhanced biominer-
alization make PLLA/ND-ODA nanocomposites a promising
materials for bone surgical fixation devices and regenera-
tive medicine.

Despite the evidence of research into potential biomed-
ical applications of carbon-based nanocomposites, there
have been many published studies on the cytotoxicity
of the carbon nanostructures [70]. Some research groups
detected high toxicity in both cells [71–78] and animals
[79–81], and explained mechanisms to cell damage at
molecular and gene expression levels [82].

Exposure to SWNT resulted in accelerated oxidative
stress (increased free radical and peroxide generation and
depletion of total antioxidant reserves), loss in cell viabil-
ity and morphological alterations to cellular structure. It
was concluded that these effects were the results of high
levels of iron catalyst present in the unrefined SWNT. As a
result, possible dermal toxicity in handling unrefined CNT
was warned. Similar dermal toxicity warnings were echoed
in 2005, in a study which found that MWNT  initiated
an irritation response in human epidermal keratinocyte
(HEK) cells [74]. Purified MWNT  incubated (at doses of
0.1–0.4 mg/mL) with HEK cells for up to 48 h were observed
to localize within cells (Fig. 4), eliciting the production of
the pro-inflammatory cytokine release and decreasing cell
viability in a time- and dose-dependent manner.

These controversial results reported by different
researchers reflect the complex material properties of CNTs
such as SWNTs or MWNTs. In addition, different synthe-
sis methods may  produce CNTs with different diameters,
lengths and impurities. The results urge caution when
handling CNTs and the introduction of safety measures in
laboratories should be seriously considered. Most impor-
tantly, the success of CNT technology is dependent upon

Fig. 4. Transmission electron micrograph of human epidermal keratino-
cytes (HEKs): (a) intracellular localization of the MWNT-arrows depict the
MWNT present within the cytoplasmic vacuoles of a HEK; (b) keratinocyte
monolayer grown on a Permanox surface-arrow depicts the intracytoplas-
mic  localization of the MWNT.
[70], Copyright 2006. Reproduced with permission from Elsevier Ltd.

the continuation of research into the toxicology of CNT and
CNT-based nanocomposites. At the same time, the phar-
macological development must continue in parallel before
providing the guidelines for the safe use in biomedical
applications.

4. Three dimensional (3D) porous scaffolds

Development of composite scaffolds is attractive as
advantageous properties of two  or more types of mate-
rials can be combined to better suit the mechanical and
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Fig. 5. SEM images of crosslinked PLA porous scaffolds: Lait-X/b and Lait-X/c, for 350× and 750× magnifications.
[87], Copyright 2012. Reproduced with permission from John Wiley & Sons.

physiological demands of the host tissue. The tissues in
the body are organized into 3D structure as a function
of organs. The scaffolds with designed microstructures
provide structural support and adequate mass transport to
guide the tissue regeneration. To achieve the goal of tissue
regeneration, scaffolds must meet some specific needs. 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 [48].

Nanocomposites 3D scaffolds based on biopolymers
have been developed by using different processing meth-
ods. Most popular techniques include solvent casting
and porogen (particulate) leaching, gas foaming, emul-
sion freeze-drying, electrospinning, rapid prototyping, and
thermally induced phase separation [6,12–17,43,48,83].

4.1. Solvent casting and particulate leaching

Organic solvent casting particulate leaching is a very
easy process that has been widely used to fabricate
biocomposite scaffolds [84]. This process involves the dis-
solution of the polymer in an organic solvent, mixing
with nanofillers and porogen particles, and casting the
mixture into a predefined 3D mold. The solvent is subse-
quently allowed to evaporate, and the porogen particles
are removed by leaching [85]. However, residual solvents
in the scaffolds may  be harmful to transplanted cells or
host tissues. To avoid toxicity effects of the organic sol-
vent, gas foaming can be used to prepare a highly porous
biopolymer foam [28]. Kim et al. [86] fabricated PLGA/nHA

scaffolds by carbon dioxide (CO2) foaming and solid poro-
gen (i.e., sodium chloride crystals) leaching (GF/PL) without
the use of organic solvents. Selective staining of nHA par-
ticles indicated that nHA exposed to the scaffold surface
were observed more abundantly in the GF/PL scaffold than
in the conventional solvent casting and particulate leaching
scaffold. The GF/PL scaffolds exhibited significant enhanced
bone regeneration when compared with conventional scaf-
folds.

In our previous paper [87], highly porous crosslinked
PLA scaffolds were successfully prepared through particu-
late leaching and foaming followed by leaching methods.
The scaffolds were porous with good inter-connectivity
and thermal stability. The SEM images confirmed the pore
connectivity and structural stability of the crosslinked PLA
scaffold (Fig. 5).

The Lait-X/b and Lait-X/c scaffolds have the same per-
centage of salt particulate with similar particle size; the
former was  turned into a scaffold through simple leach-
ing, while the latter was through batch foaming followed
by leaching. The qualitative evaluation of the SEM images
of Lait-X/b and Lait-X/c showed a well-developed porosity
and interconnectivity with pore sizes spanning over a very
wide range, from a few microns to hundreds of microns.

Fig. 6 shows the relation between the pore size diameter
and the cumulative and differential intrusions of mercury
in Lait-X/b and Lait-X/c scaffolds. The maximum intru-
sion and interconnectivities of Lait-X/b was  from 0.1 to
1 �m pore diameter regions and Lait-X/c it was from 0.1 to
10 �m.  The porosity, total intrusion volume, total pore area
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Fig. 6. Pore size distribution in crosslinked PLA porous scaffolds: Lait-X/b
and  Lait-X/c.
Reproduced with permission from [87], Copyright 2012. Reproduced with
permission from John Wiley & Sons.

and median pore diameter (volume) of Lait-X/b calculated
by mercury porosimetry were 43%, 0.511 mL/g, 13.4 m2/g
and 0.520 �m whereas for Lait-X/c it was 49%, 0.688 mL/g,
27.6 m2/g and 1.26 �m respectively. The shift in the val-
ues of Lait-X/b and Lait-X/c was due to the effect of batch
foaming which lead to the movement of salt particulate
during foaming, resulting in increased porosity and total
intrusion volume. The in vitro cell culture demonstrated
the ability of the scaffold to support human mesenchymal
stem cells (hMSCs) adhesion confirming the biocompat-
ibility through the cell–scaffold interaction. The in vitro
degradation of the PLA thermoset scaffolds in phosphate
buffered solution was faster with those prepared by foam-
ing and subsequent leaching [87]. The agglomeration of the
smaller crystal (solid porogen) within 3D polymer matrix
enables creation of an interconnected pore network with
well-defined pore sizes and shapes.

4.2. Thermally induced phase separation (TIPS)

3D resorbable polymer scaffolds with very high porosi-
ties (∼97%) can be produced using the TIPS technique
to give controlled microstructures as scaffolds for tis-
sues, such as nerve, muscle, tendon, intestine, bone, and
teeth [88]. The scaffolds are highly porous with anisotropic
tubular morphology and extensive pore interconnectivity.

Microporosity of TIPS produced foams, their pore morphol-
ogy, mechanical properties, bioactivity and degradation
rates can be controlled by varying the polymer concen-
tration in solution, volume fraction of secondary phase,
quenching temperature and the polymer and solvent used
[88].

When dioxane was  used alone, the porous structure
resulted from a solid–liquid phase separation of the poly-
mer  solution. During quenching, the solvent crystallized
and the polymer was  expelled from the solvent crystalliza-
tion front. Solvent crystals became pores after subsequent
sublimation. To better mimic  the mineral component and
the microstructure of natural bone, novel nHA nanocom-
posite scaffolds with high porosity and well-controlled
pore architectures were prepared using the TIPS tech-
niques (Fig. 2 [43]). The incorporation of nHA particles into
PLLA solution perturbed the solvent crystallization to some
extent and thereby made the pore structure more irregular
and isotropic. The perturbation by nHA particles, however,
was small even in high proportion up to 50% due to their
nanometer size scale and uniform distribution. The SEM
images showed that the nHA particles were dispersed in
the pore walls of the scaffolds and bound to the polymer
very well. PLLA/nHA scaffolds prepared using pure solvent
system had a regular anisotropic, but open 3D pore struc-
ture similar to neat polymer scaffolds, whereas PLLA/mHA
scaffolds had an isotropic and a random irregular pore
structure.

TiO2 nanoparticles (nTiO2) have been proposed as
attractive fillers for biodegradable PDLLA matrix [89].
3D PDLLA foams containing both nTiO2 and Bioglass®

additions have been synthesized by TIPS. The foams
demonstrated the enhancement of the bioactivity and the
surface nanotopography.

4.3. Electrospinning

Electrospinning technique has attracted great interest
since it facilitates the production of fibrous non-woven
micro/nano fabrics for tissue engineering, mainly due to
the structural similarity to the tissue extracellular matrix
(ECM) [47,90]. The composition and topology of the ECM
has been found to affect cell morphology, function, and
physiological response [91]. The electrospun nanofibrous
scaffolds aimed to mimic the architecture and biologi-
cal functions of ECM, are considered as very promising
substrates for tissue engineering. PCL scaffolds, a biore-
sorbable aliphatic polyester, have been used to provide a
3D environment for in vitro embryonic stem cell culture
and differentiation. Electrospun nanocomposite scaffolds
based on bioresorbable polymers and conventional HA
allow osteoblast proliferation and differentiation, and are
thus considered very promising as bone scaffolding mate-
rials [47].

Fibrous PCL/Ca-deficient nHA nanocomposites have
been obtained by electrospinning. The electrospun mats
showed a non-woven architecture, average fiber size was
1.5 �m,  porosity 80–90%, and specific surface area 16 m2/g
(Fig. 7). Murine embryonic stem (ES) cell response to neat
PCL and to PCL/Ca-deficient nHA (6.4 wt.%) mats was evalu-
ated by analyzing morphological, metabolic and functional
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Fig. 7. SEM micrographs of neat PCL mat  (A), SEM micrograph of PCL/Ca-deficient nHA 2.0 wt.% (B), SEM micrograph and EDS mappings of PCL/Ca-deficient
nHA  6.4 wt.% (C), and SEM micrograph of PCL/Ca-deficient nHA 24.9 wt.% (D).
[47], Copyright 2009. Reproduced with permission from Elsevier Ltd.

markers. Cells growing on either scaffold proliferated and
maintained pluripotency markers at essentially the same
rate as cells growing on standard tissue culture plates, with
no detectable signs of cytotoxicity, despite a lower cell
adhesion at the beginning of culture. These results indi-
cate that electrospun PCL scaffolds may  provide adequate
supports for murine ES cell proliferation in a pluripotent
state, and that the presence of Ca-deficient nHA within the
mat  does not interfere with their growth.

Aligned nanocomposite fibers of PLGA/nHA were fab-
ricated by using a rotating collector by electrospinning.
At low concentrations the fibers had no agglomerates and
good dispersion was achieved [92]. The presence of well-
dispersed nHA particles reduced the chain mobility and
hence helped to prevent shrinkage to some degree. The
glass transition was affected by the incorporation of nHA
into the polymer matrix which hinders chain mobility.

Interestingly, the electrospinning technique provides
the opportunity to align conductive nanoparticles with
high aspect ratio within the polymeric fibers. Carbo
nanofibers (CNFs) can orientate along the axis of electro-
spun fibers due to the sink flow and the high extension of
the electrospun jet [93]. The CNF alignment depends upon
the CNF dispersion in the polymer solution. The idea of
dispersing and aligning carbon nanostructures in polymer
matrix to form highly ordered structures. The mechanical
properties of PCL/CNF mats however, were only slightly
affected by CNF introduction [94].

Ternary nanocomposite scaffolds involving three dif-
ferent materials have been developed [95,96]. The
addition of MWNTs to the biopolymer creates new highly

conductive material due to the 3D electrical conducting
network. The results exhibited that combining two  differ-
ent nanostructures (e.g., MWNT/nHA or MWNT/Bioglass®)
led to multifunctional biomaterials with tailored bioactiv-
ity, structural and mechanical integrity as well as electrical
conductivity of the porous scaffolds.

5. In vitro degradation

Since tissue engineering aims at the regeneration of
new tissues, biomaterials are expected to be degrad-
able and absorbable with a proper rate to match the
speed of new tissue formation. The degradation behav-
ior has a crucial impact on the long-term performance
of a tissue-engineered cell/polymer construct. The degra-
dation 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 sur-
face hydrolysis of the polymer. The scaffolds can lead to
heterogeneous degradation, with the neutralization of car-
boxylic end groups located at the surface by the external
buffer solution (in vitro or in vivo). These phenomena con-
tribute to reduce the acidity at the surface whereas, in
the bulk, degradation rate is enhanced by autocatalysis
due to carboxylic end groups of aliphatic polyesters. In
general, the amount of absorbed water depends on dif-
fusion coefficients of chain fragment within the polymer
matrix, temperature, buffering capacity, pH, ionic strength,
additions in the matrix, in the medium and processing
history. Different polyesters can exhibit quite distinct
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degradation kinetics in aqueous solutions. For example,
PGA is a stronger acid and is more hydrophilic than PLA,
which is hydrophobic due to its methyl groups.

Of particular significance for application in tissue engi-
neering are debris and crystalline by-products, as well
as particularly acidic degradation products of PLA, PGA,
PCL and their copolymers [97]. Several groups have incor-
porated basic compounds to stabilize the pH of the
environment surrounding the polymer and to control
its degradation. Bioglass® and calcium phosphates have
been introduced [98]. Nanocomposites showed a strongly
enhanced polymer degradation rate when compared to the
neat polymer [99]. As mentioned in PLLA/ND nanocom-
posites (Fig. 3), improvement of osteoconductivity of PLLA
nanocomposites, i.e., the deposition of the HA crystal on
the surface was  observed. Fast degradation and the supe-
rior bioactivity make these nanocomposites a promising
material for orthopedic medicine application [99].

In contrast, the degradation rates of the biopolyester
elastomer/MWNT nanocomposites tended to decrease
with the increase of MWNT  loadings (above 1 wt%) in SBF
solution [100]. Continued investigation of the degradation
behavior of biopolymer-based nanocomposites is required
for the nanostructures incorporated into matrices.

Allen et al. [101] reported the biodegradation of SWNTs
through natural, enzymatic catalysis. By incubating SWNTs
with a natural horseradish peroxidase (HRP) and low con-
centration of H2O2 (∼40 �M),  the degradation of SWNTs
proceeded at 4 ◦C over 12 weeks under static conditions.
It is tempting to speculate that other peroxidases in plants
and animals may  be effective in oxidative degradation of
CNTs. More studies are necessary to ascertain the byprod-
ucts of the biodegradation, as well as cellular studies for
practical applications.

6. Stem cell–scaffolds interactions

Synthetic biopolymers are widely used for the prepa-
ration of porous scaffolds by different techniques set up
for the purpose. The main limitation to the use of PLA-
based systems is their low hydrophilicity that causes a low
affinity for the cells as compared with the biological poly-
mers. Therefore the addition of biological components to
a synthetic biopolymer represents an interesting way to
produce a bioactive scaffold that can be considered as a
system showing at the same time adequate mechanical
stability and high cell affinity [102–104]. A variety of ECM
protein components such as gelatin, collagen, laminin, and
fibronectin could be immobilized onto the plasma treated
surface of the synthetic biopolymer to enhance cellular
adhesion and proliferation. Arg-Gly-Asp (RGD) is the most
effective and often employed peptide sequence for stim-
ulating cell adhesion on synthetic polymer surfaces. This
peptide sequence is present in many ECM proteins and
can interact with the integrin receptors at the focal adhe-
sion points. Once the RGD sequence is recognized by and
binds to integrins, it will initiate an integrin-mediated cell
adhesion process and active signal transduction between
the cell and ECM [105,106]. Hollister et al. [106] reported
a simple method to immobilize RGD peptide on PCL 3D
scaffold surfaces. They demonstrated that rat bone marrow

stromal cell (BMSC) adhesion was  significantly improved
on the RGD-modified PCL scaffolds in a serum-free culture
condition.

Surface treatment techniques, such as plasma treat-
ment, ion sputtering, oxidation and corona discharge, affect
the chemical and physical properties of the surface layer
without changing the bulk material properties. The effect of
the oxygen plasma treatments on the surface of the materi-
als have been shown to charge wettability, roughness and
to enable the selective interaction between PLLA surface
and the protein, further improved stem cell attachment
[107].

Bone marrow derived hMSCs are an important cell
source for cell therapy and tissue engineering applications.

Fig. 8. Optical microscopy photographs of the colored MSCs (H&E stain-
ing) attached to the (a) neat PLLA, (b) PLLA/mHAP and (c) PLLA/nHAP.
[43], Copyright 2008. Reproduced with permission from Elsevier Ltd.
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The interactions between stem cell and their environment
are very complex and not fully clarified. Previous work
showed that cells respond to the mechanical properties
of the scaffolds on which they are growing [108]. Rohman
et al. [109] reported that PLGA and PCL are biocompati-
ble for the growth of normal human urothelial and human
bladder smooth muscle cells. Their analysis of the potential
mechanism has indicated that differences in degradation
behaviors between polymers are not significant, but that
the elastic modulus is a critical parameter, relevant to biol-
ogy at the microscopic (cellular) level and may  also have
impact at macroscopic (tissue/organ) scales. They con-
cluded that the elastic modulus is a property that should
be considered in the development and optimization of syn-
thetic biopolymers for tissue engineering.

MSCs provided striking evidence that ECM elasticity
influences differentiation. Indeed, multipotent cells are
able to start a transdifferentiation process toward very
soft tissues, such as nerve tissues, when the elastic mod-
ulus (E) of the substrate is about 0.5 kPa. Intermediate
stiffness (∼10 kPa) addresses cells toward a muscle phe-
notype and higher E (≥30 kPa) to cartilage/bone [110]. This
should be relevant to the intelligent design of new biopoly-
mer  intended for specific applications [111]. Biopolymers
presently used in tissue engineering are extremely stiff. PLA
has a bulk elasticity of E ∼ 1 GPa, that is ten-thousand times
stiffer than most soft tissues. Thus engineering of soft tis-
sue replacements needs to explore biopolymers softer than
those presently available.

Poly(butylene/thiodiethylene succinate) block copoly-
mers (PBSPTDGS) were prepared by reactive blending of
the parent homopolymers (PBS and PTDGS) in the presence
of Ti(OBu)4 [112]. The random copolymer, characterized by

the lowest crystallinity degree, exhibits the lowest elastic
modulus and the highest deformation at break. When eval-
uated for indirect cytotoxicity, films of block PBSPTDGS30
and random PBSPTDGS240 copolymers appeared entirely
biocompatible. In addition, cellular adhesion and prolifer-
ation of H9c2 cells [113] (derived from embryonic rat heat)
seeded and grown up to 14 days in culture over the same
films demonstrate that these new materials might be of
interest for tissue engineering applications.

The biocompatibility of neat PLLA, PLLA/nHA and
PLLA/mHA composite scaffolds were evaluated in vitro
by observing the behavior of the stained MSCs cultured
in close contact with the scaffolds [43]. Cell growth in
material-free organ culture can be distinguished into four
stages: Cells adhered on the surface of the composite in a
round shape during the initial two  days. Then the round
cell attached, spread, and proliferated into the inner pores
of the scaffold, exhibiting morphologies ranging from spin-
dle shaped to polygonal. After one week, the cells reached
confluence on the material while the material-free group
did not reach this status (Fig. 8). The representative cell cul-
ture micrographs of cell attachment into the scaffolds after
seven days are observed. It is seen that round shaped cells
attached and proliferated to the scaffolds surface, became
spindle like and migrated through the pores (Fig. 8a–c). The
number of round shaped cells is noticeable on the surface
of pure PLLA scaffold (Fig. 8a) while proliferated cells on the
micro and nanocomposite scaffolds exhibit spindle shaped
morphology (Fig. 8b, c). The PLLA/HA scaffolds appeared to
be in vitro biocompatible and noncytotoxic to cells.

Clinical trials demonstrate the effectiveness of cell-
based therapeutic angiogenesis in patients with severe
ischemic diseases, however, their success remains limited.

Fig. 9. SEM image of NS (A) and marked cell adhesiveness to NS in vitro (B). (A) NS are microspheres approximately 100 �m in diameter (a). The NS
surface uniformly coated with nano-scale hydroxyapatite (nHA) crystals was  observed at different magnifications (low and high magnification in b and c,
respectively). SEM image of an NS cross-section indicating a single layer of nHA particles on the NS surface (d). (B) Murine BMNCs were incubated with LA
(a)  or NS (b, c) at 37 ◦C for 8 h. Large numbers of BMNCs adhered to NS (b, c) but not to LA (a). Scale bars: 100 �m (A-a, B-a, B-b), 5 �m (B-c), 1 �m (A-b),
100  nm (A-c, A-d).
[114], Copyright 2012. Reproduced with permission from PLoS ONE.
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Maintaining transplanted cells in place are expected to aug-
ment the cell-based therapeutic angiogenesis.

In 2012, nHA-coated PLLA microspheres, named nano-
scaffold (NS), were, for the first time, generated as a
non-biological, biodegradable and injectable cell scaffold
[114]. Fukumoto et al. investigated the effectiveness of
NS on cell-based therapeutic angiogenesis. NS are micro-
spheres approximately 100 nm in diameter (Fig. 9A-a), the
surfaces of which are coated with a monolayer of nHA par-
ticles with 50 nm in diameter (Fig. 9A-b, -c, -d). To assess
the cell adhesiveness of NS, SEM was performed after incu-
bation of NS and bare PLLA microspheres (LA) as controls
with murine bone marrow mononuclear cells (BMNCs) at
37 ◦C for 8 h in vitro. The number of cells adhering to NS
was much greater than that to LA (Fig. 9B-a and b). High-
magnification SEM images showed active cell adhesion to
NS (Fig. 9B-c).

BMNCs from enhanced green fluorescent protein
(EGFP)-transgenic mice and rhodamine B-containing PLLA
microspheres (orange) as a scaffold core or control micro-
spheres were implanted into the ischemic hind limbs of
eight-week-old male (C57BL/6NCrSlc) mice to determine
the co = localization of implanted cells with injected micro-
spheres (Fig. 10A). Few implanted BMNCs were observed
around LA (Fig. 10A-a), while markedly larger numbers of
cells were seen with NS (Fig. 10A-b) in ischemic thigh tis-
sue 7 days after transplantation. Intramuscular levels of
GFP derived from transplanted BMNCs were consistently
and significantly higher in the group injected with NS than
that injected with LA or BMNCs alone at 3, 7 and 14 days
after implantation, while GFP levels were not significantly
different between BMNCs alone and LA+BMNCs groups
(Fig. 10B).

Kaplan–Meier analysis demonstrated that NS+BMNC
markedly prevented hindlimb necrosis. NS+BMNC revealed
much higher induction of angiogenesis in ischemic tis-
sues and collateral blood flow confirmed by 3D computed
tomography angiography than those of BMNC or LA+BMNC
groups [114]. NS-enhanced therapeutic angiogenesis and
arteriogenesis showed good correlations with increased
intramuscular levels of vascular endothelial growth fac-
tor and fibroblast growth factor-2. NS co-implantation also
prevented apoptotic cell death of transplanted cells, result-
ing in prolonged cell retention.

This nano-scaffold provides promising local environ-
ment for implanted cells for the effects on angiogenesis and
arteriogenesis through cell clustering, augmented expres-
sion of proangiogenic factors, and supporting cell survival
without gene manipulation or artificial ECM.

7. Health implication of nanoparticles

The degree of exposure to nanoparticles (TiO2, ZnO,
NiO, CNTs, Al, Cu, and Ag) and the percentage of exposed
people will grow in the next few years [115]. Some prop-
erties of nanoparticles in industrial applications might be
detrimental both for biological systems and environment.
This led to the development of nanotoxicology, i.e., the
systematic evaluation of possible toxic effects elicited by
nanotechnology products on cells or biological fluids and
animals. Data regarding humans are still lacking, except

Fig. 10. Prolonged localization of implanted BMNCs in ischemic tissues
by  NS. (A) Colocalization of BMNCs with NS and LA in vivo. Murine
BMNCs derived from EGFP-transgenic mice were transplanted together
with LA or NS into the thighs in the hind limb ischemic model. Cores
of NS and LA containing rhodamine B (orange) were used to indicate
localization of the injected microspheres in ischemic tissues. Tissue sec-
tions  7 days after transplantation of LA+BMNCs (a) or NS+BMNCs (b) were
counterstained with DAPI (blue), and merged images of DAPI, GFP and
rhodamine B are shown. BMNCs (green) were observed as densely clus-
tered around NS (b) but not LA (a). Scale bars: 100 mm.  (B) Quantitative
evaluation of implanted cells existing in ischemic tissues. Quantitative
analysis of intramuscular GFP was performed 3, 7 and 14 days after trans-
plantation. BMNCs were derived from EGFP-transgenic mice. BMNCs were
transplanted alone or together with LA or NS into ischemic thigh mus-
cles. Intramuscular GFP values of whole thigh muscles were corrected
for total protein and expressed in arbitrary units (n = 6 in each group).
*P  < 0.05 for the NS+BMNCs group compared to the BMNCs alone and
LA+BMNCs groups. GFP concentration in normal murine muscle was mea-
sured as background (BG). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the
article.)
[114], Copyright 2012. Reproduced with permission from PLoS ONE.

for isolated case-reports on accidental high dose exposure
in the workplace [116]. The issue of nanoparticles toxicity
for humans remains controversial, as described in Section
3.3. The main factors limiting extrapolation to humans of
available finding are:

1. To date, there is no conclusive evidence of a known
human toxic response that is specifically caused by
nanoparticles. Effects seen in animals cannot be auto-
matically translated to humans.

2. Data are not univocal. Some well-performed studies
show no toxicity from the same nanoparticles showing
adverse effects in other experiments [117]. This is due
to the lack of standardization both in characterizing the
nanoparticle and in the methods used to challenge the
nanoparticles with biologic systems.
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On the other hand, in several studies in which a direct
comparison between CNTs and asbestos has been made,
similar toxicity has been reported [118].

We must be clear that the nanoparticle-linked diseases
related to the realm of possible risk.

8. Conclusions

The synthetic biopolymer-based nanocomposites
reviewed in this article are particularly attractive as tissue
engineering scaffolds due to their biocompatibility and
adjustable biodegradation kinetics. Conventional materials
processing methods have been adapted and incorporation
of inorganic nanoparticles into porous and interconnected
3D porous scaffolds. The incorporation of nanoparticles
and immobilization of biological components on the
surface to enhance cellular adhesion and proliferation
are promising and currently under extensive research.
Current research is focused on the interaction between
stromal cells and biopolymer interfaces. The synthetic
biopolymer-based nanocomposite scaffolds with bioactive
inorganic phases will be in the center of attention in
combination with stem cell seeding.

The fundamentals for biomaterials seem to originate
from introducing stem cells. In this direction, the new
approach of biopolymer-based nanocomposite enables the
scaffold surface to mimic  complex local biological func-
tions and may  lead in the near future to in vitro and in vivo
growth of tissues and organs.

In the present scenario, bioceramics entities have been
used for bone tissue engineering scaffolds and drug deliv-
ery [119–121]. Osteomyelitis is a most common medical
problem related to bones caused by an inflammatory
process leading to bone destruction caused by infective
microorganisms found worldwide in children, where the
bone tissue regeneration is required [122]. Although, bio-
ceramics scaffolds serve the purpose of tissue regeneration
and drug release, but they present formidable limitations
such as the lack of information relating to the long-term
effects in the body. The bioceramics, especially HA, when
resorbed into the biological system for a long term shall
give secondary fixation (70% remains in dogs after 4 months
and for humans 90% remains even after 4 years) [123].
HA crystals released from the bone scaffolds will accu-
mulate in the joints and can stimulate an inflammatory
response in the prosthesis area [124]. In order to target clin-
ical and medical applications, in vitro and in vivo studies
are inevitable and the need for additional investigations in
biological system is imperative.
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