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Design and fabrication 
of nanocomposites for 
musculoskeletal tissue regeneration
N. Narayanan, L. Kuang, M. Del Ponte, C. Chain, M. Deng
Purdue University, West Lafayette, IN, United States

1.1   Introduction

Musculoskeletal tissues comprise bone, muscles, cartilage, ligament, tendons, and 
other connecting tissues. They contribute to the body movement and provide struc-
tural support. There are 206 bones that make up the human adult skeletal system. It 
can be separated into two parts, the axial skeleton with 74 bones and the appendicular 
skeleton with 126 bones. The auditory ossicle consists of six bones (Clarke, 2008). 
The primary function of the skeletal system is to provide rigid structural support for 
the human body. In combination with other parts of the musculoskeletal system, it pro-
vides movement and locomotion. Skeletal muscles are one of the three major muscle 
types found in the body and are under the influence of the somatic nervous system. 
Skeletal muscles consist of directional muscle fibers that are formed by fusion of 
myoblasts. These muscle fibers are connected to the skeletal system by tendons. The 
junction formed between a muscle and a tendon is called the myotendinous junc-
tion (Kannus, 2000). Tendons are rich in collagen and elastin, thereby providing the 
required mechanical support to bridge the hard bone structure and the soft muscle 
fibers. Similarly, ligaments are structures that connect one bone to another. Ligaments 
are fibrous connective tissues composed mainly of collagen. The primary function 
of ligaments is to provide mechanical support by stabilizing the bone joints (Frank, 
2004). Cartilage is a specialized connective tissue present in joints, ears, nose, rib 
cage, bronchial tubes, and invertebrate discs. The primary components are collagen, 
proteoglycans, and elastin molecules, therefore providing structural support at the ter-
minal end of long bones. There are three different types of cartilage present in human 
body: the articular cartilage, elastic cartilage, and fibrocartilage.

Musculoskeletal tissue loss or damage resulting from trauma, surgery, or dis-
ease presents a significant medical challenge. More than 34 million musculoskeletal 
injuries are reported annually in the United States alone (Deng et al., 2012). Cur-
rent treatment options for patients include organ/tissue transplantation of autografts/
allografts, delivery of bioactive agents, and utilization of synthetic replacements 
composed of metals, polymers, and ceramics. However, each strategy suffers from a 
number of disadvantages. For example, the commonly used autografts and allografts 
are often associated with limited availability and risks of immunogenicity (Deng 
et al., 2012).

1



4 Nanocomposites for Musculoskeletal Tissue Regeneration

Tissue engineering aims to repair, restore, or regenerate functional tissues using 
biomaterials, cells, and biological factors alone or in combination (Deng et al., 
2012; Laurencin et al., 1999; Langer and Vacanti, 1993). Biomaterials are fabricated 
into three-dimensional (3D) scaffolds that mimic the natural extracellular matrices 
(ECMs). The scaffolds can be implanted alone at the site of injury or seeded with 
cells to regenerate the lost tissue. During the repair/regeneration process, the scaf-
fold provides structural and mechanical restoration of the damaged tissues, gradually 
degrades into biocompatible products, and presents an interconnected porous struc-
ture to accommodate cell infiltration and vascularization and promote ECM synthesis. 
Additionally, biological factors can be applied to facilitate tissue regeneration. Both 
natural and synthetic biomaterials including biodegradable polymers and composites 
have been fabricated into various scaffolds that mimic the structures of native tissues 
for regenerative applications (Nair and Laurencin, 2007; Kumbar et al., 2014). Bio-
degradable polymers are attractive scaffold materials owing to flexibility in chemistry 
and the ability to be excreted or resorbed by the body. The regenerative efficacy of a 
scaffold is largely dependent on its nature, composition, and structural properties. The 
following properties of the scaffolds are essential for achieving desirable regenerative 
efficacy:

 •  Biocompatibility: The scaffold should not cause any adverse tissue reactions (eg, inflamma-
tion or release of any toxic compounds) when implanted inside the body.

 •  Biodegradation: The scaffold used for tissue regeneration should be biodegradable. In an 
ideal scenario, the rate of scaffold degradation should match the rate of tissue healing so that 
the newly formed tissue compensates the mechanical and mass loss of the degraded scaffold.

 •  Mechanical properties: The mechanical properties of the scaffold should match those of sur-
rounding tissues. This is crucial to restore mechanical function and transmit the mechanical 
cues across the defect to the regenerative cells.

 •  Structural properties: The scaffold should have appropriate structures and surfaces (eg, 
porosity and nanotopography) that support cell function and tissue regeneration. For exam-
ple, the interconnected scaffold porous structure enables the transport of oxygen and nutri-
ents (Deng et al., 2010c), and the surface nanotopography affects cell adhesion, proliferation, 
and differentiation (Deng et al., 2012).

It is often difficult for a single class of materials to satisfy all the ideal scaffold 
requirements. Various polymeric composites have been fabricated to synergistically 
combine the beneficial properties of the constituents (Roether et al., 2002; Rezwan 
et al., 2006). Recent advances at the interfaces of cell biology and nanotechnology 
have demonstrated the importance of nanotopographical cues such as pores, ridges, 
grooves, and fibers as an important signaling modality in controlling cellular pro-
cesses for tissue engineering applications (Zhang and Webster, 2009). Therefore, there 
has been increasing interest in development of nanocomposites for tissue regener-
ation (Okamoto and John, 2013; Armentano et al., 2010; Deng et al., 2011b). For 
example, bone is a natural nanocomposite material of collagen and hydroxyapatite 
(Ca10(PO4)6(OH)2, HA) (James et al., 2011a). The collagen fibers present in bone 
provide the structural frame onto which inorganic HA is embedded thus strengthening 
the collagen framework. The HA crystal plates are in the dimension of 50 × 25 nm 
(length × width).



5Design and fabrication of nanocomposites

This chapter presents an overview and recent advances of nanocomposites for 
scaffold-based musculoskeletal tissue regeneration. Critical design considerations of 
nanocomposites are discussed with a focus on the efforts to achieve optimal cell–
material interactions. It further reviews different fabrication strategies to engineer 
nanocomposites for musculoskeletal tissue regeneration.

1.2   Design considerations of nanocomposites for 
musculoskeletal tissue engineering

Nanocomposites are composite materials that have one of their components in 
nanoscale (Armentano et al., 2010). Choosing appropriate material components is of 
primary importance for design of nanocomposites with necessary physical, chemical, 
and biological cues to guide cell functions and tissue regeneration. In the body, cells 
encounter various topographical features, and a significant interplay exists between 
cells and nanoscale features (Stevens and George, 2005). It is essential to consider the 
cell–material interactions when the design components are chosen. The following sec-
tions highlight the importance of different biomaterials and cell–biomaterial interac-
tions for the rational design of nanocomposites for musculoskeletal tissue regeneration.

1.2.1   Biomaterials

Both natural and synthetic polymers, as well as bioactive ceramics, have been exten-
sively researched in the field of tissue engineering (Nair and Laurencin, 2007; Kumbar 
et al., 2014). Natural polymers such as collagen, alginate, chitosan, and cellulose are 
attractive materials due to their excellent biocompatibility and capacity to structurally 
mimic native ECM (Cen et al., 2008; Alsberg et al., 2001; Kim et al., 2008;  Svensson 
et al., 2005; Jiang et al., 2014). On the other hand, synthetic polymers including 
polyesters, polyanhydrides, and polyphosphazenes offer unique advantages such as 
predictable properties and ease of tailoring for specific applications due to their syn-
thetic flexibility (Chu et al., 1995; Karp et al., 2002; Kweon et al., 2003). Bioactive 
ceramics such as calcium phosphates, calcium sulfates, and bioactive glass have been 
extensively investigated for orthopedic applications (Deng et al., 2011b). They are 
inorganic, nonmetallic materials that are osteointegrative through direct bonding to 
living bone adjacent to the defect site. The rationale for using these ceramics, espe-
cially calcium phosphates, lies in the fact that they are composed of calcium and 
phosphate ions, the main constituents of bone. In particular, nanosized HA (nHA) 
particles have been widely investigated for bone regeneration due to biocompatibility, 
bioactivity, and osteointegration ability (Lewandrowski et al., 2003; Chen et al., 2006; 
Huang et al., 2007; Zhou and Lee, 2011). These ceramics are typically characterized 
by high compressive strengths, low ductility, and variable degradation rates (Deng 
et al., 2011b). Tremendous efforts have been focused on the development of ideal 
composite biomaterials by using polymers alone or in combination with ceramics 
(Liao et al., 2005; Dai et al., 2004; Jin et al., 2008; Chen et al., 2000). The following 
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paragraphs highlight some of the research efforts in developing nanocomposites for 
musculoskeletal tissue engineering.

1.2.1.1   Collagen

Collagen is one of the major components of the ECM. Collagen forms the connective 
tissue on which the cells adhere and proliferate. Type I collagen is the most used col-
lagen type for tissue regeneration applications. The removal of telepeptide in collagen 
has been shown to reduce its antigenicity (Glowacki and Mizuno, 2008). Collagen is the 
major organic component present in the bone and forms natural nanocomposites with 
HA. Li and Chang (2008) reported the synthesis of bone-like collagen/nHA crystals. 
The collagen fibers were phosphorylated to act as nucleation sites for the HA crystal 
formation when incubated in simulated body fluid (SBF). The fabricated nanocompos-
ites showed bone-like composition and crystal morphology. Pek et al. (2008) fabricated 
porous scaffolds made of collagen nanocomposites. Synthetic nHA crystals were dis-
persed in type I collagen solution and freeze-dried to create the nanocomposites. The 
fabricated nanocomposites showed enhanced osteoconductivity and improved the heal-
ing of nonunion fracture in rat femur as well as a critical-sized defect in pig tibia (Fig. 
1.1). In another study, Marelli et al. (2011) demonstrated that nanocomposites made of 
bioglass and collagen supported accelerated mineralization, indicating their potential 
suitability as osteoinductive cell delivery scaffolds for bone regeneration.

1.2.1.2   Poly(lactic acid) and poly(lactic-co-glycolic acid)

Poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA) are linear aliphatic 
polyesters. PLA is a homopolymer containing lactide subunits as monomer, whereas 

(a)

(b)

(c) (f)

(g)

(d)

(e)

Figure 1.1 In vivo implantation and healing with the collagen–apatite nanocomposite 
 scaffold. Wistar rat femur with 5 mm of the central section removed, and (a–d) replaced with 
a nanocomposite scaffold of 32.5 wt% of type I collagen and 67.5 wt% of nanocrystalline 
apatite, or (e) not replaced with any implant. (a, c) Photographs and (b, d, e) X-ray images of 
the samples (a, b) immediately and (c, d, e) 5 months after the surgery. Yorkshire–Landrace 
pig tibia with (f) critical-sized segmental bone defect, and (g) 6 months after defect was healed 
with  nanocomposite scaffold.
Reproduced from Pek, Y.S., et al., 2008. Porous collagen-apatite nanocomposite foams as 
bone regeneration scaffolds. Biomaterials 29 (32), 4300–4305. Available at: http://www.ncbi.
nlm.nih.gov/pubmed/18706690 (accessed 10.10.14.).

http://www.ncbi.nlm.nih.gov/pubmed/18706690
http://www.ncbi.nlm.nih.gov/pubmed/18706690
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PLGA has lactide and glycolide as its monomer subunits. They are the most widely 
used polymers for medical applications due to approval by the Food and Drug Admin-
istration (FDA) for a number of clinical applications (Athanasiou et al., 1996). These 
polymers are usually synthesized via ring-opening polymerization of cyclic lactide 
and/or glycolide diesters. Their degradation products are lactic acid and glycolic acid, 
which are natural metabolites present in the body. The degradation properties of these 
polymers can be fine-tuned by varying the lactide-to-glycolide ratio in the polymer 
content. The lactide groups are more hydrophobic when compared to the glycolide 
groups due to the presence of an extra dCH3 (Young et al., 2005).

Lv et al. (2009, 2013) fabricated and optimized nHA/PLGA composite scaffolds 
for bone regeneration. The incorporation of nHA contributed to the bioactivity of the 
scaffolds for osteointegration. Under in vitro culture condition, human mesenchy-
mal stem cells (hMSCs) expressed elevated expression of phenotypic markers such 
as alkaline phosphatase as well as mineral deposition on the composite scaffolds as 
compared to PLGA scaffolds.

Kim et al. (2005) employed PLA electrospun fibers as a nanocomposite material 
to investigate their role in bone regeneration. The authors have used HA as nano-
filler components to synthesize the nanocomposite scaffolds. The scaffolds supported 
enhanced attachment and proliferation of osteoblasts. In another study, Jose et al. 
(2009) employed aligned PLGA nanofibers along with HA to fabricate nanocomposite 
scaffolds. The authors showed that the nanocomposites enhanced scaffold mechanical 
properties as compared to the PLGA nanofibers.

1.2.1.3   Polycaprolactone

Polycaprolactone (PCL), a hydrophobic polymer with semicrystalline structure, 
is made of caprolactone subunits linked together by the process of ring-opening 
polymerization. These polymers have longer degradation time than PLGA and PLA 
( Woodruff and Hutmacher, 2010). FDA has approved PCL for sutures with a trade 
name of Maxon™. PCL is soluble in a wide variety of organic solvents; therefore, 
it can be blended with other polymers (Sarasam and Madihally, 2005; Marra et al., 
1999; Ghasemi-Mobarakeh et al., 2008). Bernstein et al. (2010) developed nanocom-
posites using PCL and tricalcium phosphates for potential bone tissue regeneration 
applications. The mixture of the polymer and the ceramic was cold-sintered to obtain 
the nanocomposites. The fabricated nanocomposites showed the ability to form apatite 
layer when incubated in SBF. In another study, Lee et al. (2007) synthesized nano-
composite materials by grafting PCL from the surface of functionalized nHA crystals. 
The authors reported favorable protein adsorption on the surface of the synthesized 
nanocomposites.

1.2.1.4   Polyphosphazenes

Polyphosphazenes, a unique synthetic polymer class, are inorganic–organic hybrid 
polymers with a backbone of alternating phosphorus and nitrogen atoms and with 
each phosphorus atom bearing two organic or organometallic side groups (Deng 
et al., 2010d). Nitrogen and phosphorus atoms on the polymer backbone are linked 
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by alternating single and double bonds, whereas each phosphorus atom is substituted 
with two side groups. The ability to control polymer properties by modulating side-
group chemistry has enabled the generation of a library of biomaterials with tunable 
physical, chemical, and biological properties (Deng et al., 2010d). Biodegradable 
polyphosphazenes undergo hydrolytic degradation yielding nontoxic and neutral-pH 
degradation products due to the buffering capacity of phosphates and ammonia that 
are produced simultaneously during polyphosphazene degradation. A variety of poly-
phosphazene-based composite structures and matrices has been prepared and inves-
tigated for musculoskeletal regeneration (Bhattacharyya et al., 2006, 2009; Brown 
et al., 2010; Deng et al., 2008, 2010a,b, 2011a; Nukavarapu et al., 2008; Peach et al., 
2012a,b). Bhattacharyya et al. (2006, 2009) fabricated poly[bis(ethyl alanato)phos-
phazene] (PNEA) as well as PNEA/nHA composite nanofibrous scaffolds for bone 
tissue engineering applications. Such polyphosphazene nanofiber structures closely 
mimic the ECM architecture, and have shown improved cell performance over the 
conventional scaffold architectures. Nukavarapu et al. (2008) prepared compos-
ite microspheres of poly[bis(ethyl phenylalaninato)phosphazene] (PNEPhA) with 
100 nm-sized HA with varying HA compositions between 10% and 30% (w/w). These 
composite microspheres were sintered into 3D architecture using a solvent/nonsol-
vent approach. In vitro studies confirmed that the composite scaffolds were able to 
support good osteoblast adhesion, proliferation, and alkaline phosphatase expression 
throughout the 21-day culture. Brown et al. (2010) developed a novel structure that 
combines the robust mechanical aspects of the sintered microsphere scaffold with a 
highly bioactive nanofiber structure to produce a composite scaffold that demonstrates 
an ability to mimic the mechanical environment of trabecular bone while also promot-
ing the osteoinduction of osteoblast progenitor cells. Exploiting the chemistry of two 
biodegradable polymers, a 3D PLA nanofiber mesh was successfully incorporated 
within the void spaces between sintered PNEPhA microspheres. The nonload-bearing  
fiber portion of these scaffolds is sufficiently porous to allow cell migration and ECM 
matrix production throughout the fibrous portion of the scaffold. These composite 
nanofiber/microsphere scaffolds promote osteoinduction through focal adhesion 
kinase activity. Ultimately, the focal adhesion kinase activity on the composite nano-
fiber/microsphere scaffolds demonstrated causality over the production of the mature 
osteoblast marker, osteocalcin, and the development of a calcified matrix. The phe-
notype progression of osteoblast progenitor cells on the composite nanofiber/micro-
sphere scaffolds illustrated a stronger and more rapid progression leading to fully 
matured osteoblasts by 21 days.

1.2.1.5   Other materials

There are other nanocomposite materials apart from the ones mentioned in the previous 
sections. Table 1.1 lists a few examples of other nanocomposites employed in muscu-
loskeletal tissue engineering. For example, carbon nanotubes have also gained a lot of 
interest in the fabrication of nanocomposites for musculoskeletal tissue engineering 
applications due to their unique mechanical and electrical properties (Harrison and 
Atala, 2007; Ahadian et al., 2014). Sitharaman et al. (2008) fabricated biodegradable 
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Table 1.1 List of nanocomposites used for musculoskeletal tissue regeneration

Polymer Nanocomponent Application References

Methacrylated gelatin (GelMA) Carbon nanotubes Muscle Ahadian et al. (2014)
Chitosan Carbon nanotubes Bone Venkatesan et al. (2012)

TiO2 nanoneedles Bone Jayakumar et al. (2011a)
ZrO2 Bone Jayakumar et al. (2011)
Nano-hydroxyapatite (nHA) Bone Tripathi et al. (2012)
nHA and Cu-Zn alloy nanoparticles (nCu-Zn) Bone Tripathi et al. (2012)
nHA and nano-silver particles (nAg) Bone Saravanan et al. (2011)

Chitosan and Alginate Nano-silica (nSiO2) Bone Sowjanya et al. (2013)
PCL Carbon nanotubes Bone Mattioli-Belmonte et al. (2012)

nHA Bone Wang et al. (2010)
Alginate nHA and nAg Bone Marsich et al. (2013)
PLA Octadecylamine-functionalized nanodiamond 

(ND-ODA)
Bone Zhang et al. (2012b)

nHA Bone Wei and Ma (2004)
PNEA nHA Bone Bhattacharyya et al. (2006) and 

Bhattacharyya et al. (2009)
Polystyrene Carbon nanotube Bone Zhang et al. (2012a)
Poly(propylene fumarate) Carbon nanotubes Bone Shi et al. (2007)

Dodecylated US-tube
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Polymer Nanocomponent Application References

PLGA/Collagen blend nHA Bone Jose et al. (2010)
Nanobiphasic calcium phosphate (nBCP) Bone Ebrahimian-Hosseinabadi et al. (2011)
Nanostructured titanium Bone Smith et al. (2007)

Cross-linked poly(ethylene glycol) 
(PEG) and Pluronic F-127

calcium phosphate nanocrystals Cartilage Schlichting et al. (2011)

PLA nHA Cartilage Spadaccio et al. (2009)
PLA Poly(1,8-octanediol-co-citrate) (POC), 

poly(1,10-decanediol-co-citrate) (PDC)
Cartilage, 

ligament
Webb et al. (2007)

Dissolved cellulose phase Undissolved cellulose phase Ligament, tendon Mathew et al. (2012)
Collagen Cellulose nanofibers Ligament, tendon Mathew et al. (2013)
PLA Gold nanoparticles Skeletal muscle McKeon-Fischer and Freeman (2011)
PCL Carbon nanotubes Skeletal muscle McKeon-Fischer et al. (2011)

Table 1.1 Continued
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nanocomposites comprising poly(propylene fumarate) (PPF) and single-walled car-
bon nanotubes (SWCNTs) as bone tissue engineering scaffolds. The authors tested 
the in vivo biocompatibility of the fabricated nanocomposites in a rabbit model. At 
12 weeks, an enhanced bone ingrowth was found in femoral bone defects containing 
the nanocomposites as compared to the control polymer scaffolds.

1.2.2   Cell–material interaction at the nanoscale

The cell–material interaction is a dynamic process which controls the cellular response 
and function (Rosso et al., 2004; Ruosiahti and Pierschbacher, 1987; Lamers et al., 
2012; Lamers et al., 2012). The first phase of the process involves protein adsorption, 
which occurs on contact with body fluids and is influenced by the physicochemical 
characteristics of the material and its fabricated form. This is followed by the cell- 
adhesion phase involving various biological molecules such as ECM, cell membrane, 
and cytoskeletal protein components. These interactions at the nanoscale modulate 
cellular responses in terms of migration, cell proliferation, and differentiation. Thus, 
considerable research efforts have been focused on development of nanomaterials 
with appropriate properties to enhance cell performance. The material properties in 
controlling the cell–material interactions can be broadly classified as physical, chem-
ical, and biological cues (von der Mark et al., 2010).

1.2.2.1   Physical cues

Physical cues involve the physical interactions between the cells and the materials. 
The effect of surface nanotopography on cell behavior and tissue development has 
gained significant research interest in the field of tissue regeneration. For example, 
surface nanostructures of a square array of nanoscale pits were able to retain MSC 
phenotype and multipotency (McMurray et al., 2011), whereas a nanografting surface 
induced MSC differentiation (Yim et al., 2007). The structure of muscle tissue is com-
posed of oriented muscle fibers that are formed by the fusion of myoblasts (Hawke 
and Garry, 2001). This orientation in fiber alignment enables an anisotropic organi-
zation of muscle tissue ECM for functional contraction. Accordingly, aligned fiber 
scaffolds have been developed to mimic skeletal muscle orientation and provide the 
necessary ECM cues to guide cellular organization. Huang et al. (2006) demonstrated 
that aligned PLA nanofibers promoted cell and cytoskeleton alignment, myoblast pro-
liferation, myotube assembly, and myotube striation. The size of the nanotopography 
has also been reported to regulate cell–material interactions. Cai et al. (2007) demon-
strated that the 20 nm nHA showed enhanced MSC proliferation along with inhibition 
of the osteosarcoma cells when compared with 40 and 80 nm nHA. Shi et al. (2009) 
also demonstrated that both cell proliferation and cell apoptosis are related to the size 
of the HA particles and concluded that nHA may be a better candidate for an apatite 
substitute of bone than microsized hydroxyapatite (mHA). The nHA also showed bet-
ter osteoblast adhesion when compared to the mHA (Balasundaram et al., 2006). In 
addition, the material stiffness is another important factor that affects cell behavior 
(Reilly and Engler, 2010; Levy-Mishali et al., 2009; Discher et al., 2005).
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1.2.2.2   Chemical cues

The presence of chemical functional groups (eg, -CH3, -OH, -COOH, and -NH2) on 
the material surface alters the surface properties of the material and cell–material  
interactions (Deng et al., 2012). For example, the presence of negatively charged func-
tional groups on biomaterial surfaces is beneficial for the formation of an apatite layer 
and integration of biomaterials with surrounding bone. Nanocomposites containing 
dCOOH functionalized SWCNTs have shown an enhanced chondrocyte activity 
(Chahine et al., 2014). In addition, the presence of amino acid groups in HA has been 
shown to enhance the osteoblast cell proliferation and cell mineralization (Boanini 
et al., 2006).

1.2.2.3   Biological cues

In addition to physical and chemical cues, the presence of bioactive molecules in a 
material influences cell adhesion, proliferation, and differentiation. Bioactive mole-
cules can be either attached onto the material surface or incorporated into the material. 
For example, bone morphogenetic proteins (BMPs) have been used in combination 
with nanocomposites to enhance bone regeneration due to their osteoinductive capa-
bilities (Chung et al., 2007). Lo et al. (2012) have shown that stimulation of protein 
kinase A (PKA) signaling pathway by continuous administration of 6-Bnz-cAMP, 
which is a PKA-specific cyclic adenosine monophosphate (cAMP) analog, promoted 
in vitro osteogenesis in MC3T3-E1 and hMSCs. A different route to achieve surface 
functionalization of the polymeric fibers involves the use of Arg-Gly-Asp (RGD) pep-
tide (Paletta et al., 2010). Surface functionalization of PLA nanofibers with RGD was 
achieved using plasma treatment in combination with 1-ethyl-3-[3-dimethylamino-
propyl]carbodiimide (EDC)/N-hydroxysulfosuccinimide (Sulfo-NHS) activation. The 
functionalized nanofibers mediated the expression of osteocalcin by hMSCs.

1.3   Fabrication of nanocomposites for musculoskeletal 
tissue engineering

The previous sections described the different classes of biomaterials and nanoscale 
components that have been used to create nanocomposites. This section will elaborate 
on the different techniques to fabricate nanocomposites.

1.3.1   Electrospinning

Polymeric nanofibers due to their similarity to natural ECM have been actively investi-
gated for musculoskeletal tissue regeneration (Deng et al., 2012). A typical polymeric 
nanofiber scaffold is composed of ultrathin continuous fibers with high surface-to- 
volume ratio and porosity. Electrospinning provides a versatile technology platform 
for the design and fabrication of nanofiber-based matrices from various biodegradable 
polymers due to the ease of fabrication, efficient control over the process, and easy 
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scale-up (Huang et al., 2003). In an electrospinning process, polymeric nanofibers 
are created from a jet of polymer solution under the influence of applied electrical 
field between an ejecting needle and a collector. Fibers with diameters ranging from 
few nanometers to several micrometers can be obtained via electrospinning. Several 
parameters that control the electrospinning process include polymer solution viscosity 
and flow rate, applied electrical potential, distance between spinneret and collector, 
motion of the grounded target, and ambient conditions. So far, polymeric materials 
have been fabricated by electrospinning into various nanofiber structures such as ran-
dom nanofibers (Kumbar et al., 2008; Li et al., 2001), aligned nanofibers (Shalumon 
et al., 2012; Xie et al., 2010), and polymer/ceramic nanocomposites (Zhang et al., 
2008; Bhattacharyya et al., 2009). Other examples include micro-/nanofiber compos-
ites (Shim et al., 2009; Pham et al., 2006), core–shell nanofibers (Jiang et al., 2012; 
Pakravan et al., 2012), and 3D structures (Wang et al., 2014; Kumbar et al., 2011).

Laurencin and colleagues demonstrated for the first time the potential of elec-
trospun PLGA scaffolds for applications in engineering tissues (Li et al., 2001). A 
number of tissue-specific electrospun polymeric nanofiber scaffolds have been fab-
ricated from PLGA, polyphosphazenes, and PCL polymer blends or composites for 
regenerating bone (Bhattacharyya et al., 2006; Deng et al., 2011a), and soft tissues 
( Kumbar et al., 2008; Taylor, 2010; James et al., 2011b; Peach et al., 2012a). Inspired 
by the hierarchical structures that enable bone function, Deng et al. (2011a) developed 
a mechanically competent 3D scaffold mimicking the bone marrow cavity, as well 
as the lamellar structure of bone by orienting electrospun polyphosphazene–polyes-
ter blend nanofibers in a concentric manner with an open central cavity (Fig. 1.2). 
The 3D biomimetic scaffold exhibited a similar characteristic mechanical behavior 
to that of native bone. Compressive modulus of the scaffold was found within the 
range of human trabecular bone. The potential of this scaffold for bone repair was 
further investigated by monitoring the cellular activity and mechanical performance 
over time using in vitro culture. These blend nanofiber matrices supported osteoblast 
adhesion and proliferation and showed an elevated phenotype expression compared to 
PLGA nanofibers. This biomimetic scaffold supported the robust osteoblast growth 
throughout the scaffold architecture and maintained osteoblast phenotype expression 
in vitro, which resulted in a similar cell–matrix organization to that of native bone and 
maintenance of structure integrity.

Fu et al. (2012) fabricated electrospun nanofibers comprising polycaprolactone–
polyethylenegylcol–polycaprolactone (PCEC) containing nHA (Fig. 1.3). The fabri-
cated nanocomposite showed enhanced activity for bone regeneration when compared 
to the sham control in the in vivo rabbit model study. The electrospinning process has 
also been combined with other fabrication processes. Zhang et al. (2008) combined 
coprecipitation with electrospinning to obtain HA/chitosan nanocomposites. The 
nanocomposites were shown to have improved osteogenic inductivity when compared 
to the electrospun chitosan polymers. The incorporated HA nanoparticles enhanced 
the osteoconductivity of the nanocomposite material when compared to the chitosan. 
Aligned PLGA/HA nanofibers have also been researched for their potential in bone 
regeneration (Jose et al., 2009). Initial increase in HA content increased storage mod-
ulus but further increase in HA reduced the storage modulus. Electrospun PLGA 



Figure 1.3 TEM photograph of electrospun PCEC/nHA composite fiber. Arrows denote the 
HA particles.
Reproduced from Fu, S., et al., 2012. In vivo biocompatibility and osteogenesis of electrospun 
poly(e-caprolactone)-poly(ethylene glycol)-poly(e-caprolactone)/nano-hydroxyapatite composite 
scaffold. Biomaterials 33 (33), 8363–8371.

Figure 1.2 Schematics of 3D biomimetic scaffold design and fabrication. Intermolecular hydro-
gen-bonding interactions between polyphosphazine (PPHOS) and PLGA result in a miscible-blend 
system. Electrospinning of the polymer-blend solution creates a nonwoven nanofiber mat. Rect-
angular polymer sheets are then cut from the nanofiber mat (∼250 μm thick) and rolled up into a 
3D-fiber layered concentric structure in a controlled fashion. Finally, incubation in the cell media 
drives away the air within the structure and leads to structure shrinkage resulting in the formation of 
a 3D intact nanostructured scaffold. During shrinkage, the scaffold structure including the gap space 
between the fiber layers (Ln and Ln + 1) is significantly reduced. However, the dimensional stability 
of the open central cavity (C) is maintained to encourage nutrient transport.
Reproduced from Deng, M., Kumbar, S.G., et al., 2011a. Biomimetic structures: biological 
implications of dipeptide-substituted polyphosphazene-polyester blend nanofiber matrices for 
load-bearing bone regeneration. Advanced Functional Materials 21 (14), 2641–2651. Available 
at: http://doi.wiley.com/10.1002/adfm.201100275 (accessed 11.12.14.).

http://doi.wiley.com/10.1002/adfm.201100275
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nanofibers coated with gradient calcium phosphates have also been researched for 
their potential in tendon-to-bone mimics (Li et al., 2009).

Electrospun fibers have also been researched for cartilage regeneration procedures. 
Thorvaldsson et al. (2008) used a combination of micro- and nanofibers to create 
novel fiber structures. This enhanced the pore structure characteristics of the fabri-
cated scaffold. The synthesized scaffold enhanced the human chondrocyte infiltra-
tion. Nanocomposites consisting of multiwalled carbon nanotubes (MWCNTs) and 
PLA were fabricated using electrospinning. The nanocomposite material displayed 
enhanced mechanical properties and improved the chondrogenesis of MSCs (Holmes 
et al., 2013).

In addition, a variety of polymer composites with unique conductive and elec-
tric properties have been developed for skeletal muscle regeneration by combining 
polymers with metal nanoparticles (McKeon-Fischer and Freeman, 2011) and car-
bon nanotubes (McKeon-Fischer et al., 2014). For example, McKeon-Fischer et al. 
(2011) has developed an electrospun scaffold through the combination of PCL with 
MWCNTs and a hydrogel consisting of polyvinyl alcohol and polyacrylic acid as a 
potential nanoactuator for skeletal muscle engineering.

1.3.2   Lithography

Lithography is a technique that can be employed to fabricate materials with speci-
fied dimensions and patterns. Lithography techniques have been widely utilized to 
create patterned surfaces in microelectromechanical systems (MEMS) and nano-
electromechanical systems (NEMS) (Schulz, 2009). With the recent studies high-
lighting the importance of patterned surfaces in controlling cellular responses, 
researchers have gained interest in using lithography for tissue engineering appli-
cations (Kai et al., 2011; Shekaran and Garcia, 2011; Stratakis et al., 2011; Kaji 
et al., 2011).

Two different lithographic techniques have been employed for fabrication of poly-
mer-based nanocomposites:

 •  Photolithography: Photolithographic technique is applied to photosensitive polymers. 
UV/X-rays can be used as sources of irradiation. The photosensitive polymer precursors 
polymerize upon the contact with UV radiation. The photoinitiator present in polymer 
matrix initiates the polymerization reaction (Ingrosso et al., 2010). The regions that have 
been masked will not undergo polymerization. Therefore, hard polymerized region can be 
patterned from this technique.

 •  Electron beam lithography: During electron beam lithography (EBL), the incident 
electron beam is bombarded onto the exposed region of the polymer matrix. The bom-
barded electron beam generates secondary electrons. These electrons spread and cleave 
the polymer backbone, thereby obtaining patterned surfaces (Lewis and Piccirillo, 
2002). The proximity effects play a major role in developing nanostructures when EBL 
is used. When nanocomposite materials are employed, the proximity effects are reduced 
and, therefore, can provide precise patterning of the surfaces (Ishii et al., 1997, 2000; 
Gonsalves et al., 2001). For example, EBL technique has been used to fabricate ordered 
arrays of nanodimensions for the examination of cell–nanoenvironment interactions 
(Dalby et al., 2007; Vieu et al., 2000).
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In addition, mask-free methods involving 3D printing have also been employed to 
fabricate polymer nanocomposites. 3D printed scaffolds have tailored pore structures 
with high precision. The 3D structural data are converted to 2D data by slicing the 
3D structures. 2D structures are printed layer by layer to obtain the final 3D struc-
tures. Computer-aided modeling tools are used to process the 3D structural data into 
2D structural data (Leukers et al., 2005). For example, nanocomposites consisting of 
titania nanoparticles and PLGA have been 3D printed (Liu and Webster, 2007). The 
3D-printed scaffolds showed enhanced osteoblast adhesion and infiltration.

The patterned surfaces provide guidance for the cells to adhere, proliferate, and 
elongate.

1.3.3   Layer-by-layer self-assembly

Layer-by-layer (LbL) assembly is a technique used for fabricating multilayered film 
structures that are composed of polyelectrolyte molecules. Decher et al. (1992) demon-
strated the proof of concept for LbL self-assembly by fabricating multilayered films 
with alternating anionic and cationic polyelectrolytes. The layers are held together on 
the basis of hydrogen bonding, electrostatic, covalent, hydrophobic, and biological 
interactions (Shukla and Almeida, 2014). Layers with compliment functionality are 
deposited one after the other. The thickness of the layers can be modulated by varying 
the coating time. The adsorption kinetic of the species on the surface plays an import-
ant role in growth of the film (Shukla and Almeida, 2014). The ion concentration, pH 
of the media, and the working medium polarity can also modulate the properties of the 
species and species interactions (Dubas and Schlenoff, 1999; Bieker and Schönhoff, 
2010). LbL assembly can be employed for macroscopic surfaces (Saurer et al., 2009) 
and nanoscale surfaces (Poon et al., 2011). LbL assembly can be extended to lipids, 
polypeptides, nucleic acids, proteins, and any charged surfaces (Tang et al., 2006). 
The LbL assembly can also be used to create polymer nanocomposite structures by 
adsorbing the nanoparticles on the surface of the polymer layer.

Li et al. employed LbL self-assembly to construct multilayered films on top of 
nonwoven PCL fibers. The multilayered film consisted of gelatin and polystyrene salt. 
The top layer was further coated with calcium phosphate. The fabricated scaffold was 
tested for its potential in bone tissue engineering. Results indicated an enhanced cell 
proliferation for the LbL-assembled scaffolds (Li et al., 2008). Zhang et al. (2005) 
employed LbL fabrication technique to form multilayers consisting of type I collagen 
and hyaluronic acid and were able to generate fibrous multilayered structures that 
supported the attachment of chondrosarcoma cells.

Crouzier et al. (2011) coated ceramic β-tricalcium phosphate/HA granules with 
poly-l-lysine/hyaluronic acid. The authors further loaded BMP-2 and cross-linked the 
polyelectrolyte multilayer films. Controlled release of BMP-2 was achieved by vary-
ing the cross-linking ratio. The fabricated porous scaffold showed good osteoconduc-
tivity (Crouzier et al., 2011). Because LbL assembly can be performed on any surface, 
it opens up research avenues of coating metallic implants with polyelectrolyte mul-
tilayer films. Guillot et al. introduced polyelectrolyte multilayer coating on titanium 
implants. The polyelectrolyte coating was embedded with BMP-2. The polyelectrolyte 
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multilayer coating consisted of cross-linked poly-l-lysine and hyaluronic acid. The 
BMP-2-loaded titanium implant surface showed enhanced osteoinductive properties. 
The authors have also tested for the shelf life of the fabricated implant and reported 
that the implant can be stored at 4°C for at least 6 months (Guillot et al., 2014).

1.3.4   Other fabrication techniques

Apart from the fabrication techniques mentioned in the previous sections, other fabrica-
tion techniques such as solvent casting, freeze-drying, and electrodeposition, and hot-
melt extrusion have been successfully employed for tissue engineering applications.

Solvent casting involves the dispersion of the nanoscale components into the poly-
mer solution. The solution containing the polymer and the nanoscale components are 
subsequently casted and dried till the solvent evaporates. A specific-sized porogen 
agent (such as salt, sugar, or others) is often dispersed in the polymer solution for 
fabrication of a porous structure. Torabinejad et al. (2014) fabricated nanocomposites 
comprising nHA and triblock copolymers of l-lactide and ε-caprolactone by solvent 
casting. The fabricated scaffolds supported osteoblast attachment and mineralization 
(Fig. 1.4). This technique is simple and involves no complex instrumentation. Scale-up 
of this technique is highly efficient; therefore, this technique can be used in industries 
for large-scale production (Tanaka et al., 2008).

Freeze drying has been employed to fabricate nanocomposites by dispersing the 
nanoscale components in the polymer and freezing them at very low temperatures 
(−80°C). During the process of cooling, there will be phase separation due to thermo-
dynamic instability (Sun et al., 2011). When they are dried, the solvent phase evapo-
rates, leaving behind the porous nanocomposite materials.

Nanoscale components can be coated on the material surfaces via electrodeposition. 
He et al. (2010) demonstrated the use of this technique by mineralizing calcium 
phosphate on PLA nanofibers. The PLA nanofibers were collected on metal electrodes 
used for the fabrication process of electrodeposition. The calcium phosphate coating 
was deposited on the electrodes containing the PLA nanofibers. The authors have 
also varied the topography of the surface by changing the electrodeposition process 
parameters.

Hot-melt extrusion has also been used to fabricate nanocomposites. Liao et al. 
(2013) employed a hot-melt extrusion fabrication technique to fabricate polypropylene- 
based nanocomposites. Polypropylene, MWCNTs, and HA nanorods were added to 
the twin-screw extruder. The nanocomposites were molded into rectangular shapes. 
The authors have hypothesized the potential of the fabricated nanocomposite for bone 
implants.

1.4   Conclusions

Tissue engineering is a multidisciplinary field involving materials science, chemistry, 
cell biology, bioengineering, and medicine. It aims to develop functional biological 
tissue substitutes by engineering 3D scaffolds with appropriate physical, chemical, 
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and biological properties. Nanocomposites have demonstrated great promise for the 
development of tissue-specific scaffolds that promote regeneration of individual 
musculoskeletal tissues as evidenced from the studies previously mentioned. How-
ever, grand challenges remain in successful regeneration of musculoskeletal tissue 
interfaces and complex tissue systems possessing tissue-type heterogeneity and 
anisotropic properties. The integration of physical, chemical, and biological cues built 
from the nanoscale will be accelerated through a further understanding of cell–material 
interactions at the nanoscale as well as advances in fabrication technology.

(a) (b)

(c) (d)

(e)

Figure 1.4 SEM images of (a), (b) nanocomposite 30% nHA, scaffold 30% nHA; (c) before 
cell culture with interconnectivity (pore size 200–300 μm, ∼70% porosity); The arrows  
indicate interconnected pore structures; (d) before cell culture; and (e) after cell culture.
Reproduced from Torabinejad, B., et al., 2014. Synthesis and characterization of nanocomposite 
scaffolds based on triblock copolymer of l-lactide, e-caprolactone and nano-hydroxyapatite for 
bone tissue engineering. Materials Science & Engineering. C, Materials for Biological Applications 
42, 199–210. Available at: http://www.ncbi.nlm.nih.gov/pubmed/25063111 (accessed 25.09.14.).

http://www.ncbi.nlm.nih.gov/pubmed/25063111
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2.1   Introduction

Bone defects due to incidents such as fractures, diseases (osteoporosis and osteosar-
coma), or surgeries (tumor removal) are treated using autografts (tissue from the per-
son’s own body), allografts (from a donor of the same species), or xenografts (from 
a donor of a different species) [1]. Natural bone grafts and implants have several lim-
itations such as disease transfer, limited availability and reproducibility, donor scar-
city, alterations in the properties of natural matrices due to sterilization, and immune 
rejection. Extensive research has been performed to engineer synthetic biocompatible 
polymers for tissue engineering and regenerative medicine applications [2]. Typically, 
synthetic biomaterials have several advantages over materials derived from natural 
sources; for instance, synthetic biomaterials can be produced using well-established 
protocols, their physical and chemical properties can be tailored depending on the 
application, and they offer ease of sterilization and mass production.

The porous and nonporous synthetic bone grafts are fabricated using metals,  
ceramics, polymers, and their combinations (hybrid materials and composites) in various  
morphologies such as cylinders, screws, pins, plates, and rods, as well as formable pastes 
and gels. Although rigid synthetic biomaterials require implantation thorough an inva-
sive surgery, amorphous pastes and gels can be injected to bone defect sites and undergo 
in situ formation. The metallic orthopedic implants used in clinic are bioinert and have 
higher mechanical properties compared to native bone tissue leading to bone atrophy due 
to stress shielding [3]. Ceramic bone grafts have been used; however, their application is 
limited because of their low tensile mechanical properties and brittleness. Furthermore, 
metallic and ceramic implants are nonbiodegradable and require a secondary surgery for 
removal post bone healing. In contrast, the structure and composition of polymers can be 
tailored to impart specific properties, for instance, by manipulating the molecular weight 
and chemical bonds polymers can be degraded by either hydrolysis upon exposure to 
an aqueous environment or enzymatically by cells. Polymers can be easily synthesized 
at large scale using well-established protocols, and their properties can be tailored by 
molecular design. Therefore, polymeric scaffolds and composites have been extensively 
investigated for applications in tissue engineering and regenerative medicine.
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Recent advances in nanotechnology have played a significant role in the devel-
opment of tissue-engineering approaches over the last decade. Nanomaterials 
can be synthesized from ceramics, metals, organic and inorganic materials, and 
composites using methods such as chemical vapor deposition [4], self-assembly [5], 
phase separation [6], chemical etching [7], photolithography [8], electron beam 
lithography [9], laser ablation [10], chemical oxidation [11], and liquid exfolia-
tion [12] in various morphologies such as tubes, platelets, spheres, ribbons, horns, 
wires, films, and clusters (Fig. 2.1) [7,11–21]. Nanomaterials are used in various 
fields of tissue engineering and regenerative medicine for bioimaging [13,22–24], 
drug and gene delivery [25–28], as substrates for tissue engineering [29–31], as 
reinforcing agents to improve mechanical properties of polymeric scaffolds [32–35],  
antimicrobial agents [36,37], and for cellular therapy and diagnoses [38–40]. Fur-
thermore, due to their large surface area and high surface roughness, nanomaterials  
can be functionalized with various chemical groups (oxy, epoxy, carboxylate, 
nitrile, phosphate, disulfide, amine, and hydroxyl), drugs (doxorubicin, etc.), 

(a)

(d)

(b)

(e)

(c)

(f)

Figure 2.1 Schematic representation of (a) nanospheres (fullerenes), (b) nanosheets 
(graphene), (c) tubes (carbon nanotube), (d) horn (carbon nanohorn), (e) graphene nanoribbons, 
(f) graphene nanoplatelets. 
(a–d) Adapted from Costa RD, Lodermeyer F, Casillas R, Guldi DM. Recent advances in  
multifunctional nanocarbons used in dye-sensitized solar cells. Energy Environ Sci 
2014;7:1281–96, with permission. Copyright © Royal Society of Chemistry, 2014.  
(e) Adapted from Terrones M. Sharpening the chemical scissors to unzip carbon nanotubes:  
crystalline graphene nanoribbons. ACS Nano 2010;4:1775–81, with permission. Copyright © 
American Chemical Society, 2010. (f) Adapted from Nanochemistry.it (Enzo Menna).
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proteins, and peptides (arginyl-glycyl-aspartic acid [RGD], etc.) to impart novel 
physiochemical properties and mitigate toxicity.

Biodegradable polymers such as poly(l-lactide acid) (LPLA), poly(glycolide 
acid) (PGA), poly(d,l-lactide acid) (DLPLA), poly(dioxanone) (PDO), poly(d,l-
lactide-co-l-lactide acid) (LDLPLA), poly(d,l-lactide-co-glycolide) (DLPLG), 
poly(glycolide-co-trimethylene carbonate), poly(l-lactide-co-glycolide) (LPLG), 
poly(ε-caprolactone) (PCL), poly(ethylene glycol) (PEG), poly(propylene fuma-
rate) (PPF), polyurethane (PU), poly(lactic acid) (PLA), poly(glycolic acid) (PLGA), 
poly(butylene succinate) (PBSC) have been used to prepare tissue-engineering scaf-
folds (Fig. 2.2) [41–48]. Porous polymeric scaffolds permit cellular infiltration, which 
is critical for tissue regeneration. However, porous scaffolds have low mechanical 
properties, unsuitable for tissue engineering of load-bearing bones. Several approaches 
have been used to improve the mechanical properties of polymeric scaffolds, for 
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Figure 2.2 Structural representation of various biodegradable polymers for bone-tissue 
 engineering. 
Adapted from Kasper FK, Tanahashi K, Fisher JP, Mikos AG. Synthesis of poly (propylene 
fumarate). Nat Protoc 2009;4:518–25, with permission. Copyright © Macmillan Publishers 
Limited, 2009.



34 Nanocomposites for Musculoskeletal Tissue Regeneration

example, use of polymers with high molecular weight, increasing cross-linking den-
sity of polymers, and the fabrication of polymeric composites with reinforcing agents 
(a second particulate phase that typically has higher mechanical properties than native 
polymer) [49,50]. The fabrication of nanomaterial-reinforced polymeric nanocompos-
ites for tissue-engineering applications has gained attention over the last decade due to 
their multifunctional attributes. For instance, dispersion of nanomaterials in the poly-
meric matrix not only improves the mechanical properties, these nanomaterials can 
also be loaded with drugs, growth factors, or bioimaging molecules, thereby imparting 
additional multifunctional properties such as noninvasive in vivo longitudinal imaging 
of scaffold degradation and tissue regeneration along with the delivery of biotherapeu-
tics and growth factors to guide cellular processes.

Excellent reviews on the use of nanomaterials such as fullerenes, graphene, carbon 
nanotubes, and gold and ceramic nanoparticles for tissue engineering and regenera-
tive medicine applications have been published [24,51–57]. Other inorganic materials 
such as alumoxane nanospheres, tungsten nanotubes, and molybdenum nanoplatelets 
have also been investigated for biomedical applications [32–34,58]. In this chapter, we 
will review the use of various zero- (fullerenes), one- (carbon and tungsten nanotubes, 
and alumoxane nanoparticles, etc.), and two-dimensional (graphene and molybdenum 
nanoplatelets, graphene nanoribbons, etc.) carbon and inorganic nanomaterials as 
reinforcing agents toward the fabrication of polymeric nanocomposites and scaffolds 
for bone-tissue engineering applications. We will discuss scaffold design parameters 
critical for maximum mechanical reinforcement along with various cytotoxicity and 
biocompatibility issues associated with their use in tissue engineering and regenera-
tive medicine.

2.2   Nanomaterial-reinforced polymeric nanocomposites

Nanomaterials can be classified as zero- (0D), one- (1D) and two-dimensional (2D) 
materials based on their size. 0D nanomaterials are composed of a limited number of 
atoms (usually under 100). They are nanomaterials that have all the dimensions (x–y–z) 
in the nanoscale. 1D nanomaterials have a large aspect ratio and have at least one 
dimension greater than nanoscale (for instance nanotubes with diameter in nanoscale 
and length on the micron scale). 2D nanomaterials have at least two dimensions on 
the micron scale, for instance, nanoplatelets and nanoribbons with length, breadth, 
or diameter on the micron scale. 2D nanomaterials are generally sheets, ribbons, or 
platelets with a nanoscale thickness (z).

2.2.1   Mechanical properties of 0D nanomaterial-reinforced 
polymeric nanocomposites

Table 2.1 lists the mechanical properties of various polymeric nanocomposites. 
Fullerene (C60) has been used as reinforcing agent to improve the mechanical prop-
erties of PPF and polycarbonate (PC) nanocomposites. Saotome et al. have charac-
terized the mechanical properties of PC nanocomposites reinforced with C60 and 
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Table 2.1 Mechanical properties of various polymeric nanocomposites

Nanomaterial
Content 
(wt%) Polymer matrix Mechanical property Percent increase References

Fullerenes and single-walled  
carbon nanotubes and  
ultrashort carbon nanotubes

0.05–1 Poly(propylene 
fumarate) (PPF)

Compressive modulus 70–95% Sitharaman 
et al. [35]Flexural modulus 10–50%

Fullerenes 1–10 Poly(methyl 
methacrylate) 
(PMMA)

Strength 400% Ginzburg 
et al. [60]breaking strain and Young’s 

modulus,
100%

Single-walled carbon nano-
tubes and multiwalled carbon 
nanotubes

0.05 PPF Flexural modulus 69% Shi et al. 
[71]Compressive modulus 74%

Single-walled carbon nano-
tubes and multiwalled carbon 
nanotubes

0.05–2 PPF Compressive modulus, 15–60% Lalwani 
et al. [33]Compressive yield strength

Flexural modulus,
Flexural yield strength

Multiwalled carbon nanotubes 0.25 Poly(lactic- 
co-glycolic acid)

Young’s modulus 8% Zhang et al. 
[72]Tensile stress 80%

Elongation stress 49%
Multiwalled carbon nanotubes 0–5 Chitosan Elastic modulus 113% Chen et al. 

[73]Compressive modulus 218%
Tungsten disulfide nanotubes 0.01–0.2 PPF Compressive modulus 61% Lalwani 

et al. [34]Compressive yield strength 55%
Flexural modulus 29%
Flexural yield strength 191%

Tungsten disulfide nanotubes 2 PMMA Elastic modulus 2100% Reddy et al. 
[67]Tensile strength and 

toughness
30–35%

Continued



36
N

anocom
posites for M

usculoskeletal T
issue R

egeneration

Nanomaterial
Content 
(wt%) Polymer matrix Mechanical property Percent increase References

Boron nitrate nanotubes 0.2 PPF Compressive modulus 15% Farshid et al. 
[112]Compressive yield strength 6%

Single-walled graphene oxide 
nanoribbons and multiwalled 
graphene oxide nanoribbons 
and graphene nanoplatelets

0.01–0.2 PPF Compressive modulus SWGONR 35% Lalwani 
et al. [33]MWGONR 68%

Compressive yield strength SWGONR 27%
MWGONR 60%

Flexural modulus SWGONR 15%
MWGONR 24%

Flexural yield strength SWGONR 102%
MWGONR 230%

Graphene oxide (GO) 2.5 Poly(vinyl alcohol) Compressive strength 60% Shuai et al. 
[86]Young’s modulus 152%

Tensile strength 69%
Poly(vinyl alcohol)-grafted 

graphene oxide
1 Poly(vinyl alcohol) Tensile strength 88% Cheng et al. 

[87]Young’s modulus 150%
Elongation 22%

Graphene and nanodiamonds Poly(vinyl alcohol) Stiffness and hardness 400% Prasad et al. 
[88]

Graphene 5 Polycaprolactone Specific strength 192% Sayyar et al. 
[89]Specific modulus 571%

Graphene 0.1 Chitosan Elastic modulus 100% Fan et al. 
[90]Hardness 50%

Molybdenum disulfide 
nanoplatelets

0.2 PPF Young’s modulus 108% Lalwani 
et al. [33]Compressive yield strength 93%

Flexural modulus 53%
Flexural yield strength 262%

Table 2.1 Continued
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poly-hydroxylated fullerenes (C60(OH)36) [59]. Results show that PC–C60(OH)36 
nanocomposites have higher mechanical properties compared to PC reinforced with 
pristine C60. The increased mechanical properties were attributed to the rigid 
polymer–C60(OH)36 interphase region due to hydrophobic interactions and hydrogen 
bonding. In another study, Sitharaman et al. have reported the use of C60 as a rein-
forcing agent along with single-walled carbon nanotubes (SWCNTs) and ultrashort 
carbon nanotubes (US tubes) to fabricate injectable nanocomposites of PPF [35]. PPF 
is a biodegradable, highly viscous polyester of propylene glycol and diethyl fumarate 
widely used for bone-tissue engineering applications. Dispersion of C60 in PPF nano-
composite mix prior to cross-linking decreased the viscosity, thereby improving the 
injectability for bone-tissue engineering. Ginzburg et al. have reported the mechanical 
properties of poly(methyl methacrylate) (PMMA) films upon 1 to 10 wt% loading 
of C60 [60]. The authors reported a 5× increase in the strength and 2× increase in 
the breaking strain and Young’s modulus of PMMA–C60 films at 1 wt% dispersion of 
C60. The mechanical properties increased up to 3 wt% loading of C60 and declined at 
higher nanomaterial concentrations. X-ray diffraction (XRD) analysis of PMMA–C60 
nanocomposite thin films at 10 wt% concentration showed an increase in sample het-
erogeneity, i.e., formation of C60 aggregates that result in the reduction of mechanical 
properties. The authors propose that at low concentrations (<3 wt%), C60 molecules 
retract the microcrack propagation by covalently bonding with free radicals formed 
during deformation, thereby resulting in crack healing (Fig. 2.3).

2.2.2   Mechanical properties of 1D nanomaterial-reinforced 
polymeric nanocomposites

One-dimensional nanomaterials such as carbon nanotubes [33,34,35], titanium 
oxide nanotubes [61,62], aluminum silicate nanotubes [63], boron nitride nanotubes 
(BNNTs) [64,112], tungsten disulfide nanotubes [32,34], and cellulose nanofibers 
[65,66] have been used as reinforcing agents for polymeric networks such as PPF, 
PMMA, PLA, poly(lactide-co-glycolide acid), chitosan, and PU [32,34,65–70,112]. 
The Sections 2.2.2.1 and 2.2.2.2 summarize recent studies using 1D carbon and inor-
ganic nanotubes as reinforcing agents for biomedical applications.

2.2.2.1   1D carbon nanomaterial-reinforced polymeric 
nanocomposites

Several studies have investigated the mechanical properties of single- and multiwalled 
carbon nanotube (SWCNT and MWCNT)-reinforced polymeric nanocomposites. Shi 
et al. have reported ∼69% increase in flexural modulus (765 MPa) and ∼74% increase 
in compressive modulus (680 MPa) of PPF nanocomposites reinforced with function-
alized (dodecylated) SWCNTs (Fig. 2.4) at 0.05 wt%, compared to PPF composites 
without nanomaterial loading (compressive modulus ∼318 MPa, flexural modulus 
∼456 MPa) [71]. Sitharaman et al. have reported ∼70–95% increase in compressive 
modulus (1100–1300 MPa) and ∼10–50% increase in flexural modulus (900–1500 MPa) 
upon 0.05–1 wt% loading of SWCNTs and US-CNTs, compared to the mechanical 
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properties of cross-linked PPF controls without nanoparticles (compressive modulus 
∼600 MPa, flexural modulus ∼850 MPa) [35]. Lalwani et al. have reported 15–60% 
increase in mechanical properties (compressive modulus, compressive yield strength, 
flexural modulus, and flexural yield strength) at 0.05–2 wt% loading of SWCNTs and 
MWCNTs [33]. The control groups in the above studies were cross-linked PPF com-
posites without addition of SWCNT, MWCNT, or US nanotubes. Zhang et al. have 
reported the mechanical properties of PLGA–MWCNT nanocomposite scaffolds.  

Figure 2.3 Schematic illustration of microcrack 
healing by fullerene (C60). (a) Initial stage, (b) 
formation of covalent bonds and movement of 
C60 into microcrack, and (c) intake of C60 into 
microcrack and its healing. 
Adapted from Ginzburg B, Pozdnyakov A, 
Tochil’Nikov D, Tuichiev S, Shepelevskii A. 
Tribological characteristics of composites  
based on poly (tetrafluoroethylene) and  
fullerene carbon. Polymer Science Series A 
2008;50:865–73, with permission. Copyright © 
Springer science and business media, 2008.

SWNT/SDS + n F4B-N2 
+ H2O

23 ºC, 10 min
SWNT

n

Figure 2.4 Schematic representation of functionalization of individual SWCNTs with sodium 
dodecyl sulfate (SDS) surfactant. 
Adapted from 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;7:2237–42, with permission. Copyright ©  
American Chemical Society, 2006.
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In comparison to PLGA composites, addition of 0.25 wt% MWCNTs resulted in ∼8% 
increase in Young’s modulus (from ∼163 to ∼176 MPa), ∼80% increase in tensile 
stress (from ∼5 to ∼9 MPa), and 13% increase in elongation stress (from ∼27% to 40%) 
for PLGA–MWCNT nanocomposites [72]. In another study, Chen et al. synthesized 
chitosan–MWCNT nanocomposites. Addition of 0–5 wt% of MWCNTs resulted in a 
significant increase in elastic modulus (from ∼509 to ∼1089 MPa) and compressive 
modulus (from ∼33 to 105 MPa) compared to chitosan–hydroxyapatite (HA) com-
posites [73]. Zawadzak et al. synthesized CNT-coated PU foams using electropho-
retic deposition technique to fabricate PU–CNT foams as nanostructured matrices for 
bone-tissue engineering. The porous forms have the potential to be used as bioactive 
scaffolds due to their nanotopography and bioactivity [74].

2.2.2.2   1D inorganic nanomaterial-reinforced polymeric 
nanocomposites

Lalwani et al. have reported the synthesis and characterization of mechanical properties 
of tungsten disulfide nanotubes (WSNT)-reinforced PPF nanocomposites for bone-tissue 
engineering applications [34]. WSNTs possess high mechanical properties (flexural 
modulus ∼217 GPa, compressive modulus ∼150 GPa), functional groups (sulfide, 
oxysulfide, etc.) and can be readily dispersed in organic solvents. In comparison to 
CNT-reinforced PPF scaffolds, WSNT loading between 0.01 and 0.2 wt% resulted in 
a 61% increase in compressive modulus, 55% increase in compressive yield strength, 
29% increase in flexural modulus, and a 190% increase in flexural yield strength of 
PPF nanocomposites (Fig. 2.5). These results were attributed to a uniform dispersion 
of WSNTs in the PPF matrix (CNTs formed micron-sized aggregates in PPF at high 
loading concentrations of ∼0.2 wt%, Fig. 2.6) and an increased cross-linking density of 
WSNT–PPF nanocomposites compared to PPF controls. Reddy et al. have synthesized 
WSNT-embedded PMMA nanocomposites by electrospinning. Compared to pristine 
PMMA composites, 2 wt% loading of WSNTs resulted in ∼22-fold increase in elastic 
modulus and 30–35% increase in tensile strength and toughness [67]. BNNTs are 
strong (elastic modulus ∼1 TPa) and possess similar tensile strength, mechanical prop-
erties, thermal conductivities, and chemical properties to carbon nanotubes [75–77]. 
Zhi et al. have fabricated BNNT-reinforced PMMA, polystyrene, poly(vinyl butyral) 
(PVB) and poly(ethylene vinyl alcohol) (PEVA) nanocomposites and evaluated their 
mechanical properties by the Vickers microhardness test [78–80]. In addition to an 
increased thermal stability and electrical conductivity upon addition of BNNTs, slight 
increases in the mechanical properties were also observed. Recently, Farshid et al. 
have fabricated BNNT-reinforced PPF nanocomposites for bone-tissue engineering 
applications [112]. In this study, PPF nanocomposites fabricated with 0.2 wt% loading 
of BNNTs showed ∼15% increase in compressive modulus and ∼6% increase in com-
pressive yield strength, compared to PPF composites without BNNTs. Furthermore, 
BNNT-reinforced PPF nanocomposites were cytocompatible; they permit attachment, 
spreading, and proliferation of MC3T3 preosteoblast cells. The favorable cytocompat-
ibility results along with improved mechanical properties makes BNNT–PPF nano-
composites promising candidates for bone-tissue engineering.



40 Nanocomposites for Musculoskeletal Tissue Regeneration

2.2.3   Mechanical properties of 2D nanomaterial-reinforced 
polymeric nanocomposites

2D-layered nanomaterials such as pristine graphene, graphene oxide (GO) nanoribbons 
(prepared by the oxidative unzipping of carbon nanotubes [19]), and nanoplatelets (prepared  
by Hummer’s method and its modifications [11,13]), boron nitride nanoplatelets, 
molybdenum disulfide nanoplatelets (MSNPs), tungsten disulfide nanosheets, zirconia 
nanosheets, zinc oxide nanosheets, and titanium nanosheets have been used for several 
biomedical applications such as bioimaging [11,13,22], drug delivery [25,26], bio-
sensors [81–83], stem cell tracking [84,85] and fabrication of tissue-engineering scaf-
folds and coatings [32,33,112]. Sections 2.2.3.1 and 2.2.3.2 summarize recent studies 
using 2D carbon and inorganic nanomaterials as reinforcing agents for tissue-engineering 
applications.
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Figure 2.5 (a) Compressive modulus, (b) compressive yield strength, (c) flexural modulus, 
and (d) flexural yield strength of single-walled carbon nanotubes (SWCNTs), multiwalled 
carbon nanotubes (MWCNTs), and tungsten disulfide nanotubes (WSNTs) as a function of 
nanoparticle loading concentration. Data are represented as mean ± standard deviation for n = 4  
samples. ‘*’ represents significant differences from PPF composites (baseline control) and 
‘**’ represents significant difference from SWCNT and MWCNT nanocomposites at p < 0.05.
Adapted from Lalwani G, Henslee AM, Farshid B, Parmar P, Lin L, Qin YX, et al. Tungsten 
disulfide nanotubes reinforced biodegradable polymers for bone tissue engineering. Acta  
Biomater 2013;9:8365–73, with permission. Copyright © Elsevier, 2013.
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2.2.3.1   2D carbon nanomaterial-reinforced polymeric 
nanocomposites

Recently, 2D carbon nanomaterial graphene has been investigated as reinforc-
ing agent for several biocompatible polymers with a focus toward bone-tissue 
engineering. Lalwani et al. have investigated the mechanical properties of PPF 
reinforced with single- and multiwalled graphene oxide nanoribbons (SWGONRs 
and MWGONRs) and graphene nanoplatelets (GNPs) at 0.01 to 0.2 wt% loading 

(a)

(c)

(b)

Figure 2.6 Representative transmission electron microscopy images of PPF nanocomposites 
at 0.1 wt% loading concentration of (a) single-walled carbon nanotubes, (b) multiwalled  
carbon nanotubes, and (c) tungsten disulfide nanotubes. Red arrows correspond to  
nanoparticles embedded in the polymer matrix. 
Adapted from Lalwani G, Henslee AM, Farshid B, Parmar P, Lin L, Qin YX, et al. Tungsten  
disulfide nanotubes reinforced biodegradable polymers for bone tissue engineering. Acta  
Biomater 2013;9:8365–73, with permission.  
Copyright © Elsevier, 2013.
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concentrations [33]. Compression and three-point bending tests were performed 
according to American Society for Testing and Materials (ASTM) standards on 
cross-linked PPF nanocomposites. Results show that in comparison to 1D carbon  
nanotubes (SWCNTs and MWCNTs), 2D carbon nanomaterials were better rein-
forcing agents; addition of SWGONRs, MWGONRs, and GONPs increased the 
mechanical properties (Young’s modulus, compressive yield strength, flexural 
modulus, and flexural yield strength) by 10–235% depending on the nanomaterial 
morphology and loading concentration. Specifically, PPF–GONP nanocomposites 
showed the maximum mechanical reinforcement for various carbon nanomaterial 
groups investigated. Compared to PPF composites without nanomaterial load-
ing, addition of 0.2 wt% of GONPs increased the Young’s modulus by 71% (from 
∼1000 to ∼1700 MPa), compressive yield strength by 63% (from ∼41 to ∼69 MPa), 
flexural modulus by 41% (from ∼650 to ∼925 MPa), and flexural yield strength by 
263% (from ∼8 to ∼27 MPa).

Shuai et al. have investigated the mechanical properties of GO-reinforced poly(vinyl 
alcohol) (PVA) nanocomposites for tissue-engineering applications [86]. At 2.5 wt% 
loading of GO, ∼60% increase in compressive strength, ∼152% increase in Young’s 
modulus, and 69% increase in tensile strength were observed. In another study, Cheng 
et al. have reported the mechanical properties of PVA nanocomposites reinforced with 
PVA-grafted GO (PVA-g-GO) [87]. Mechanical properties of PVA-g-GO reinforced 
PVA nanocomposites were significantly improved; tensile strength, Young’s modulus, 
and elongation at break increased by 88%, 150%, and 22%, respectively at 1 wt% 
loading of PVA-g-GO. In another study, Prasad et al. have reported ∼400% increase in 
the stiffness and hardness of graphene and nanodiamonds reinforced PVA nanocom-
posites [88].

Sayyar et al. have investigated the mechanical properties of graphene-reinforced 
PCL nanocomposites [89]. In this study, the authors used an esterification reaction 
to covalently link carboxyl groups on graphene sheet with polycaprolactone chains. 
Results show that 5 wt% loading of graphene resulted in ∼192% increase in strength 
(from 13.5 to 39.5 kN m/kg) and ∼571% increase in modulus (from 88.7 to 591.1 kN m/
kg) compared to pristine polycaprolactone composites. Fan et al. have reported the 
mechanical characterization of graphene-reinforced chitosan nanocomposites [90]. 
Addition of 0.1 wt% graphene resulted in a twofold increase in the elastic modulus 
and ∼1.5-fold increase in the hardness of chitosan–graphene nanocomposites.

2.2.3.2   2D inorganic nanomaterial-reinforced polymeric 
nanocomposites

Few studies have investigated the application of 2D layered inorganic nanomaterials 
such as boron nitride nanoplatelets, tungsten disulfide nanosheets, and molybdenum 
disulfide nanoplatelets as reinforcing agents to improve the mechanical properties of 
polymeric implants for tissue-engineering applications [33,112]. Other studies have 
reported the use of 2D tungsten, boron and molybdenum nanosheets as reinforc-
ing agents; however, those nanocomposites were not fabricated toward biomedical  
applications [91,92].
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Farshid et al. have investigated the mechanical properties of boron nitride nano-
platelet (BNNP)-reinforced PPF scaffolds at 0.2 wt% nanomaterial loading [112]. 
Results show that addition of BNNPs resulted in ∼38% increase in the Young’s  
modulus and ∼31% increase in compressive yield strength compared to PPF nanocom-
posites without nanomaterial loading. In another study, Lalwani et al. have reported 
the mechanical properties of MSNP-reinforced PPF nanocomposites for bone-tissue 
engineering [33]. PPF nanocomposites at 0.2 wt% loading of MSNPs show ∼108% 
increase in Young’s modulus, ∼93% increase in compressive yield strength, ∼53% 
increase in flexural modulus, and ∼262% increase in flexural yield strength compared 
to PPF composites without nanomaterials (Fig. 2.7). Transmission electron micros-
copy analysis shows a uniform dispersion of MSNPs in the polymer matrix (Fig. 2.8), 
an important factor for efficient mechanical reinforcement.

2.3   Design criteria and nanomaterial properties for 
maximum mechanical reinforcement

The efficacy of nanomaterials as reinforcing agents depend on several factors such as 
nanomaterial morphology, aspect ratio, surface area, functionalization state, nanoma-
terial aggregation, and changes in cross-linking density of polymer matrix. Maximum 
mechanical reinforcement is achieved as a result of a complex interplay of these sev-
eral factors. In this section, we will review these parameters and discuss strategies  
for maximum mechanical reinforcement.

2.3.1   Nanomaterial morphology

Nanomaterial morphology plays an important role in determining the efficacy of mechan-
ical reinforcement. 2D nanomaterials are better reinforcing agents than 1D or 0D nano-
materials. It has been reported that 2D nanomaterials not only have larger surface area 
compared to 0D and 1D nanomaterials [33], they are more effective in increasing the 
cross-linking density of polymeric composites, thereby resulting in significant increases 
in several mechanical properties such as compression strength, tensile strength, creep  
strain, and fracture toughness [93,94]. Lalwani et al. have compared the efficacies of var-
ious 1D and 2D carbon (SWCNTs, MWCNTs, SWGONRs, MWGONRs, and GONPs) 
and inorganic nanomaterials (WSNTs and MSNPs) as reinforcing agents for PPF poly-
mer used in bone-tissue engineering [33,34]. Their results suggest that inorganic nano-
materials (MSNPs and WSNTs) are better reinforcing agents than carbon nanomaterials 
(SWCNTs, MWCNTs, SWGONRs, MWGONRs, and GONPs), and in general 2D 
nanomaterials are better reinforcing agents than 1D nanomaterials.

2.3.2   Aspect ratio and surface area of nanomaterials

Several studies have suggested that a reduction in the aspect ratio of nanoparticles 
results in improvements in mechanical properties. Sitharaman et al. have shown that 
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Figure 2.7 (a) Compressive modulus, (b) compressive yield strength, (c) flexural modulus, and (d) flexural yield strength of SWCNT-,  
MWCNT-, SWGONR-, MWGONR-, GONP-, and MSNP-reinforced PPF scaffolds at 0.01 to 0.2 wt% nanomaterial-loading concentrations.  
Data are reported as mean ± standard deviation for n = 5 samples. ‘*’ represents significant differences from PPF composites (baseline control),  
and ‘#’ represents significant difference from SWCNT and MWCNT nanocomposites at p < 0.05. 
Adapted from Lalwani G, Henslee AM, Farshid B, Lin L, Kasper FK, Qin Y-X, et al. Two-Dimensional Nanostructure-Reinforced Biodegradable 
Polymeric Nanocomposites for Bone Tissue Engineering. Biomacromolecules 2013;14:900–9, with permission. Copyright © American Chemical 
Society, 2013.
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Figure 2.8 Representative transmission electron microscopy images of cross-linked PPF 
nanocomposites at 0.1 wt% loading of (a) SWCNTs, (b) MWCNTs, (c) SWGONRs,  
(d) MWGONRs, (e) GONPs, and (f) MSNPs. Nanomaterials embedded in the polymer  
matrix are marked with red arrows. 
Adapted from Lalwani G, Henslee AM, Farshid B, Lin L, Kasper FK, Qin Y-X, et al. Two- 
Dimensional Nanostructure-Reinforced Biodegradable Polymeric Nanocomposites for Bone 
Tissue Engineering. Biomacromolecules 2013;14:900–9, with permission. Copyright ©  
American Chemical Society, 2013.
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US-SWCNTs are better reinforcing agents than long SWCNTs [35]. Lalwani et al. 
have shown that 2D carbon and inorganic nanomaterials such as nanoplatelets with 
low aspect ratio (∼1) are better reinforcing agents than long 1D nanomaterials such as 
nanotubes with higher aspect ratios (>1000) [33,34]. Sitharaman, Rafiee, and others 
have reported that increasing the surface area of nanomaterials leads to better mechan-
ical reinforcement [35,95]. Nanomaterials with higher surface area provide greater nano-
material–polymer interaction resulting in a better mechanical reinforcement than 
nanomaterials with lower surface area.

2.3.3   Nanomaterials chemistry, aggregation state, and cross-
linking density of polymer

Presence of functional groups on the surface of nanomaterials can lead to increases 
in the mechanical properties of nanocomposites due to an increased nanomaterial–
polymer interaction. Functionalized nanomaterials are easier to disperse in organic 
solvents resulting in a uniform dispersion of nanomaterials in the polymer matrix. 
Micron-sized aggregates of nanomaterials act as points of stress concentration and 
crack initiation under external loads. Various covalent and noncovalent functional 
groups such as octadecylamine [96], hyperbranched aromatic polyamide [96], 
poly(acrylic acid) [97], poly(N-isopropylacrylamide) [97], and nitroxide [98], have 
been used to improve dispersion of nanomaterials in the polymeric networks. Lalwani 
et al. and Shi et al. have shown that a uniform dispersion of nanomaterials in the 
polymer matrix leads to better mechanical reinforcement [33,34,71]. Improvements 
in the cross-linking density of the polymer can also lead to significant increases in 
the mechanical properties of nanocomposites. Lalwani et al. have shown that the 
presence of sulfide, oxysulfide, and oxidative functional groups (hydroxyl, alcohol, and 
acid) can lead to a greater cross-linking density, which results in improved mechanical 
properties [33,34]. Lordi et al. have reported that the sliding fractional stresses and 
binding energies between CNTs and polymeric matrix are minor factors in determining 
the strength in the interface whereas conformation of the polymeric network around 
nanotubes is the dominant factor [99]. Furthermore, in addition to covalent and non-
covalent functionalization [100,101], by utilizing anisotropy in fabrication of nano-
composites using magnetic and electric fields, it is possible to align nanotubes with 
the direction of mechanical loading for further mechanical reinforcement [102,103].

2.4   In vitro and in vivo cyto- and biocompatibility of 
nanomaterial-reinforced polymeric nanocomposites

With increasing applications of nanomaterial-reinforced polymeric nanocompos-
ites in biology and in medicine, there are concerns and debate on the toxicity of these 
nanocomposites. A better understanding of the toxicity and biocompatibility of these  
nanocomposites can lead to applications in tissue engineering and regenerative medicine.

In this section, we will review the in vitro and in vivo studies performed to assess the 
toxicity and biocompatibility of nanomaterial-reinforced polymeric nanocomposites.
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2.4.1   In vitro cytotoxicity of nanomaterial-reinforced polymeric 
nanocomposites

In vitro cytotoxicity analysis is typically the first step before more elaborate and 
expensive in vivo biocompatibility studies. Shi et al. have reported a comparative 
study of the in vitro cytotoxicity of single-walled nanotubes (SWNTs), functionalized 
SWNTs (F-SWNTs), and ultrashort SWNTs (US tube)-dispersed PPF nanocompos-
ites for bone-tissue engineering [104]. Tissue culture polystyrene (TCPS) and PPF 
composites without nanomaterial loading were used as controls, and three different 
cytotoxicity tests were performed on the cross-linked PPF nanocomposite networks 
using Fischer rat fibroblast 3T3-like cells (American Type Culture Collection [ATCC], 
Clinical Reference Laboratory [CRL]-1764). LIVE/DEAD assay was performed after 
24 h. Results (Fig. 2.9) show no significant differences in cell viability between experi-
mental (PPF nanocomposites) and control groups; ∼100% cell viability was observed. 
Furthermore, scanning electron microscopy (SEM) images (Fig. 2.10) show that fibro-
blasts could attach and spread on the nanocomposite surface. Degradation products 
of PPF nanocomposites showed a dose-dependent cytotoxic response with nearly 0% 
cell viability at 2× dilution of degradation products which increased to more than 85% 
cell viability at 100× dilution.

Shi et al. have reported the cytotoxicity of SWCNT, ultrashort SWCNTs (US 
tubes), and functionalized (dodecylated) US tubes (F-US-tube)-reinforced PPF nano-
composites [105]. In this study, porous PPF nanocomposite scaffolds of four different 
porosities (75, 80, 85, and 90 vol%) were fabricated using a thermal cross-linking par-
ticulate-leaching technique. Rat bone marrow stromal cells (BMSCs) were cultured 
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Figure 2.9 Cell viability after 24 h of exposure to 1 to 100× dilutions of cross-linked PPF 
nanocomposites. (1× dilution = 1 ml media/3 cm2 network surface). Error bars represent stan-
dard deviations for n = 5 samples. 
Adapted from Shi X, Sitharaman B, Pham QP, Spicer PP, Hudson JL, Wilson LJ, et al. In vitro 
cytotoxicity of single‐walled carbon nanotube/biodegradable polymer nanocomposites. Journal 
of Biomedical Materials Research Part A 2008;86:813–23, with permission. Copyright © 
Wiley 2007.
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on scaffolds for 1, 3, and 7 days. PicoGreen assay results showed no significant dif-
ferences between cellularity of PPF nanocomposites. SEM and fluorescence confocal 
imaging (Fig. 2.11) showed that cells were able to attach, proliferate, and spread on 
each nanocomposite group.

Fan et al. have reported the cytotoxicity of chitosan–graphene nanocomposites 
using L929 cells [90]. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide  
(MTT) assay results showed no reduction in cell viability. Phase-contrast imag-
ing showed that the cells were able to attach and proliferate on chitosan–graphene 
films. Taken together, these results suggest a good cytocompatibility of graphene–
chitosan nanocomposites. Pinto et al. have used GO and GNPs as reinforcing agents 
to improve the mechanical properties of PLA films [106]. The cytotoxicity of these 
composite films was tested using mouse embryo fibroblasts 3T3 cells by MTT assay 
along with evaluation of platelet adhesion and activation. No differences in cel-
lular attachment and morphology were observed between cells on PLA–GO and 
PLA–GNP nanocomposite surfaces after 48 h. Adsorption of serum proteins such as 
albumin resulted in reduced platelet activation. In the presence of plasma proteins, 
PLA–GNP nanocomposite films showed reduced platelet activation compared to 
PLA and PLA–GO films (Fig. 2.12). These results show that PLA–graphene films 
are cyto- and hemocompatible.

Figure 2.10 Representative SEM image of Fisher 3T3 fibroblasts attached on the surface of 
F-SWCNT nanocomposites. Inset shows a cell attached to nanocomposite surface with white 
arrows pointing to carbon nanotubes. 
Adapted from Shi X, Sitharaman B, Pham QP, Spicer PP, Hudson JL, Wilson LJ, et al. In vitro  
cytotoxicity of single‐walled carbon nanotube/biodegradable polymer nanocomposites. Journal  
of Biomedical Materials Research Part A 2008;86:813–23, with permission. Copyright © 
Wiley 2007.
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Figure 2.11 Confocal images of F-US-tube-reinforced PPF nanocomposites with porogen 
fractions of 75, 80, 85, and 90 vol% (top to bottom) after BMSC seeding for 1 day (a1–4), 
3 days (b1–4), and 7 days (c1–4) treated with LIVE/DEAD reagent. Scale bars represent 
200 μm. 
Adapted from Shi X, Sitharaman B, Pham QP, Liang F, Wu K, Billups WE, et al. Fabrication 
of porous ultra-short single-walled carbon nanotube nanocomposite scaffolds for bone tissue 
engineering. Biomaterials 2007;28:4078–90, with permission. Copyright © Elsevier, 2007.
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Adhikari et al. have reported the cytocompatibility of PLGA films reinforced with 
GNPs and functionalized GNPs (GNP-NH2) [107]. Human Embryonic Kidney 293 cells 
(HEK-293) were cultured on PLGA films containing GNPs (0, 1, or 5 wt%). PLGA–GNP 
nanocomposites at 1 wt% loading of GNPs showed significant enhancement in HEK-239 
cell growth for both GNP and GNP-NH3 groups; however, higher GNP loading (5 wt%) 
resulted in increased cytotoxicity. These results show that PLA–GNP nanocomposites at 
1 wt% are cytocompatible and are favorable substrates for tissue engineering.

Recently, Farshid et al. have investigated the cytocompatibility of PPF nanocomposites 
reinforced with various 1D and 2D carbon and inorganic nanomaterials such as SWCNTs, 
MWCNTs, SWGONRs, MWGONRs, GONPs, WSNTs, and MSNPs at 2 wt% concentra-
tions using NIH3T3 cells and MC3T3 preosteoblast cells towards bone-tissue engineering 
applications [112]. Cytotoxicity of unreacted components, cross-linked nanocomposites 
and degradation products were assessed using presto blue and lactate dehydrogenase (LDH) 
assay. All cross-linked nanocomposites showed high cell viability (78–100%) (Fig. 2.13),  

(a)

(c)

(b)

(d)

Figure 2.12 Activation degree of platelets at the surface of PLA–GO films. Representative 
images of nonactivated (a and b) and activated (c and d) platelets at 20,000 × magnification. 
Adapted from Pinto AM, Moreira S, Gonçalves IC, Gama FM, Mendes AM, Magalhães FD. 
Biocompatibility of poly (lactic acid) with incorporated graphene-based materials. Colloids and 
Surfaces B: Biointerfaces 2013;104:229–38, with permission. Copyright © Elsevier, 2012.
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Figure 2.13 Fraction of (a and c) viable and dead NIH3T3 and (b and d) MC3T3 cells after 24 h of exposure to extracts of cross-linked nanocomposites. 
Data are normalized to live and dead controls and error bars represent standard deviation for n = 6 samples. The symbol ‘*’ indicates significant difference 
between PPF baseline and PPF nanocomposites (p < 0.05). 
Adapted from Farshid B, Lalwani G, Sitharaman B. In vitro cytocompatibility of one‐dimensional and two‐dimensional nanostructure‐reinforced biode-
gradable polymeric nanocomposites. Journal of Biomedical Materials Research Part A 2015;103:2309–21, with permission. Copyright © Wiley, 2015.
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robust cellular attachment, and proliferation (Fig. 2.14). However, the unreacted  
components showed a dose-dependent cytotoxicity, attributed to leaching of cytotoxic 
components that can be mitigated by their removal from the implant site. These results 
suggest that nanomaterial-reinforced PPF nanocomposites are cytocompatible and can 
be used for bone-tissue engineering applications.

Chung et al. and Tayton et al. have reported the cytocompatibility of HA-reinforced 
poly(1,8-octanediol-co-citrate) (POC) and PLA–PLGA nanocomposites [108,109]. 
Chung et al. have reported an increased proliferation of human mesenchymal stem 
cells (hMSCs) with increasing concentrations of HA (40–60 wt%) in POC–HA nano-
composites. Results show that hMSCs were able to attach and proliferate on POC–HA 
nanocomposites for 21 days for all nanocomposite groups (Fig. 2.15) suggesting a good 
biocompatibility of POC–HA nanocomposites. Tayton et al. have reported the cytotox-
icity of HA-reinforced PLA and PLGA nanocomposites at 10 wt%. After 14 days of 
incubation with skeletal stem cells (SSCs), an enhanced osteoblastic activity (increased 
alkaline phosphatase [ALP] expression and Type 1 collagen deposition) was observed, 
suggesting an osteoinductive and osteogenic capacity of PLA–HA nanocomposites.

Kim et al. have reported the cytotoxicity and osteogenic response of HA-reinforced 
PPF nanocomposites [110]. Incorporation of HA resulted in an increase in the sur-
face roughness, protein adsorption, hydrophilicity, and cell attachment of rat BMSCs. 
BMSCs cultured on 3D macroporous PPF–HA scaffolds after 8 days showed increased 
expression of osteogenic markers such as bone morphogenetic protein-2 (BMP-2), 
transforming growth factor β1, runx2, alkaline phosphatase activity, calcium depo-
sition, and osteocalcin mRNA expression as a function of HA concentration. These 
results suggest that PPF–HA nanocomposites designed with tailored HA content and 
seeding density can be utilized to induce an osteogenic differentiation of stem cells.

Sitharaman et al. have reported the cytotoxicity of gadonanotube (Gd3+ doped ultra-
short single-walled carbon nanotubes, GdSWCNTs)-reinforced PLGA scaffolds [111]. 
Rat fibroblasts 3T3 cells were treated with extracts of GdSWCNTs–PLGA scaffolds for 
24 h and the cytotoxicity of gadonanotubes, US tubes, and exposure to extracts from the 
gadonanotubes, US tubes, PLGA scaffolds, and gadonanotube–PLGA nanocomposites 
was investigated using LIVE/DEAD assay. High cell viability (∼100%) was observed 
for all treatment groups using extract dilution and direct contact analysis (Fig. 2.16).

Recently, Farshid et al. have investigated the mechanical properties of BNNT- and 
nanoplatelet (BNNP)-reinforced PPF nanocomposites (0.2 wt% nanomaterial loading) 
and their in vitro cytocompatibility [112]. The cytotoxicity studies were performed 
using nanocomposite extracts before cross-linking, after cross-linking, and their degra-
dation products. Presto Blue® and LDH assays showed <80% cell viability of MC3T3 
cells at 1× dilutions of cross-linked nanocomposites and their degradation products 
which increased to ∼100% for 10× and 100× dilutions. However, the non-cross-linked 
nanocomposites exhibited a dose-dependent cytotoxicity that may be mitigated by in 
situ cross-linking. Confocal fluorescence and SEM imaging confirmed excellent cell 
attachment and ECM deposition on nanocomposite surfaces. These results suggest 
that BNNT- and BNNP-reinforced PPF nanocomposites are cytocompatible and can 
be used for bone-tissue engineering applications.
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Figure 2.14 Representative fluorescence images of attached cells on cross-linked nanocom-
posites after 5 days of cell culture of (a–j) NIH3T3 and (k–t) MC3T3 cells, respectively. (a and k) 
TCPS (positive) control, (b and l) negative control, (c and m) PPF control, (d and n) GONP, 
(e and o) MWCNT, (f and p) SWCNT, (g and q) MWGONR, (h and r) SWGONR, (i and s) 
WSNT, and ( j and t) MSNP nanocomposites. 
Adapted from Farshid B, Lalwani G, Sitharaman B. In vitro cytocompatibility of one‐
dimensional and two‐dimensional nanostructure‐reinforced biodegradable polymeric 
nanocomposites. Journal of Biomedical Materials Research Part A 2015;103:2309–21,  
with permission. Copyright © Wiley, 2015.
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(a)

(d) (e) (f)

(b) (c)

Figure 2.15 Cell adhesion and morphology on (a–c) day 1 and (d–f) day 21 on (a and d) 
POC–40HA, (b and e) POC–50HA, and (c and f) POC–60HA. Scale bar 100 μm. 
Adapted from Chung EJ, Sugimoto MJ, Ameer GA. The role of hydroxyapatite in citric  
acidbased nanocomposites: Surface characteristics, degradation, and osteogenicity in vitro. 
Acta biomaterialia 2011;7:4057–63, with permission. Copyright © Elsevier, 2011.

120

100

80

60

40

20

0
I II III IV V VI

I.
II.
III.
IV.

Gadonanotubes (100 ppm direct contact)
US-tubes (100 ppm direct contact)
Gadonanotubes (1x extract)
US-tubes (1x extract)
Nanocomposite (1x extract)
PLGA (1x extract)

V.
VI.

C
el

l v
ia

bi
lit

y 
(%

)

Figure 2.16 Cell viability after 24 h of incubation with extracts of PPF and nanomaterials 
(direct contact). Error bars represent standard deviations for n = 6 samples. 
Adapted from Sitharaman B, Van Der Zande M, Ananta JS, Shi X, Veltien A, Walboomers 
XF, et al. Magnetic resonance imaging studies on gadonanotube‐reinforced biodegradable 
polymer nanocomposites. Journal of Biomedical Materials Research Part A 2010;93:1454–62, 
with permission. Copyright © Wiley, 2009.
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2.4.2   In vivo biocompatibility of nanomaterial-reinforced 
polymeric nanocomposites

Sitharaman et al. have investigated the biocompatibility of US SWCNT-reinforced 
PPF nanocomposites in a rabbit subcutaneous and femoral defect model [113]. PPF–
US-tubes nanocomposite scaffolds were implanted in both left and right femoral 
condyle defects (4 mm diameter, 8 mm depth) along with subcutaneous pockets cre-
ated in the dorsum of New Zealand white rabbits (eight rabbits per group) for 4 and 
12 weeks. Percentages of bone formation were measured using micro-CT, histology  
and histomorphometry. As shown in Fig. 2.17, after 12 weeks of implantation, the 
US-tube–PPF scaffolds showed significantly greater bone healing as compared to the 
controls (PPF polymer scaffolds without nanomaterials). Histology and histomorphom-
etry analysis (Fig. 2.17) showed new bone-tissue formation along with fibrous tissue 
and an inflammatory response for the PPF–US-tubes nanocomposites. No significant  
difference in polymer degradation was observed between all the groups. The results 
showed that PPF–US-tubes nanocomposite scaffolds after 12 weeks augmented new 
bone formation (new bone content at the defect site after 12 weeks was ∼66% of the 
surrounding trabecular bone) suggesting that PPF–US-tubes scaffolds are not only 
osteoconductive but also bioactive assisting osteogenesis.

Kim et al. have investigated the biocompatibility of HA-incorporated PLGA scaf-
folds fabricated using gas foaming–particulate leaching (GF–PL) and solvent cast-
ing–particulate leaching (SC–PL) methods without the use of organic solvents [114]. 
In this study, a critical sized (8 mm) transosseous defect was produced in the parietal 
bone and filled with fabricated scaffolds. After 8 weeks, the implants were analyzed by 
micro-CT and histology for new bone formation. Both types of scaffolds incorporated 
with HA showed 10–20% higher bone formation than PLGA scaffolds (control) with 
GF–PL scaffolds showing highest bone-tissue regeneration. These results suggest that 
incorporation of HA using GF–PL technique to fabricate PLGA-HA nanocomposite 
scaffolds is promising for bone-tissue engineering.

Tayton et al. have reported the use of PLA and HA-incorporated PLA scaffolds 
for bone-tissue engineering in vivo [109]. SSCs seeded HA-incorporated (10% load-
ing) PLA scaffolds were implanted in Male MF-1 immunodeficient mice in a 10-mm 
subcuticular incision over the loin area along with PLA control, PLA with SSCs, 
PLA, and HA control. After 35 days, micro-CT was performed on all the samples, and 
quantitative analysis saw a significant increase in bone formation in the SSC-seeded 
PLA–HA scaffolds when compared to PLA control. Histology analysis confirmed the 
formation of new bone, suggesting that PLA–HA scaffolds are osteogenic and osteo-
conductive (Fig. 2.18). In another study, Tayton et al. isolated SSCs from six healthy 
and skeletally mature Welsh mule ewes and SSCs seeded PLA–HA scaffolds were 
implanted into a 15 mm cancellous bone defect in ovine (large animal model) [115]. 
After 13 weeks of bilateral implantation, femoral condyles were harvested along with 
popliteal lymph nodes and analyzed using micro-CT, histology, and postmortem 
mechanical testing to assess de novo bone formation. Mechanical testing results show 
that bone strength of control and SSC-seeded PLA–HA scaffolds were 20% and 11% 
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Figure 2.17 Representative histological sections of scaffolds implanted in femoral condyle 
defects: (a and b) a PPF scaffold 4 weeks after implantation, (c and d) a US-tube–PPF scaffold 
after 4 weeks, (e and f) a PPF scaffold after 12 weeks, and (g and h) a US-tube–PPF scaffold after 
12 weeks’ implantation. The images are presented at 1.6Å∼ and 10Å∼ magnification. The PPF 
scaffold (P) appears as white areas in all images. The original defect edge (DE) is visible in the 
low-magnification images. Bone-like tissue (BT) appears red; direct bone implant contact (BIC) 
occurred with the US-tube–PPF nanocomposite scaffold 12 weeks after implantation. US tubes 
(UST), connective tissue (CT), adipose cells (AC), and inflammatory cells (IC) are also shown. 
Adapted from Sitharaman B, Shi X, Walboomers XF, Liao H, Cuijpers V, Wilson LJ, et al.  
In vivo biocompatibility of ultra-short single-walled carbon nanotube/biodegradable polymer 
nanocomposites for bone tissue engineering. Bone 2008;43:362–70, with permission.  
Copyright © Elsevier, 2008.
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greater than native cancellous bone. Micro-CT analysis quantified the new bone for-
mation with a mean increase of 13.4% in SSC-seeded PLA–HA scaffolds compared 
to control scaffolds. The results of this study demonstrate the osteoconductive nature 
of PLA–HA scaffolds and highlight the issues and steps for the scale-up and transition 
of cell-seeded tissue engineering constructs for human trials.

Mistry et al. have demonstrated the biocompatibility and in vivo degradation of 
porous alumoxane-incorporated PPF scaffolds for bone-tissue engineering applica-
tions [116]. In this study, three experimental groups (PPF/propylene fumaratediac-
rylate [PPF/PF-DA] polymer scaffolds, the macrocomposite PPF/PF-DA polymer 
scaffolds with micron-sized particles of boehmite, and PPF/PF-DA polymer scaffolds 
with surface- modified alumoxane nanoparticles) and controls (PPF/PF-DA compos-
ites without boehmite–alumoxane loading and low molecular weight PPF composite— 
degradation control) were implanted in the defects on the lateral side of femoral 
condyles of adult goats (n = 6) for 12 weeks. New bone formation was analyzed by 
micro-CT and histology (Fig. 2.19). New bone formation was observed within the 
pores of the scaffolds along with small amounts of soft fibrous tissue and inflamma-
tory cells; however, several pores were empty or filled with fluid. The level of the 
inflammatory response varied widely between the scaffolds. A direct contact between 
scaffolds and the neighboring bone tissue was observed along with minimal degrada-
tion of the nanocomposite scaffolds in vivo. These results suggest that incorporation 
of alumoxane nanoparticles in PPF scaffolds does not alter their degradation or in vivo 
biocompatibility.

Henslee et al. have investigated a two-part bone-tissue engineering scaffold fabri-
cated using a solid PPF intramedullary rod providing mechanical support surrounded 

PLA control PLA cells PLA HA control PLA HA cells
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Figure 2.18 Histological sections of specimens viewed under light microscopy (20× magnification, 
inset = 5× magnification, scale bar = 100 μm) post 5 weeks in vivo period. (a–d) Alcian blue 
and Sirius red staining for collagen and proteoglycan deposition is negative for (a) the PLA 
controls but positive for (b–d, arrows) other specimens. Similar findings when assessing for 
(e–h) osteoid (arrows) using Goldner’s Trichrome stains. 
Adapted from Tayton E, Purcell M, Aarvold A, Smith J, Briscoe A, Kanczler J, et al. A 
comparison of polymer and polymer–hydroxyapatite composite tissue engineered scaffolds 
for use in bone regeneration. An in vitro and in vivo study. Journal of Biomedical Materials 
Research Part A 2014;102:2613–24, with permission. Copyright © Wiley, 2013.
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by a porous PPF sleeve containing recombinant human bone morphogenic protein-2 
(rhBMP-2)-incorporated PLGA microparticles [117]. The scaffolds were implanted 
in segmental femoral defects in rats. After 12 weeks, the femurs from the rats were 
excised and analyzed using radiography, micro-CT, histology, and mechanical test-
ing. The presence of PPF medullary rod inhibited new bone formation; however, the 
PPF sleeve containing rhBMP-2 microspheres (0, 2, or 8 μg) increased the torsional 
stiffness of the construct by ∼267%. Histological analysis showed the formation of 
immature cartilage and newly formed bone along the cartilage (Fig. 2.20). These 
results suggest that, although the scaffolds may provide mechanical support, their 
presence in a bone defect may hinder new bone formation if they interfere with 
cellular processes.

(a) (b)

(c)

100 µm 100 µm

100 µm

Figure 2.19 (a) Histological section of the middle region of a PPF–PF-DA polymer alone 
scaffold. The white scaffold is in direct contact with the surrounding bone tissue (pink). Bar 
is 100 μm. (b) Histological section of the top region of a macrocomposite scaffold showing a 
thin fibrous capsule (FC) surrounding the scaffold. The porous surface of the scaffold created 
a pocket in which inflammatory cells (IF) accumulated. Bar is 100 μm. (c) Histological section 
of the top region of a macrocomposite scaffold showing disorganized tissue and inflammatory 
cells at the scaffold–tissue interface. Bar is 100 μm. 
Adapted from Mistry AS, Pham QP, Schouten C, Yeh T, Christenson EM, Mikos AG, et al.  
In vivo bone biocompatibility and degradation of porous fumarate‐based polymer/alumoxane 
nanocomposites for bone tissue engineering. Journal of Biomedical Materials Research Part A 
2010;92:451–62, with permission. Copyright © Wiley, 2008.
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2.5   Summary and future perspective

Various 1D and 2D nanomaterials such as carbon nanotubes, graphene, tungsten 
disulfide nanotubes, HA and alumoxane nanoparticles, graphene nanoribbons and 
nanoplatelets, and boron nitride nanotubes and nanoplatelets can improve the 
mechanical properties of polymeric nanocomposites for bone-tissue engineering 
applications. High surface area and structural defects improve the nanomaterial–
polymer interactions and the presence of functional groups on the surface of nano-
materials increases the nanocomposite cross-linking density. These factors along 
with a uniform dispersion of nanomaterials in the polymer matrix are the key 
reasons for observed mechanical reinforcement. In vitro cytotoxicity and in vivo 
biocompatibility studies suggest that nanomaterial-reinforced polymeric nano-
composites are nontoxic and are osteogenic and bioactive favoring de novo bone 
formation. These results taken together suggest that the incorporation of nanoma-
terials as reinforcing agents to improve the mechanical properties of polymeric 
nanocomposite and scaffolds can be harnessed to fabricate the next generation 
of novel, light-weight, mechanically strong, osteoconductive and osteoinductive 
bone implants.

Future studies should focus on assessing the long-term stability, toxicity, and deg-
radation profiles of nanocomposites in large animal models to identify the conditions 
appropriate for first in human clinical trials. Furthermore, the addition of nanoma-
terials may also be exploited toward the fabrication of multifunctional polymeric 

Figure 2.20 Representative histological section of bone implanted with solid intramedullary 
PPF rod at 12 weeks. Immature cartilage formation (C), indicated by the dark purple matrix 
with blue cells, was found along the PPF rod surface (R). Newly formed bone (B) was found 
along the cartilage. Scale bar represents 100 μm. 
Adapted from Henslee A, Spicer P, Yoon D, Nair M, Meretoja V, Witherel K, et al.  
Biodegradable composite scaffolds incorporating an intramedullary rod and delivering bone 
morphogenetic protein-2 for stabilization and bone regeneration in segmental long bone 
defects. Acta biomaterialia 2011;7:3627–37, with permission. Copyright © Elsevier, 2011.
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nanocomposites and scaffolds permitting simultaneous therapy (drug delivery) and 
noninvasive longitudinal monitoring of scaffold degradation and tissue regeneration 
using clinically relevant imaging modalities such as magnetic resonance imaging 
(MRI) and computerized tomography (CT). Nanoparticle-reinforced, mechanically 
stable, nontoxic, biodegradable polymeric nanocomposites show great promise for 
applications in tissue engineering and regenerative medicine.
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3.1   Introduction

Often the goal in the development of a composite for any application is to combine the 
bulk properties of various phased components into a cohesive, uniform structure. It is not 
surprising then that the interface between two phases within the composite, frequently 
a liquid and a solid, is a vital relationship that has numerous downstream effects. The 
surfaces of the individual components can be altered and tailored in numerous ways, 
before combining them in a composite form, to achieve desired properties of the indi-
vidual components within the composite or the resultant composite structure as a whole.

This chapter will focus on fundamental concepts related to surface modification 
of materials utilized within polymeric biocomposites for orthopedic applications. For 
this chapter, orthopedic applications are defined as medical indications or procedures 
that benefit from utilization of polymeric biocomposites and/or additional implanted 
therapeutic material to aid in bone regeneration at a localized site. The term surface 
modification refers to the physical attachment of molecules, predominantly silanes 
and/or polymers, to the surface of a solid-phase material. Polymeric biocomposites are 
a class of biomaterials that comprises a biocompatible bulk polymer and a particulated 
solid phase, often referred to as a binder and a filler, respectively. As there are vast 
combinations of polymers and solid materials that fit this definition, this chapter high-
lights solely those combinations that have been utilized for orthopedic applications, in 
either the academic or the medical industry settings.

This chapter will not discuss surface modification methods used throughout orthopedic 
applications not related to polymeric biocomposites. These methods focus on improving 
the interaction between bulk materials, such as metal implants, and the body through 
modification of the implant surface. Although this is an important field of study, the effects 
of these forms of surface modification are not applicable to polymeric biocomposites.

The chapter outline is as follows. The first section provides a general overview of 
related orthopedic applications as well as the state of materials currently utilized in 
clinical settings related to these applications. This background information is followed 
by common approaches and methods for modifying the surface solid-phase materi-
als in the orthopedic field. Next, an overview of the materials including the types 
of polymers and solid fillers used within polymeric biocomposites for orthopedic 
applications is given, as well as fabrication methods. Afterward, the effects of surface 
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modification on the innate properties of common solid fillers used in orthopedic 
biomaterials will be discussed with specific focus on their surface properties. Finally, 
the effects of incorporating surface-modified solid fillers into polymeric biocomposites 
on the properties of the overall resultant biocomposite are considered. The last sections 
are dedicated to future trends and sources of additional information on the field of 
surface modification on polymeric biocomposites for orthopedic applications.

3.2   Orthopedic applications

When a bone fracture occurs, the normal physiological response includes a sponta-
neous sequence of events to restore function: inflammation, soft callus formation, hard 
callus formation, and lastly bone remodeling (Khan et al., 2008). If this natural pro-
cess does not occur, surgical intervention is often warranted. In particular, large bone 
defects present a significant challenge to reconstructive surgery and often require aid 
through internal fixation (utilizing bone screws and metal plates) and bone grafting 
(from either autologous, cadaver, or synthetic sources). Orthopedic conditions that utilize 
external materials, such as natural or synthetic bone grafts to aid in fracture healing, 
include screw augmentation (Amendola et al., 2011; Larsson et al., 2012; Larsson and 
Procter, 2011), open tibial plateau fractures (Russell and Leighton, 2008; Simpson 
and Keating, 2004), and vertebroplasty (Verlaan et al., 2006). Fig. 3.1 displays X-ray 
and schematic representative images of these respective procedures. In each image, 
the white opaque portions of the bone are locations at which external materials were 
injected into the bone fracture site. In the United States, incidence of osteoporotic 

Figure 3.1 Images of orthopedic procedures that currently utilize, or may benefit from use 
of, polymeric biocomposites. (a) Screw augmentation, (b) tibial plateau fracture, and (c) 
vertebroplasty.
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vertebral fractures is estimated to be at least 700,000 per year (Verlaan et al., 2006). 
In 2006, there were over 1.6 million bone-graft procedures conducted (US Census 
Bureau, 2008). Due to a rapidly expanding elderly population, this number is expected 
to double in the next 25 years (Johnson and Herschler, 2011).

Autologous bone graft is the gold standard for most applications of bone fracture, 
but it is also associated with numerous complications, including supply limitations, 
donor site morbidity, loss of function, and limited ability to bear mechanical loads 
(Damien and Parsons, 1991). One alternative to autograft is allograft, in which tissue 
is obtained from a cadaver. This source also has associated complications, including 
risk of disease transmission (Centers for Disease Control and Prevention, 2001, 2002). 
Attractive alternatives to autograft and allograft include various synthetic graft sub-
stitutes that attempt to mimic the physical and mechanical nature of native bone by 
meeting three desired criteria for bone grafts: osteoconductivity, osteogenicity, and 
osteoinductivity (El-Amin et al., 2006). Synthetic substitutes have been fabricated 
from a variety of materials, including polymers, ceramics, and combinations in the 
form of composites. The ideal bone-graft substitute would be a material that is bio-
compatible, readily available, easily deliverable to the defect, structurally stable to 
prevent articular subsidence, and able to remodel to normal bone over time (Greenwald 
et al., 2001; Johnson and Herschler, 2011).

Since the 1980s, bioceramics have been widely utilized in clinical settings as syn-
thetic bone-graft replacements (Bohner, 2000). Calcium phosphate cements (CPCs), 
such as commercially available PRO-DENSE® (Wright Medical), have recently 
proven superior to autografts in tibial plateau fractures. This claim is supported by 
a retrospective study reporting that 61% of patients treated with buttress plating and 
autograft experienced loss of reduction after 1 year, compared to 23% of patients 
treated with a hydroxyapatite (HA) bone cement (Simpson and Keating, 2004). How-
ever, the brittleness and low shear strength of CPCs, as well as their slow remodeling, 
can result in prolonged recovery times, joint stiffness, and increased cost to society, 
consequently limiting these materials’ use in weight-bearing applications (Hall et al., 
2009; Johnson and Herschler, 2011; Bohner, 2010). Other CPCs include Norian® 
SRS® (Synthes), HydroSet (Stryker), and Beta-bsm® (ETEX). Besides CPCs, there 
has been a recent trend toward the use of highly resorbable bone substitutes. These 
substitutes include β-tricalcium phosphate (β-TCP) and brushite, which are resorbed 
by cells and simple dissolution, respectively (Bohner, 2010). Caution is required when 
designing a bone-graft substitute based on these fillers, as these materials resorb more 
rapidly than bone can often grow in, which can cause fibrous tissue to fill the defect 
(Urban et al., 2003).

Polymer-based tissue engineering is a promising approach for meeting the short-
comings of autografts, allografts, and CPCs, in the orthopedic field. Various properties  
of polymeric materials (including mechanical properties, degradation rate, and  
microstructure) can be altered over a wide range through variations in composition 
and structure to meet the needs of a specific application. Originally, both natural and 
synthetic polymers were often designed to replace heavy metal parts of endopros-
theses. Although this disruption did not take in the market, future polymers were 
designed for biodegradable applications. In general, polymer-based scaffolds and 
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composites aim to mimic native bone properties at initial implantation as well as at 
later time points as the body slowly incorporates them. Additionally, the combination 
of ceramics with polymers in a biocomposite form has been suggested as an alterna-
tive approach to designing synthetic bone-graft materials with tougher mechanical 
properties, improved biological behavior, and modified degradation mechanisms.

3.3   Surface modifications of solid fillers
3.3.1   Silane chemistry

One of the most prominent surface-modification techniques applied to particulated 
materials (typically with an inorganic composition) within polymer biocomposites 
is the attachment of organofunctional silanes, which are silicon-based chemicals that 
contain both organic and inorganic reactivity in the same molecule. Monomeric silicon 
chemicals (silanes) that contain at least one silicon–carbon bond (SidC) structure are 
known as an organosilanes (Khan et al., 2011). The general structure of an organosi-
lane, RnSiX(4−n), has two classes of functionality, in which X is a hydrolyzable group 
(typically halogen, alkoxy, acyloxy, or amine), and R is a nonhydrolyzable organic 
radical that typically possesses the functionality with the exposed desired characteris-
tics (such as a methoxyl or ethoxyl group), with n = 1 typically (Arkles, 1977). Com-
monly utilized silanes have one organic substituent.

The attachment of these molecules occurs through four generalized steps, as shown 
in Fig. 3.2. First (a), hydrolysis of the labile groups occurs, followed by (b) conden-
sation to oligomers. Next (c), oligomers hydrogen-bond to exposed hydroxyl groups 
on the solid surface. Lastly (d), a covalent linkage is formed between the silicon and 
filler particle, with the loss of water during curing and drying steps (Arkles, 1977). 
Subsequently, there is usually one bond from each organosilane silicon to the surface, 
with the two remaining silanol groups present in the condensed (to other silanols to 
form siloxane linkages) or free form. Theoretically, a monolayer is sufficient to pro-
vide the desired result. However, due to the reactive nature and mechanism of silane 
molecules, multilayer silane coverage can be attained. To ensure uniform coverage, 

Figure 3.2 Schematics of common surface modification techniques: silane coupling agent 
grafting and surface polymerization. R, reactive species.
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often more than one layer is applied to portions (if not all) of the desired surface. The 
end result is a siloxane polymeric network close to the inorganic surface typically 
<5 nm thick.

3.3.1.1   Silane grafting methods

Typically, the attachment of silanes (referred to as silanization) to an inorganic surface 
is done in a polar solution containing water, alcohol (ethanol or methanol (Sousa et al., 
2003; Santos et al., 2002)), acetone (Deb et al., 2005), or a combination thereof 
(Khan et al., 2011; Deb et al., 2005) under dynamic mixing. The ability to silanize 
surfaces from a non-polar solution containing n-propylamine has also been verified 
(Santos et al., 2002). The hydrolysis reaction rate within the silane-grafting scheme is 
dependent on the pH of the solution. Certain silanes undergo acid-catalyzed hydrolysis, 
whereas others are base or neutral-catalyzed (aminosilanes). As the pH of the solution 
changes, so does the hydrolysis rate. The condensation reaction is also dependent 
on the pH, and often the ideal pH to catalyze hydrolysis is not the same ideal pH to 
catalyze the following condensation reaction. Thus, a pH balance must be obtained to 
optimize the silane attachment. Acidic conditions pH ≃ 4.5 are created by a variety of 
acids, such as acetic (Sousa et al., 2003) or trifluoroacetic acid (Koleganova et al., 2006).

The hydrolysis and condensation reaction rates determine the time required for 
incubation in solution. Methods have cited incubation times anywhere from 15 min 
(Dupraz et al., 1996; Khan et al., 2011) to 4 h (Koleganova et al., 2006). Inducing an 
increase in pH from acid to basic conditions to induce the condensation reaction and 
thus the formation of siloxanols (Dupraz et al., 1996) has also been reported. Silaniza-
tion is typically conducted at room temperature and atmospheric pressure. In addition 
to the common incubation technique, some have shown the ability to attach silane 
molecules through a water/methanol spraying method. It was reported that the method 
of silanization had little effect on the final properties of the silane layer (Sousa et al., 
2003). The last step of silanization involves drying and curing the modified inorganic 
phase, typically at 60 to 120°C in air for 1 h to 2 days, to strengthen polysiloxane net-
work structures (Koleganova et al., 2006; Dupraz et al., 1996).

3.3.1.2   Resultant silane properties

The result of silane surface modification is dependent on the chemical composition of 
the end group of the silane and the interacting organic phase, as well as their relative 
chemical compatibility. Potential results include a change in wetting and adhesion 
characteristics of the solid, as well as the ability to catalyze chemical transformations 
at a heterogeneous interface. Subsequently, this surface modification technique is 
applied to a variety of polymer composite systems, motivated by a variety of purposes. 
There are various applications of silane grafting within a polymer composite system, 
such as a coupling or dispersal agent, as well as an adhesion promoter or water repellent, 
or a combination thereof. Surface modification by a silane is often used as a coupling  
agent between two components linked by the silane molecule, such as organic and 
inorganics. Within polymer biocomposites, any molecule that enhances adhesion 
with the polymer phase is technically a coupling agent, but ideally these agents form  
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a covalent bond between an inorganic (usually the solid phase) and organic (polymer) 
compound through an intermediary silane (Arkles, 1977). Although, theoretically, the 
covalent coupling is achieved by matching the reactivity of a (thermoset) polymer 
with that of the silane, this is difficult to accomplish due to the presence of functional 
groups that can react with unintended species present in the system.

Additionally, silane coverage provides a method for controlling the surface energy 
(wetting) of a substrate, and thus can be described as an adhesion promoter. By altering 
the critical surface tension of a solid, liquids with a surface tension below this critical 
value will wet the surface, whereas those above will not (Arkles, 1977). In the chap-
ter section entitled Effects of modifying surface on filler properties, the relationship 
between wetting and adhesion is explained in more detail. In polymer biocomposite 
systems, it is often desired to allow the uncured polymer binder to wet the solid-phase 
component. The hydrophobicity of the organic group from the silanes will be imparted 
to the polymer phase. This interaction is leveraged to increase the dispersion of parti-
cles within a polymer or to make a polymer more free flowing for injectable systems, 
thus decreasing its apparent viscosity (Hashimoto et al., 2006). Additionally, organos-
ilanes are frequently used to repel water from a surface or within a composite system. 
This has been shown through the decreased water uptake of composites made with 
silanized-HA, compared to those made with unmodified HA (Santos et al., 2002).

Silane molecules are often required for the covalent attachment of additional mole-
cules to the surface of inorganic components. After silanization, various molecules can 
be chemically bound to the inorganic surface depending on the functional end-group 
of the silane-coupling agent. These molecules include enzymes immobilized on the 
surface, but more often are synthetic polymer chains.

3.3.2   Surface-polymerized polymer modification

Polymer attachment can be achieved by the “grafting-to” or “grafting-from” methods. 
Grafting-to occurs when a polymer is first synthesized and then attached, whereas 
grafting-from occurs when a polymer is grown from an active surface site through 
in situ polymerization (Mosse et al., 2009). There are benefits and drawbacks to both 
methods. The polymer attached in the grafting-to method must have an appropriate 
anchor sequence that will preferentially attach compared to the rest of the polymer. In 
contrast, surface-polymerized polymers created by the grafting-from method are not 
constrained by delivering the polymer to the surface or by the sequence of the poly-
mer. This is because the density of the attached polymer is controlled by the density 
of initiation sites, often attached silane molecules. Attaching polymer chains to the 
surface removes the exposed reactive end-group, whether inherently present or via an 
attached silane, while still altering the surface properties of the inorganic solid.

The most common polymer family to be attached to solid inorganic materials is 
aliphatic polyesters, such as poly(ε-caprolactone) (PCL). PCL is a thermoplastic, 
bioresorbable (via hydrolysis), and semicrystalline polymer that is synthesized by the 
ring-opening polymerization (ROP) of ε-caprolactone monomer (Khan et al., 2010).  
As depicted in Fig. 3.2(e), this in situ polymerization scheme can be catalyzed by  
tin(II) 2-ethylhexanoate (Sn(Oct)2) or boron trifluoride dimethyl etherate (BF3O(CH3)2) 
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at 120°C (Khan et al., 2010; Jiang et al., 2005b). A silane-coupling agent is used to 
polymerize the ε-caprolactone monomer from inorganic solids. The molecular weight 
of both the surface-polymerized and the bulk PCL is dependent on the polymerization 
time. Depending on the reaction scheme, a continuous PCL phase can be formed  
surrounding the inorganic solid of interest. However, the PCL chains remain covalently 
bound to the surface of silane-modified inorganic solids after solvent dilution of the 
surrounding continuous PCL phase, as supported by X-ray photoelectron spectroscopy 
(XPS) analysis. Thus, PCL surface polymerization is a useful method for modifying 
inorganic solids (Jiang et al., 2005a,b). Furthermore, the molecular weight of the 
attached PCL chains can be altered by varying the polymerization time (Harmata 
et al., 2014).

In a similar fashion, others have shown the ability to graft oligo(lactone)s to an 
inorganic surface without a silane-coupling agent, as depicted in Fig. 3.2(f). This was 
demonstrated through protonation of a tricalcium phosphate (TCP) surface in an aque-
ous solution of phosphoric acid, followed by the in situ surface polymerization of 
lactones, such as PCL or l-lactide (Kunze et al., 2003). In this surface-modification 
method, surface-polymerized chains were directly attached to exposed hydroxyl reac-
tive groups inherent on the TCP surface.

Other families of polymers are capable of being attached to inorganic phases via 
silane coupling agents. Polyethylene (PE) was grafted to silanized-HA particles via 
acrylic acid (Wang and Bonfield, 2001). Although polyethylene is a nonpolar, hydro-
phobic polymer, it is an effective surface-modification approach for HA in high-density 
polyethylene (HDPE)-based biocomposites. Separately, nano-apatite (Nap) particles 
have been modified with an absorbed poly(acrylic acid) (PAA) coupling agent in poly-
ethylene glycol/poly(butylene terephthalate) (PEG/PBT) block copolymer composites 
(Liu et al., 1997).

3.4   Polymeric biocomposites

Due to their tunable degradability, biocompatibility, processibility, and versatility, 
polymeric biocomposites are principal materials investigated for the development of 
synthetic bone scaffolds, cements, and composites (Porter et al., 2009). As previously 
defined, a polymeric biocomposite is composed of two or more bulk biomaterials 
(at least one a polymer) of different phases intended for use in the body. There are an 
unfathomable number of biocomposites that fit this broad criterion. Classic polymeric 
biocomposites for orthopedic applications are composed of a solid, synthetic ceramic 
phase that is osteoconductive or -inductive (Sepulveda et al., 2002) and a biocompati-
ble polymer that was at one stage a liquid.

An ideal polymeric biocomposite both initially mimics the properties of the 
native bone tissue it is intended to replace and also remodels to form new bone. 
Consequently, choosing the appropriate individual components within a biocom-
posite, and the manner in which they are combined, is critical. The individual 
components must be biocompatible, biodegradable, and mechanically robust. 
The ideal polymeric biocomposite must be fabricated in a manner that allows 
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it to be safely implanted into the intended defect site and subsequently promote 
bone remodeling or regeneration. The solid phase is typically one of the follow-
ing calcium phosphate ceramics: bioactive glass (BG) (Khan et al., 2010, 2011; 
Koleganova et al., 2006; Jiang et al., 2005a,b; Harmata et al., 2014), HA (Sousa 
et al., 2003; Santos et al., 2002; Deb et al., 2005; Dupraz et al., 1996; Wang and 
Bonfield, 2001; Liu et al., 1997, 1998a,b), or biphasic calcium phosphate or TCP 
(Kunze et al., 2003). These solid-phase fillers come in a variety of shapes and 
sizes, including macro- and nanorods/fibers (Khan et al., 2010, 2011; Jiang et al., 
2005a,b) and particles/powders (Koleganova et al., 2006; Sousa et al., 2003; Santos 
et al., 2002; Deb et al., 2005; Dupraz et al., 1996; Wang and Bonfield, 2001; Liu et al., 
1997, 1998a,b; Kunze et al., 2003; Harmata et al., 2014). The biocompatible polymer 
phase is typically one (or a copolymer mixture) of the following: polyesters, polyethers, 
polyanhydrides, or polyurethanes.

Polymeric biocomposites that have utilized techniques to modify the surface of the 
solid phase before combination with the polymer binder narrow the field. The filler 
material and polymer binder combinations that fit this criterion and are highlighted 
in this chapter are paired in Table 3.1. In addition to the surface-modification tech-
niques, what differentiates these biocomposites from one another are the fabrication 
processes used to combine the polymer and bioactive components and the polymer-
ization of the polymer itself. A general schematic of how surface-modified polymeric 

Table 3.1 Surface-modified polymeric biocomposite components

Filler material Polymer binder

Hydroxyapatite (macro- and  
nanoparticles) (Dupraz et al.,  
1996; Garreta et al., 2006;  
Liu et al., 1998b,c)

Glycidyl dimethacrylate, urethane  
dimethacrylate, and triethylene glycol  
dimethacrylate (Deb et al., 1996)

Polyethylene glycol and poly(butylene  
terephthalate) (PEG/PBT) block copolymer  
(Liu et al., 1997, 1998a)

Bisphenol A glycidyl methacrylate (BisGMA)  
(Santos et al., 2002)

Polyethylene (Wang and Bonfield, 2001),  
high-density polyethylene (HDPE)  
(Sousa et al., 2003)

Bioactive glass (fibers, particles) Polyester urethane (Harmata et al., 2014)
Poly(ε-caprolactone) (Jiang et al., 2005a,b)
Urethane dimethacrylate and 2-hydroxyethyl  

methacrylate (Koleganova et al., 2006)
Poly(l-lactide) (Larranaga et al., 2013;  

Zhang et al., 2004)
Tricalcium phosphate Poly(l,dl-lactide) (Kunze et al., 2003)
Phosphate glass Poly(ε-caprolactone) (Khan et al., 2010, 2011)
TiO2 HDPE (Hashimoto et al., 2006)
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biocomposites are fabricated is shown in Fig. 3.3(a). Fabrication methods utilized 
for surface-modified polymeric biocomposites include solvent casting, compression 
molding, monomer transfer molding, monomer-induced polymerization, and reactive 
liquid molding. The advantages and disadvantages of each of these methods are listed 
in Table 3.2. All fabrication techniques other than reactive liquid molding require the 
polymeric biocomposite to be fabricated before in vivo implantation, or “pre-fabricated.”  
Fig. 3.3(b–e) provides cross-section scanning electron microscopy (SEM) images 
of biocomposites made from a variety of fabrication techniques, with silane and 
silane + polymer-modified fillers.

Solvent casting is a traditional and commonly utilized technique to fabricate poly-
mer biocomposites for a variety of tissue-engineering purposes. In simplified terms, 
solidified polymer is dissolved in a solvent, the solid component is mixed into the 
polymer/solvent solution, the resulting slurry is transferred to the desired mold, and 
the solvent is evaporated. This method has been used to make PEG/PBT copolymer 
(Polyactive™ 70/30)–based biocomposites with surface-modified HA (Liu et al., 
1998a) or Nap (Liu et al., 1997).

Figure 3.3 Surface-modified polymeric biocomposites. (a) Schematic of general fabrication 
of polymeric biocomposites. Cross-section SEM images of biocomposites made with silane 
modified fillers; (b) TiO2/HDPE; (c) phosphate glass fibers/PCL; (d) modified HA/BisGMA, 
and silane+PCL modified fillers; (e) BG/PUR.
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Table 3.2 Advantages and disadvantages of polymeric composite fabrication methods

Fabrication method Advantage Disadvantage References

Solvent casting 	•	 	Exposed to low thermal and mechanical 
stress

	•	 	Targeted molecular weight
	•	 	Control porosity amount, size, and shape 

via particulate leaching
	•	 	Alter polymer properties through  

additives
	•	 	Typically can be dissolved and reused as 

raw material
	•	 	Simple process

	•	 	Preformed implant, fabricated 
before implantation

	•	 	Limited by mold shape
	•	 	Must use solvent
	•	 	Polymer must be soluble in  

volatile solvent
	•	 	Residual solvent can be toxic
	•	 	Often requires additional  

fabrication techniques, such as 
compression molding

Siemann (2005), Boccaccini 
and Blaker (2005), and 
Liu et al. (2007)

Compression molding 	•	 	Control porosity amount, size, and shape 
via particulate leaching

	•	 	Low porosity can be achieved
	•	 	Simple, low cost

	•	 	Preformed implant, fabricated 
before implantation

	•	 	Poor pore interconnectivity,  
particularly at low porosities

	•	 	Difficult to generate large  
structures (>3 mm thick)

	•	 	Difficult to leach all particulates  
in low porosity systems

	•	 	Fabricate at elevated temperatures

Boccaccini and Blaker 
(2005), Thomson et al. 
(1998), and Barick and 
Tripathy (2011)

Monomer transfer molding 	•	 	Covalent linking from solid filler surface 
to bulk polymer, via coupling agent

	•	 	Polymerized bulk polymer from solid 
filler surface improved wetting and thus 
interfacial bonding between solid filler 
and polymer

	•	 	Preformed implant, fabricated 
before implantation

	•	 	Difficult to fabricate at one  
molecular weight

	•	 	Polymerization at elevated  
temperatures

Khan et al. (2010) and Jiang 
et al. (2005a,b)
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Monomer-induced 
polymerization

	•	 	Injectable and settable, filling cavity of 
targeted defect site

	•	 	Some monomers are polymerized by 
photosensitizing agents

	•	 	Tunable and dependable curing/setting 
rates

	•	 	Capable of curing in vivo
	•	 	Cured polymers generally possess rigid 

mechanical properties
	•	 	Minimal water absorption once cured

	•	 	Some unreacted monomers can  
be cytotoxic

	•	 	Polymerization may exude  
exotherm that could cause  
necrosis to surrounding tissue

	•	 	Polymer can induce inflammatory 
response

	•	 	Nondegradable
	•	 	Cured polymers generally possess 

rigid mechanical properties

Koleganova et al. (2006) and 
Sideridou et al. (2003)

Reactive liquid molding 	•	 	Can be fabricated and cure in situ, 
post-implantation in vivo

	•	 	Injectable and settable, filling cavity  
of targeted defect site with complex 
geometry

	•	 	Tunable setting time, mechanical,  
degradation, and porosity properties

	•	 	Carried out at physiological temperature
	•	 	No detrimental exotherm
	•	 	Stable, safe precursors

	•	 	Formulation optimization required 
to balance mechanisms of polymer 
degradation (hydrolytic vs  
oxidative)

	•	 	Catalyst required
	•	 	Curing rate dependent on moisture 

in defect/wound environment
	•	 	Difficult to transpose in vitro  

properties to some in vivo  
environments

Harmata et al. (2014), Yoshii 
et al. (2012), Page et al. 
(2012), and Dumas et al. 
(2010)
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Compression molding is one of the oldest methods of preparing polymer/ceramic 
biocomposites. Heat and pressure are applied to combine the polymer and solid phases 
to conform to the desired shape of an open mold cavity. In this process, the poly-
mer and solid are placed in a mold and forced to make contact with all the mold’s 
surfaces, and thus conform to its shape. The polymers used in this method can be 
thermosetting or plastic. HDPE is a common thermoplastic polymer that is used for 
a broad range of purposes, including food storage containers, plumbing, and plastic 
bags. Surface-modified HA and HDPE polymer biocomposites have been fabricated 
by compression molding (Wang and Bonfield, 2001; Sousa et al., 2003). PCL-based 
(also a thermoplastic) biocomposites have also been compression molded with  
surface-modified bioactive glass fibers (Khan et al., 2010, 2011). PCL is a member 
of the polyester family, one of the most commonly researched family of polymers for 
bone-regeneration applications.

Monomer transfer molding is similar to compression molding in that a predeter-
mined shape is filled to create a pre-fabricated composite, but instead of utilizing 
force, monomers are polymerized within a heated mold cavity. The monomer mixture 
remains enclosed in a mold until it has polymerized and fully cured. Using this method,  
surface-modified bioglass fiber/PCL biocomposites have been made (Jiang et al., 2005a;  
Khan et al., 2010), proving there is more than one way to produce a biocomposite with 
the same basic components.

Another method utilizing unreacted monomers is induced monomer polymer-
ization, in which the polymer phase is formed in the presence of the solid filler to 
form a polymeric biocomposite. This method is often used to fabricate resin-based 
biocomposites. Thermosetting resins form irreversible bonds once cured, and thus 
the shape of the mold is critical, as the polymer phase cannot be reshaped via 
heating once cured. Various methacrylate biocomposites have been made with  
surface-modified HA and BG fillers. These materials utilized urethane dimethacrylate  
(UDMA) (Koleganova et al., 2006; Deb et al., 2005), 2-hydroxyethyl methacrylate 
(Koleganova et al., 2006), bis-glycidyl dimethacrylate (GMA) (Santos et al., 2002; 
Deb et al., 2005), and triethylene glycol dimethacrylate (TEGDMA) (Deb et al., 
2005; Santos et al., 2002) monomers. Induced monomer polymerization can be  
initiated by heat and pressure (Santos et al., 2002; Deb et al., 2005) or a photosensitizing  
agent activated by a light source (Koleganova et al., 2006).

The last polymeric biocomposite fabrication method relies on reactive liquid mold-
ing of multiple liquid components that polymerize in situ to fabricate the polymer 
phase of the biocomposite (Harmata et al., 2014; Yoshii et al., 2012; Page et al., 2012; 
Dumas et al., 2010). Although the previously outlined prefabricated methods require 
mold shaping, polymerization, and/or curing before in vivo implantation, polymeric 
biocomposites fabricated by this form of in situ polymerization can cure postimplan-
tation in vivo. Surface-modified 45S5 BG and poly(ester urethane) (PUR) polymeric 
biocomposites have been fabricated by this method (Harmata et al., 2014). The PUR 
polymer network forms in the presence of the BG solid phase through cross-linking 
of the liquid precursors. This polymeric biocomposite does not require a solvent, heat, 
pressure, or any other form of energy to set in vivo, and can completely fill the cavity 
of a targeted defect site.
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3.5   Effects of surface modification on filler properties

Attachment of molecules to the surface of a solid filler in polymeric biocomposites 
affects a variety of innate properties, particularly those related to the surface of the 
filler material. An overview of the surface modification techniques and how they alter 
specific filler properties is outlined in Table 3.3. The attachment of molecules affects 
the immediate physical and chemical composition of a surface, which can alter secondary 
surface properties related to surface interactions, such as wetting, zeta potential, surface 
solution reactions including dissolution/degradation, as well as cellular interactions. 
These primary and secondary properties do not necessarily alter how the filler interacts 
with polymer binders in a biocomposite setting, but these properties can change the 
inherent overall properties of the resultant filler.

3.5.1   Primary surface properties

Depending on the density, length, and steric effects of molecules attached to the sur-
face, the apparent chemical composition of the filler has been changed for a given 
surface depth. Not surprisingly, physical attachment of molecules can also alter the 
topography, or arrangement of physical features, of solid fillers’ surfaces. However, 
molecular attachment does not necessarily preclude an observed increase in roughness. 
The attachment of silane molecules to fillers used for orthopedic applications has been 
reported to smooth surfaces (Koleganova et al., 2006). As verified by SEM images, 
the attachment of 3-(trimethoxysilyl) propyl methacrylate decreased the roughness of 
sol–gel-produced BG biocomposite disks compared to those that contained unmodi-
fied fillers. This is relevant to polymeric biocomposites because, theoretically, after the 
surrounding polymer binder has degraded and a filler surface is exposed, the surface 
topography can affect protein adsorption as well as cell adhesion and spreading.

3.5.2   Secondary surface properties

Zeta potential is the potential difference between the dispersion medium (eg, polymer) 
and the layer of fluid attached to the dispersed particle (eg, solid filler). This value 
is used to quantify the electrokinetic potential in a colloidal system and is used to 
evaluate the stability of colloidal dispersions. The modification of HA powder with 
methoxysilane coupling agents (possessing a variety of functionalities) was shown to 
significantly increase the zeta potential (Dupraz et al., 1996).

Wetting is the ability of a liquid to maintain contact with a solid surface. It is an 
indicator of intermolecular interactions between and relative surface energy of the two 
phases. Wetting is important in the adhesion between a solid and liquid (eg, a solid filler 
and polymer binder). As defined from the Young–Dupré relationship, increasing the  
wettability of a material increases the thermodynamic work of adhesion (Neuendorf et al., 
2008). Adhesion between phases in a composite material is one factor that is presumed 
to alter the mechanical properties of the overall composite. It has been shown that 
surface modification of HA particles with the silane 3-aminopropyltriethoxy improved 
wetting of the particles by HDPE polymer binder, and thus the apparent interfacial 
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Table 3.3 Effects of surface modification on material and polymeric biocomposite properties

Category Surface modification Parameter Effect References

Filler properties Silane Surface topography Smoothed surface, as determined by SEM Koleganova et al. (2006)
Surface zeta potential Increased 3–16 in H2O, compared to 

unmodified control
Dupraz et al. (1996)

Surface wetting, apparent 
interfacial adhesion with 
polymer

Increased compared to unmodified  
surface, qualitatively determined  
by SEM

Sousa et al. (2003)

Degradation rate Decreased ∼15% compared to untreated 
control, after 7 days incubation in water 
at 37°C

Khan et al. (2011)

Cell attachment No effect compared to unmodified  
composite control

Koleganova et al. (2006)

Bioactivity Minimal, inconclusive effect on  
disappearance rate of Ca and P  
from SBF solution

Dupraz et al. (1996)

Silane–polymer Bioactivity Delayed bone-like apatite growth several 
days when incubated in SBF, determined 
by SEM and energy-dispersive X-ray 
diffraction (EDX)

Zhang et al. (2004) and 
Liu et al. (1997)
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Resultant 
polymeric 
biocomposite

Silane Mechanical properties Increased strength (∼10–100%) and  
stiffness (∼20–70%) compared to  
composite with unmodified filler,  
determined by either ultrasonic,  
tensile, or bending test method

Sousa et al. (2003), 
Zhang et al. (2004), 
Koleganova et al. 
(2006), and Khan 
et al. (2011)

Mechanical properties  
(postaqueous incubation)

Maintained bending strength and modulus 
in similar fashion to composite with 
unmodified filler after incubation for up 
to 6 days

Khan et al. (2011)

Uncured viscosity Decreased torque, determined by 
rheometer

Hashimoto et al. (2006)

Filler incorporation into 
polymer binder

Improved, determined qualitatively  
by SEM

Zhang et al. (2004)

Filler surface polymer 
adhesion

Improved, determined qualitatively  
by SEM

Hashimoto et al. (2006) 
and Khan et al. 
(2011)

Degradation rate Decreased mass loss compared to unmodi-
fied filler after incubation in water

Khan et al. (2011)

Water absorption Decreased ∼50%, determined by change 
mass

Koleganova et al. (2006) 
and Santos et al. 
(2002)

Polymer Filler surface polymer 
adhesion

Improved, determined qualitatively by 
SEM

Kunze et al. (2003)

Mechanical properties Increased strength (∼0–400%) and modulus 
(∼0–200%), determined by tensile,  
compression, or torsion testing

Liu et al. (1998a) and 
Harmata et al. (2014)
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adhesion between the two phases (Sousa et al., 2003). In addition, and in a similar 
fashion to surface topography, the zeta potential of a surface and its wetting properties 
alter protein adsorption and cell attachment.

With respect to tissue-regeneration applications, bioactivity refers to controlled 
chemical release synchronized with the sequence of cellular changes occurring in 
wound repair (Hench, 2006). Optimal rates of dissolution and reaction are key to stim-
ulating cellular proliferation and differentiation. There are two classes of bioactive 
materials related to bone repair: Class A bioactivity leads to osteoconduction (bone 
migration along a surface) and -production, whereas Class B bioactivity includes only 
osteoconduction (Hench, 2006). Bioactivity is a direct result of surface reactions on 
a surface of the bioactive material, such as solid fillers utilized in polymeric biocom-
posites, and is quantified by the release of ions into solution as well as the formation 
of bone-like apatite onto a surface when in simulated body fluid (SBF) (Dupraz et al., 
1996). The surface reactions and subsequent nucleation of bone-like apatite onto a 
bioactive glass surface submerged in SBF is depicted in Fig. 3.4(a).

It is important to understand how various surface modifications via attachment of 
surface molecules affect the ability for surface reactions to occur between a solid 

µ µ

Figure 3.4 Effect of surface modification on solid filler properties: bioactivity. (a) Schematic 
of surface reaction and subsequent nucleation of apatite on bioactive filler surface. Images 
from SEM of porous poly(l-lactide) composites made with (b) unmodified BG and (c) silane-
treated BG, after 7 days in SBF, showing effect on nucleation of apatite.
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surface and fluid within the body, as this can alter the overall properties of the bioac-
tive material, the biocomposite, and their combined ability to aid in bone remodeling.  
It has been shown that the presence of aminosilane coatings on HA particles initially 
hindered the release of Ca and P ions in aqueous solution, whereas vinyl- and meth-
acryloxy-silane agents showed no effect compared to unmodified HA (Dupraz et al., 
1996). Similarly, porous poly(l-lactide) (PLLA) and surface-modified (with 3-amino 
propyltrimethoxy silane) BG composites formed less apatite compared to those with 
nonmodified glass when incubated in SBF (Zhang et al., 2004). SEM images of these 
PLLA/BG biocomposites (Fig. 3.4(b) and (c)) show the effect of the silane molecules 
on nucleation of apatite. PAA coating on Nap filler hindered apatite formation com-
pared to nonmodified Nap in Polyactive™ 70:30-based composites (Liu et al., 1997). 
It is hypothesized that the observed delay is due to decreased diffusivity of released 
ions from the filler surface through the silane coating to the surrounding fluid. It is 
important to note that these surface modifications did not completely prevent ionic 
dissolution or apatite formation, but rather delayed such events.

The majority of solid fillers utilized in polymeric biocomposites for orthopedic appli-
cations are capable of being resorbed or degrading after implantation in the body. The 
ability to degrade, often by dissolution, is often an advantageous quality when its deg-
radation rate is appropriate. For instance, if the mechanical stability of the polymeric 
biocomposite is dependent on the solid filler, a fast degradation rate may not be desired. 
Regardless, it is important to understand and characterize the degradation kinetics of 
surface-modified solids compared to their unmodified counterparts. It has been reported 
that silane modification (with 3-aminopropyl triethoxysilane) decreased the overall 
cumulative degradation and degradation rate of phosphate-glass fibers incubated in 
water (Khan et al., 2011). SEM images of unmodified phosphate-glass fibers immersed 
in water for 7 days showed signs of hydrolytic surface degradation, whereas silane-
treated fibers maintained unaltered surface topography (Fig. 3.5). The maintenance of 
the original surface topography post water immersion, and thus prevention of surface 
degradation, was attributed to the presence of a polysiloxane coating on the fiber surface.

Solid bioactive fillers in polymeric biocomposites ideally would not only produce 
an environment conducive to osteoblast activity via ion release, but would also provide 
a surface conducive for cell attachment, integration, and proliferation. The presence 

Figure 3.5 Effect of surface modification on solid filler properties: degradation. Images from 
SEM of phosphate glass fibers, (a) unmodified and (b) silane-treated, degraded for 7 days in water.
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of 3-(trimethoxysilyl) propyl methacrylate on the surface of sol–gel BG did not alter 
cell attachment of osteoblast-like cells to composites (Koleganova et al., 2006). As 
noted previously, surface modification of bioactive fillers in this biocomposite system 
decreased roughness compared to the rougher surface of unmodified bioactive-glass 
biocomposite, which was hypothesized to aid in cell adhesion.

3.6   Effects of surface-modified fillers on the properties 
of resultant polymeric biocomposites

Modifying the surface of solid fillers used in polymeric biocomposites controls the 
surface properties (both primary and secondary), which affects both the mechanical 
and physical properties of the resultant polymeric biocomposite as well as its ability 
to remodel in vivo. An overview of the surface-modification techniques and how they 
alter the resultant biocomposite properties is outlined in Table 3.3. The fundamental 
theory of composite design is to obtain physical properties that lie between those of 
the individual components. As previously outlined, a primary motivator to modify the 
surface of a solid filler is to increase adhesion between the solid filler and polymer 
components, and thus the overall mechanical properties of the biocomposite. This 
observation has been supported by numerous studies citing an increase in tensile prop-
erties. Other overall biocomposite properties that are affected by surface modification 
of filler components include binding to polymer phase, solid-filler incorporation into 
polymer binder, water uptake, and degradation.

Surface modification has been noted to improve interaction between the surface 
of the solid filler and the polymer binder. As outlined previously, this is likely due to 
improved matching of surface tension and improved wetting by the (initially) liquid 
polymer. Proper matching can lead to homogenous distribution and improved incor-
poration of solid fillers into polymer binder, which has been hypothesized to improve 
related biocomposite properties, such as mechanical strength (Khan et al., 2011; Sousa 
et al., 2003). One method utilized to determine the interaction between a liquid polymer 
and solid filler is by calculating the thermodynamic work of adhesion (Wad) from the 
Young–Dupré relationship (Adamson and Gast, 1997; Neuendorf et al., 2008):

 Wad = γ (1 + cos θ) 

in which γ is the surface tension of the liquid polymer and θ is the equilibrium contact 
angle between the polymer and solid filler. This calculation is reliable for biocom-
posites in which dispersion forces are dominant (Mangipudi et al., 1994). In HDPE 
biocomposites, the viscosity of the overall uncured biocomposite was noted to decrease 
when [γ-methacryloxypropyl]trimethoxysilane-modified TiO2 particles were utilized 
compared to unmodified particles (Hashimoto et al., 2006). Surface modification by 
3-aminopropyltrimethoxysilane improved BG incorporation in cured, porous PLLA 
composites, as evidenced by SEM images (Fig. 3.6(a) and (b); Zhang et al., 2004). 
It was proposed that this was due to improved interfacial interaction between the 
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silane-modified BG particles and PLLA, which was  supported by complete coverage of 
the particles by the polymer binder. Improved qualitative adhesion between solid fillers 
and binder components has been observed in polymeric biocomposite systems made 
from HDPE with silane-modified TiO2 particles (Hashimoto et al., 2006), PCL with 
silane-modified phosphate-glass fibers (Khan et al., 2011), and poly(l,dl-lactide) with 
l-lactide-modified TCP particles (Kunze et al., 2003), as shown in Fig. 3.6(c) and (d).

The overall mechanical properties of the resultant biocomposite are the properties 
most significantly altered by surface modification of the solid-filler surface. In mul-
tiple biocomposite systems made with a variety of polymer binders, the presence of 
surface molecules (silane- and polymer-based) on the solid fillers increased the overall 
stiffness of the biocomposite, as shown by an increase in the tensile (Liu et al., 1998a; 
Sousa et al., 2003; Zhang et al., 2004; Koleganova et al., 2006; Khan et al., 2011) 
and compressive moduli (Harmata et al., 2014). In a similar fashion, the presence of 
surface silane- and polymer-based molecules on solid fillers increased the ultimate 
tensile (Liu et al., 1998a; Zhang et al., 2004; Khan et al., 2011; Sousa et al., 2003) and 
compressive strengths (Harmata et al., 2014) of the various biocomposite systems. 
Alternatively, some researchers have cited that surface modification of solid fillers 
does not significantly improve the overall mechanical properties of the biocomposite. 
These observations were made for polymeric biocomposite systems with a relatively 
low (<30 vol%) amount of solid filler, in which the total interfacial area (between the 

Figure 3.6 Effect of surface modification on resultant polymer biocomposite properties: filler/
polymer interaction. Images from SEM of porous poly(l-lactide) composites made with (a) 
unmodified BG and (b) silane-treated BG, showing increased solid filler incorporation, and 
poly(l,dl-lactide) composites made with (c) unmodified TCP and (d) polymer surface grafted 
TCP, showing increased apparent adhesion between filler and polymer.
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solid filler and the polymer binder) is too low to affect the overall mechanical proper-
ties of the resultant polymeric biocomposite (Kunze et al., 2003; Sousa et al., 2003). 
Surface modification of the solid filler plays a larger role when the total interfacial area 
in the biocomposite, defined by the volume fraction and the specific surface area of the 
filler, is sufficient to achieve improvements in strength (Sousa et al., 2003).

The outlined surface-modification techniques have been cited to minimize hydrolytic 
effects on the solid fillers, polymer binders, the adhesion between these phases, and 
thus the overall biocomposite properties. In vitro degradation experiments in aqueous 
solution provide information related to the mechanism and rate of degradation of the 
biocomposite once placed in the body. In PCL biocomposites with silane-modified 
phosphate-glass fibers, a decreased rate of mass loss (overall composite degradation)  
was reported compared to biocomposites made with unmodified phosphate glass  
(Khan et al., 2011). This altered rate was attributed to an increase in adhesion between 
the solid filler and polymer binder caused by the presence of siloxane bonds formed at 
the fiber surface. In the same PCL/BG biocomposite system, inclusion of silane-modified 
fibers was shown to improve overall biocomposite bending strength when incubated in 
an aqueous environment (analogous to being in the body) (Khan et al., 2011). Qualita-
tive observations from this study focused on apparent adhesion between the polymer 
binder and fibers after subjection to incubation in aqueous media followed by mechan-
ical testing. It was noted that biocomposites made with unmodified fibers showed 
gaps of separation between the polymer and solid phases, whereas the biocomposites 
made with modified fibers maintained their original integrity with respect to adhesion  
(Khan et al., 2011). Other systems have reported a decrease in water absorption, which 
could contribute to maintaining mechanical properties after implantation into the body. 
In BG and urethane dimethacrylate/2-hydroxyethyl methacrylate biocomposites,  
utilization of silane-modified BG prevented water absorption by 50% (Koleganova et al.,  
2006). Additionally, lower water uptake was found for BisGMA-based biocomposites 
made with silane-modified HA compared to those incorporating unmodified HA  
(Santos et al., 2002). This may be due to a decrease in porosity and a reduction in 
water accumulation at the interface caused by an improved adhesion between the 
solid and polymer phases. The report also cites improved wettability, dispersion, and 
impregnation into the polymer binder as reasons for decreased water uptake compared 
to biocomposites made with unmodified HA (Santos et al., 2002).

3.7   Future trends

The fundamental surface-modification methods applied to solid fillers in polymer bio-
composites, such as those previously outlined, are based on techniques and surface 
chemistries that have been utilized for several decades. More recently, new meth-
ods have been applied to the surface modification of solid fillers intended for use in 
polymeric biocomposites for orthopedic applications. Plasma polymerization forms 
polymeric materials, such as nanoscale-thick polymer coatings, via partially ionized 
gas (plasma) (Larranaga et al., 2013; Nichols et al., 2007). This rapid and solvent-free 
alternative approach to the conventional wet-surface modification processes pre-
viously described has several advantages that may be particularly appealing for the 
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large-scale production requirements of the medical device industry, including reduc-
tion in required monomer reagents, overall process time, and the effect on the bulk 
material properties (Larranaga et al., 2013). Additionally, the resultant layer properties 
(uniformity, thickness, and surface energy) are highly tunable over a wide range, in 
part because of the ability to control the polymerization process at a molecular level, 
despite not requiring the use of organic solvents (Nichols et al., 2007; Larranaga et al., 
2013). However, plasma polymerization is generalized used for cross-linked poly-
mers. Thus, it may not be appropriate for surface modification with linear polymers 
with higher targeted molecular weights.

In the past decade, several research groups have utilized surface polymerization 
of acrylic acid via plasma polymerization to achieve desired properties to the overall 
resultant polymeric biocomposite, including improved adhesion between solid filler 
and the surrounding polymer binder. HA powder and nanopowder have been modified 
with acrylic acid by cold (Garreta et al., 2006) and fluid-bed radio-frequency plasma 
polymerization (Nichols et al., 2007) techniques, respectively. Surface polymerization of 
acrylic acid onto both sizes of HA fillers before incorporation into their polymer binders 
provided a moderately wettable surface that has been shown to be advantageous for the 
absorption of proteins (Kim et al., 2013). Furthermore, this approach improved the overall 
tensile strength of the resultant biocomposites, as traditional wet-surface modifications 
were shown to do in the Overall biocomposite affects section (Nichols et al., 2007; Garreta 
et al., 2006). Additionally, the ability to tailor the biodegradability of the adhered polymer 
layers and their cytocompatibility with in vitro cell cultures was shown (Nichols et al., 
2007). In a similar fashion, the surface modification of BG particles with acrylic acid was 
performed before inclusion in PLLA, PCL, and poly(l-lactide/ε-caprolactone) composite 
films (Larranaga et al., 2013). In these composites, the presence of the surface polymer 
was attributed to improve the thermal stability of the resultant composites by hindering 
the degradation reaction between the bioactive-glass particle surface and the bulk poly-
mer, which allowed high-temperature thermoplastic composite fabrication techniques to 
be utilized with desired outcomes (Larranaga et al., 2013).

As an extension to this surface-modification method, researchers have utilized 
plasma polymerization of acrylic acid to immobilize biologically active molecules, 
such as recombinant human bone formation protein-2 (rhBMP-2). rhBMP-2 is a signaling 
molecule that promotes bone formation by osteoinduction that has been utilized for 
various orthopedic tissue-engineering applications (Kim et al., 2013). One research 
group modified a PCL scaffold surface with plasma-polymerized acrylic acid (PPAA) 
and rhBMP-2 via electrostatic interactions (Kim et al., 2013) (which is outside of the scope 
of this chapter). This interesting approach may be applied to the surface modification 
of solid fillers and provide additional benefits compared to the surface-modification 
techniques currently utilized in orthopedic polymeric biocomposite development. The 
acrylic acid and rhBMP-2-modified surface showed improved cell attachment and 
adhesion compared to the surface with acrylic acid alone. The ability to modify the  
surface of a solid-filler particle in a polymeric biocomposite with a bioactive molecule, 
such as rhBMP-2, provides a delivery vehicle for the bioactive molecule to the  
polymeric biocomposite and the eventual implantation site of this biomaterial. Such 
surface-modification and immobilization approaches may provide a method to control 
the release kinetics of attached molecules to the localized bone-defect site.
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Sources of further information and advice

The field of surface modification is not new, and because of this there are abundant 
sources of further information that provide more detail than what was reviewed in this 
chapter. There are also many textbooks that expand on particular sections in this chap-
ter. Various volumes of the book Silane and Other Coupling Agents, of which Volume 
5 was edited by K.L. Mittal in 2009, provides seminal first author journal articles 
related specifically to the field of coupling agents for diverse purposes. Additionally, 
others have previously focused on the surface modifications of the polymer, not the 
inorganic solid, component in biomaterials and other applications. In 1997, Ratner 
and Castner edited a textbook entitled Surface Modification of Polymeric Biomaterials 
(1997), which covers the proceedings from American Chemical Society Division of 
Polymer Chemistry International Symposium, and includes sections focused on XPS 
and static secondary ion mass spectrometry, biomolecule attachment to increase cell 
adhesion and migration, as well as additional polymer grafting methods not covered 
in this chapter. Lastly, the SpecialChem Website includes online training, informa-
tion, and networking interactions related to chemicals and materials. This Website 
offers a section dedicated to silane coupling agents that provides interactive sources 
for obtaining fundamental information about silane chemistry, application of silanes 
to surfaces, and how silanes mediate surface interactions.
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4.1   Introduction

Novel materials are constantly being developed to improve device performance 
within all fields of regenerative medicine and tissue regeneration. Tissue engineer-
ing is a promising approach to create artificial constructs for regenerating partial 
or whole musculoskeletal tissue. Due to their superior physicochemical properties, 
nanosized materials have been widely investigated in tissue engineering, regenerative 
medicine, and the drug delivery fields (Zhang and Webster, 2009).  Musculoskeletal 
tissues such as bone, cartilage, and ligaments/tendons are highly structured nano-
composites consisting of nanofibers embedded in a matrix of different compositions 
(Egli and Luginbuehl, 2012). Bone tissue is also a natural nanomaterial, which is 
composed of collagen fibrils and hydroxyapatite crystals. Articular cartilage liga-
ments and tendons also have a highly hierarchical micro- and nanostructure. Thus, 
to mimic the natural structure of orthopedic tissues, nanocomposites made of bio-
compatible polymers and bioactive inorganic nanoparticles have attracted particular 
attention (Sun et al., 2011).

One of the many specific requirements for the ideal material for orthopedic 
tissue engineering is biocompatibility, which means a material with the ability to 
be compatible with living tissues or living systems without causing harm. Bio-
compatibility is considered to arise from material chemical structural similarity to 
the components of musculoskeletal tissue (Sahoo et al., 2013) (Fig. 4.1). The ben-
eficial aspects of nanocomposites are vast; however, there is still a lack of infor-
mation about the risk and biocompatibility for these materials in the human body. 
Nanomaterials can vary with respect to composition, size, shape, surface chemis-
try, and crystal structure. When using a nanophase material, in which at least one 
surface feature size is less than 100 nm, implant surface properties will change 
(ie, surface area, energy, topography, and charge). Topography and wettability 



96 Nanocomposites for Musculoskeletal Tissue Regeneration

are correlated with protein adsorption, which dictates cellular responses. A lin-
ear regression-based protein adsorption model was recently developed and used 
to explain the relationship between protein adsorption and nano surface proper-
ties (Egli and Luginbuehl, 2012). Such models confirm experiments which have 
demonstrated greater cellular functions on nanostructured surfaces due to the 
enhanced interactions of adherent cells with initially adsorbed proteins (Webster 
et al., 2001; Miller et al., 2005). This chapter focuses on the toxicity and bio-
compatibility properties of nanocomposites for various musculoskeletal tissue 
regeneration applications. It presents state-of-the-art findings as well as poignant 
thoughts for the future of this field to mature into developing real products that 
can improve tissue growth.

µ
µ

Figure 4.1 The biomimetic advantages of nanomaterials. (a) The nanostructured hierarchical 
self-assembly of bone. (b) Nanophase titanium (top, atomic force microscopy image) and 
nanocrystalline HA/ helical rosette nanotube (HRN) hydrogel scaffold (bottom, scanning 
electron microscopy (SEM) image). (c) Schematic illustration of the mechanism by which 
nanomaterials may be superior to conventional materials for bone regeneration. The bioactive 
surfaces of nanomaterials mimic those of natural bones to promote greater amounts of protein 
adsorption and efficiently stimulate more new bone formation than conventional materials.
Zhang, L., Webster, T.J., 2009. Nanotechnology and nanomaterials: promises for improved 
tissue regeneration. Nano Today 4, 66–80.
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4.2   Musculoskeletal tissue and natural nanocomposite 
structures

A nanomaterial is roughly defined as a material with base constituents between 
1  ×  10−9 and 100  ×  10−9 m in length which exhibits at least one property that deviates 
from equivalent bulk or microstructured materials (Banfield and Navrotsky, 2001). 
Thus, many biological structures of musculoskeletal tissues, such as bone, collagen 
fibrils, and hydroxyapatite crystals, are natural nanomaterials by definition. The struc-
tural composition of bone, cartilage, and ligaments/tendons is very similar, although 
these tissues have quite distinct appearances from each other. Bone tissue has a highly 
nanohierarchical structure consisting mainly of collagen type I fibers and nanohy-
droxyapatite crystals as the matrix (Egli and Luginbuehl, 2012). The defining features 
of bone are the mineralized collagen-based extracellular matrix (ECM), which pro-
vides bone with its unique biomechanical properties (Haidar, 2010). Ligaments and 
tendons have a similar building pattern with fibers oriented parallel to the stress axis 
and consisting mainly of collagen type III embedded in a proteoglycan matrix (Egli 
and Luginbuehl, 2012). Cartilage is composed of a low percentage of chondrocytes 
embedded in a dense nanostructured ECM rich with collagen fibers, proteoglycans, 
and elastin fibers (Zhang and Webster, 2009). Mature articular cartilage has a highly  
hierarchical structure stratified with collagen fibrils, mainly of collagen type II, embed-
ded in a hydrogel formed by glycosaminoglycans and proteoglycans (Ap Gwynn et al.,  
2000; Hughes et al., 2005). The hierarchical geometrical structure of bone is critical, 
not only for macroscopic mechanical properties, but also for cells, which respond to 
these structural and geometric cues by converting them into intracellular signals which 
drive cellular activities such as gene expression, protein production, and general phe-
notypic behavior (Zhang and Webster, 2009; Porter et al., 2009).

Thus, regeneration of organized and multifunctional tissue requires the use of 
scaffolds presenting a certain degree of nanocompositional and structural complexity  
(Fig. 4.2).

4.3   Biocompatibility and toxicity of nanocomposites

Nanotechnology research is growing at an exponential rate and is predicted to change 
the face of the world in which we live. There are many products including sunscreens, 
anti-wrinkle face creams, sports equipment, bone, and muscular replacement materi-
als which employ nanomaterials to improve functions above those currently observed 
in conventional or microstructured materials (Henig, 2007).

Nanocomposites are multiphase solid materials which have one to three dimensions 
less than 100 nm, or structures with nanosized repeat distances in different phases that 
compose the material (Ajayan et al., 2003). Nanocomposites can be divided into bioc-
eramic nanocomposites, metallic nanocomposites, and polymer nanocomposites. The 
structure of nanocomposites can be nanofibers, nanoparticles, nanotubes, or scaffolds 
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Figure 4.2 Musculoskeletal tissues—the prototypes of nanomaterials. The structural com-
position of ligaments/tendons, bone, and cartilage is very similar, although these tissues have 
quite a distinct appearance. In a simplified approach they consist of a characteristic network 
of collagen fibrils with diameters of approximately 100 nm embedded within a tissue specific 
matrix. Appropriate engineering of nanobiomaterials making use of particles, crystals, fibers, 
composites, or surface topographies may lead to biomimetic constructs that exhibit a favorable 
inductive interplay with the host cells and tissues. Detailed and standardized investigations are 
necessary to predict the cellular and organ reaction upon exposition to those nanomaterials.
Egli, R.J., Luginbuehl, R., 2012. Tissue engineering – nanomaterials in the musculoskeletal 
system. Swiss Medical Weekly 142, w13647.
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with nanostructured surface features. The beneficial aspects of nanocomposites are 
vast; however, there are some potential risks of nanocomposites due to their small 
size, such as their capability of penetrating pores in tissues and certainly cells if such 
constituent nanomaterials become released from the nanocomposites. It has now been 
well established that different nanostructures may lead to toxicity or have exceptional 
biocompatibility depending on the chemistry, geometry, and manner into which they 
are introduced into composites. Toxicity of nanomaterials are such a concern because 
the reduction in size and corresponding increase in specific surface area and surface 
energy may cause nanomaterials (more so than conventional or micron materials) to 
be more biologically active (Warheit, 2006; Oberdorster et al., 2005). Moreover, nano-
composites are smaller than some cells and most cellular organelles, which means 
they can be taken up within the structures and interfere with cellular processes. Some 
metal content in nanocomposites may be quite toxic. For example, researches have 
shown that silver ions induce oxidative stress (Cortese-Krott et al., 2009). Pb, Cu, Ni, 
Co, Zn, etc. will all show different cytotoxicity in cell culture (Okazaki and Gotoh, 
2013). As another example, Zn ion release from TiO2 nanotubes at a high concentra-
tion (0.36 ppm) can lead to stem cell death (Liu et al., 2014).

4.3.1   Ceramic–matrix nanocomposites

Ceramics are broadly used in a large variety of medical device (particularly, orthope-
dics) applications requiring both structural and functional properties. Ceramic nano-
composites based on ceramic nanomaterials have been studied to improve mechanical  
properties and alter functional properties, such as beta-CaSiO3/beta-Ca3(PO4)2- 
reinforced composite bioceramic scaffolds, and enhance bone regeneration with great  
osteoconductivity and osteostimulation (Liu and Webster, 2007; Wang et al., 2012). 
The ceramic nanocomposites have been broadly defined as either a ceramic nanophase 
in a ceramic matrix, a carbonaceous nanophase in a ceramic matrix, or to encompass 
a metal as the second component in a ceramic matrix. This combination of properties 
can lead to a new generation of medical devices and implants combining mechanical 
properties with bioactive properties. Calcium phosphate, calcium sulfate, and hydroxy-
apatite (HA) are clinically used as implant coatings or fillers for their attractive bio-
degradable, bioactive, and osteoconductive properties to bone (Wang et al., 2012; Luo 
et al., 2011). Zirconia/alumina nanocomposites, also known as alumina-toughened  
zirconia because they consist of a zirconia matrix reinforced with alumina nanopar-
ticles, show exceptional resistance and extraordinary toughness. Their biocompat-
ibility is considered to arise from their chemical structure and components similar to  
natural bone.

Of course, one of the most popular ceramics used in orthopedic tissue engineer-
ing is hydroxyapatite (HA). Several researchers have developed HA ceramic-based 
composites for bone replacements. With different loading conditions of nanohydroxy-
apatite (nHA) particles, the nanocomposites showed great bioactivity toward bone 
cells and consequently new bone formation. The bioactivity of HA is due to the close 
matching of the chemical composition of the ceramic with the natural inorganic phase 
of bone (Alothman et al., 2013). However, poor resorbability and brittle constructs 
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are problems that occur when using microsized HA particles. Nanosized HA (nHA) 
can be incorporated into highly porous collagen scaffolds to produce collagen–nHA 
biocomposite scaffolds with improved resorbability and mechanical characteristics 
(Porter et al., 2007).

ZnO and MgO nanoparticles have been shown to increase bone cell functions and 
decrease infection (Liu et al., 2015; Weng and Webster, 2012). Nano zinc oxide (ZnO) 
also can induce osteogenic properties from stem cells (Liu et al., 2015). Composites 
incorporating ZnO nanoparticles with a diameter near 60 nm can form a scaffold for 
tissue regeneration. The size of laminin, collagen, and fibronectin, which are all major 
components of the natural ECM, is on the same order of magnitude as a ZnO nanopar-
ticle. Moreover, the piezoelectric and antibacterial properties of ZnO particles make it 
a good choice for orthopedic implant applications (Seil and Webster, 2008).

4.3.2   Metal–matrix nanocomposites

Metallic matrix composites reinforced with nanoparticles for orthopedic applica-
tions are being investigated worldwide. The reduced size of the reinforcement phase 
down to the nano-scale of the particles results in a remarkable improvement of a 
composite’s mechanical properties (Sanaty-Zadeh, 2012). Different kinds of matrix 
metals have been coupled with several types of a nanometric phase, such as ceramic 
compounds, intermetallic materials, and carbon allotropes to reinforce metals and 
alloys (Casati and Vedani, 2014). The carbon nanotube–metal matrix (Al, Mg, Cu) 
composite is currently being developed, which is characterized by high strength 
and stiffness suitable for orthopedic applications (Casati and Vedani, 2014). Carbon 
nanotubes may be an important tissue engineering material for improved tracking 
of cells, sensing of microenvironments, delivering of transfection agents, and scaf-
folding for incorporation within the host’s body (Harrison and Atala, 2007). How-
ever, as mentioned previously, carbon nanotubes will lead to cytotoxicity in some 
conditions.

Not only carbon nanotubes, but other carbon-related composites (such as 
graphene) combined with noble metals also have significant cytotoxicity (Zhou 
et al., 2014). Metallic ions act to provide an important role in enzymes and cell- 
signaling pathways in the human body. In health systems, free metallic ion concentra-
tions are maintained at very low levels and the anomalous metallic ion metabolism  
can contribute to pathological states such as hemochromatosis and Wilson disease 
(Milman et al., 2003). For example, Zn ions have great osteogenic properties in low 
concentrations. However, Zn also shows cytotoxicity when released at high levels. 
Importantly, stem cells showed different morphologies with different concentrations 
of Zn ions (Fig. 4.3). It has been shown that on pure Ti, the stem cells spread rela-
tively poorly with a round shape. When Zn ion release is lower than 0.3 ppm, stem 
cells possessed a polygonal morphology and more spread filopodia. The vinculin 
cell membrane protein was highly expressed. Vinculin formed dot-shaped struc-
tures, which indicated the formation of focal contacts between the cells and sample 
surfaces. The higher Zn ions caused the cells to shrink and agglomerate with poorly 
expressed vinculin and nonuniform morphologies (Liu et al., 2015). There are also 
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additional studies, which showed metallic element toxicity. For example, Ag+ at the 
concentration of 40 μM will lead to low viability of human skin fibroblasts and at 
60 μM will inhibit the proliferation of cells (Liu et al., 2014; Hu et al., 2012). The 
stability of metallic ion states is important for systemic adverse effects of metallic 
ion-based composites. This is why some of the most prominent metallic ions oxidize 
readily in the body, such as Ti, Zn, Mg, etc.

Loading metallic ions into matrices and binding them into a suitable substrate can 
control the release of metallic ions over long periods to reduce toxicity yet maintain 
biological activity (Kawashita et al., 2000; Alt et al., 2004). However, caution needs 
to be taken because although, through such methods, metal release can be controlled 
at a safe level for cells, some metallic elements have a low corrosion resistance (such 
as copper) which will compromise the physical properties of materials for tissue engi-
neering (Wan et al., 2007). Thus, incorporating metal elements into a titania nanotube 
is a method to slow metal ion release and lower the corrosion of metals, such as ZnO 
particles added to titania nanotubes to modify the surface of an implant to achieve 
slow Zn ion release (Liu et al., 2014).
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Figure 4.3 Fluorochrome micrography of stem cells cultured for 24 h on (A, a) Ti, (B, b) 
TNT, (C, c) TNT–Zn 0.005, (D, d) TNT–Zn 0.015, (E, e) TNT–Zn 0.030, and (F, f) TNT–Zn 
0.075. Notes: Actin is shown in red, vinculin is shown in green, and the cell nucleus is shown 
in blue. (a–f) are the magnification of (A–F), respectively. The vinculin protein expressed was 
more evident on (C) and (D), and there were more extensive filipodia than on the other figures. 
On (E) and (F), some cells spread poorly. (A) and (B) have fewer polygonal and elongated 
shapes of cells. Abbreviations: Ti, titanium; TNT, TiO2 nanotube.
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Magnesium and its alloys have also been another intriguing metal for orthopedic 
applications due to its biodegradability and because it occurs naturally in the body. 
Magnesium undergoes rapid corrosion in physiological conditions and produces 
magnesium hydroxide (Mg(OH)2), leading to the evolution of hydrogen gas (Keim 
et al., 2011). Although the corrosion products are nontoxic at low concentrations, 
mechanical properties and the rate of tissue healing are severely affected due to 
uncontrolled rapid degradation of magnesium. In addition, the rate of hydrogen evo-
lution affects the healing process due to lower cell activities at the material tissue 
interface (Li et al., 2010; Ratna Sunil et al., 2014). Therefore, for biodegradable 
implants based on metallic matrices, it is important to develop a metal or alloy 
combined with a ceramic or polymer to obtain corrosion resistance composites for 
orthopedic tissue engineering. Different kinds of matrix metals have been coupled 
with several types of nanometric phases. Ceramic compounds (SiC, Al2O3, etc.), 
intermetallic materials, and carbon allotropes have all been used to reinforce Al, 
Mg, Cu, and other metals and alloys (Casati and Vedani, 2014). Also, anodization 
can improve the anticorrosion properties of Ti, such as anodizing titanium to possess 
titania nanotubes which showed exceptional properties for orthopedic applications 
(Liu et al., 2015).

4.3.3   Polymer–matrix nanocomposites

Lastly, polymer–matrix nanocomposites consist of a polymer having nanoparticles or 
nanofillers dispersed in the polymer matrix. In tissue engineering, polymer nanocom-
posties can be used for the replacement of orthopedic tissues, which have been destroyed 
by sickness or accidents, such as musculoskeletal tissue. The polymer nanocomposites 
can be divided into biodegradable and nonbiodegradable polymer nanocomposites. 
Nonbiodegradable polymers have been used in bone tissue engineering due to their 
improved mechanical properties and chemical stability over biodegradable polymers 
(Sahoo et al., 2013). There are many kinds of nonbiodegradable polymers used for bone 
tissue engineering such as polyethylene, polypropylene, polytetrafluoroethylene, and 
polyamide (Kamelger et al., 2004; Fang et al., 2006). However, some of these polymers, 
such as polyethylene and polypropylene, provoke a severe immune response (Sahoo 
et al., 2013).

Biodegradable polymers are a specific type of polymer that breaks down after 
its intended purpose to result in natural by-products (Avérous and Pollet, 2012). 
Aliphatic polyesters such as polylactide (PLA), poly(glyco-lides) (PGA), and poly 
(ε- caprolactone) (PCL) have attracted wide attention for their biodegradability and  
biocompatibility in the human body (Armentano et al., 2010). They have been 
demonstrated to be biocompatible and degrade into nontoxic components with a con-
trollable degradation rate in vivo (Lin et al., 2003). Nanophase forsterite (Mg2SiO4) 
has been introduced as a bioceramic and combined with PCL to obtain a bioactive 
nanocomposite (Kharaziha et al., 2013). For example, in just one of many studies, 
poly(l, dl-lactide) (PLA) and β-tricalcium phosphate (β-TCP) were implanted into 
the sheep right tibia. Only a mild inflammatory response was observed in the first 
12 months. However, after 24 months, a strong inflammatory reaction was reported 
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(Ignatius et al., 2001). The inflammatory tissue reaction and decreased strength of 
the PLA nanocomposites were attributed to the degradation of the PLA compo-
nent, which means that PLA has a risk for tissue regeneration over the long term 
and perhaps better polymers are needed (Ignatius et al., 2001). Some have tried to 
improve the properties of bioresorbable lactide-glycolide copolymer (PLGA) blends 
by combining it with different kinds of fillers of natural and synthetic origin, such 
as carbon fibers and ceramics based on calcium phosphates (hydroxyapatite, trical-
cium phosphate, etc.). Liu et al. (2006) reported the increased dispersion of nano-
phase titania in PLGA decreased the harmful change in pH normal during PLGA 
degradation. The modifying phase present in the polymer matrix has an influence 
on the mechanical properties of the composite, cell response, and the process of its 
degradation (Cieslik et al., 2009).

As an artificial support in the human body, the biodegradable polymer–matrix 
nanocomposites should possess both suitable mechanical and biological proper-
ties. Because biomaterials are expected to improve the regeneration of new tissues, 
degradable and absorbable polymer nanocomposites have to be biocompatible and 
degrade into nontoxic components at a controllable degradation rate. The degra-
dation time and progression of polymer-based composites after performing their 
functions in the body are significant properties determining their usefulness in 
orthopedics. The factors determining this phenomenon are, among others, their 
crystallinity, molar mass, porosity, pH, or environmental temperature (Cieslik et al., 
2009). Composites based on HA particles and biodegradable polymers have been 
used clinically in various forms due to the good osteoconductivity and osteoinduc-
tivity of HA and biodegradability of the polymer matrix in the composites. HA has 
a positive influence upon bone healing and bone restoration because of its ability to 
initiate and stimulate the processes involved. It plays a particularly important role  
when long-lasting bone restructuring processes are required (Lin et al., 2003).  
A study has proved that PLGA combined with HA are fully biocompatible materials  
(Cieslik et al., 2009). Nanoparticles of metals or carbon nanostructures have also 
been introduced into a polymer matrix, because they exhibit significant physical, 
chemical, and biological properties. Silver (Ag) nanoparticles have been investi-
gated for its antibacterial properties (Panacek et al., 2006; Morones et al., 2005; 
Baker et al., 2005). Drug delivery can be achieved using magnetic nanocomposites, 
which incorporates biodegradable polymer microspheres with drugs and magnetic 
nanoparticles. The drug can release through swelling, diffusion, and degradation, 
such as (Co0.5Zn0.5) Fe2O4 in a biodegradable poly (lactic-co-glycolic acid) (PLGA) 
matrix. However, cytotoxicity may come from the PLGA or metal nanoparticles 
(Wamocha et al., 2013; Meyer et al., 2012). Carbon nanotubes or carbon nanofibers 
have special structures, which can improve the composite’s mechanical strength 
(Harrison and Atala, 2007; Shi et al., 2006). However, the toxicity of the metal and 
carbon nanostructure is still a problem, similar to the other kinds of nanocomposites 
for tissue regeneration.

Although some potential cytotoxicity occurs with some polymers or metallic ions, 
there is some research using polymer-based bioactive ceramic composites combined 
with metals to improve the mechanical and bioactive properties for biomaterials. 



104 Nanocomposites for Musculoskeletal Tissue Regeneration

High-density polyethylene (HDPE)–hydroxyapatite (HA)–aluminum oxide (Al2O3) 
composite-based implant materials showed great biocompatibility for orthopedic 
applications, especially for bone replacement (Tripathi et al., 2013) (Table 4.1).

4.4   Biocompatibility and toxicity  
for musculoskeletal tissue

Now that different nanocomposite systems have been discussed, we will cover their 
specific applications in musculoskeletal tissue. According to different musculoskeletal 
tissue and different mechanical properties (Fig. 4.4), the applications of the nanocom-
posites vary widely. The toxicity and biocompatibility of nanocomposites can, thus, 
lead to different effects in different muscoskeletal tissues as will be discussed.

4.4.1   Skeletal tissue

The skeletal system provides the shape and form to human bodies and also supports 
and protects body movement, produces blood, and stores minerals. As mentioned, nat-
ural bone tissue possesses a nanocomposite structure that provides appropriate phys-
ical and biological properties. Thus, for bone tissue regeneration, it is important to 
mimic this unique structure for proper bone tissue regeneration. Because no one single 
material can mimic the structure or function of natural bone, nanocomposites are an 
optimal choice for skeletal tissue regeneration. For bone fracture repair, there are usu-
ally two types of treatment: external and internal fixation (Avérous and Pollet, 2012). 
External fixation keeps bone fragments aligned by an outside-of-the-body fixation 
system (Scholz et al., 2011). Internal fixation uses implants to hold bone fragments 
in place inside the body. A variety of polymer composites are available for internal 
fixation. The biodegradable polymer composites, such as poly(l-lactic acid) (PLLA), 
poly(glycolic acid) (PGA), or their copolymers, and poly(l-lactic-co-glycolic acid) 
(PLGA) have readily been approved for human clinical use (Mano, 2004). How-
ever, the selection of matrix polymers must be careful, because some polymers show 
toxic or extensive inflammatory reactions with human tissues. It is difficult to retain 
good mechanical properties and at the same time achieve bioactive degradation at an 
acceptable rate (Fujihara et al., 2004). A biologically inert thermoplastic polymer, 
poly-ether-ether-ketone (PEEK), a common spinal implant material which possesses 
mechanical resistance even under extreme body forces, has been studied in recent 
years (Fujihar et al., 2004). However, in general, the fabrication of high mechanical 
strength and good fatigue resistance in pure polymers is a challenge compared to 
metallic materials (Fujihara et al., 2004).

For skeletal defects, defects can be filled with autologous tissue or with bioma-
terials, which stay in place or are absorbed over time (Egli and Luginbuehl, 2012). 
Researchers expect nanocomposites to mimic the nanodimensional natural structure 
of tissues and generate the micro- and nanoenvironment which can induce related 
cells to form a competent tissue (Engler et al., 2006). Natural bone mainly consists 
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Table 4.1 Musculoskeletal applications of various biomaterials

Biomaterial Applications References

Biopolymers

PLLA Poly(l-lactic acid) Bone Kumbar et al. (2008)
PLGA Poly(lactic acid-co-glycolic acid) Bone Cartilage Vallet-Regi et al. (2007)
PGA Poly(glycolic acid) Bone Tendon, ligament Cartilage Sahoo et al. (2006)
PCL Poly(ε-caprolactone) Bone Muscle Cartilage Gogolewski et al. (1993)

Singh et al. (2014)
PPF Poly(propylene fumarate) Orthopedic Liu et al. (2010)
PLA Poly(lactic acid) Bone Tendon, ligament Cartilage Sahoo et al. (2006)

Yang et al. (2013)
PEEK Poly ether ether ketone Bone Fujibayashi et al. (2004)
PMMA Poly(methyl methacrylate) Bone Fujibayashi et al. (2004)
PLAGA Poly(lactide-co-glycolide) Muscle Ligament Gogolewski et al. (1993) and 

Sankar et al. (2013)

Bioceramics

nano HA Hydroxyapatite Bone Cartilage Jabbari (2009) and Jie et al. (2007)
CaP Calcium phosphates Bone Suchy et al. (2011) and Marmotti 

et al. (2013)

Metal nanoparticles-base nanocomposites

Ag Silver Bone Park et al. (2005)
ZnO Zinc oxide Bone Liu et al. (2015)
MgO Magnesium oxide Bone Cartilage Weng and Webster (2012)
TiO2 Titanium dioxide Bone Liu et al. (2015)
Al2O3 Aluminum oxide Bone Casati and Vedani (2014)
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Figure 4.4 Comparison of (a) stiffness, (b) strength, and (c) fracture toughness for metals, 
technical ceramics, composites, and fiber-reinforced plastics with respect to those of bone. CF, 
carbon fiber; GF, glass fiber; PA12, polyamide12; PC, polycarbonate; PE, polyethylene; PEEK, 
poly ether ether ketone; PLGA, poly(l-lactic-co-glycolic acid); PLLA, poly(l-lactic acid); PP, 
polypropylene; PSU, polysulfone; PTFE, polytetrafluoroethylene; PUR, polyurethane.
Scholz, M.S., Blanchfield, J.P., Bloom, L.D., Coburn, B.H., Elkington, M., Fuller, J.D., 
Gilbert, M.E., Muflahi, S.A., Pernice, M.F., Rae, S.I., Trevarthen, J.A., White, S.C. Weaver 
P.M., Bond, I.P., 2011. The use of composite materials in modern orthopaedic medicine and 
prosthetic devices: a review. Composites Science and Technology 71, 1791–1803.
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of collagen fibrils mineralized by HA-like calcium phosphate phases. Calcium 
phosphate phases have been integrated in nanocomposites and investigated with 
osteoclasts (bone-resorbing cells) and osteoblasts (Heinemann et al., 2013). Extra-
cellular calcium ion concentrations also have an effect on osteoclast dysfunction 
and is responsible for the ratio between osteoblasts and osteoclasts within a bone 
multicellular unit (Negishi-Koga and Takayanagi, 2009; Sakai et al., 2010). Calcium 
phosphates have been used as bioactive materials since the early 20th century to treat 
bone defects (Egli and Luginbuehl, 2012). Hydroxyapatite (HA)- containing poly-
mers have been proposed for improving the biological properties of bone cements as 
well. To improve the mechanical properties of these ceramic matrices, a good disper-
sion of carbon nanotubes in the matrix can be used. Ceramic nanocomposites rein-
forced with carbon nanotubes improve mechanical properties (Uemura et al., 2003). 
Although ceramics have good biocompatibility properties for orthopedic applica-
tions, the second phase (such as the carbon nanotubes) may cause toxicity concerns 
which need to be carefully monitored (Liu et al., 2007). The improper incorporation 
of carbon nanotubes (intratracheal installation of 0.5 mg of carbon nanotubes into 
mice can induce alveolar macrophage activation) may lead to immunotoxicity and 
cause some harmful effects such as inflammatory and fibrotic reactions, which will 
not be good for musculoskeletal structure and tissue regeneration (Yu et al., 2008). 
Under certain conditions, carbon nanotubes can even enter human cells and accu-
mulate causing cell death (Porter et al., 2007). There have been studies showing 
that carbon nanotubes can pose a serious risk to humans especially under chronic 
exposure conditions (Poland et al., 2008; Lam et al., 2006; Mata et al., 2014). On the 
other hand, there have been reports of using carbon nanotubes to strengthen calcium 
phosphate (CaP) ceramics showing that hot-pressed carbon nanotubes possess no 
acute toxicity in a human osteoblastic cell line (Alothman et al., 2013; Mata et al., 
2014). Poly(methyl methacrylate) (PMMA) has long been used to secure orthope-
dic implants to skeletal bone. Studies have proved the PMMA nanofibrous scaffolds 
combined with HA nanoparticles enhances the biological functions of osteoblasts 
(Xing et al., 2013) (Fig. 4.5).

Although there is a wealth of knowledge and data concerning how nanocomposites 
can improve bone growth, there are some cautions to note. When separating from the 
composites, nanoparticles can lead to a sustained, uninterrupted activation of mono-
cyte cells and, thus, lead to chronic inflammation and even tumor formation through 
the persistent release of inflammatory cytokines, such as Interleukin (IL)1 and IL12. 
These inflammatory cytokines will lead to tissue degradation and bone loss. Moreover, 
nanomaterials in musculoskeletal applications may also be absorbed by the lymphatic 
system and transported to the lymph nodes and organs (Urban et al., 2000). To be 
accepted as a comprehensive alternative to natural bone, synthetic bone-graft substi-
tutes need to meet a number of requirements, including providing mechanical support 
(such as incorporating 15% magnetic nanoparticles in PCL and increasing the scaf-
folds’ tensile strength to 26.2 MPa, yield strength to 15 MPa, and stiffness to 86.7 MPa 
(Singh et al., 2014)), and bioactivity in terms of osteoinductivity, which is the ability 
to induct undifferentiated inducible-osteoprogenitor cells to form osteogenic lineage 
osteoprogenitor cells. Osteoinductivity is essential for the successful healing of large 
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critically sized bone defects (Danoux et al., 2014). A number of nanomaterials have 
shown osteoinductive potential, such as polymers, metals, and biomaterials with cal-
cium phosphate (CaP) ceramics (Winter and Simpson, 1969; Fujibayashi et al., 2004).

A number of studies have addressed the use of composites with CaP which have 
shown strong osteoinductive potential, and their intrinsic brittleness could be over-
come by various combinations of polymers (Tanner, 2010). In vivo, however, poly-
mers still generally cause an inflammatory response. A thin dense fibrous capsule is 
commonly observed around polymer composite materials, suggesting a mild tissue 
response (Danoux et al., 2014; Gogolewski et al., 1993). Another problem with poly-
meric materials is wear debris. When implanting into articulating surfaces, polymeric 
wear debris is constantly generated, which is recognized as a major initiating event in 
the development of the periprosthetic osteolysis and aseptic loosening. Without other 
reinforcement, the poor mechanical properties of a polymeric material will increase 
the risk of osteolysis (Tripathi et al., 2013). Ceramic content in polymer composites 
can also induce cytotoxicity properties at a high-volume concentration (more than 
15 vol.% of additives), such as hydroxyapatite (HA), and tricalcium phosphate (TCP) 
(Suchy et al., 2011).

Nanocomposites also can be used as scaffolds for drug delivery for bone regen-
eration. The scaffold should be biocompatible with osteoconductive properties and 
allow cells to attach, proliferate, and form an ECM. Drug delivery systems have been 
developed to be both biodegradable and osteoconductive (such as degradable poly-
mers and calcium phosphate compounds) (Liu et al., 2010; Cunniffe et al., 2010). 
Many materials such as polyurethane, poly (d,l-lactic acid), collagen, and HA can be 
synthesized to form scaffolds for drug delivery (Liu et al., 2010; Cunniffe et al., 2010). 
Bone growth factors or related proteins such as basic fibroblast growth factor (bFGF), 
recombinant human bone morphogenetic protein-2 (rhBMP2), platelet-derived growth 
factor (PDGF), and osteonectin can be decorated in the scaffold to improve bone 
regeneration by release from scaffolds (Jabbari, 2009; Liao et al., 2009). There have 

Figure 4.5 Photographs of histological analysis of polyamide (PA) and nHA/PA composite 
bone implantation, (a) fibrous capsule (arrow) around PA implant, (b) composite directly 
combined with bone, bar = 200 μm.
Jie, W., Hua, H., Lan, W., Yi, H., Yubao, L., 2007. Preliminary investigation of bioactivity of 
nano biocomposite. Journal of Materials Science. Materials in Medicine 18, 529–533.
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been clinical applications of rhBMP2/ absorbable collagen sponge (ACS) in craniofa-
cial tissue, and it was demonstrated that rhBMP2 was associated with adverse events,  
such as local swelling, and in preclinical evaluations, sarcoma formation. The  
frequency and severity of adverse events increase with greater rhBMP2 doses (Wikesjo 
et al., 2007, 2008).

Controlled drug release systems can overcome the disadvantage of traditional drug 
dosage forms, offer more effective methods to optimize drug dosage, and deliver drugs 
to specific sites, or prolong drug delivery duration—and nanomaterials can help in 
these controlled drug release systems by increasing surface area for loading and/or 
creating localized drug release even inside cells (Watari et al., 2009). However, direct 
encapsulation of drugs in scaffolds does not provide a means to control the relative 
release rates of multiple molecules or biologic agents for sequential delivery. More 
studies are needed for controlling the rate of drug release (Liu et al., 2010). The high 
surface area and pore volume of nanoscaffolds are two factors for control of the drug 
release. So long as the pore size allows the drug to get into the matrix, the higher the 
surface area, the higher the amount of drug adsorbed. The final drug content can be 
very sensitive to the surface area (Masami Okamoto and John, 2013). Moreover, the 
functionalized surface of nanoscaffolds can be used in a drug release control system 
and develop increased drug surface interaction nanocomposites.

Nanosized composites increase specific surface area, which is one of the aspects 
that affect biocompatibility. Nanoparticle dissolution and corrosion are important fac-
tors for biocompatibility, which are related to the specific surface area. For example, 
HA–collagen composite coatings can lead to the failure of a dental or bone implant. 
Apatite dust produced by dropout exfoliation delamination or abrasion can cause 
inflammation and the resorption of new bone and the coating of apatite. Another typ-
ical serious case of apatite dust is osteolysis which is caused by the inflammation 
induced by abraded particles (Watari et al., 2009).

On the other hand, nanoparticles less than 10 μm can pass through the bronchial 
epithelial cell. Then, there is the possibility that the uptake of nanoparticles occurs 
through the respiratory system and the digestive system. The nanoparticles can 
induce phagocytosis in cells and inflammation in tissue in vivo, which leads to 
chronic inflammation (Watari et al., 2009).

Thus, although skeletal tissue has been studied for many years, complex materials 
to regenerate the interactions between tissues and nanocomposites still remain to be 
discovered.

4.4.2   Muscular tissue

Skeletal muscle can repair by itself, except to restore significant tissue loss, such as 
the consequence of trauma, congenital defect, tumor ablation, or denervation (Rossi 
et al., 2010). Skeletal muscle tissues are primarily attached to bones and provide 
for movement of the skeleton. Tissue engineering is an approach which can mimic 
organogenesis using cell biology and biomaterials to generate functional muscle tis-
sues by imitating neo-organogenesis from mononucleated stem cells to differentiated 
myofibers (Stern-Straeter et al., 2007). A variety of biomaterials, such as alginate, 
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collagen, hyaluronan, hydroxyapatite, and polyethylene glycol are being explored as 
scaffolds for muscular tissue regeneration. One approach is using fabricated artificial 
muscle tissue to reimplant the myogenic cell line (Watari et al., 2009). Thus, an ideal 
orthopedic muscle biomaterial should provide an optimal surface for cell prolifera-
tion and differentiation to enhance tissue neogenesis. It also should be biocompati-
ble, bioresorbable, and nonimmunogenic with a high affinity to biological surfaces 
(Rossi et al., 2010).

In vitro tissue engineering a three-dimensional (3D)-differentiated functional mus-
cle tissue was cultured following a process in a controlled environment (Fig. 4.6). 
In vivo, the process is shown in Fig. 4.6. The tissue engineering for soft tissue usually 
demands a scaffold to provide a temporary artificial matrix for cell seeding. The scaf-
folds should exhibit high porosity, proper pore size, biocompatibility, biodegradabil-
ity, and proper degradation rate (Sankar et al., 2013). Biopolymer nanocomposites 
have become the focus for orthopedic muscle regeneration because they can provide 
the biologically inspired 3D structure for cell seeding. Several polymers such as 
polyurethane and collagen nanofibers can be used for maintaining the biological and 
structural integrity of various tissues and organs, such as a PGA fiber seeded with 
myoblasts, gelatin, and fibronectin-coated electrospun PLLA can be used as muscle 
tissue grafts (Kumbar et al., 2008; Sahoo et al., 2006).

Mature skeletal muscle tissue is composed of multinucleated, postmitotic fibers that 
cannot be regenerated. Locally, quiescent populations of myogenic progenitors exist 
that will fuse with existing or damaged myotubes to form new ones. In major injuries in 
which the muscle structure is irreversibly compromised, engineered-muscle constructs 
may overcome problems of muscle transfers and provide a successful replacement 
device for muscle regeneration (Kumbar et al., 2008). Electrospun-nanofiber scaffolds 
show morphological similarities to the natural ECM, characterized by ultrafine contin-
uous fibers, high surface-to-volume ratio, high porosity, and variable pore-size distribu-
tion, which can be used in the regeneration of skeletal muscle with improved mechanical 
properties (such as poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)). PHBV 
nanofiber matrices with a specific surface area of 140 m2/g, and 70% porosity showed 
a Young’s modulus of 350  ±  30 MPa, a tensile strength of 8.6 ± 0.8 MPa, and an elon-
gation at break of 19.5  ±  1.5 mm (Kumbar et al., 2008). An in vitro study showed that 
multipotent cells are able to start a transdifferentiation process toward very soft tissues 
according to the elasticity of tissue ECMs, with an intermediate stiffness (∼10 kPa). 
causing stem cells to differentiate toward muscle. Biopolymers presently used in tis-
sue engineering are extremely stiff. Thus, the engineering of soft-tissue replacements 
needs to be explored by creating biopolymers softer than those presently available today 
(Masami Okamoto, and John, 2013).

4.4.2.1   Tendons

Tendons and ligaments have similar patterns with fibers, which are oriented parallel 
to the stress axis and consist of collagen type III embedded in a proteoglycan matrix. 
The tensile strength of tendon is about 50–150 MPa, and the elastic modulus is about 
1200–1800 MPa. Tendons and ligaments have some plasticity to adapt to changing 
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Figure 4.6 (a) The in vitro tissue engineering concept. The in vitro approach to skeletal 
muscle tissue engineering attempts to create 3D-differentiated, functional muscle tissue with 
the use of an ECM or by cocultivation of myoblasts and fibroblasts in vitro by extracting stem 
cells from, eg, muscle biopsies, followed by their expansion and differentiation in a controlled 
environment. (b) The in vivo tissue engineering concept. The in vivo tissue engineering 
approach aims to reconstruct functional tissue through the cultivation and expansion of satellite 
cells in vitro followed by reimplantation using a transport matrix, which allows subsequent 
differentiation of cells in vivo.
Milman, N., Pedersen, P., Steig, T., Melsen, G.V., 2003. Frequencies of the hereditary hemo-
chromatosis allele in different populations. Comparison of previous phenotypic methods and 
novel genotypic methods. International Journal of Hematology 77, 48–54.
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Figure 4.6 Continued.

stresses and for regeneration (Egli and Luginbuehl, 2012). Tendon injuries are the 
most common body trauma in the young and physically active population. The com-
bination of tendon prostheses with an autologous cell can generate a tendon tissue and 
provide an approach to current tendon injury problems. Using a biodegradable scaf-
fold, which will functionally support and provide stimuli to the regenerating tissue, 
is a novel approach (Kumbar et al., 2008). For example, the poly lactide coglycolide 
polymer (PLAGA) was used to fabricate nanofibrous scaffolds for tendon regener-
ation (Huang et al., 2006). However, fabricating polymer nanofibers utilizes fluori-
nated and toxic organic solvents to dissolve polymers. The toxic solvents may affect 
the structural conformation of biopolymers and proteins and result in cytotoxicity for 
muscle or tendon regeneration.
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4.4.3   Cartilage

Cartilage is a thin dense connective tissue in joints. Thus, the articular cartilage may 
be considered a soft tissue composed primarily of an ECM with a population of chon-
drocytes distributed throughout the tissue (Gloria et al., 2010). Cartilage injuries are 
commonly found in orthopedic surgery, and spontaneous healing of osteochondral 
lesions leads to the formation of fibrocartilage, a type of functional repair tissue that 
has different biochemical composition and inferior biomechanical properties from 
those of hyaline articular cartilage (Marmotti et al., 2013). In cartilage regeneration, 
chondrocytes are isolated from a cartilage biopsy and then expanded in convention-
ally cultured monolayers. Cells can be seeded in woven nanocomposites for scaffolds 
for functional tissue engineering of cartilage. The biocompatible materials should be 
shown to be conductive to chondrogenesis, such as PGA and agarose or PGA and 
fibrin (Moutos et al., 2007). Biodegradable polymers such as PLA, PGA, PLGA 
(poly(lactic-co-glycolic acid)), PCL, and PLCL are the major materials applied for 
cartilage regeneration (Alves da Silva et al., 2010). PLGA has been combined with 
calcium sulfate commercially as a biphasic implant that encourages the growth of 
cartilage and bone (Williams and Gamradt, 2008). Biomimetic rosette nanotubes were 
also used for the regeneration of cartilage; these nanotubes are obtained through an 
entropically driven self-assembly process of low-molecular-weight synthetic modules 
under physiological conditions (Sun and Webster, 2013).

Zhu et al. (2014) reported that NaOH-treated PLGA scaffolds possess created 
nano surface structures and have significant influence over initial protein inter-
actions that mediate subsequent cell responses (Fig. 4.7). However, NaOH treat-
ment could induce potential harmful chemical changes and alter the properties of 
PLGA (Park et al., 2005). On the other hand, NaOH-treated PLGA scaffolds may 
induce stem-cell differentiation into unnecessary cells, which in turn may lead to 
a relative decrease in the number of chondrocyte-like cells needed for cartilage 
regeneration (Park et al., 2005). Although the nanocomposites have great bio-
compatibility, another drawback is possible de-differentiation of the chondrocytes 
into fibroblast-like cells using some natural polymers (Frenkel and Di Cesare, 
2004). Kon et al. reported a type I collagen–hydroxyapatite nanostructured bio-
mimetic osteochondral nanocomposite for osteochondral regeneration, which has 
been introduced into clinical practice. However, there still have been some slower 
recovery cases and the subchondral lamina and bone were considered intact in a 
minority of cases (Kon et al., 2011). The Young’s modulus of cartilage is in the 
range of 0.45 to 0.80 MPa, and, of course, it would be better to make nanocom-
posites with a similar mechanical value to cartilage. Thus, the engineered repair of 
cartilaginous tissues still has a way to go.

4.4.4   Ligaments

Ligaments are dense connective tissues constituted by a protein phase (collagen 
and elastin) and a polysaccharide phase (proteoglycans). The elastic modulus of 
ligament is about 150–355 MPa, and the tensile strength is less than 50 MPa. Their 
mechanical properties are determined by the relative amount of the two phases as 
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well as geometrical factors, conformation, and orientation of the individual con-
stituents. Ligaments show a hierarchical structure characterized by different levels 
of organization, including collagen molecules, fibrils, fibril bundles, and fascicles. 
In recent years, artificial prostheses were used to repair or replace damaged liga-
ments in ligament injuries. Benefiting from nanocomposite material science and 
technology, poly (2-hydroxyethyl methacrylate)-based hydrogels reinforced with 
poly (ethylene terephthalate) (PET) fibers and PLGA scaffolds characterized by a 
fibrous hierarchical structure were proposed as high-performance ligament pros-
theses. Nanotechnology based on 3D fibrous hierarchical designs, utilizing novel 
braiding techniques which permit the controlled fabrication of substrates with a 
desired pore diameter, porosity, mechanical properties, and geometry were used to 
design a scaffold that provided the newly regenerating tissue a temporary site for 
cell attachment, proliferation, and mechanical stability. This method produces scaf-
folds for ligament regeneration and showed a positive result (Ambrosio et al., 1998; 

Figure 4.7 SEM images of (b, d) NaOH-treated and (a, c) nontreated PLGA scaffolds. 
Increased surface roughness was evident on NaOH-treated compared to nontreated PLGA. 
Top pictures are at a lower magnification, and the bottom pictures are at a higher magnification. 
Bar = 10 mm.
Park, G.E., Pattison, M.A., Park, K., Webster, T.J., 2005. Accelerated chondrocyte functions 
on NaOH-treated PLGA scaffolds. Biomaterials 26, 3075–3082.
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Cooper et al., 2005). The polymer content in nanocomposites may also lead to some 
cytotoxicity. The specific polymers’ degradation products reduce local pH, which 
in turn induces an inflammatory reaction. Moreover, the rapid drop of pH in vivo 
may accelerate the polymer’s degradation rate, which would not be good for tissue 
regeneration (Liu et al., 2006), such as PLGA, which can be used for ligaments and 
can also have this adverse effect.

4.5   Conclusions and future perspectives

Nanocomposites in orthopedic tissue engineering mimic the complex nanoarchi-
tecture of natural bone, muscle, cartilage, and tendon tissue, providing a novel and 
practical approach to tissue regeneration. All ceramic, polymer, and metallic matrix 
nanocomposites offer a wide range of properties with different chemical and mechan-
ical features; they also exhibit indispensable bioactivity. There is a great potential to 
improve current biomaterials and nanocomposite scaffolds for musculoskeletal tissue 
regeneration. However, the variety of different chemical elements and structures of 
nanocomposites make it difficult to predict unknown outcomes of exposure to muscu-
loskeletal tissue. More research is clearly needed to fully understand favorable nano-
composite chemistries for musculoskeletal tissue.

When using nanomaterials in medical applications, their biocompatibility and per-
formance are improved over conventional or microstructured materials; however, some 
caution must be taken. Disadvantages of nanocomposites for tissue engineering still 
exist, such as component stability, long-term stability, and service, structural integrity, 
mechanical and corrosion properties, and uncertain cytotoxicity (Sahoo et al., 2013). 
Therefore, the future design of nanocomposites for musculoskeletal tissue regenera-
tion should focus on biocompatibility, mechanical properties, and biostability. Future 
research, from the biological side, needs to focus on the complex interaction between 
such materials. To predict the biological outcome, each combination of nanocom-
posite should be measured separately and determined with cell culture and in vivo 
approaches. Furthermore, it is essential that for manufacturing, well-defined stan-
dardized reference materials with test protocols are included (Egli and Luginbuehl, 
2012). From the engineering side, all the biological, mechanical, and chemical prop-
erties should be stable over long periods and resorbability carefully controlled. More 
research is needed to optimize the composition, structure, and different properties of 
the various components in nanocomposites. More importantly, different musculoskel-
etal tissue should be applied with a different set of governing rules with fitted nano-
composites using mathematical models. Based on systems biology and a networking 
science point of view, using a more efficient method to design nanocomposites for 
tissue regeneration and applying it to clinical and surgical settings is necessary (Yang 
et al., 2013). Finally, establishing the test procedures to ensure the safe manufacturing 
and use of nanomaterials is urgently required and achievable. Because nanomaterials 
vary with respect to composition, size, shape, surface chemistry, and crystal struc-
ture, it is not appropriate to establish general safety regulations for all nanomaterials 
(Ignatius et al., 2001). A great number of novel nanocomposites have been reported 
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which show potential for the development of nanocomposites with advanced prop-
erties. Thus, to achieve the full potential of nanocomposites with great biocompat-
ibility properties for all of musculoskeletal tissue regeneration, more sophisticated 
techniques and designs are needed; however, nanomaterials may be the answer.
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5.1   Introduction

This chapter intends to provide an overview of the use of polymer composites applied 
to tissue engineering and regenerative medicine, focused on bone and cartilage. It 
will describe the constituents and arrangement of the natural extracellular matrix of 
bone and cartilage and the structure requirements to attain the demands of functional 
tissues. It will state evidences that polymer composites are the appropriate answer to 
substitute and restore damaged native tissues, from the more established solutions to 
the most advanced (Fig. 5.1).

Each section will express in detail features that can impart advanced properties 
to the polymer composites, with methods of surface modification, the central role of 
composites as sustained and controlled release systems (of drugs and other bioactive 
agents), and a part that reports on nanocomposites. The chapter concludes with gen-
eral remarks and an insight of the likely future trends concerning the use of polymer 
composites for bone and cartilage tissue engineering.

5.2   The natural extracellular matrix

The extracellular matrix (ECM) of human tissues is a dynamic and  hierarchically 
 organized structure composed of water, proteins and polysaccharides (such as 
the glycosaminoglycans (GAGs): hyaluronic acid, dermatan sulfate, chondroitin  
sulfate, heparin, heparan sulfate and keratan sulfate), proteins (such as collagen, 
elastin, fibronectin and laminin) and proteoglycans (including aggrecan, brevican, 
decorin, keratocan, lumican, neurocan, perlecan, syndecans and versican) synthesized 
by the adjacent cells (Alberts et al., 2002; Bosman and Stamenkovic, 2003; Frantz 
et al., 2010; Rosso et al., 2004). In this complex structure, the collagen fibers provide 
strength to the tissue and, more importantly, have many cell-adhesive peptide moieties 
intended to allow for cellular anchoring. This hydrated gel composed of  proteoglycans 
and other proteins fills the extracellular space, creating an appropriate microenvi-
ronment for ensuring the tissue maintenance and remodeling by cells in response 
to appropriate stimuli, while allowing for the diffusion of nutrients, metabolites and 
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signaling molecules (Gentili and Cancedda, 2009). These components interact to form 
an interconnected nano- or micro-ranged fibrous network bound to the membranes 
of cells. Indeed, tissue ECMs act as a scaffold to support and hold cells together, to 
control their structure and to regulate cellular functions like adhesion, migration, pro-
liferation, differentiation and ultimately tissue morphogenesis (Zagris, 2001, Rosso 
et al., 2004). The ECM also serves as a storage depot and a controlled release system 
for growth factors and signaling molecules.

The ECM interacts with the adjacent cells both mechanically and chemically, remod-
eling the architecture of the tissues. The structure of different collagen types within the 
ECM determines its function as a structural element of the connective  tissues (Alberts 
et al., 2002; Frantz et al., 2010). Tendon ECM, for example, is composed of parallel and 
aligned collagen fibrils, whereas those found on the skin are mesh-like. In most connec-
tive tissues, the matrix macromolecules are secreted by fibroblastic cells into the extra-
cellular space. In specialized types of connective tissues, such as cartilage and bone, 
cells of the fibroblast family (chondrocytes and osteoblasts, respectively) are responsible 
for ECM deposition. The matrix either becomes calcified into the hard and tough struc-
tures of bone and teeth, or can form the transparent matrix of cornea. ECM can also 
adopt the cord-like organization that gives tendons their tensile strength and elasticity.

Compiling all this information, it is reasonable to conclude that no single material 
(natural or synthetic) is able to mimic the composition, structure and functionality of 
natural ECM.

5.2.1   Bone extracellular matrix

Generally, the living bone in the human musculoskeletal system is composed of  
10% to 20% collagen, 60% to 70% bone mineral, and 9% to 20% water, by weight 
(Gentili and Cancedda, 2009; Wu et al., 2014). In addition, other organic materials, 
such as proteins, polysaccharides and lipids, are also included in small quantities. 
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Collagen fibers are the main component forming the lamella on the micro level  
(Fig. 5.2(f)). The diameter of these fibers varies from 100 to 2000 nm, consisting of 
carefully arranged arrays of tropocollagen molecules that are composed of three left-
handed helixes of peptides, which are long, rigid molecules (300 nm long, 1.5 nm 
wide). Bone mostly contains type-I collagen and small amounts of type-V collagen, the 
molecules of which are organized into collagen fibrils, which are formed by the assem-
bly of tropocollagen molecules in a 3/4 stagger with a parallel array along the fibrils 
(Hing, 2004). The basic composition of the bone mineral component can be approxi-
mately defined as hydroxyapatite (HAp) with the chemical formula Ca10(PO4)6(OH)2. 
HAp has a Ca:P ratio of 1.67 (5:3); however, the Ca:P ratio in bone minerals actu-
ally varies between 1.37 and 1.87, indicating that these varied compositions of bone 
 minerals may  contain other additional ions, such as strontium, zinc and carbonate 
(Hing, 2004). These HAp crystals, which appear in the form of plates or needles, are 
about 40–60 nm long, 20 nm wide, and 1.5–5 nm thick. The mineral phase in bone 
is made of a continuous phase of HAp crystals, rather than a discrete aggregation. 
Indeed, it has been proven that bones retain a good mechanical strength after a com-
plete removal of the organic phase.

5.2.2   Cartilage extracellular matrix

Cartilage is a type of collagen-based connective tissue composed of very large 
 protein–polysaccharide molecules, providing a tough and flexible matrix made of 
entangled collagen fibers, protein, and sugar (Gentili and Cancedda, 2009). Aggre-
can and type II collagen are the most abundant proteins found within the ECM of 
articular  cartilage. They are linked together by a number of collagen-binding pro-
teins including cartilage oligomeric matrix protein (COMP), chondroadherin and 
other minor  collagens on their surface. Aggrecan is a large aggregating proteogly-
can, composed of hyaluronan (HA) and link protein (LP), and responsible for the 
osmotic properties of cartilage, enabling resistance to compressive loads and reten-
tion of water. Cartilage also contains a variety of small leucine-rich repeat proteo-
glycans (SLRPs) as decorin,  biglycan, fibromodulin and lumican in which they help 
maintain the integrity of the tissue and modulate its metabolism (Goldring, 2006; 
Hunziker et al., 2002).

Articular cartilage is composed of four distinct regions differing in their  collagen 
fibril orientation (Fig. 5.2(b)): (a) the superficial or tangential zone (ca. 200 μm), 
(b) the middle or transitional zone, (c) the deep or radial zone and (d) the calcified 
 cartilage zone (Eyre, 2002; Poole et al., 2001). The superficial zone is composed 
of thin collagen fibrils in tangential array mostly parallel to the surface with a high 
 concentration of decorin and lubricin and a low concentration of aggrecan. The middle 
zone is composed by thicker collagen fibrils more randomly organized. The deep zone 
is composed by thicker collagen bundles arranged in a radial fashion and orthogonal 
to the surface. The calcified cartilage zone is located above the subchondral bone and 
the tidemark that persists after growth plate closure is composed of matrix vesicles, 
vascularization and innervations irradiating from the subchondral bone. The predom-
inant collagen type in the ECM of the calcified zone is type X as in the hypertrophic 
zone of the growth plate.
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5.3   The requirements of structures for tissue  
engineering

Natural extracellular matrices (ECMs) have been isolated and extracted from various 
tissues, such as small-intestine submucosa, skin (from cadavers), pancreas and breast 
(Badylak, 2007). Although these purified ECMs certainly have useful applications, their 
use is limited in scope owing to the need for well-defined microenvironments in tissue 
regeneration and stem-cell transplantation, in which animal by-products and contaminants  
must be limited. Moreover, it has been demonstrated that, besides the spatial framework, 
tissue-specific ECM cues, namely the constituents and their structural organization, are 

Figure 5.2 Hierarchical organization of cartilage and bone over different length scales.  
(a) Articular cartilage forms a wear-resistant, load-bearing surface that covers bone in 
 diarthrodial joints. It is organized into (b) distinct zones in which (c) the organization of the 
collagen structures varies between zones. (d) Resident chondrocytes are encased in  pericellular 
regions, which are surrounded by well-defined matrix nanoarchitecture of (e) aggrecan/hyal-
uronic acid superaggregates and macrofibrillar collagen networks. Bone  mineralizes to form 
a calcified outer compact layer, which comprises (f) many cylindrical Haversian systems or 
osteons. (g) The osteocytes within these systems are surrounded by the well-defined nanoar-
chitecture of the (h) extracellular matrix—a dense network of aligned collagen I fibers, which 
provide templates for the self-assembly of hydroxyapatite crystals.
Adapted with permission from Mwenifumbo, S., Shaffer, M.S., Stevens, M.M., 2007. Exploring 
cellular behaviour with multi-walled carbon nanotube constructs. Journal of Materials Chemistry 
17, 1894–1902.
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decisive factors of their final properties (Muiznieks and Keeley, 2013). Furthermore, it is 
well established that ECM is dynamic and has an instructive role in building a tissue and 
in its regeneration after trauma or disease (Muiznieks and Keeley, 2013).

Rarely one material provides all the requirements for a given biomedical application 
and, in regard to biomaterial/scaffold for tissue engineering of bone and cartilage, this 
statement is even more accurate. Nevertheless, a set of requirements must be fulfilled, 
namely adequate mechanical behavior, suitable morphology, and structural/functional 
properties (Marimuthu and Kim, 2009).

A key requisite of a biomaterial is biocompatibility. Initially, this term was applied 
to implantable devices that was supposed to remain long periods within an individual, 
being, at the time, obvious to select the least chemically reactive material to avoid 
adverse reactions from the body. The term biocompatibility was initially a synonym 
of nontoxic and nonimmunogenic. The concept that materials should elicit some level 
of response from tissues, along with issues related to possible products of biodegrad-
ability, led biocompatibility to be termed as “the ability to perform with an appropriate 
host response in a specific situation.” More recently, it is stated as “the ability of a 
biomaterial to perform its desired function with respect to a medical therapy, without 
eliciting any undesirable local or systemic effects in the recipient or beneficiary of that 
therapy, but generating the most appropriate beneficial cellular or tissue response in 
that specific situation, and optimizing the clinically relevant performance of that ther-
apy” (Williams, 2008). This overarching definition almost compelled the extensive 
use of composite materials, because no material alone could fulfill all the parameters.

The mechanical performance is an essential requirement for any biomedical appli-
cation. Two features must be considered: the bulk properties should be compatible 
with, as much as possible, the host mechanical ones, and a proper interface should 
transfer load from the scaffold to the native tissue. Values of modulus and tensile/
compressive strength of the materials determine the final mechanical properties of 
the scaffolds. The analysis of Fig. 5.3 demonstrates the range of tensile modulus and 
strength values of biological materials (Mano et al., 2004), and that neither polymers 
alone, nor ceramics/metals by themselves, provide the necessary array of properties.

Scaffolds are often porous three-dimensional (3D) structures made of degradable 
materials. The quantity of pores, their size and distribution, along with their inter-
connectivity, are crucial aspects to provide the environment for bone regeneration. 
The balance between mechanical support and interconnected porosity is difficult to 
achieve. The processing methods to obtain scaffolds and the later tune of properties 
should also be a concern. Once again, polymer composites are an excellent answer to 
these problems; but why? The next section will present arguments to this question.

5.4   Polymer composite structures for bone and  
cartilage tissue engineering

Composites are defined as multicomponent materials comprising multiple different phase 
domains in which at least one type of phase domain is a continuous phase; a polymer 
 composite is a composite in which at least one component is a polymer (Work et al., 2007).
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In nature, we can find complex composites with sometimes outstanding mechanical 
properties, taking into account the individual constituents from which they are built 
(Meyers et al., 2008; Neves, 2012). As known, polymers are macromolecules with long 
chains of repetitive monomers mainly composed by carbon atoms, and the variety of 
polymer matrices (thermoplastic, thermosetting, elastomers and their blends, natural 
and/or synthetic) as well as the range of processing methods, allow the fine-tuning of 
properties. The possibility to add fibers and particulates is advantageous by providing to 
the system added structural and functional properties not attainable by any of the con-
stituents alone. Combine the variety and processability of polymers with the hardness 
of ceramics, and the stiffness of metals, is not only desired but possible.

Composites can be classified by the form of reinforcement dispersed in the matrix; 
thus, according to this systematization, it is possible to have particulate composites 
(when at least one of the constituents is in the particle form), or fibrous composites 
(when at least one of the constituents is in the fiber form). These main categories are 
described hereinafter, as well as a third group of hybrid composites.

5.4.1   Particulate composites

The development of composites for bone-tissue engineering very often applies 
ceramic particles, an obvious option considering the composition of bone, as 
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Figure 5.3 Tensile strength versus modulus of materials with relevance for composite design 
when considering biomedical applications.
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mentioned previously. Particles of calcium phosphate (CaP) have been widely used 
(Mathieu et al., 2006; Wagoner Johnson and Herschler, 2011), precisely due to their 
resemblance to mineral bone. A range of compositions have been used with greater 
emphasis on hydroxyapatite, β-tricalcium phosphate and biphasic calcium phosphate, 
primarily as bone filler or as coating of implants. The industry still provides particles 
of calcium phosphates (mainly in the form of granules or pastes), but their single use 
shows reduced ability to repair complex tissues with demanding functionality.

Hydroxyapatite (Ca10(PO4)6(OH)2) is the major mineral component of human hard 
tissues, and both natural and synthetic origins have excellent biocompatibility with 
bones and teeth. A work reports the melt-compounding of HAp and chitosan (Ch) with 
several aliphatic polyesters, at several percentages, using a twin-screw extruder (Correlo 
et al., 2005). The characterization of blends revealed that the HAp addition decreased 
the crystallinity of the Ch/poly(butylene succinate) (PBS), whereas in the case of  
Ch/poly(caprolactone) (PCL) blends, the crystallinity increased. However, the addition 
of HAp decreased the tensile strength and elongation of the polyester/HAp composites, 
probably due to the weak adhesion between the particles and the matrix. On the other 
hand, the modulus had an increase in all composites. A more recent work also assessed 
the effects of HAp addition to biodegradable polymers before clinical translation  (Tayton 
et al., 2014). In this study, high-molecular-weight poly(lactic acid) (PLA) and high- 
molecular weight poly(lactic-co-glycolic acid) (PLGA) were selected, due to their good 
resistance to shear forces, and ability to support the survival and proliferation of skeletal 
stem cells. In a first stage, the addition of HAp aimed to enhance their biological and 
mechanical properties; after characterization, the best two performing compositions were 
selected subcutaneously in mice. All polymers had superior mechanical shear strength 
when compared with allografts, and excellent cell survival; micro-CT analysis revealed 
increased bone formation for the PLA/HAp composite and excellent neo-vessel forma-
tion, confirmed by histology. The authors stated that PLA/HAp showed both enhanced 
osteoinductive and osteogenic capacity, and for that reason this composite has been 
selected for scaled-up experimentation before clinical translation (Tayton et al., 2014).

Although bulk properties determine the mechanical and functional properties of 
scaffolds, the tissue–biomaterials interactions are surface phenomena and have a 
great influence on cell adhesion as well as on protein adsorption (Anselme, 2000). 
A study investigated the effect of the addition of chitosan (Ch) powder (that does not 
melt when processed by melt-based methods, maintaining its shape) to poly(butylene 
succinate) (PBS) and, in particular, its influence on the surface properties (Coutinho 
et al., 2012). The adsorption of human serum albumin and human plasma fibronectin 
onto the Ch/PBS surface was quantified, using tissue culture polystyrene (TCPS) as 
standard material. The study shows that the location of Ch near the surface promoted 
the adsorption of proteins, with a preferential adsorption of albumin over fibronec-
tin. The in vitro biological performance of these materials by direct contact assay 
with an osteoblastic-like cell line showed a synergistic effect; the synthetic polyester 
promoted the adhesion of the osteoblastic-like cell line, and the presence of chitosan 
significantly enhanced its osteoblastic activity.

The particle dispersion in the polymer matrices is probably the main problem to 
solve, and researchers are addressing it and proposing some strategies to overcome this 
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issue (Supová, 2009) by particle modification or biomimetic approaches.  However, 
the benefits of its inclusion overlap entirely those difficulties.

5.4.2   Fibrous composites

Traditional fibrous composites are composed of a continuous polymer matrix and, 
embedded in it, fibers as reinforcement components, typically for mechanical improve-
ment. Some studies with different types of reinforcement will be described next.

Thermoplastic composites composed of a poly(lactic acid) (PLA) matrix and rein-
forcing glass fibers (GF) were prepared (Bühler et al., 2008) to obtain mechanical 
resistance equivalent to natural bone. The processing steps included the winding of 
unidirectional forms made of mingled fibers, and subsequent supercritical gas foam-
ing. The foaming of composite forms containing mingled polymer and glass fibers 
were successfully obtained; the morphological analysis shows that GFs were embed-
ded into the polymer matrix, a result of the melting of the PLA fibers. Most of the GFs 
were integrated within the cell walls, in which reinforcement is most effective. In addi-
tion, as the reinforcing fibers were unidirectional and parallel to the foam expansion 
direction, the cellular composites were highly anisotropic. The fiber fraction ranged 
from 0 to 15 vol% and porosity from 50% to 92%; and with up to 1.5 GPa these cellu-
lar composites show a higher longitudinal compression modulus when compared with 
previously suggested foams made of bioresorbable materials (Bühler et al., 2008).

One of the most difficult challenges in tissue engineering is the vascularization of 
engineered constructs. A recent paper described the development of a scaffold that 
incorporated silk fibroin fibers into a salt-leached sponge made of poly(d,l-lactic acid) 
(PDLLA) (Stoppato et al., 2013). The addition of silk fibroin fibers to the PDLLA salt-
leached sponge increased the scaffold stiffness and heightened its capacity to support 
endothelial cells in vitro, and the in vivo perfusion revealed a faster vascularization of 
the composite scaffolds.

In recent work, activated carbon fibers (ACF), previously obtained via carbon fiber 
processing in water and nitrogen streams at high temperature, were incorporated into 
poly(lactic-co-glycolic) acid (PLGA) (Shi et al., 2014). The characterization showed 
a random distribution of ACF inside the scaffolds with an apparent film formation 
between ACF and PLGA matrix, denoting benign integration between them. The via-
bility of L929 cell cultured on ACF/PLGA scaffolds was higher than on the control 
group, probably due to the larger space to wrap cells, which provides a more favorable 
possibility for cell adhesion and proliferation.

Apart from the more traditional fibrous composite concept (dispersed fibers embed-
ded in a continuous polymer matrix), there are works proposing fibrous scaffolds that 
are per se polymer composites. Examples of those are electrospinning-based scaffolds 
with the addition of nanoparticles, which are presented later in this chapter.

5.4.3   Hybrids/other composites

Alternative solutions emerged in the last few years, and hydrogels are one of the most 
interesting. Hydrogels are 3D water-insoluble, hydrophilic polymer networks, with 
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the ability to absorb large volumes of water, making them very appealing materials to 
mimic the ECM (Shapiro and Oyen, 2013). Natural hydrogels, such as collagen and 
gelatin, have the benefit of innate binding sites for cell adhesion, but may evoke an 
immune response when used in vivo, whereas synthetic ones are more chemically and 
structurally uniform, but lack bioactive moieties; both (natural and synthetic) have a 
common disadvantage, mechanical weakness (Drury and Mooney, 2003). Electrospun 
fibers are another attractive substrate to be used as scaffold intended to mimic ECM; 
the fibers with nanometer-to-micrometer scale resemble natural fibrous materials, 
such as collagen, but with problems with cellular infiltration. Composite scaffolds 
based on hydrogels and electrospun fibers are an attempt to overcome their individ-
ual deficiencies (Bosworth et al., 2013). A paper described the design of a 3D fiber–
hydrogel composite, injectable but with macroscale dimensions, for use in an articular 
cartilage model system. The authors state that the composite enhanced the biological 
response of adult stem cells, with the accomplishment of near-native levels of ECM 
with dynamic mechanical stimulation (Coburn et al., 2011).

Laminated composites could be another approach, by stacking sheets of  electrospun 
fibers between layers of hydrogels, to obtain a 3D scaffold (Xu et al., 2010; Yang et al., 
2011). Xu et al. attempted to mimic the naturally occurring laminated structure of 
osteons, found within the outer cortical region of bone; for that they produced a  
fiber–hydrogel composite based on randomly oriented poly(l-lactic acid) fibers and 
poly(lactide-co-ethylene oxide fumarate) hydrogel stacked alternately, and further 
 compressed. HAp nanocrystals were added to the precursor solution to  produce an 
 osteoconductive matrix for bone marrow stromal (BMS) cells; the results indicate 
that the laminates have the potential to provide mechanical strength and provide the 
 differentiation of progenitor cells to the osteogenic lineage (Xu et al., 2010). In the work 
of Yang et al. developed oriented nanofibers of poly(l,d-lactic acid) embedded within 
collagen type I hydrogels (Yang et al., 2011) and applied this fiber–hydrogel composite 
as potential intervertebral disc replacement.

Other approaches combine 3D printing and hydrogels, such as the processing of 
constructs by alternating deposition of thermoplastic fibers and cell-laden hydrogels 
(Schuurman et al., 2011), or the development of a hybrid scaffold consisting of syn-
thetic biomaterials and a natural hydrogel (collagen), with the latter being infused 
between the lines of the scaffold (Shim et al., 2011), validated by rat primary hepato-
cytes and a mouse pre-osteoblast cell line.

5.5   Functionalization of composite structures for  
bone and cartilage tissue engineering

ECM-like natural biopolymers are usually blended with some synthetic  polymers, 
such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(lactic acid- 
co-glycolic acid) (PLGA), and poly (ɛ-caprolactone) (PCL) to form ECM-like 
 polymer composites/blends, which possess the needed mechanical properties and bio-
logical functions. In a recent paper, Wu et al. described the typical polymers for tissue 
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engineering as well as the typical ECM-like biopolymers used for bone and cartilage 
scaffolds (Wu et al., 2014).

5.5.1   Surface modification

It is well accepted that surface characteristics are critical for the successful design and 
medical application of biomaterials, because the surface is the earliest contact with the 
biological environment. Therefore, the design of scaffolds must take the interactions 
between cells and the ECM into consideration; which is to say that the surface affin-
ity with receptors on the cytomembrane must also be a concern. Shortly, the surface 
design of scaffolds includes three types of categories, ie, the tailoring of the surface 
chemistry and the regulation of the surface structure, as well as the synergistic effects 
of the two factors (Wu et al., 2014).

Numerous surface techniques are employed to produce different types of coat-
ings to functionalize the surface of the scaffolds and implants. According to their 
surface chemistry, these coatings can be mainly categorized into three types: inor-
ganic, with HA-derived coatings as preventatives; ECM-derived organic coatings; 
and other derived-hybrid coatings. Bone mineral-like ceramics, such as apatite and 
its derived ceramics, are usually deposited on the surface of bone scaffolds to achieve 
specific biological functions, as reviewed by others (Paital and Dahotre, 2009;  
Surmenev et al., 2014).

The best-known biofunction is the earlier osteoinduction and osteointegration 
of HA and its derived coatings. Recent research shows that the form of HA coat-
ing significantly influences its biological function (Ye et al., 2013). A mesoporous 
hydroxyapatite (M-HAp) coating can be prepared on the surface of a porous β-trical-
cium phosphate (β-TCP) scaffold by using a sol–gel dip-coating process, using the 
block copolymer Pluronic F127 as the template. The osteoblasts exhibit a relatively 
round shape with sphere-like surface evaginations and the microvilli on the nonmes-
oporous HAp (non-M-HAp) coating. Conversely, more cells are strongly attached to 
M-HAp and spread in an elongated shape, indicating that the latter is more suitable for 
osteoblast adhesion and spreading, which is in accordance with the much higher alka-
line phosphatase (ALP) and bone sialoprotein (BSP) expression on M-HAp. This is  
possibly due to the large surface area of M-HAp, providing higher availability of bind-
ing sites for receptors in osteoblast filopodia, and thus stimulating cell spread and 
proliferation (Anselme, 2000; Ye et al., 2013).

Atom transfer radical polymerization (ATRP, one of the living radical polymer-
ization methods) is attracting extensive attention from biomaterial scientists and 
engineers because of its simplicity and broad applicability, especially for preparing 
well-defined nanostructured polymer-based materials (Matyjaszewski and Tsarevsky, 
2009). Briefly, ATRP is based on alkyl halide initiators or dormant species (RX or PnX)  
that react with activators consisting of low oxidation-state metal complexes MtzLm 
(Mtz represents the metal species in oxidation state z, and L refers to a ligand) to 
achieve a reversible equilibrium between growing radicals (active species) and dor-
mant species. In addition, during ATRP equilibrium, the dormant species can have 
polymer chains that are able to grow in one or many directions, or polymers that 
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are attached to functional colloidal particles, surfaces, and biomolecules. Using this 
method, HA–poly(l-lactide) (PLLA) nanohybrids can be successfully prepared and 
can exhibit excellent dispersibility in composites, which makes the PLLA–HA-PLLA 
nanocomposites induce apatite formation much faster than PLLA/HA composites, 
compared to the aggregated and unmodified HA (He et al., 2012).

5.5.2   Drug/protein release systems

Although biopolymers are versatile in incorporating bioactive factors, bioactive 
 inorganics such as calcium phosphates and glasses have significant limitations in 
delivering bioactive factors, because they primarily require high-temperature pro-
cesses in the shape formulation. In this manner, the bioactive inorganics are generally 
made into composites with natural-origin polymers to allow shape formability (Pérez 
et al., 2013). Among the bioactive inorganics, calcium phosphate cements (CPCs) 
are among the most attractive group of inorganic biomaterials to be used as bioactive 
factor delivery systems. Alpha-tricalcium phosphate-based CPCs can self-harden and 
be  formulated into microspheres with the help of collagen to deliver biomolecules. 
The addition of alginate into CPC-based calcium carbonate/monocalcium phosphate 
monohydrate prolonged the release of gentamicin, providing a reservoir system for 
antibiotic delivery with bone-regeneration capability (David Chen et al., 2011).

Bovine serum albumin (BSA), used as a model protein, was safely loaded within 
the microspheres and then released sustainably over a month (Park et al., 2011). To 
stimulate osteoinduction, bone morphogenetic protein 2 (BMP-2) was also incor-
porated within tetracalcium phosphate/dicalcium phosphate anhydrous-based CPC 
composite with chitosan, which showed significant improvement of osteoblastic cell 
functions (Weir and Xu, 2010). Similarly, a composite gelatin/β-TCP sponge loaded 
with BMP-2 and Wnt1 inducible signaling pathway protein-1 (WISP-1) showed syn-
ergistic ectopic bone formation in middle-aged mice, suggesting that a scaffold incor-
porating multiple osteoinductive agents could be effective in age-related bone disease 
by inducing new bone formation (Kohara and Tabata, 2011). In a recent study, a com-
posite biomaterial scaffold made of PLA matrix with alginate fibers was developed, 
in which Vascular Endothelial Growth Factor (VEGF) was loaded into the alginate 
and the BMP-2 was incorporated into the PLA matrix, aiming at initial VEGF release, 
and, then, BMP-2 release at a much later stage (Kanczler et al., 2010). When the deliv-
ery systems were implanted in mouse segmental femoral defects with human Bone  
Marrow Stromal Cells (hBMSCs), significantly higher bone regeneration was observed  
with respect to the composite scaffolds without GFs. In another attempt, the effect of 
exogenous platelet-derived growth factor homodimer (PDGF-BB) on bone healing 
was also demonstrated using a collagen (Nash et al., 1994) or a composite of chitosan–
tricalcium phosphate (TCP) sponge (Lee et al., 2000) as carriers, in a tibia defect of 
rabbits or in a calvarial defect of rats, respectively.

Smart biomaterials with stimuli-responsiveness, namely thermosensitive scaffolds, 
are widely studied for cartilage-tissue engineering. One of the best-known thermo- 
responsive biopolymers is poly(N-isopropyl acrylamide) (pNIPAAm), which presents 
a typical sol–gel transition at approximately 32°C (Prabaharan and Mano, 2006).  
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However, its poor biocompatibility and nondegradability generally requires a  
composite approach with other biocompatible materials to produce stimuli-responsive  
and biologically active composite materials. Moreover, composites with natural 
 polymers or hydrophilic synthetic polymers generally modulate the transition point 
near body temperature, as well as allow the delivery of hydrophilic drugs, enabling 
better applicability in tissue engineering and drug delivery. For example, a compos-
ite of  hyaluronic acid with pNIPAAm was exploited to produce thermoreversible 
hydrogels for cartilage-tissue engineering (Na et al., 2007). Rabbit chondrocytes were 
encapsulated into the composite gel, which also contained transforming growth factor 
beta 3 (TGFβ-3). This thermoreversible hydrogel construct was injected subcutane-
ously in mice, demonstrating enhanced production of cartilage-specific ECM in the 
cell-growth factor delivering condition than those without the GFs. A hyaluronic acid–
pluronic thermosensitive composite was also developed for the delivery of cells and 
GFs in cartilage-tissue engineering (Jung et al., 2010). Human adipose-derived stem 
cells and TGF-β1 could be loaded within the composite gel via sol–gel transition at 
body temperature allowing in vivo injection. The growth factor release was moderate, 
and the in vivo result of the construct loading into a full-thickness defect of rabbit knee 
articular cartilage demonstrated the formation of cartilaginous matrix by the tissue- 
engineered construct.

5.5.3   Nanocomposites

There is a great need for engineering multiphase materials (so-called composites) 
with structure and composition similar to natural bone. Recently, nanocomposites, 
particularly hydroxyapatite- and collagen-based, have gained much recognition as 
bone grafts, 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 their single-phase constituents. By the use of 
other natural-origin polymers, gelatin–HAp nanocomposite fibers were also  processed 
though the biomimetic precipitation and electrospinning methods, resulting in a bio-
medical membrane with an HAp composition gradient intended for guided bone- 
tissue engineering (Kim et al., 2005). The nanocomposite fibrous mesh significantly 
improved the osteoblastic activity (MG63 cell line) in comparison with the pure 
 gelatin equivalent. Biomimetic nanocomposite nanofibers of HAp–chitosan (Ch) was 
prepared by a two-step approach that combines an in situ co-precipitation synthesis 
with an electrospinning process (Zhang et al., 2008). By using an ultrahigh molecular 
weight poly(ethylene oxide) (PEO) as the fiber-forming facilitating additive, a model 
nanocomposite HAp-Ch with HAp mass loading of 30 wt% can be readily electrospun 
into nanofibers from an aqueous acetic acid-dominant solvent system, with proper 
structural preservation of HAp crystallites. Biological in vitro cell culture with human 
fetal osteoblast (hFOB) cells indicated that, notwithstanding the occurrences of an ini-
tial inhibition, the HAp-incorporated nanofibrous scaffolds as compared to Ch-alone 
scaffolds appeared to have significantly stimulated the bone-forming ability, as shown 
by the cell proliferation, mineral deposition and morphology observation. By using 
a polymer from bacterial origin, poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) 
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fibers containing carbonated hydroxyapatite (CHAp) nanoparticles with  different 
CHAp amounts (5, 10 and 15 wt%) were electrospun with the aid of ultrasonic power 
for dispersing the nanoparticles (Tong et al., 2010). Compared with the PHBV poly-
mer fibrous membranes, the CHAp–PHBV nanocomposite fibrous membranes exhib-
ited improved wettability, whereas their ultimate tensile strength and stiffness were 
not significantly affected. In vitro studies revealed that both PHBV polymer and  
CHAp–PHBV nanocomposite fibrous membranes supported the attachment and pro-
liferation of human osteoblastic cells (SaOS-2 cell line). Moreover, compared with 
cells seeded on the PHBV polymer fibrous membranes, osteoblastic cells seeded on 
the CHAp–PHBV nanocomposite fibrous membranes exhibited higher ALP activity 
after 14 days of cell culture, indicating better osteoconductivity with the incorporation 
of CHAp nanoparticles in electrospun fibers.

Following the previously described approaches for natural-origin polymers, Vohra 
and collaborators (Thomas et al., 2006; Tyagi et al., 2009) created a nanocomposite 
scaffold by the co-electrospinning of nanofibrous polycaprolactone (PCL) and nano-
hydroxyapatite (nHAp) to mimic the physical features of natural bone ECM. A direct 
correlation was observed between the amount of nHAp and the mechanical (tensile) 
properties of the composite nanofibrous scaffold. Conversely, the composite fibrous 
membranes (based on nano-apatite (nAp) and PCL) with a high nAp loading density 
were mechanically weaker than the one with low nAp loading density, indicating that 
there is an optimal ratio of nAp to polymer for mechanical reinforcement (Yang et al., 
2009). Deng et al. (2007) described the electrospinning of a biomimetic electrospun 
scaffold made of nHAp and polyesteramide (PEA). The 20%wt nHAp–PEA fibrous 
scaffold, which is made up of ultrafine fibers with an average diameter 400 ± 50 nm 
and interconnected pores, was characterized with high surface-to-volume ratio. This 
biological behavior was confirmed by the culturing of osteoblasts on these nanocom-
posite scaffolds.

A promising way of fabricating nanocomposite bone grafts using strategies found 
in nature—the biomimetic process—has recently received much attention and is per-
ceived to be beneficial over conventional methods. Biomimetic processes are defined 
as the ones that either mimic or are inspired by the biological mechanisms to incorpo-
rate desirable nano-features that emulate nature’s own structures or functions, aiming 
to develop the next-generation bone grafts. Nanostructured biomaterials, having less 
than 100 nm in at least one dimension, in particular nanocomposites, are perceived to 
be beneficial and potentially adequate for bone applications owing to their nanoscale 
functional characteristics that facilitate bone cell growth and subsequent tissue forma-
tion (Chan et al., 2006). Additionally, it was also stated that synthetic polymers with 
3D nanofibrous architecture could provide a better environment for osteogenic differ-
entiation in vitro than 3D microfibrous scaffolds (Binulal et al., 2010) and enhance 
osteoblast differentiation and bone formation in vivo, when compared to solid-walled 
3D scaffolds of the same material (Woo et al., 2009). Accordingly, a work (Schneider 
et al., 2008) demonstrated the proliferation and osteogenic differentiation of hBMSCs, 
assessed by the determination of ALP activity and osteocalcin content, when cultured 
on cotton wool-like poly(lactide-co-glycolide) (PLGA)–amorphous tricalcium phos-
phate (ATCP) nanocomposite, prepared by electrospinning. Furthermore, a loading of 
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40% (w/w) ATCP resulted in a triplication of the initial mineral mass formation after 
15 days of immersion in simulated body fluid (SBF).

Besides those bioactive inorganic compounds, silica-based bioactive glass (BG) 
has been considered a promising bone regenerative material because of its excellent 
cytocompatibility and bioactivity. It is well known that BGs can bond to surround-
ing bone tissues by the formation of a surface hydroxycarbonate apatite layer in the 
process of their chemical reactions in body fluids and can promote bone regenera-
tion. A PCL–BG nanocomposite was fabricated using BG nanofibers (BGNFs) and 
compared with an established composite fabricated using microscale BG particles 
(BGP) (Jo et al., 2009). The BGNFs were generated using sol–gel precursors via 
the electrospinning process, chopped into short fibers and then incorporated into 
the polymeric solution. The BGNFs were reinforced more uniformly and better 
dispersed than the BGPs in the PCL matrix. The incorporation of the BGNF also 
significantly enhanced the cytocompatibility, osteoblastic (MC3T3 cell line) activ-
ity in vitro, and elastic modulus of the composite when compared with the BGP. 
Moreover, the results of the in vivo animal experiments using Sprague–Dawley 
albino rats revealed the bone regeneration capability of the PCL–BGNF composite 
when implanted in a calvarial bone defect. It was concluded that the improved 
mechanical and biological properties of the composite are primarily related to the 
nanoscaled fibrous structure of the incorporated BG. A composite nanofiber of PLA 
filled with bioactive glass nanoparticles was produced using the electrospinning 
method (Noh et al., 2010). It was observed that small additions of glass nanofiller, 
up to 10%, greatly enhanced the in vitro bone bioactivity by inducing calcium 
phosphate mineral formation at the nanofiber surface in an SBF medium. Osteo-
blastic cells (MC3T3-E1 cell line) cultured on the nanocomposite fibers showed 
favorable cellular adhesion and growth.

Submicron electrospun-polymer fibers are also good candidates as  reinforcing 
agents in the development of advanced nanocomposites due to their  continuity, 
 orientation, inherent flexibility and potential compatibility with polymeric  matrices. 
However, only a limited number of composites reinforced with electrospun 
 nanofibers have been developed, and mainly for providing some outstanding  physical 
 characteristics, ie, optical transparency and mechanical properties (Bergshoef and 
Vancso, 1999; Chen and Liu, 2008; Dodiuk-Kenig et al., 2008; Fong, 2004; Gao 
et al., 2008; Lin et al., 2008; Pinho et al., 2009; Tian et al., 2007). Thorough physical 
characterization of electrospun nanofiber-reinforced composites to be used as dental 
 restorative  composites resins was conducted (Bergshoef and Vancso, 1999; Chen and 
Liu, 2008; Dodiuk-Kenig et al., 2008; Fong, 2004; Gao et al., 2008; Lin et al., 2008; 
Tian et al., 2007, 2008), but their biological functionality remains to be explored. 
Recent in vitro results with human bone marrow mesenchymal stem cells cultured 
on nanofiber-reinforced microfibrous composite scaffolds, under osteogenic induction 
conditions, showed a sustained ECM deposition and mineralization, as demonstrated 
by the increased amount of calcium phosphates produced (Martins et al., 2010). All 
these biological data undoubtedly demonstrated the superior performance of electro-
spun nanofibrous membranes (NFMs) over the cellular adhesion, proliferation and 
also differentiation of mesenchymal stem cells (MSCs).



137Bone and cartilage tissue engineering

5.6   Conclusions and future trends

The chapter addressed the structural and functional properties conferred by polymer 
composites to attain the demands of the Tissue Engineering field, which no single 
material is able to answer, and describes significant features that could be added to 
composites.

Current concerns are related with a better understanding of the involved mechanisms 
at different scales, in particular at the micro- and nanoscale, both for human tissue and 
its biological functions and for engineered materials (Guilak and Baaijens, 2014; Guilak 
et al., 2014). For particulate and fibrous composites, the dispersion of components and 
the interface adhesion between particles/fibers and their matrices are highly relevant 
when mechanical performance is a concern and not completely achieved. The delivery 
of bioactive agents at the appropriate pace to specific sites is lacking of sufficient knowl-
edge to allow to the researchers the establishment of success criteria.

In recent years, imaging tools such as magnetic resonance imaging (MRI) and 
computerized tomography (CT), with increased resolution and more sophisticated 
software, enabled the gathering of data (both from native tissues and engineered 
structures) allowing a better design and the definition of priority properties. The fast 
development of additive manufacturing technologies, which include fused-deposition 
modeling (FDM) and bioprinting, with a wider choice of biomaterials and even the 
inclusion of growth factors and cells, is enabling the acquisition of structures more 
similar to the natural tissues (Costa et al., 2014).

In the future, polymer composites and structures should take a leap forward, not 
only providing better structural properties (a stage almost achieved), but also  enhancing 
biological functionality. An enhanced biological interaction between cells and  
structures will certainly have a huge influence on the success of engineered biomaterials.

Acknowledgments

The author P. Sol is grateful to Fundação para a Ciência e a Tecnologia (FCT) for the financial 
support through the grant SFRH/BD/81133/2011 financed by the POPH/FSE programme. The 
authors would also like to acknowledge the funding through the QREN project “Novel smart and 
biomimetic materials for innovative regenerative medicine approaches” co-financed by the North 
Portugal Regional Operational Programme (ON.2, O Novo Norte) under the National Strategic 
Reference Framework (NSRF), through the European Regional Development Fund (ERDF).

References

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., Walter, P., 2002. Molecular Biology 
of the Cell. Garland Science, London, UK.

Anselme, K., 2000. Osteoblast adhesion on biomaterials. Biomaterials 21, 667–681.
Badylak, S.F., 2007. The extracellular matrix as a biologic scaffold material. Biomaterials 28, 

3587–3593.



138 Nanocomposites for Musculoskeletal Tissue Regeneration

Bergshoef, M.M., Vancso, G.J., 1999. Transparent nanocomposites with ultrathin, electrospun 
nylon-4,6 fiber reinforcement. Advanced Materials 11, 1362–1365.

Binulal, N.S., Deepthy, M., Selvamurugan, N., Shalumon, K.T., 2010. Role of nanofibrous poly 
(caprolactone) scaffolds in human mesenchymal stem cell attachment and spreading for 
in vitro bone tissue engineering—response to osteogenic regulators. Tissue Engineering 
Part A 16 (2), 393–404.

Bosman, F.T., Stamenkovic, I., 2003. Functional structure and composition of the extracellular 
matrix. The Journal of Pathology 200, 423–428.

Bosworth, L.A., Turner, L.-A., Cartmell, S.H., 2013. State of the art composites comprising 
electrospun fibres coupled with hydrogels: a review. Nanomedicine 9, 322–335.

Bühler, M., Bourban, P.-E., Månson, J.-A.E., 2008. Cellular composites based on continuous 
fibres and bioresorbable polymers. Composite Part A: Applied Science and Manufacturing 
39, 1779–1786.

Chan, C.K., Kumar, T.S., Liao, S., Murugan, R., Ngiam, M., Ramakrishnan, S., 2006. Biomi-
metic nanocomposites for bone graft applications. Nanomedicine (London) 1, 177–188.

Chen, G., Liu, H., 2008. Electrospun cellulose nanofiber reinforced soybean protein isolate 
composite film. Journal of Applied Polymer Science 110, 641–646.

Coburn, J., Gibson, M., Bandalini, P.A., Laird, C., Mao, H.Q., Moroni, L., Seliktar, D., Elisseeff, J.,  
2011. Biomimetics of the extracellular matrix: an integrated three-dimensional fiber-hy-
drogel composite for cartilage tissue engineering. Smart Structures and Systems 7, 
213–222.

Correlo, V.M., Boesel, L.F., Bhattacharya, M., Mano, J.F., Neves, N.M., Reis, R.L., 2005. 
Hydroxyapatite reinforced chitosan and polyester blends for biomedical applications. 
Macromolecular Materials and Engineering 290, 1157–1165.

Costa, P.F., Martins, A., Neves, N.M., Gomes, M.E., Reis, R.L., 2014. Automating the process-
ing steps for obtaining bone tissue-engineered substitutes: from imaging tools to bioreac-
tors. Tissue Engineering Part B Reviews 20, 567–577.

Coutinho, D.F., Gomes, M.E., Neves, N.M., Reis, R.L., 2012. Development of micropatterned 
surfaces of poly(butylene succinate) by micromolding for guided tissue engineering. Acta 
Biomaterialia 8, 1490–1497.

David Chen, C.-H., Chen, C.-C., Shie, M.-Y., Huang, C.-H., Ding, S.-J., 2011. Controlled 
release of gentamicin from calcium phosphate/alginate bone cement. Materials Sciences 
and Engineering: C 31, 334–341.

Deng, X., He, G., Liao, Y.M., Yao, Y.Y., Chen, Z.Q., Li, G., Zhao, Y., Nie, R.R., Liang, Z.H.,  
Qu, Y.L., Tian, K., 2007. Development of ultrafine fibrous hydroxyapatite/polymer scaffold 
by electrospinning. In: Key Engineering Materials, 336–338, pp. 1703–1706.

Dodiuk-Kenig, H., Lizenboim, K., Roth, S., Zalsman, B., McHale, W.A., Jaffe, M., Griswold, K.,  
2008. Performance enhancement of dental composites using electrospun nanofibers. Jour-
nal of Nanomaterials 2008.

Drury, J.L., Mooney, D.J., 2003. Hydrogels for tissue engineering: scaffold design variables and 
applications. Biomaterials 24, 4337–4351.

Eyre, D., 2002. Collagen of articular cartilage. Arthritis Research 4, 30–35.
Fong, H., 2004. Electrospun nylon 6 nanofiber reinforced BIS-GMA/TEGDMA dental restor-

ative composite resins. Polymer (Guildford) 45, 2427–2432.
Frantz, C., Stewart, K.M., Weaver, V.M., 2010. The extracellular matrix at a glance. Journal of 

Cell Science 123, 4195–4200.
Gao, Y., Sagi, S., Zhang, L., Liao, Y., Cowles, D.M., 2008. Electrospun nano-scaled glass fiber 

reinforcement of Bis-GMA/TEGDMA dental composites. Journal of Applied Polymer 
Science 110, 2063–2070.



139Bone and cartilage tissue engineering

Gentili, C., Cancedda, R., 2009. Cartilage and bone extracellular matrix. Current Pharmaceuti-
cal Design 15, 1334–1348.

Goldring, M.B., 2006. Update on the biology of the chondrocyte and new approaches to 
treating cartilage diseases. Best Practice and Research: Clinical Rheumatology 20, 
1003–1025.

Guilak, F., Baaijens, F.P., 2014. Functional tissue engineering: ten more years of progress. Jour-
nal of Biomechanics 47, 1931–1932.

Guilak, F., Butler, D.L., Goldstein, S.A., Baaijens, F.P., 2014. Biomechanics and mechanobiol-
ogy in functional tissue engineering. Journal of Biomechanics 47, 1933–1940.

He, J., Yang, X., Mao, J., Xu, F., Cai, Q., 2012. Hydroxyapatite–poly(l-lactide) nanohybrids  
via surface-initiated ATRP for improving bone-like apatite-formation abilities. Applied 
Surface Science 258, 6823–6830.

Hing, K.A., 2004. Bone repair in the twenty-first century: biology, chemistry or engineering? 
Philosophical Transactions of the Royal Society of London. Series A, Mathematical, Phys-
ical, and Engineering Sciences 362, 2821–2850.

Hunziker, E.B., Quinn, T.M., Hauselmann, H.J., 2002. Quantitative structural organization of 
normal adult human articular cartilage. Osteoarthritis and Cartilage 10, 564–572.

Jo, J.-H., Lee, E.-J., Shin, D.-S., Kim, H.-E., Kim, H.-W., Koh, Y.-H., Jang, J.-H., 2009. 
In vitro/in vivo biocompatibility and mechanical properties of bioactive glass nanofiber 
and poly(epsilon-caprolactone) composite materials. Journal of Biomedical Materials 
Research Part B: Applied Biomaterials 91, 213–220.

Jung, H.H., Park, K., Han, D.K., 2010. Preparation of TGF-β1-conjugated biodegradable 
pluronic F127 hydrogel and its application with adipose-derived stem cells. Journal of 
Controlled Release 147, 84–91.

Kanczler, J.M., Ginty, P.J., White, L., Clarke, N.M.P., Howdle, S.M., Shakesheff, K.M., Oreffo, R.O.C.,  
2010. The effect of the delivery of vascular endothelial growth factor and bone mor-
phogenic protein-2 to osteoprogenitor cell populations on bone formation. Biomaterials  
31, 1242–1250.

Kim, H.-W., Song, J.-H., Kim, H.-E., 2005. Nanofiber generation of gelatin-hydroxyapa-
tite biomimetics for guided tissue regeneration. Advanced Functional Materials 15, 
1988–1994.

Kohara, H., Tabata, Y., 2011. Enhancement of ectopic osteoid formation following the dual 
release of bone morphogenetic protein 2 and Wnt1 inducible signaling pathway protein 1 
from gelatin sponges. Biomaterials 32, 5726–5732.

Lee, Y.M., Park, Y.J., Lee, S.J., Ku, Y., Han, S.B., Klokkevold, P.R., Chung, C.P., 2000. The 
bone regenerative effect of platelet-derived growth factor-BB delivered with a chitosan/
tricalcium phosphate sponge carrier. Journal of Periodontology 71, 418–424.

Lin, S., Cai, Q., Ji, J., Sui, G., Yu, Y., Yang, X., Ma, Q., Wei, Y., Deng, X., 2008. Electrospun 
nanofiber reinforced and toughened composites through in situ nano-interface formation. 
Composites Science and Technology 68, 3322–3329.

Mano, J.F., Sousa, R.A., Boesel, L.F., Neves, N.M., Reis, R.L., 2004. Bioinert, biodegradable 
and injectable polymeric matrix composites for hard tissue replacement: state of the art and 
recent developments. Composites Science and Technology 64, 789–817.

Marimuthu, M., Kim, S., 2009. Survey of the state of the art in biomaterials, cells, genes and 
proteins integrated into micro- and nanoscaffolds for tissue regeneration. Current Nano-
science 5, 189–203.

Martins, A., Pinho, E.D., Correlo, V.M., Faria, S., Marques, A.P., Reis, R.L., Neves, N.M., 2010. 
Biodegradable nanofibers-reinforced microfibrous composite scaffolds for bone tissue 
engineering. Tissue Engineering Part A 16, 3599–3609.



140 Nanocomposites for Musculoskeletal Tissue Regeneration

Mathieu, L.M., Mueller, T.L., Bourban, P.-E., Pioletti, D.P., Müller, R., Månson, J.-A.E., 2006. 
Architecture and properties of anisotropic polymer composite scaffolds for bone tissue 
engineering. Biomaterials 27, 905–916.

Matyjaszewski, K., Tsarevsky, N.V., 2009. Nanostructured functional materials prepared by 
atom transfer radical polymerization. Nature Chemistry 1, 276–288.

Meyers, M., Chen, P., Lin, A., Seki, Y., 2008. Biological materials: structure and mechanical 
properties. Progress in Materials Science 53, 1–206.

Muiznieks, L.D., Keeley, F.W., 2013. Molecular assembly and mechanical properties of the 
extracellular matrix: a fibrous protein perspective. Biochimica et Biophysica Acta Molec-
ular Basis of Disease 1832, 866–875.

Mwenifumbo, S., Shaffer, M.S., Stevens, M.M., 2007. Exploring cellular behaviour with multi-
walled carbon nanotube constructs. Journal of Materials Chemistry 17, 1894–1902.

Na, K., Kim, S., Woo, D.-G., Sun, B.K., Yang, H.N., Chung, H.-M., Park, K.-H., 2007. Syner-
gistic effect of TGFbeta-3 on chondrogenic differentiation of rabbit chondrocytes in ther-
mo-reversible hydrogel constructs blended with hyaluronic acid by in vivo test. Journal of 
Biotechnology 128, 412–422.

Nash, T.J., Howlett, C.R., Martin, C., Steele, J., Johnson, K.A., Hicklin, D.J., 1994. Effect of 
platelet-derived growth factor on tibial osteotomies in rabbits. Bone 15, 203–208.

Neves, N.M., 2012. Structural Natural Composites. Wiley Encyclopedia of Composites.
Noh, K.-T., Lee, H.-Y., Shin, U.-S., Kim, H.-W., 2010. Composite nanofiber of bioactive glass 

nanofiller incorporated poly(lactic acid) for bone regeneration. Materials Letters 64, 
802–805.

Paital, S.R., Dahotre, N.B., 2009. Calcium phosphate coatings for bio-implant applications: 
materials, performance factors, and methodologies. Materials Science and Engineering: 
R 66, 1–70.

Park, J.-H., Lee, G.-S., Shin, U.S., Kim, H.-W., 2011. Self-hardening microspheres of calcium 
phosphate cement with collagen for drug delivery and tissue engineering in bone repair. 
Journal of American Ceramic Society 94, 351–354.

Pérez, R.A., Won, J.-E., Knowles, J.C., Kim, H.-W., 2013. Naturally and synthetic smart com-
posite biomaterials for tissue regeneration. Advanced Drug Delivery Reviews 65, 471–496.

Pinho, E.D., Martins, A., Araújo, J.V., Reis, R.L., Neves, N.M., 2009. Degradable particulate com-
posite reinforced with nanofibres for biomedical applications. Acta Biomaterialia 5, 1104–1114.

Poole, A.R., Kojima, T., Yasuda, T., Mwale, F., Kobayashi, M., Laverty, S., 2001. Composition 
and structure of articular cartilage—a template for tissue repair. Clinical Orthopaedics and 
Related Research 391, S26–S33.

Prabaharan, M., Mano, J.F., 2006. Stimuli-responsive hydrogels based on polysaccharides 
incorporated with thermo-responsive polymers as novel biomaterials. Macromolecular 
Bioscience 6, 991–1008.

Rosso, F., Giordano, A., Barbarisi, M., Barbarisi, A., 2004. From cell-ECM interactions to tis-
sue engineering. Journal of Cellular Physiology 199, 174–180.

Schneider, O.D., Loher, S., Brunner, T.J., Uebersax, L., Simonet, M., Grass, R.N., Merkle, H.P., 
Stark, W.J., 2008. Cotton wool-like nanocomposite biomaterials prepared by electrospin-
ning: in vitro bioactivity and osteogenic differentiation of human mesenchymal stem cells. 
Journal of Biomedical Materials Research 84, 350–362.

Schuurman, W., Khristov, V., Pot, M.W., van Weeren, P.R., Dhert, W.J.A., Malda, J., 2011. Bio-
printing of hybrid tissue constructs with tailorable mechanical properties. Biofabrication 3.

Shapiro, J.M., Oyen, M.L., 2013. Hydrogel composite materials for tissue engineering scaf-
folds. JOM 65, 505–516.



141Bone and cartilage tissue engineering

Shi, Y., Han, H., Quan, H., Zang, Y., Wang, N., Ren, G., Xing, M., Wu, Q., 2014. Activated 
carbon fibers/poly(lactic-co-glycolic) acid composite scaffolds: preparation and character-
izations. Material Science and Engineering: C 43, 102–108.

Shim, J.H., Kim, J.Y., Park, M., Park, J., Cho, D.W., 2011. Development of a hybrid scaffold 
with synthetic biomaterials and hydrogel using solid freeform fabrication technology. Bio-
fabrication 3.

Stoppato, M., Stevens, H.Y., Carletti, E., Migliaresi, C., Motta, A., Guldberg, R.E., 2013. Effects 
of silk fibroin fiber incorporation on mechanical properties, endothelial cell colonization 
and vascularization of PDLLA scaffolds. Biomaterials 34, 4573–4581.

Supová, M., 2009. Problem of hydroxyapatite dispersion in polymer matrices: a review. The 
Journal of Materials Science: Materials in Medicine 20, 1201–1213.

Surmenev, R.A., Surmeneva, M.A., Ivanova, A.A., 2014. Significance of calcium phosphate 
coatings for the enhancement of new bone osteogenesis—a review. Acta Biomaterialia 10, 
557–579.

Tayton, E., Purcell, M., Aarvold, A., Smith, J.O., Briscoe, A., Kanczler, J.M., Shakesheff, K.M., 
Howdle, S.M., Dunlop, D.G., Oreffo, R.O.C., 2014. A comparison of polymer and poly-
mer-hydroxyapatite composite tissue engineered scaffolds for use in bone regeneration. An 
in vitro and in vivo study. Journal of Biomedical Materials Research Part A 102, 2613–2624.

Thomas, V., Jagani, S., Johnson, K., Jose, M.V., Dean, D.R., Vohra, Y.K., Nyairo, E., 2006. 
Electrospun bioactive nanocomposite scaffolds of polycaprolactone and nanohydroxyapa-
tite for bone tissue engineering. Journal of Nanoscience and Nanotechnology 6, 487–493.

Tian, M., Gao, Y., Liu, Y., Liao, Y., Hedin, N.E., Fong, H., 2008. Fabrication and evaluation 
of Bis-GMA/TEGDMA dental resins/composites containing nano fibrillar silicate. Dental 
Materials 24, 235–243.

Tian, M., Gao, Y., Liu, Y., Liao, Y., Xu, R., Hedin, N.E., Fong, H., 2007. Bis-GMA/TEGDMA 
dental composites reinforced with electrospun nylon 6 nanocomposite nanofibers 
containing highly aligned fibrillar silicate single crystals. Polymer (Guildford) 48, 
2720–2728.

Tong, H.W., Wang, M., Li, Z.Y., Lu, W.W., 2010. Electrospinning, characterization and in vitro 
biological evaluation of nanocomposite fibers containing carbonated hydroxyapatite 
nanoparticles. Biomedical Materials 5.

Tyagi, P., Catledge, S.A., Stanishevsky, A., Thomas, V., Vohra, Y.K., 2009. Nanomechanical 
properties of electrospun composite scaffolds based on polycaprolactone and hydroxyapa-
tite. Journal of Nanoscience and Nanotechnology 9, 4839–4845.

Wagoner Johnson, A.J., Herschler, B.A., 2011. A review of the mechanical behavior of CaP and 
CaP/polymer composites for applications in bone replacement and repair. Acta Biomate-
rialia 7, 16–30.

Weir, M.D., Xu, H.H.K., 2010. Osteoblastic induction on calcium phosphate cement-chitosan 
constructs for bone tissue engineering. Journal of Biomedical Materials Research Part A 
94, 223–233.

Williams, D.F., 2008. On the mechanisms of biocompatibility. Biomaterials 29, 2941–2953.
Woo, K.M., Chen, V.J., Jung, H.M., Kim, T.I., Shin, H.I., Baek, J.H., Ryoo, H.M., Ma, P.X., 

2009. Comparative evaluation of nanofibrous scaffolding for bone regeneration in 
 critical-size calvarial defects. Tissue Engineering Part A 15, 2155–2162.

Work, W.J., Horie, K., Hess, M., Stepto, R.F.T., 2007. Definitions of Terms Related to Polymer 
Blends, Composites, and Multiphase Polymeric Materials, 76, pp. 1985–2007.

Wu, S., Liu, X., Yeung, K.W.K., Liu, C., Yang, X., 2014. Biomimetic porous scaffolds for bone 
tissue engineering. Material Science and Engineering: R 80, 1–36.



142 Nanocomposites for Musculoskeletal Tissue Regeneration

Xu, W., Ma, J., Jabbari, E., 2010. Material properties and osteogenic differentiation of marrow 
stromal cells on fiber-reinforced laminated hydrogel nanocomposites. Acta Biomaterialia 
6, 1992–2002.

Yang, F., Both, S.K., Yang, X., Walboomers, X.F., Jansen, J.A., 2009. Development of an elec-
trospun nano-apatite/PCL composite membrane for GTR/GBR application. Acta Bioma-
terialia 5, 3295–3304.

Yang, Y., Wimpenny, I., Ahearne, M., 2011. Portable nanofiber meshes dictate cell orientation 
throughout three-dimensional hydrogels. Nanomedicine 7, 131–136.

Ye, X., Cai, S., Xu, G., Dou, Y., Hu, H., Ye, X., 2013. Preparation and in vitro evaluation  
of mesoporous hydroxyapatite coated β-TCP porous scaffolds. Materials Science and 
 Engineering. C, Materials for Biological Applications 33, 5001–5007.

Zagris, N., 2001. Extracellular matrix in development of the early embryo. Micron 32, 427–438.
Zhang, Y., Venugopal, J.R., El-Turki, A., Ramakrishna, S., Su, B., Lim, C.T., 2008. Electrospun  

biomimetic nanocomposite nanofibers of hydroxyapatite/chitosan for bone tissue 
 engineering. Biomaterials 29, 4314–4322.



Nanocomposites for Musculoskeletal Tissue Regeneration. http://dx.doi.org/10.1016/B978-1-78242-452-9.00006-6
Copyright © 2016 Elsevier Ltd. All rights reserved.

Bioactive polymer nanocomposites 
for spinal cord tissue engineering
P. Kumar, Y.E. Choonara, G. Modi, V. Pillay
University of the Witwatersrand, Johannesburg, South Africa

6

6.1   Introduction

Tissue engineering is an evolving field still at a nascent stage and hence has ample 
scope of trials and tribulations at an infinite level. One of the most challenging areas 
in this domain is neural tissue engineering owing to the inherent complexity of 
the nervous system (or more precisely the injured or degenerated nervous system) 
as well as its direct effect on quality of life (Yang et al., 2004). For the potential 
restoration of neuronal function after traumatic spinal cord injuries, currently the 
most common strategies involve administration of glucocorticoids such as meth-
ylprednisolone (MP) at a very high dose (up to 2 g within 24 h) or more recently 
transplantation of precursor cells directly at the site of injury. The controversial 
high-dose MP administration has shown moderate benefits and is encountered with 
serious side effects, whereas the directly implanted precursor cells have shown min-
imal survival owing to the unavailability of supportive environment (Kumar et al., 
2014a). The above limitations can be overcome by advanced nerve-tissue engi-
neering strategies whereby the glucocorticoids and several other bioactive agents  
can be locally delivered to the injury site either by an intrathecally administered 
drug-loaded three-dimensional (3D) biomaterial scaffold or by incorporating drug-
loaded nanoparticles into the scaffold for sustained delivery. The aforementioned 
3D archetypes can additionally act as physicomechanical support for the efficient 
proliferation of and biofactor production by the implanted precursor cells (Kumar 
et al., 2015). The chapter highlights several biomaterial and polymeric archetypes, 
such as in situ gelling intrathecally implantable systems consisting of hyaluronic 
acid–methylcellulose or agarose; extracellular matrix (ECM)-mimicking scaf-
folds composed of collagen, chondroitin sulfate or silk fibroin; 3D-solid substrates 
made up of block copolymers or poly(acrylic acid); and nerve guidance channels 
fabricated from polyhydroxy acids. Furthermore, the effect of adding pristine or 
drug-loaded nanomaterials such as carbon nanotubes, nanoparticles, microtubules, 
nanofibers, and piezoelectric nanomaterials on the nanotopographical features and 
bioactive releasing functionality of polymeric archetypes is discussed. A special 
attention is given to various biological (human embryonic/mesenchymal/progenitor 
stem cells), biofactor (glial-derived/brain-derived/vascular endithelial neurotrophic 
factors, neurotrophin-3, fibroblast growth factor-2, and chondroitinase ATP-binding 
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cassette (chABC)), and bioactive (dexamethasone (DEX) and methylprednisolone 
(MP)) components employed by leading research groups for restriction, repair,  
regeneration, restoration and reorganization of neuronal tissue after traumatic spinal 
cord injury. The chapter is broadly divided into two sections: nanoenclatherated 
polymer composites loaded with bioactives and biomaterial–carbon nanotube com-
posites with no therapeutic agent loaded.

6.2   Bioactive-loaded nanoenclatherated polymer 
composites

The incorporation of micro- or nanoparticles in polymer hydrogels, scaffolds or coat-
ings has a long history, but the last 10 years has seen the majority of developments in the 
field of micro–nanoenclatherated-polymer composites for neural tissue engineering. 
In this section, we provide a brief account of some important research studies having 
direct or indirect implications toward spinal cord injury interventions. For example, 
in a very basic but mechanistic study, Kim and Martin (2006) investigated the release 
of a model anti-inflammatory glucocorticoid (dexamethasone) from poly(lactic-co- 
glycolic acid) (PLGA) nanoparticles (oil-in-water emulsion technique; arguably the 
most widely researched polymer nanoparticulate system) embedded in alginate hydro-
gel matrices. The researchers proposed that the initial burst release characteristic of 
the PLGA nanoparticles can be contained by the buffering effect of hydrogels thereby 
preventing the early loss of DEX from the nanoparticles and precisely controlling the 
release of dexamethasone from the nanocomposite. Although the drug was uniformly 
distributed in and onto the PLGA nanoparticles, the hydrophobic nature of DEX led to 
the formation of molecular aggregates after being released from PLGA nanoparticles 
(NPs) into the alginate matrix—further retarding the release of DEX from the nano-
composite-coated neural electrodes (Fig. 6.1).

The major limitation of the system was the nonuniform distribution and aggregation 
of PLGA nanoparticles within the hydrogel matrix which was attributed to the hydro-
phobic nature of PLGA and DEX (Kim and Martin, 2006). In a possible solution to 
this limitation, Kokai et al. (2010) employed a polymer composite system comprising 
poly-L-lactide acid (PLLA)-walled poly(lactic-co-glycolic acid) (PLGA) microspheres  
loaded with glial cell line-derived neurotrophic factor (GDNF) and embedded in a 
polycaprolactone (PCL) nerve conduit making it an all-poly(hydroxy acid)-based poly-
meric archetype. The PLLA wall acted as the burst-release barrier, whereas the PCL 
matrix, being compatible with PLLA–PLGA, allowed uniform dispersion of the micro-
spheres within the conduit. Due to the salt-leaching method of conduit fabrication, the 
PCL nerve conduit was porous in nature, and hence no loss in final cumulative protein 
release was observed while sustaining GDNF release over five weeks. Although the 
researchers tested the composite in a peripheral injury model, this simplified approach 
has implications reaching to spinal cord injury (SCI) intervention, because GDNF treat-
ment after traumatic SCI is known for its preventative action on reactive astrocytosis 
and macrophage accumulation (Kokai et al., 2010). Bioactive growth factor-loaded 
polymeric particles may further form a niche micro- or nanoenvironment within the 
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outer artificial ECM-mimicking matrix, thereby providing topographical, structural and 
reservoir support. PLGA microspheres when embedded in a hyaluronic acid hydrogel 
produced a biocompatible and -degradable system capable of loading and releasing 
bioactive brain-derived neurotrophic factor (BDNF) and vascular endothelial growth 
factor (VEGF) within the central nervous system (CNS) environment. In addition to 
promoting the proliferation and migration of neural stem cells (NSCs), the biomaterial 
composite stimulated angiogenesis on the materials and produced a neurorescue para-
digm for CNS injuries. In terms of physicomechanical properties, the addition of PLGA 
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Figure 6.1 (Top) The schematic of release mechanism of encapsulated substance in the 
micro/NPs through the pores of hydrogel network; and (Bottom) the release of dexamethasone 
from either (a) free NPs or NPs entrapped within hydrogels with different alginate concentrations  
(b) 3% and (c) 1%, respectively.
Kim, D.H., Martin D.C., 2006. Sustained release of dexamethasone from hydrophilic matrices 
using PLGA nanoparticles for neural drug delivery. Biomaterials 27, 3031–3037. Reproduced 
with permission from Elsevier BV Ltd. © 2006.
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microspheres enhanced the elasticity and microroughness of the HYA hydrogel matrix 
and hence improved the neuronal cell adherence and proliferation. The biofactors, 
BDNF and VEGF, were consistently released (≈20–30% within 150 h) for a prolonged 
period forming a neurodurable neuromimicking environment wherein the release (extent 
and duration) and mechanical properties (soft to hard hydrogel) can be controlled by 
modulating the amount of cross-linker and/or particles added (Wang et al., 2011). Cit-
ing the shortcomings of “impregnated fibronectin mats, fibrin matrices, fibrin sealant, 
gelatin-tricalcium, phosphate membranes, growth factor eluting conduits, subcutane-
ous reservoir implantation, and infusion at coaptation site and mini osmotic pumps,” de 
Boer et al. (2011) from Mayo Clinic College of Medicine designed PLGA 50/50 micro-
spheres for incorporation into a PLGA 85/15 nerve conduit. Employing microspheres/
conduits of similar polymer formed an “in situ compatible material system” and hence 
no microspheric interference to regeneration was observed. The researchers observed 
no significantly enhanced nerve regeneration at all concentration tested conduits (filled 
with saline and nerve growth factor (NGF) microspheres (5 mg/mL; 20 ng/mL; 50 ng/
mL; and 100 ng/mL)) possible due to suboptimal concentrations of nerve growth factor 
released from the microspheres or conduits. We propose that moving from micro to 
nano might resolve this issue without compromising the mechanical and functional 
aspects of the delivery system (de Boer et al., 2011).

In one of the pioneering studies involving polymer neuronanocomposites, Seil and 
Webster (2008) tested Zinc oxide (ZnO) piezoelectric nanomaterials embedded in 
polyurethane as potential nerve guidance channels for neuroregeneration after trau-
matic spinal cord injury. The study was based on three fundamental properties of 
nanomaterials applicable in tissue engineering, namely (1) biomimetism: nanoscale 
surface features analogous to nanoscale biological proteins, (2) nanoroughness: 
enhanced functional area for selective protein adsorption and hence cell adhesion, and 
(3) grain boundaries with high surface energy—ideal for protein adsorption as well 
as conformation and hence superior bioactivity. The ZnO–PU nanocomposite pro-
vided nanotopographic and piezoelectric properties characterized by nanoroughness 
and electrical stimulus (generated by mechanical deformation of the scaffold), respec-
tively. Interestingly, an increase in ZnO concentration increased the surface energy of 
the polymer nanocomposite and significantly reduced the adhesion, proliferation and 
cell density of astrocytes—a first report proving the scar inhibitory activity of a poly-
mer nanocomposite—thereby providing a conducive environment for axonal growth 
and neuronal regeneration (Seil and Webster, 2008).

Over the last decade, the research group led by Professor Molly Shoichet at the  Donnelly 
Centre for Cellular and Biomolecular Research (University of Toronto, Toronto, Canada) 
has published substantial research related to polymer micro- and nanocomposites for  
neural injury interventions. An environmentally responsive injectable hydrogel composed 
of hyaluronic acid and methylcellulose (HYAMC) formed the “umbrella neuroarchetype” 
into which were added bioactive-loaded PLGA nanostructures to achieve CNS repair after 
traumatic neural injury. The salient findings of these bioactive/HYAMC–PLGA polymer 
nanocomposite drug delivery systems are detailed below in chronological order:

 1.  NBQX, FGF-2, dbcAMP, EGF, NT-3, and anti-NogoA: In an innovative approach, Baumann 
et al. (2009) directly loaded HYAMC (2:3:HYA:MC) hydrogels with two neuroprotective  
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molecules (NBQX and FGF-2), while four neuroregenerative therapeutic molecules 
(dbcAMP, epidermal growth factor (EGF), and proteins analogous to neuroactive agents 
NT-3 and anti-NogoA (IgG)) were encapsulated in PLGA nano- and microparticles. In this 
way, NBQX and FGF-2 were completely released within one and four days, respectively, 
thereby providing early neuroprotection to the severed spinal cord—the first desirable fea-
ture of an effective SCI intervention. Because the HYAMC hydrogel is capable of holding 
the molecules for maximum four days, the PLGA nanomatrices were employed as a sus-
tained-release mechanism for the efficient delivery of dbcAMP, EGF, NT-3 and anti-NogoA, 
achieving a linear and controlled release of the biofactors over 28 days. The HYAMC–PLGA 
polymer nanocomposite proved to be a versatile drug delivery system capable of delivering 
small to large molecular weight bioactives over 1 through 4–28 days with a high nanoparticle 
loading of up to 15% without disturbing the injectability of the HYAMC hydrogel. Further-
more, ≈80% of all therapeutic molecules were released locally at the site of administration 
and ≈95% of PLGA nanoparticles were retained in the HYAMC hydrogel over the study 
period (Baumann et al., 2009).

 2.  Particle-mediated hydrogel stabilization: Furthering the above research, Baumann et al. 
(2010) studied the in vivo biosafety and biocompatibility of HYAMC–PLGA polymer 
nanocomposites, the mechanism inherent to the formation and performance of polymer 
nanocomposite, and in vitro stabilization of the HYAMC hydrogel by PLGA nanoparticles. 
The addition of hydrophobic PLGA to HYAMC resulted in a time-dependent increase 
in gel modulus suggestive of the formation of physical cross-links either by H-bonding 
or ionic bonding or even via hydrophobic interactions (Fig. 6.2). In contrast to previous 
reports, the PLGA nanoparticles in this study demonstrated no microglial activation even 
at twice the concentration and smaller size range which can be attributed to the unique 
composition of the polymer composite. With respect to biosafety, the composite initiated 
some inflammation after implantation into the spinal cavity which was attributed to the 
increase in modulus of the hydrogel. Additionally, no astrocyte activation (astrogliosis) and 
increase in cystic cavity volume was reported for nanocomposite or the individual com-
ponents. Although the polymer nanocomposite demonstrated excellent neurocompatibility 
and durability, no improvement in locomotor function was reported with drug-free (blank) 
polymer nanocomposite corroborating the nonbioactivity of this injectable neural implant 
(Baumann et al., 2010).

 3.  Hydrogel–electrospun-fiber composites: In a first study in this domain, Hsieh et al. (2010) 
amalgamated poly(caprolactone-co-d,l-lactide) (P(CL:DLLA)) or collagen-electrospun 
nanofibers with thermoreversible/shear-thinning HYAMC hydrogel for potential cell 
replacement therapy employing neural stem/progenitor cells (NSPCs). The HYAMC 
hydrogel maintained the homogeneity of the NSPCs in vitro, in contrast to media alone 
in which the cells showed substantial aggregation. In comparison to HYAMC, collagen–
HYAMC composites reduced the survival, proliferation and differentiation of NSPCs, 
whereas the (P(CL:DLLA))–HYAMC polymer composites maintained the proliferation 
while enhancing the differentiation in vitro. Interestingly and for the first time (as claimed 
by the researchers), NSPCs generated higher “total plasma ATP content” while prolif-
erating as compared to while differentiating. The above results contrasted with earlier 
reports and will require further investigation in support of the argument. In conclusion, 
(P(CL:DLLA))–HYAMC polymer composites may serve as an effective nanohydrotem-
plate for efficient neuronal adhesion, proliferation, survival, and differentiation due to 
their nanotopographical features which can be easily and precisely controlled by mod-
ulating the diameter, surface morphology, composition, and strength of the constituent 
fibers (Hsieh et al., 2010).
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 4.  Neurotrophin-3 bioactivity and release: Stanwick et al. (2012) tested the HYAMC–PLGA 
polymer nanocomposite for potential sustained delivery of neurotrophin-3 (NT-3) in vitro 
with implications reaching to in vivo studies. The careful selection of formulation excipi-
ents played a determining role on NT-3 stability and bioactivity, and release with trehalose 
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Figure 6.2 Hyaluronic acid (HYA) and nanoparticles dramatically stiffen methylcellulose 
(MC), but through different mechanisms. In (a), the intrinsic salting out of MC by HYA 
is immediately evident in a six-fold increase in initial G′(storage modulus) . The effect of 
nanoparticles on MC is of similar magnitude, and likely due to a hydrophobic association 
similar to the MC–MC interactions responsible for the inverse thermal gelation of MC. 
The reversible gelation of MC and composite MC is shown in (b), in which the presence of 
nanoparticles enhances G′(t, T) at 37°C but not 4°C.
Baumann, M.D., Kang, C.E., Tator C.H., Shoichet M.S., 2010. Intrathecal delivery of a  
polymeric nanocomposite hydrogel after spinal cord injury. Biomaterials 30, 7631–7639. 
Reproduced with permission from Elsevier BV Ltd. © 2010.
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significantly enhanced the NT-3 stability during sonication and lyophilization, poly(ethylene 
glycol) (PEG) enhanced the detection of the encapsulated NT-3 (74%) while increasing the 
NT-3 release, and co-encapsulated magnesium carbonate sustained the release and bioactiv-
ity of NT-3 over 28 days. However, trehalose and PEG were removed from the final formula-
tion because of similar results being obtained from excipient-free formulations. Magnesium 
carbonate, due to its pH-neutralizing effect on degrading PLGA particles, prevented the 
autocatalysis of PLGA and hence prolonged the stay and release of NT-3 in and from the 
particles. This pH adjustment additionally maintained the bioactivity of pH-sensitive NT-3 
in and around the nanoparticles. The mathematical continuum model developed for eluci-
dation of bioactive release confirmed that “the linear drug release observed from HYAMC/
PLGA polymer nanocomposite was due to a diffusion-limiting layer of methyl cellulose on 
the particle surface” (Stanwick et al., 2012). In a recent study, Donaghue et al. (2015) estab-
lished the applicability of HYAMC–PLGA polymer nanocomposite for spinal cord injury 
intervention in a moderate compressive injury model and intricately determined the release 
of NT-3 in vitro and in vivo. NT-3 was encapsulated in PLGA nanoparticles (220 nm) at 
efficiency and loading of ≈50% and 1.03 μg/mg nanoparticle, respectively. The bioactive 
showed a triphasic release pattern from the HYAMC–PLGA drug delivery system (DDS) 
over 50 days with initial slow release (10 days), intermediate faster release (10–28 days) and 
final slow release (28–60 days) with ≈85% drug being released in 28 days. During in vivo 
testing, NT-3 was detected over 28 days at the lesion site with a total of 3% of the deliv-
ered drug detected at the lesion site. Additionally, NT-3 was detected throughout the depth 
of the spinal cord confirming ventral diffusion of NT-3 from the lesion site. The in vivo 
NT-3 release results corroborated well with the in vitro studies. According to Basso Beattie  
Bresnahan (BBB) locomotor scale, the behavioral studies demonstrated “frequent to con-
sistent forelimb–hindlimb coordination” in comparison to drug-free scaffold and untreated 
control group (Donaghue et al., 2015).

 5.  Sustained delivery of FGF-2: Fibroblast growth factor-2 (FGF-2), when applied locally, can 
lead to reduction in vasoconstriction along with initiation of angiogenetic response in vicin-
ity of primary SCI area. Kang et al. (2012) encapsulated FGF-2 within PLGA nanoparticles 
which were then embedded in injectable HYAMC hydrogel to fill the SCI defect. The FGF-2 
was released in a controlled and programmed manner from the HYAMC–PLGA DDS within 
8 days postimplantation, thereby achieving vasoprotection and increased vascular density 
within the posttraumatic angiogenesis time frame (Kang et al., 2013).

Over the years, a research team led by Ravi V. Bellamkonda (Wallace H. Coulter 
Department of Biomedical Engineering, Georgia Institute of Technology/Emory  
University, USA) has made remarkable contributions toward polymer micro- and 
nanocomposites for spinal cord injury interventions. They employed in situ gelling 
3D agarose scaffolds as the micro- and nanocarrier system due to its (1) biocompati-
bility: minimal inflammatory response when implanted in vivo; (2) neuroapplicability: 
easy manipulation of the axonal outgrowth by varying the porosity and physicome-
chanical properties; (3) reservoirability: storage and delivery of trophic factors either 
via direct loading or through secondary enclatherated carriers; (4) ability to support 
cell migration; and (5) protein-binding property for spatial control of therapeutic mac-
romolecules such as BDNF. Initially, self-assembled lipid microtubules synthesized 
from 1,2-bis-(triscosa-10,12-diynoyl)-sn-glycero-3-phosphocholine (DC8,9PC) were 
loaded with BDNF followed by enclatheration into the agarose hydrogel. Due to the 
high gelation temperature of hydroethylated agarose, the agarose gel composite was 
exposed to cold nitrogen rendering rapid in situ gelation of the delivery system. The 
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BDNF released from the scaffold retained its bioactivity as evident from the resul-
tant “no axonal bulbed-up morphology” along with significantly higher interfacial 
crossing of the growing axons into and over the hydrogel architecture. Additionally, 
BDNF assisted in (1) neurite outgrowth within the scaffold; (2) reduction of astrocyte 
reactivity; (3) inhibition of chondroitin sulfate proteoglycans (CSPGs) production; 
(4) the entry and crossing of regenerating axons into and across, respectively, the 
agarose scaffold; (5) enhancing the biocompatibility of the scaffold by attenuating 
the minimal inflammatory response (Jain et al., 2006). Furthering the agarose–micro-
tubule paradigm, Lee et al. (2010) encapsulated chondroitinase ABC (chABC; a  
glycosaminoglycan-digesting enzyme) into the lipid microtubules to attain mini-
mally invasive, sustained, and localized delivery of chABC in a dorsal-over-hemi-
section injury model. Due to the thermal sensitivity of chABC (complete loss of 
activity at 37°C within three to five days), it was thermostabilized employing a novel 
method involving a sugar, wherein trehalose conformationally stabilized chABC 
against thermal degradation and prolonged the in vivo enzymatic activity of chABC 
against chondroitin sulfate proteoglycans (CSPGs) over two weeks. Interestingly, 
agarose- microtubule–chABC scaffolds in combination with neurotrophin-3 resulted 
in enhanced axonal sprouting (sensory axons and serotonergic fibers) and functional 
recovery (locomotor function) following topical delivery as compared to once-off 
injection of unstabilized chABC. Furthermore, sustained release of bioactive chABC 
kept CSPG levels significantly low for approximately six weeks postinjury, thereby 
overcoming the CSPG-mediated regenerative failure (Lee et al., 2010). In a recent 
study, Jain et al. (2011) targeted CSPG-mediated inhibition of axonal regeneration 
through agarose–microtubule-based localized delivery of constitutively active (CA) 
Rho GTPases (CA-Rac1 and CA-Cdc42) together with BDNF. The cumulative release 
of bioactives in vitro and in vivo showed a major burst release of 3 and 4 mg on the 
first and the next three days, respectively, followed by a sustained release of 3 ng/
day for a further 11 days—perfectly mimicking the therapeutic paradigm involving a 
bolus dose followed by a high- and low-dose infusion. The spatial distribution analysis 
confirmed the presence of BDNF up to 2 mm proximal to the lesion site. Addition-
ally, the immunohistochemcal profiling of the extracted tissue revealed the uptake of 
BDNF by the ED-1+ cells together with the presence of neurotrophins along the lesion 
site. The hydrogel–microtubule acted as a “barrier removal system” wherein the local-
ized delivery of CA-Cdc42 and CA-Rac1 decreased the sensitivity of growth cones to 
CSPGs promoting axonal growth across the otherwise inaccessible CSPG-rich regions 
(Jain et al., 2011). In conclusion, the hydrogel–microtubule composite system allowed 
(1) conformal filling of the lesion cavity due to its thermosensitivity; and (2) slow and 
localized release of neuroprotective or axonal migration bioactives.

Taking leads from the above composite system, Bellamkonda and co-workers 
designed and tested the applicability of an injectable polymer nanocomposite for 
localized delivery of methylprednisolone to the lesion site in a contusion injury 
model (Fig. 6.3). Chvatal et al. (2008) reported the spatial distribution and the acute 
inflammatory effect of MP after release from MP-loaded PLGA nanoparticles dis-
persed in an agarose gel. The drug was coupled with Texas-red cadaverine (Tx, Bio-
tium) to make its visualization possible in the areas surrounding spinal cord. This 
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was followed by preparation of PLGA nanoparticles which were then incorporated 
into agarose gel. The release pattern of Tx–MP from the gel-embedded NPs was mea-
sured by release of drug–indicator conjugate over six days which was due to gradual 
degradation of PLGA. This system provided lipid-peroxidation inhibition during 
the initial and acute phase of secondary injury via continual delivery of MP to the 
injured spinal cord in a single administration. Further, in vitro release studies were 
carried out by co-incubation with lipopolysaccharide (LPS)-stimulated primary rat 
microglia and nitric oxide (NO) released from the microglia at different time points 
was measured. The results validated that cells treated with Tx-PLGA MP-NPs had  
significant reduction in NO produced as compared to the negative control. Decreased 

Denser agarose gel (SeaKem)

Dura mater

Spinal cord
Contusion injury

Subarachnoid space

Gel containing NPs
(SeaPlaque)

PLGA MP-NP

(a)

(b) (c)

Figure 6.3 (a) Schematic showing the Tx-MP-NP-embedded gel is placed directly onto the 
injury site, on top of the dura. The denser gel is injected on top and quickly cooled to hold the 
NP-embedded gel in place and minimize outward diffusion of Tx-MP. (b) Methylprednisolone- 
encapsulating PLGA nanoparticles (PLGA MP-NP): scanning electron microscopy (SEM) 
image of the lyophilized PLGA MP-NPs. (c) Schematic of topical and local delivery of the 
PLGA MP-NPs onto dorsal-over-hemisection-lesioned spinal cord.
Chvatal, S.A., Kim, Y.T., Bratt-Leal, A.M., Lee, H., Bellamkonda, R.V., 2008. Spatial 
distribution and acute anti-inflammatory effects of methylprednisolone after sustained local 
delivery to the contused spinal cord. Biomaterials 29 (12), 1967–1975; Kim, Y.T., Caldwell, 
J.M., Bellamkonda, R.V., 2009. Nanoparticle-mediated local delivery of methylprednisolone 
after spinal cord injury. Biomaterials 30 (13), 2582–2590. Reproduced with permission from 
Elsevier BV Ltd. © 2008 and 2009.
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early inflammation, lower number of ED-1 macrophages/activated microglia, 
reduced expression of proinflammatory proteins and eventually reduced lesion vol-
ume within a week after contusion injury was observed in this study (Chvatal et al., 
2008). In 2009, Kim and co-workers extended the above study by carrying out histolog-
ical and behavioral study of MP delivery by the use of biodegradable polymer-based 
nanoparticles and observed decreased reactivity of proapoptotic proteins, increased 
reactivity of antiapoptotic protein and reduced inducible nitric oxide synthase 
(iNOS) indicating that MP treatment lowered the mitochondria-mediated cell-death 
pathway. This proved that sustained MP delivery by slow release PLGA MP-NP can 
decrease the reactivity of the injury-related proteins. Hence it could be deduced that  
PLGA MP-NP local delivery has improved therapeutic effect as compared to the 
systemic MP delivery and has more efficient targeted delivery to the injured site in 
a significantly lower dose. In addition, delivery rate and duration could be adjusted 
as the MP release profile from nanoparticles can be manipulated through the com-
position of the biodegradable polymer. It also gives advantage of stable formulation 
in the form of injectable and lyophilized powder formulation. The lyophilized for-
mulation could be stored as a powder and easily suspended in saline or implanted in 
hydrogel when required to be delivered onto the lesion site (Kim et al., 2009).

6.3   Biomaterial carbon nanotube composites

Carbon nanotubes (CNTs) are one-dimensional nanomaterials employed in various 
bio-devices owing to their excellent tensile strength and electroconductive properties. 
Although their aggressive aggregation behavior limits their use in large concentra-
tions, appropriately functionalized and encapsulated–embedded CNTs offer distinc-
tive biocompatible advantages (Sridharan et al., 2009; Cho and Borgens, 2010). The 
stand-out aspect of CNTs, as compared to other nanomaterials such as graphene, is 
that their size is analogous to neuronal ECM components (collagens and laminins) 
together with aspect ratios matching with those of nerve fibers, axonal growth cones 
and synapses—making them a perfect candidate for the design of polymeric nano-
composites for neural tissue engineering, especially spinal cord injury interventions 
wherein neurogenesis and/or neuronal lineage is an important aspect for the survival 
and success of stem cell transplantation. In addition to size, CNTs offer excellent 
mechanical strength while being flexible, are conductive in nature, help maintain 
scaffold structural integrity by providing “organized fractal-like nanostructure,” are 
not affected by environmental conditions, and can initiate signal transmission among 
growing axons (electrical shortcuts) (Serrano et al., 2014; Chen et al., 2012; Chao 
et al., 2009).

The physical environment in the form of ECM plays a critical role in stem cell dif-
ferentiation, proliferation and lineage selection. The ECM can be closely mimicked by 
designing scaffolds derived from native ECM components such as collagen and elastin 
or by incorporating biopolymers such as silk fibroin. However, the ECM matrices so 
produced demonstrate weak physical strength due to the absence of “naturally inher-
ent” inter- and intracomponent linkages. Sridharan et al. (2009) compared a composite 
system comprising type I collagen and CNT with respect to soft gelatin matrices for 
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their ability to induce differentiation in human Embryonic Stem Cell (hESC) culture. 
Although the gelatin matrices showed full differentiation into all three endoderm, 
mesoderm and ectoderm lineages, the collagen–CNT composite demonstrated focused 
neurogenic ectodermal lineage over the coarsely aligned matrix microstructure prov-
ing its potential as an advanced “neural-cell based bio-device.” In addition to providing 
anisotropic local stresses, the incorporation of CNT to collagen rendered improved  
collagen–collagen interaction along with the nanostructurization of collagen and for-
mation of thick, resilient and nonwoven fibrillar architecture (Sridharan et al., 2009). 
The neuroapplicability of collagen–CNT was further demonstrated by Cho and 
Borgens (2010), wherein the researchers incorporated multiwall carbon nanotubes 
(MWCNTs) in collagen scaffolds and evaluated the effect of their electroconductivity 
on neurite outgrowth. The uniformly distributed MWCNTs imparted enhanced elec-
troactivity even at very low concentrations of less than 1%. Furthermore, the electrical 
stimulation immensely affected the adhesion, metabolic activity, and neurite exten-
sion of pheochromocytoma (PC12) cells leading to electroguidance-based neurite 
outgrowth characterized by the presence of soma, neurites, and growth cones outlined 
by microspikes and filopodia. The addition of MWCNTs to collagen augmented the 
attachment between the neurocytoskeleton and the nanocomposite surface as revealed 
by fluorescence microscopy analysis of sprouting focal adhesions (Cho and Borgens, 
2010). In addition to collagen, another important component of natural neural archi-
tecture under extensive investigation is chondroitin sulfate (CS). When combined with 
MWCNTs, CS scaffolds form a “synergistic neural-permissive platform” capable of 
promoting the formation of a neuron-enriched network within a neuronal lesion and 
hence restricting the transitory glial content. The inherent nanofeatures and adsorp-
tive properties of MWCNTs contributed toward the formation of a 3D reservoir of 
growth factors and allowed (1) differentiation of embryonic neural progenitor cells 
(ENPCs) without the usual coating with neuron adhesion-promoting molecules such as  
poly-l-lysine or laminin, (2) higher neurons–glial cells ratios, (3) activation of Ca++ 
signaling, and (4) maintenance of mitochondrial membrane potential and function 
(Serrano et al., 2014).

It is apparent that natural ECM components such as collagen and chondroitin sul-
fate provide better neuronal viability and adhesion as compared to natural and syn-
thetic non-ECM biomaterials. However, if coated with neuron adhesion-promoting 
molecules, non-ECM biomaterials can be employed to produce neuroarchetypes 
perfectly mimicking the neuro-ECM. Based on the above proposition, Chen et al. 
(2012) designed laminin-coated silk–MWCNT composite scaffolds for potential spi-
nal cord injury intervention. The hydrophobic component of the silk fibroin (75% 
of total fibroin protein) demonstrated excellent compatibility with the hydrophobic 
MWCNTs, whereas the hydrophilic component acted as a dispersant for MWCNTs 
within the silk scaffold. Human embryonic stem cells (hESCs) seeded on silk–CNT 
substrates showed distinctive neuronal somas along with longer, high-density axo-
nal sprouting forming “complex 3-D axonal bundle networks” as characterized by 
upregulation of β-III tubulin and nestin. Furthermore, the biodegradability of silk–
CNT scaffolds provided a porous architecture with large surface area for efficient 
cell–scaffold interaction and adequate space conducive for extensive axonal sprouting 
and extension (Chen et al., 2012).
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Although it is feasible to uniformly disperse CNTs within a scaffold by employ-
ing selective polymers with selective hydrophobic–hydrophilic–compatible–dispersant  
balance, a perfectly uniform polymer nanocomposite can only be achieved by covalent 
interaction between the CNT and the polymer chain. In an interesting study published 
by Chao et al. (2009), the researchers demonstrated the selective differentiation of 
hESCs into neuronal cells in the presence of CNTs grafted on poly(acrylic acid) sub-
strate. In comparison to a poly-l-ornithine surface, a well-known neuronal culture 
substrate, the poly(acrylic acid)–CNT films demonstrated enhanced neuronal differen-
tiation (about two times) accompanied by excellent cellular viability and maturity due 
to their protein-adsorption and cell-attachment properties augmented by topological 
(robust yet flexible nanotube architecture) and biological (obtained by polymer graft-
ing) cues offered by poly(acrylic acid)–CNT films (Fig. 6.4; Chao et al., 2009).

The neuroperformance and compatibility of polymer–nanotube composites can be 
enhanced by focused functionalization of nanotubes as described as follows:

 1.  Carboxylic functionalized single-walled carbon nanotubes (SWCNTs): Carbon nanotubes 
if appropriately functionalized can provide desired microenvironment conducive to neuro-
genesis (Sridharan et al., 2009). Tay et al. (2010) from Nanyang Technological University, 
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Figure 6.4 Enhanced neuron differentiation on poly(acrylic acid) (PAA)-grafted (g)-CNT 2D 
scaffolds. (a) Neuron differentiation efficiency characterization. Cells were stained with  
neuron specific marker β-tubulin III (1:500) and nuclei were counter-stained with DAPI 
(1:5000). Images were acquired by using fixed exposure time in every field. Differentiation 
efficiency was acquired by calculating fluorescence intensity of immunopositive cells against 
DAPI-stained cells. Values were shown as mean ± SEM. (b) SEM images of cells on poly-l-or-
nithine (PLO) and PAA–CNT (PAA-g-CNT) surfaces, seven days after attachment.
Chao, T.I., Xiang, S., Chen, C.S., Chin, W.C., Nelson, A.J., Wang, C., Lu, J., 2009. Carbon  
nanotubes promote neuron differentiation from human embryonic stem cells. Biochem. Biophys. 
Res. Commun, 384, 426–430. Reproduced with permission from Elsevier BV Ltd. © 2009.
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Singapore, chemofunctionalized SWCNTs with carboxylic acid (dCOOH), enhancing their 
biocompatibility and cell-adherence capability. With no induction medium employed, the 
carboxylic-functionalization additionally provided topographical cues in the form of nano-
roughness leading to neurogenetic lineage in human mesenchymal stem cells (hMSCs) 
as evidenced from the formation of microspikes and the upregulation of neurogenic gene  
markers (nestin, glial fibrillary acidic protein and microtubule-associated protein 2) (Tay 
et al., 2010).

 2.  Pluronic-coated carbon nanotubes: The applicability of carbon nanotubes for neural tissue 
engineering was further proved by Bardi et al. (2009), wherein the carbon nanotubes when 
coated with Pluronic F127 (PF127), a PPO–PEO–PPO block copolymer, showed more dis-
tinctive biocompatibility properties than the individual components. The researchers pro-
posed that PF127 stabilized and solubilized the CNTs due to its surfactant action, whereas 
CNTs circumvented the PF127-induced apoptosis by the so-called surfactant sequestration 
mechanism (Bardi et al., 2009).

6.4   Future trends

From the aforementioned discussion, it is evident that combinatorial strategies involv-
ing “precursor cells or growth factors + ECM-mimiking [sic] scaffolds + nanomaterials” 
have demonstrated immense potential in improving the neurological, neurochem-
ical, and behavioral outcome after implantation post-TSCI. However, these “bio-
active polymer nanocomposites” are still far from being designated as “all-in-one 
neuroprotective and therapeutic systems” because of the following limitations: (1) 
the localized delivery of the composite system requires adjuvant stabilizers for 
administration; (2) unavailability of complete in vivo toxicity profile of one-di-
mensional nanomaterials such as carbon nanotubes or graphenes; (3) complicated 
fabrication of functionalized chemical surfaces and related bioconjugation; (4) 
nano-with-scaffold incompatibility along with co-fabrication challenges; (5) non-
uniform distribution of nanostructures within the scaffold; (6) narrow therapeu-
tic window of the administered bioactives; (7) pH- and cross-linking-dependent 
fabrication, stability and degradation of polymeric scaffolds; (8) immunological 
responses to implanted precursor cells; (9) surface localization of nanoparticles due 
to hydrophobic–hydrophilic imbalance (Kumar et al., 2014b). We hereby propose 
two different strategies, bioactive nanostructures and nanostructured biomaterials, 
which, if merged together, may provide the scientific and clinical community with 
novel “bioactive nanoenabled neuroplatforms.” First, the constituent nanostructures 
may be (1) developed with neuroactive polymers such as ferulic acid/glycol chitosan 
nanoparticles (Wu et al., 2014), (2) capable of external modulation such as magnetic 
polymeric nanoliposomes so that they can be localized to the desired area (Wang 
et al., 2010), and (3) self-propelled for targeting the activated microglia and mac-
rophages (Papa et al., 2014). The aforementioned nanostructures may be combined 
with specialized scaffolds, or the 3D neurosupport platforms, designed with intrin-
sic nanofeatures. This may provide the much needed nanotopographical cues to the 
regenerating axons. Typical examples of such platforms include (1) assembling elec-
trospun nanofibers and self-assembling peptides into composite guidance channels  



156 Nanocomposites for Musculoskeletal Tissue Regeneration

(Gelain et al., 2011); (2) electrically conductive polymeric nanofiber composites 
composed of polypyrrole coating (Lee et al., 2009); (3) microgrooved nerve con-
duits made of chitosan–gold nanocomposites (Lin et al., 2008); (4) double-layered 
scaffold in which the nanofibers in each layer are aligned along a different direction 
(Xie et al., 2009); and (5) composite aligned and random nanofibrous substrates 
(Gupta et al., 2009). If applied together, these multicomponent and multifunctional 
systems have implications reaching to clinical application for traumatic neural inju-
ries as well as neurodegenerative conditions; neurite outgrowth, growth cone guid-
ance, and axonal regeneration are key to therapeutic benefits.

List of abbreviations

3D Three–dimensional
AMP Adenosine monophosphate
ATP Adenosine triphosphate
BBB Basso Beattie Bresnahan
BDNF Brain-derived neurotrophic factor
CA Constitutively active
chABC Chondroitinase ABC
CNS Central nervous system
CNT Carbon nanotube
COOH Carboxylic acid
CS Chondroitin sulfate
CSPGs Chondroitin sulfate proteoglycans
dbcAMP Dibutyryl cyclic-AMP
DC8,9PC 1,2-bis-(triscosa-10,12-diynoyl)-sn-glycero-3-phosphocholine
DDS Drug delivery system
DEX Dexamethasone
ECM Extracellular matrix
EGF Epidermal growth factor
ENPC Embryonic neural progenitor cell
FGF-2 Fibroblast growth factor-2
g Grafted
GDNF Glial-derived neurotrophic factor
HYAMC Hyaluronic acid–methylcellulose
hESC Human Embryonic Stem Cell
hMSC Human mesenchymal stem cells
iNOS Inducible nitric oxide synthase
LPS Lipopolysaccharide
MC Methylcellulose
MP Methylprednisolone
MWCNT Multiwalled carbon nanotube
NBQX 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide
NGF Nerve growth factor
NO Nitric oxide
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NP Nanoparticle
NSC Neural stem cell
NSPC Neural stem/progenitor cell
NT-3 Neurotrophic factor-3
PAA Poly(acrylic acid)
P(CL:DLLA) Poly(caprolactone-co-d,l-lactide)
PC12 Pheochromocytoma cell
PCL Polycaprolactone
PEG Poly(ethylene glycol)
PF127 Pluronic F127
PLGA Poly(lactic-co-glycolic acid)
PLLA poly-L-lactide acid
PLO Poly-l-ornithine
PU Polyurethane
SCI Spinal cord injury
SWCNTs Single-walled carbon nanotubes
TSCI Traumatic spinal cord injury
VEGF Vascular endothelial growth factor
ZnO Zinc oxide
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7.1   Introduction

Bone consists of nanohydroxyapatite (nHA) and collagen major proportions with a 
hierarchical arrangement. Bone loss or defects are serious concerns for humans world-
wide due to motor accidents, birth defects, osteoporosis, and so on. Autograft and 
allograft are the best-known remedies to treat the loss or defects of bone tissue. Both 
methods have advantages and disadvantages; the drawbacks are insufficient donor 
site and transfer of immune disease. In recent years, significant progress has been 
made to develop artificial organs by synthetic and naturally derived biomaterials. The 
preparation of artificial bone is one of the biggest challenges for the biomaterials sci-
entist, biologist and orthopedic surgeon. A new field in this science is known as Tis-
sue Engineering (Langer and Vacanti, 1993; Barth et al., 2011). Several biological 
materials have been prepared and are checked to mimic the natural function of bone. 
Biopolymers with bioceramics are one of the best approaches to prepare artificial 
bone. The biopolymers include alginate, chitin/chitosan, hyaluronic acid, poly (lactic 
acid),  poly(glycolic acid), poly(lactic-co- glucolide) copolymers, polypropylene fuma-
rate and  poly(ε-caprolactone), and the bioceramics are hydroxyapatite and bioactive 
bioglass (Rezwan et al., 2006; Jayakumar et al., 2010;  Venkatesan and Kim, 2012a,b; 
Venkatesan et al., 2012b, 2010; Pallela et al., 2012; Ramya et al., 2012).

7.2   Nanohydroxyapatite

Hydroxyapatite [Ca10(PO4)6(OH)2] (HA) is one of the most stable forms of cal-
cium phosphate (Kim and Mendis, 2006) and is used in variety of areas, including 
orthopedic, dental and maxillofacial applications. HA has recently emerged as an 
important compound for artificial bone preparation due to its osteoconductive prop-
erties. The structural similarity of HA with the bone has proven that it can mimic 
the natural function of bone due to its biocompatibility and osteoconductive nature. 
However, the mechanical strength of HA is a serious concern when it is used to 
replace or treat bone loss or defects (Zhou and Lee, 2011). Composite scaffold of 
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HA with the biopolymers is a new strategy, and it is reported that it can mimic the 
natural function of bone (Jeong et al., 2013).

7.3   Chitosan

Chitosan is a structurally linear polysaccharide and one of the most widely reported 
polymers with HA (Venkatesan and Kim, 2010; Venkatesan et al., 2011, 2012a; Thein-
Han and Misra, 2009; Chesnutt et al., 2009; Muzzarelli et al., 2012; Reves et al., 2012); 
it is found in crustaceans and insects and consists of 2-acetamido-2-deoxy-β-d-glucose 
(Fig. 7.1(a)). Great importance has been given to marine-derived chitosan for making 
artificial organs due to its biodegradable, biocompatible, porous structure, suitable for 
cell growth, and an intrinsic antibacterial easily available from natural sources (Di Mar-
tino et al., 2005). Chitosan can be modified into different forms such as fibers, beads, 
scaffolds, gels, and microspheres according to the shape of the artificial organ.

7.4   Chitosan–nHA composite scaffolds

Remarkable research has been conducted on chitosan–nHA (Fig. 7.1(b)) in past 
decades. However, still more advanced investigative research is needed to design a 
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commercial method of production. The combination of chitosan with nHA is one of 
the best approaches for the preparation of artificial bone. In the present book chapter,  
we attempted to explore the preparative method, mechanical strength, cellular 
interaction and in vivo studies of chitosan–nHA composite and its possible future 
applications.

7.4.1   Production of chitosan–nHA

In situ chemical method is one of the best ways to get the chitosan–nHA nano-
composite biomaterials into pure form (Fig. 7.2). Chemically, nHA can be synthe-
sized using the solution of Ca(NO3)2 (calcium nitrate) and NH4H2PO4 (ammonium 
dihydrogen phosphate) using ammonia hydroxide solution at pH greater than 10 
with the stoichiometric ratio of 1.67. The prepared chitosan–nHA nanocomposite  
is characterized using different analytical techniques such as Fourier transform- 
infrared spectroscopy (FT-IR), X-ray diffraction analysis, scanning electron micros-
copy, transmission electron microscopy and energy dispersive X-ray spectroscopy  
(Fig. 7.3). Using the chemical method, the formation of nHA in chitosan solution is 
uniform and significantly reduces the brittleness and crystallinity of HA (Chen et al., 
2002; Murugan and Ramakrishna, 2004; Rusu et al., 2005). The mechanical properties 
of bending strength and modulus of the composite are 86 MPa and 3.4 GPa, which is 
two to three times stronger than poly(methyl methacrylate) cement (Hu et al., 2004). 
The biocompatibility of the chitosan–nHA scaffold was assessed with MC3T3-E1 
osteoblastic cells. The composite scaffolds showed better biocompatibility than  
the pure chitosan scaffold (Kong et al., 2005). Manjubala et al. (2006), suggested that 

0.67M of (NH4)2HPO4

Chiotsan 2 wt% solution in AcOH

1M of Ca(NO3)2.4H2O

Stirred for 3–24 h

Freezed at –20ºC

Chitosan-nHA scaffold

Lyophilized and 
regenerated with NaOH

Figure 7.2 Preparative procedure of chitosan–nHA by in situ chemical method.
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double diffusion technique might be a better approach to make the chitosan–nHA 
scaffold for bone-tissue engineering.

In the literature, some other methods are suggested by a few researchers for the 
preparation of the nanocomposite of chitosan–nHA: in situ method (Kong et al., 2006), 
in situ mineralization method (Verma et al., 2008a,b), solvent casting (Murugan and 
Ramakrishna, 2004), coprecipitation method (Yamaguchi et al., 2003; Teng et al.,  
2009), simple in situ hybridization (Hu et al., 2004), double diffusion method (Man-
jubala et al., 2006), biocomposite (Ma et al., 2011), hydroxypropylated chitosan and 
ethylene glycol functionalized nHA (Depan et al., 2011), homogeneous microstruc-
ture (Chen et al., 2002), sol–gel method (Su et al., 2009), and evaporation methods 
(Xianmiao et al., 2009). Normal bone is made up of approximately 30% organic mate-
rial and 70% nHA. Li et al. (2005) prepared the composite materials with a 30/70 ratio 
of chitosan–nHA, and showed a better compressive strength of 120 MPa and higher 
biodegradability when immersed in a simulated body fluid (SBF) solution. nHA with 
chitosan can be prepared by using SBF solution. The mineralization of Ca and P ions 
on the composites was observed with higher chitosan concentration with longer period 
of exposure (Mohamed et al., 2011a,b; Shi et al., 2012). Li et al. (2012b) used a simple 
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Figure 7.3 Chemical characterization of chitosan–nHA. (a) Fourier Transform-Infrared 
Spectrum (FT-IR). (b) X-ray diffraction spectrum (c) transmission images of nHA and 
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Reproduced the figure with permission from Elsevier. (Chen et al., 2002)
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casting solvent evaporation method that develops chitosan with different amounts of 
nHA content (1, 5, 10, 15, 20 and 30%). FT-IR results suggest that possible interaction 
was observed between chitosan and nHA (Li, Nan, et al., 2012b).

Chitosan–nHA composites with different compositions of 0 to 70% were prepared 
by in situ hybridization methods. The average diameter of the fibers was about 3 nm, 
whereas the length of the fibers increases from 20 to 60 nm when the nHA content 
increased from 10 to 70%. Compressive strength and Young’s modulus of the nHA 
composites increases with the nHA content reaching the highest value of 170 and 
1.7 GPa (Zhang et al., 2012a). Chitosan with nHA composite was also prepared using 
in situ chemical method. The particle size of nHA is 40–100 nm (Nikpour et al., 2012).

The effect of chlorotrimethylsilane on bonding of nHA with chitosan–polyacryl-
amide matrix which was prepared using physical mixing method (Bhat Kalambettu 
et al., 2012). Chitosan–nHA was prepared by a supercritical fluid-assisted process, 
and different amounts of nHA (0.25, 0.5, and 1.00%) were added to chitosan solu-
tion (Karakeçili and Arıkan, 2012). Hyaluronic acid and collagen with chitosan–nHA  
were prepared with zearalanol for better bone-tissue formation (Liu et al., 2012). 
nHA with chitosan film was developed with an in situ combined method (Sun et al., 
2012), whereas chitosan with nHA was prepared with an in situ hybridization method. 
The highest degree of bone regeneration potential observed in nHA powder, with the 
bone regeneration lowest in nHA with 6 g of chitosan (Tavakol et al., 2013).

Chitosan with nHA macrosphere has also been prepared using a water-in-oil emul-
sion by in situ generation method. The availability of nHA in the microsphere is poorly 
crystalline in nature, similar to biological apatite (Ding et al., 2012). Electrospun scaf-
folds of chitosan and nHA composite were prepared using SBF solution (Thien et al., 
2013). nHA–chitosan–poly(l-lactic acid) ternary composite were prepared by physical 
mixing (Zhang et al., 2013). Chitosan–nHA and polycaprolactone scaffold were checked 
for bone periodontal tissue engineering. They suggest that bioactive glass incorporation 
is an important parameter to improve the function of chitosan–nHA for bone-tissue engi-
neering (Shalumon et al., 2013). Chitosan–nHA gelatin preparation (Mohamed et al., 
2013), nHA–Si–Mg–Zn–chitosan–collagen scaffold (Tomoaia et al., 2012), chitosan 
gelatin were prepared by following wet chemical methods (Rajkumar et al., 2013).

The porosity, biocompatibility, mechanical strength and osteogenesis are much more 
important parameters to keep in mind while preparing the chitosan–nHA composite 
scaffold for bone-tissue engineering. The fact is, increasing the porosity of the compos-
ite scaffold generally decreases the mechanical strength of the scaffolds. To overcome 
this issue, multilayer scaffold chitosan–nHA can be prepared with the pore size of 15 to 
40 μm, which is sufficient for blood and nutrient supplementation (Kong et al., 2007).

Particle size of HA plays an important role in bone regeneration. The additions of 
nano HA and micro HA in the chitosan matrix were developed with freeze dry lyo-
philization method. Lee et al. reported on the effects of the surface characteristics of 
nHA and micro-HA films on the behavior of human mesenchymal stem cells (hMSCs) 
in vitro. The cell proliferation of hMSC in chitosan with nHA shows better perfor-
mance than micro-HA with chitosan due to higher surface area of nHA (Lee et al., 
2011). The tensile modulus increases more for composites containing nHA than com-
posites containing micro-HA due to nHA being uniformly distributed in the matrix 
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(chitosan–starch) when compared to micro-HA. However, the swelling percentage 
decreased for the samples containing nHA (Ai et al., 2011).

The chemical interaction between chitosan and HA is due to an coordination bond 
which is usually observed by FT-IR spectroscopy, indicating that chitosan interacts 
with nHA through NH3+ groups, whereas in polygalacturonic acid/HA dissociated car-
boxylate groups (COO-) form unidentate chelate with calcium atoms (Verma et al., 
2008a). Chemical bond interaction exists between Ca ions and dOH− groups of nHA 
and dNH2 or dOH groups of chitosan (Xianmiao et al., 2009; Hu et al., 2004). The 
carboxylic and amino groups play crucial roles for the HA formation on chitosan–gelatin 
polymer matrix in the presence of citric acid. The formation of nHA particles and the 
size of the crystals are increased with an increase in the amount of chitosan and gelatin, 
whereas they are decreased with citric acid addition (Mohamed et al., 2011a,b).

7.4.2   Ternary composites of chitosan–nHA

Saravanan et al. (2011) have suggested that addition of nanosilver (nAg) to the 
chitosan–nHA composite scaffold significantly improved antimicrobial properties; 
those composite scaffolds, which are nontoxic to rat osteoprogenitor cells and human 
osteosarcoma cell line, were prepared by the freeze-dry method. Zinc has been proven 
to have an antimicrobial property; the addition of nanozinc in nHA to chitosan showed 
better performance toward bone-tissue engineering (Tripathi et al., 2012). Chen et al. 
reported two methods for the preparation of chitosan–nHA, the in situ and sol–gel 
methods. In situ additions of HA possess better performance in elastic modu-
lus, compressive strength, cell proliferation and alkaline phosphatase activity. This 
may be because, uniformly dispersed and chemical interaction may be possible in  
in situ formation of HA in the chitosan matrix (Chen et al., 2011).

Chitosan–nHA alone may not be not enough to mimic the natural function of 
bone. To improve the function of chitosan–nHA, there are several other substances 
that have to be incorporated. Those materials are from gelatin (Li et al., 2007; Peter 
et al., 2010), poly(lactic acid) (Zhang et al., 2012b), Konjac glucomannan (Gang 
et al., 2007), poly(galacturonic acid) (Verma et al., 2008a,b, 2010), β-glycerophos-
phate (Huang et al., 2009), polyamide 66 (Huang et al., 2012), sodium carboxymethyl 
cellulose (Jiang et al., 2008, 2009, 2011; Liuyun et al., 2008, 2009), collagen  
(Wang et al., 2009), starch (Jafar et al., 2011), zinc oxide (Li et al., 2010), collagen 
gels (Huang et al., 2011), hyaluronic acid (Chen et al., 2012a), poly(vinyl alcohol) 
(Yang et al., 2008), pectin (Li et al., 2011), magnetite (Cui et al., 2008), genipin (Li et al., 
2012b), poly(caprolactone) (Zhou et al., 2007) and gelatin (nHCG) (Li et al., 2009) for 
bone-tissue engineering. Gel of carboxymethyl chitosan–gelatin–nHA is susceptible 
to tyrosinase/p-cresol physiological temperature (Mishra et al., 2011).

Hyaluronic acid–chitosan–collagen and nHA was prepared by physical mixing and 
checked for mechanical strength and its effect on cellular morphology and cell prolifer-
ation (Lu et al., 2011). A pulsed electrochemical deposition method has been reported 
to produce chitosan–nHA with chitosan composite coating on titanium (Ti) substrate. 
It has been proven that Ti is well known for orthopedic use. The addition of chitosan–
nHA substance on the Ti substrate improves biocompatibility, and composites favored 
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the attachments (Wang et al., 2011). Highly porous scaffold of nHA–polyamide 66 
with chitosan coating was investigated for physical and cytological properties. The 
chitosan coating in the composite scaffold is significantly effective and nontoxic with 
better cell proliferation (Huang et al., 2012).

7.4.3   In vitro and in vivo study of chitosan–nHA

Chitosan and hyaluronic acid with nHA polyelectrolyte sample were prepared by in 
situ chemical method. The addition of hyaluronic acid to the chitosan–nHA signifi-
cantly increased the cell proliferation and alkaline phosphatase activity (Chen et al., 
2012a). Chitosan–nHA–collagen were checked for cytotoxicity; cell proliferation, 
alkaline phosphatase, type 1 collagen, RUNX-2 and osteocalcin assay were found to 
be greater than in chitosan–nHA scaffold compared to chitosan alone in MC3T3-E1 
mouse calvarial preosteoblast cells (Chen et al., 2012b). In situ synthesis of nHA with 
diameter 27 nm and length around 150 nm to chitosan functionalized graphene oxide 
nHA were produced. Compared with HA, the prepared graphene-incorporated HA 
composite shows increased elasticity and hardness. The in vitro cytotoxicity assay 
reveals that the nanocomposite showed better cell proliferation and alkaline phospha-
tase activity (Li et al., 2013). The cell adhesion and proliferation was 1.5 times higher 
on chitosan–nHA scaffold compared to chitosan scaffold alone (Thein-Han and Misra, 
2009) (Fig. 7.4).

The use of osteoconductive agents is one of the ways to cure bone-related diseases. 
Bone morphogenetic protein-2 (BMP-2) has been proven as one of the best proteins to 
solve several bone-related diseases. Stem cell incorporation in the composite scaffold 
is a better way to improve the function of bone scaffold; nHA with chitosan with bone 
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Figure 7.4 Scanning electron micrographs (SEM) of preosteoblasts on chitosan surface after 
(a) day 1, (b) day 3, (c) day 7 and (d) day 21 of cell culture; and on chitosan–nHA surface 
after (e) day 1, (f) day 3, (g) day 7 and (h) day 21 of cell culture.
Reproduced the figure with permission from Elsevier. (Thein-Han and Misra, 2009)



168 Nanocomposites for Musculoskeletal Tissue Regeneration

marrow mesenchymal stem cells (BMSCs) unregulated the bone markers (Liu et al., 
2013). Icariin is plant-derived flavonol glycoside, and has osteoinductive properties 
for bone regeneration. Chitosan with nHA can be used as a scaffold to release the ica-
riin in specific to enhance bone repair (Fan et al., 2012). Li et al. reported that in vivo 
study of chitosan–nHA composite was checked in osteochondral defects of rabbits. 
Bone marrow mesenchymal stem cells were cultivated in chrondrogenic differentia-
tion medium for 2 weeks. The rates were harvested at 4th and 12th week by postopera-
tion; BMSC induced chondrocytes after cultivation with chondrogenic differentiation 
medium. The scaffolds have good adhesion with chondrocyte (Li et al., 2012a).

Critical-size bone defects (6 mm diameter, 10 mm length) were created in the left fem-
oral condyles of 43 adult New Zealand white rabbits. The femoral condyle bone defects 
were repaired by nHA–chitosan composite; 8 weeks after surgery, irregular osteon devel-
opment was detected in the group treated with nHA with chitosan composites compared 
to pure chitosan; 12 weeks after surgery, complete healing of the segmental bone defects 
was observed in the nHA group. The injectable form of nHA with chitosan scaffold is 
a potential candidate for regeneration of bone loss (Zhang et al., 2012c). nHA, chitosan 
and collagen tricomponent scaffold has been synthesized using in situ-forming hydrogel.  
Chitosan–nHA hydrogel was injected into rat intravenous tissue and assessed for 28 days. 
Chitosan–nHA scaffold showed a better stiffness, lower degradation rate, and greater 
blood supply in the in vivo evaluation than chitosan scaffold (Chen et al., 2012c).

7.5   Future directions

 •  The addition of a third component in the chitosan–nHA composite will be essential to 
improve its properties towards cell proliferation, alkaline phosphatase, mineralization and 
type one collagen production. Synthetic materials, natural polymers, bone morphogenetic 
protein, glycerol phosphate, antimicrobial substances (zinc, copper, and silver), non-collagenous 
protein can be 3rd components.

 •  The addition of stem cells is one of the best approaches to overcome the problems.
 •  The wet chemical, sol-gel and freeze-drying methods are widely used techniques; still more 

advanced techniques need to be developed.
 •  There are significant drawbacks in chitosan purity, degree of deacetylation, viscosity, and 

molecular weight that play major roles in fabricating scaffolds. The bioactivity of chitosan 
mainly depends on several things.

 •  Increasing the mechanical strength of the chitosan–nHA composite is a burning question; it can 
be overcome by the addition of a very strong component, such as carbon nanotube or graphene.

7.6   Conclusion

Chitosan–nHA nanocomposites have been proven to increase cell proliferation, 
porosity, increase the osteogenic marker and bone formation. However, the num-
bers of in vivo studies suggest that addition of a third component in the chitosan–
nHA composite is necessary for better bone formation. Proper utilization with 
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the required property of chitosan–nHA will result in promising biomaterials for 
bone-tissue regeneration.
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8.1   Introduction and challenges

Tissue engineering and bioactive molecule delivery are closely related fields  
(Bonassar and Vacanti, 1998; Langer and Vacanti, 1993). Research in tissue engineer-
ing as well as controlled drug delivery has progressed greatly in recent years (Goldberg 
et al., 2007). In particular, the development of scaffolds for bone tissue engineering 
has progressed from the preparation of porous materials hydrolytically degradable in 
its beginnings to current alternatives that emphasize the use of multifunctional matri-
ces with the capability to reproduce more closely the topography and functions of 
bone extracellular matrix (Mouriño et al., 2013a,b; Goldberg et al., 2007). A conve-
nient approach being increasingly investigated to enhance the multifunctional matrix 
functionality is to load bioactive molecules in the matrix to enhance and accelerate 
functional bone tissue regeneration and/or to treat a nearby disease; which is leading 
to a novel research field called tissue engineering (TE) therapeutics (Baroli, 2009; 
Mouriño and Boccaccini, 2010). In this regard, polymer nanocomposites (PNCs)—
combining biodegradable polymers with bioceramics—have established themselves 
as a promising type of nanocomposite biomaterials for regenerative medicine and drug 
delivery applications and are widely researched as multifunctional nanomaterials (see 
Fig. 8.1).

In particular, the possibility of using PNCs in bone tissue engineering (BTE) to 
serve as both three-dimensional (3D) scaffolds of bone cell proliferation, differ-
entiation, and attachment, and matrices for in situ release of bioactive molecules 
to enhance cellular activity during bone tissue repair, could represent a versatile 
approach (Baroli, 2009; Mouriño and Boccaccini, 2010; Goldberg et al., 2007). The 
multiple capabilities of PNCs originate from the large variety of natural and syn-
thetic biopolymers and a range of nanoparticles available to researchers. Existing 
biopolymers include, but are not limited to, starch, cellulose, alginate, chitosan, 
collagen, gelatin, and fibrin, poly (vinyl alcohol) (PVA), poly (ethylene glycol) 
(PEG), poly (caprolactone) (PCL), poly (lactic-co-glycolic acid) (PLGA), and 
poly (glycerol sebacate) (PGS). A range of nanoparticles including nanobioceram-
ics, nanohydroxyapatite, mesoporous silica nanoparticles, and metal nanoparticles 
are incorporated as fillers within the biopolymeric network to design a PNC with 
the desired property combinations. It is well known that a PNC matrix must meet 
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certain design and functional criteria to be useful as a 3D scaffold for BTE, including 
mechanical properties, biodegradability, biocompatibility, and absence of immune 
response (Freed et al., 1994; Rezwan et al., 2006). In addition, due to unique interac-
tions between biopolymers and nanoparticles, different property combinations can 
be engineered to control the delivery of a loaded bioactive molecule locally and 
in a sustained manner from a 3D PNC scaffold for BTE (Mouriño et al., 2013a,b; 
Mouriño and Boccaccini, 2010; Baroli, 2009).

Among the techniques currently used for the development of 3D scaffolds for BTE 
made from PNCs are polymer coating, slurry dipping, electrospinning, and 3D print-
ing (see Fig. 8.2). Most of the elaboration techniques involve different mechanisms 
such as temperature, mechanical agitation, using organic solvents, and ultrasonication 
which can degrade the bioactive molecule. Thus, the matrix system should be ratio-
nally designed to prevent bioactive molecule damage.

Nanoparticles incorporated in
hydrogels that absorb specific stimuli

(e.g., alternating magnetic fields, light)

HA nanoparticles added into a
chitosan matrix. The mixture

is used to fabricate
3D scaffolds.

Obtained from cellulose
nanofibers and ionic liquid

Obtained from cellulose
nanofibers and silver

nanoparticles: nanocomposite with
antibacterial properties

A knitted mesh of PLGA is
immersed in a collagen solution.

E.g.: chitosan + HA nanoparticles
E.g.: PLGA + collagen

Nanoparticles
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Figure 8.1 Type of nanocomposite biomaterials for regenerative medicine and drug delivery 
applications.
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Further, a critical factor underlying 3D multifunctional nanocomposite scaffolds 
for drug delivery applications in BTE is the interaction between the chosen matrix and 
the loaded bioactive molecules; different chemistries and compositions can lead to the 
delivery of a loaded bioactive molecule from burst to sustained release. Burst release 
is commonly ineffective from both therapeutic and economic viewpoints. Thus, it is 
needed to control the release kinetics of the loaded biomimetic molecule to optimize 
its therapeutic effect and particularly overcome the burst release usually observed. 
From this point of view, the main challenge for the next generation of 3D PNC scaf-
folds for BTE, therefore, focuses on achieving the right combination of physical 
support and morphological direction for cell proliferation, differentiation, and attach-
ment. At the same time, they must serve as matrices for the sustained release of bioac-
tive molecules with the adequate therapeutic concentration level, which may require 
spatiotemporal variations (Lee and Shin, 2007; Baroli, 2009; Gomes and Reis, 2004; 
Habraken et al., 2007; Duarte et al., 2007; Mouriño and Boccaccini, 2010; Wende 
and Guelcher, 2011). Moreover, multifunctional scaffolds must be easy to sterilize 
without either loss of their mechanical function or causing denaturation of the loaded 
bioactive molecules. In addition, to achieve clinical application, the safety and toxicity 
of novel PNCs should be evaluated before their utilization as biomaterials in regener-
ative medicine in general and in controlled drug delivery for bone tissue regeneration 
in particular.

In this chapter, which follows from previous review papers (Mouriño et al., 
2013a,b; Mouriño and Boccaccini, 2010), special attention has been paid to 
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Figure 8.2 Techniques currently used for the development of 3D scaffolds for BTE made 
from PNCs.
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discuss current efforts and key research challenges in the development of PNC 
scaffolds with potential drug delivery applications in BTE. The document is orga-
nized as follows: Section 8.2 details efforts and care adopted to develop PNC 
scaffolds as drug delivery vehicles in terms of drug encapsulation efficiency and 
controlled and sustained drug release. Finally, the remaining challenges in the 
field are summarized in Section 8.3, in which also directions for future research 
efforts are highlighted.

8.2   Bioactive molecule-releasing scaffolds for bone 
tissue engineering

Multifunctional PNC matrices for regenerative medicine should be designed ratio-
nally with the challenge to envisage a dual function of them: (1) to act as scaffold 
for promoting cellular infiltration and proliferation for tissue regeneration, and (2) to 
act as a carrier system to deliver bioactive molecules in a localized, spatiotemporal  
manner mimicking the natural healing process.

In the case of BTE, 3D multifunctional scaffolds may be useful as carrier sys-
tems for localized controlled delivery of bioactive molecules such as bone tissue 
inductive molecules and therapeutic drugs to enhance and accelerate functional 
bone tissue regeneration and/or to treat a nearby disease. The successful utilization 
of grown factors depends on the rational design of the matrix in terms of delivery  
technology because growth factors commonly have short half-lives, and cells 
are sensitive to their concentration (Lee and Shin, 2007; Blackwood et al., 2012; 
Baroli, 2009; Wende and Guelcher, 2011; Chung and Park, 2007; Vo et al., 2012; 
Ekenseair et al., 2013). In the case of therapeutic drugs used in the treatment of bone  
diseases, their local administration has potential advantages over systemic adminis-
tration to minimize side effects and risk of overdose and to improve bioavailability 
of the drug, with the appropriate therapeutic concentration level achieved effec-
tively in situ for a desired time frame (Baroli, 2009; Mouriño and Boccaccini, 2010;  
Somayaji et al., 1998). Further, bioactive molecule delivery at the target site reduces 
the possibilities of immune system attacks and thus increases its bioavailability 
(Saltzman and Olbricht, 2002). In addition, local delivery of antimicrobial agents 
could prevent the competition between the process of integrating the 3D scaffold 
with its neighbouring tissue and bacterial adhesion, with the consequent forma-
tion of biofilms on its surface after implantation (Mouriño and Boccaccini, 2010;  
Gristina, 1987; Hetrick and Schoenfisch, 2006; Zilberman & Elsner, 2008). The 
desired characteristics of 3D scaffold for BTE and their manufacturing technologies 
are described in other chapters of this book and in several review articles (for exam-
ple, in the following references: Hutmacher, 2000; Rezwan et al., 2006; Blackwood 
et al., 2012; Liu et al., 2012; Guarino et al., 2007). Although characteristics and 
features of scaffold considered in its design may influence tissue formation, addition 
of appropriate bioactive molecules such as growth factors, cytokines, or therapeu-
tic drugs can significantly enhance the cellular response required to speed up the 
process of functional tissue regeneration, and/or treat a nearby infection or disease, 



179Polymer nanocomposites for drug delivery applications

as indicated previously. When a bioactive molecule is loaded into a PNC scaffold, 
drug encapsulation efficiency and controlled and sustained drug release—allowing 
a localized and desired spatiotemporal drug delivery—are needed. Table 8.1 lists 
bioactive molecules commonly loaded on 3D scaffolds for BTE to facilitate cell 
infiltration and proliferation for bone tissue regeneration and/or for local disease 
treatments in the aim of mimicking host’s natural healing process (Salvay and Shea, 
2006; Kolambkar et al., 2011).

8.2.1   Bioactive molecule entrapment efficiency

Drug entrapment is achieved via physical interaction between the bioactive mole-
cule and the carrier system usually by attachment to the matrix surface, by entrap-
ment within it by the aim of a covalent binding, or by drug preencapsulation. Table 
8.2 lists general basic approaches for drug encapsulation into 3D PNC scaffolds for 
BTE.

In all cases, entrapment efficiency will be determined by the affinity of molecu-
lar interactions but also will be influenced by the environments in terms of pH and 
ionic strength. In addition, understanding the efforts to increase drug entrapment 

Table 8.1 Bioactive molecules commonly loaded on 3D scaffolds for 
bone tissue engineering

Bioactive molecule Type of molecule delivered References

Alendronate Inhibition of osteoclastic 
resorption

Wang et al. (2010) and Mondal et al. 
(2012)

Amoxicilin Antimicrobial Sotoudeh et al. (2012)
Ceftazidime Antimicrobial Liu et al. (2010)
Clodronate Inhibition of osteoclastic 

resorption
Puppi et al. (2011)

Colistin Antimicrobial Shi et al. (2010)
Dexamethasone Inductive effect in osteo-

genic culture
Duarte et al. (2009) and Son et al. 

(2011)
Doxorubicin Antibiotic/antitumoral Chen et al. (2012)
Gallium Antimicrobial Mouriño et al. (2011)
Gatifloxacin Antimicrobial Miyai et al. (2008)
Gentamicin Antimicrobial Zhang and Zhang (2002), Francis 

et al. (2010), and Shi et al. (2010)
Ibuprofen Antiinflammatory Mortera et al. (2008)
rhBMP2 Growth factor Kale et al. (2000), Nie et al. (2008), 

and Fu et al. (2008)
Tetracycline Antimicrobial Teng et al. (2009), Kim et al. (2004), 

and Medvecky et al. (2007)
Vancomycin Antimicrobial Zhou et al. (2012), Kim et al. 

(2005), and Zhang et al. (2008)
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Table 8.2 General basic approaches for drug encapsulation into 3D PNC scaffolds for BTE and their 
predominant drug mechanism

Drug encapsulation system Main characteristics of the system
Drug encapsulation 
efficiency Predominant drug release mechanism

Preencapsulation Steps
 1.  Encapsulation of bioactive molecules in 

micro/nanospheres or hydrogels
 2.  Loading of encapsulating system into the 

polymer nanocomposite carrier system

++++ Polymer matrix degradation
	•	 	Uncontrolled diffusion of bioactive 

molecule is prevented through a 
physical barrier until the encapsulation 
system has been sufficiently degraded

Multilayered polymer 
coatings

Steps
 1.  Bioactive molecules is entrapped through 

multi-layered loaded-polymer coatings
 2.  Loading of encapsulating system into the 

polymer nanocomposite carrier system

++ Swelling control and polymer matrix 
degradation

Surface immobilization by 
nonspecific mechanism

Nonspecific bindings (eg, hydrophobic, 
electrostatic, van der Waals) based on the 
composition of the bioactive molecule as 
well as the carrier system (eg, polymer, 
protein, sugar, lipid) and the presence of 
functional groups

++ Diffusion

Also depends on swelling ratio and density 
of the polymer nanocomposite

Surface immobilization by 
addition of functional 
groups

Functional groups can be introduced on 
the bioactive molecule or in the polymer 
nanocomposite carrier system

+++ Swelling control and diffusion
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efficiency will be useful in achieving a controlled bioactive molecule release as 
mostly formulation parameters that drive the initial burst and the entrapment effi-
ciency are overlapped.

8.2.2   Controlled and sustained bioactive molecule release

The ultimate goal for drug releasing PNC scaffolds for BTE is the emergence of 
a nanofabricated bioactive molecule release matrix with the capability to hold 
and release the active agent locally and on demand. Further, a major challenge 
for future generations of 3D multifunctional scaffolds for BTE should be the sus-
tained release of more than one bioactive molecule, which should ideally be a 
coordinated spatiotemporal delivery according to the requirements of bone tissue 
regeneration.

As stated in the previous subsection, initial burst release is commonly ineffective 
from both therapeutic and economic viewpoints. Burst release is often unwanted 
because the bioactive molecule released in this early period is usually wasted 
(thus, not available for sustained release) and can lead to harmful side effects 
in vivo. In general, initial burst is subordinate to how efficiently the bioactive 
molecule is entrapped within the scaffold. Diffusion drives delivery of adsorbed 
bioactive molecule on the scaffold surface, which does not usually provide ade-
quate (sustained) release behaviour. Loosely associated bioactive molecules with 
the scaffold surface produce limited control over the release kinetics, delivering by 
diffusion great percentage of the bioactive molecule at very initial stages in high 
release rates followed by a very slow release rate (decreasing rate of bioactive mol-
ecule release with time) (Mouriño and Boccaccini, 2010; Mouriño et al., 2013a,b; 
Sah et al., 1994; O’Hagan et al., 1994; Igartua et al., 1997; Rafati et al., 1997). In 
addition, nonhomogeneous bioactive molecule distribution generally contributes 
to initial burst release.

Aside pure diffusion, swelling control and polymer degradation are commonly 
drug release mechanisms for bioactive molecules entrapped or encapsulated within 
PNCs. To control the release profiles efficiently, it would be essential to utilize poly-
mers with a desirable degradation profile when designing the multi-functional scaf-
fold. However, it is important to highlight that, in BTE, the scaffold needs to warrant 
robust mechanical properties and functional backup for integrative tissue repair which 
often requires slow degradation of the matrix to guarantee its mechanical integrity 
for cellular infiltration and proliferation during tissue regeneration (Blackwood et al., 
2012; Porter et al., 2009; Woodruff et al., 2012).

Considering the previous, drug release behaviour should be disengaged from the con-
stitutional scaffold degradation pattern to maximize the efficiency of a multifunctional 
PNC scaffold. Progress in this sense can be observed by bioactive molecule preencapsu-
lation in nano-/microspheres and hydrogels or by the entrapment of the molecular agent 
through multilayered loaded-polymer coatings onto the preformed scaffold surface (see 
Table 8.2); polymers employed are generally degradable biopolymers able to generate 
networks (Kim et al., 2005; Francis et al., 2010). In addition, it can be envisaged that the 
release of multiple bioactive molecules follow a sequential pattern which can be tuned 
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according to the degradation characteristics of each polymer layer. Moreover, a bioactive 
molecule immersed in a polymer solution can be electrospun within the innermost part 
of a nanofiber by using coaxial electrospinning (see Table 8.2).

8.3   Conclusions and future trends

Research focused on the application of PNC scaffolds for BTE (PNC-BT scaffolds) 
has shown their great potential as a single platform with multifunctional capabilities 
for bone regeneration emerging as an attractive approach. PNC-BT scaffolds with the 
added value of bioactive molecule-delivery capability appear particularly promising.

However, despite the significant progress already made, significant challenges 
remain to achieve clinical applications. In this sense, more data are needed regarding 
the effective dose at local level for the majority of the bioactive molecules currently 
loaded into multifunctional scaffolds. Further attempts should be made in developing 
strategies to establish the required concentration of a particular bioactive molecule 
needing to be reached when it is entrapped within a scaffold for successful results. In 
addition, there is still the necessity to accomplish significant in vivo results which can 
offer sensible basis for the improvement of drug delivery from PNC-BT.

Moreover, there is a lack of drug dosage management capability as well as reported 
clinical efficiency of a large number of novel PNC-BT scaffolds reported in litera-
ture. Further, many of the proposed PNC-BT scaffolds prototypes cannot be scaled 
up in terms of cost-effective manufacture processes. In this sense, PNC-BT scaffolds 
should be easy to fabricate and sterilize and need to fulfil the requirements to obtain 
approval from regulatory authorities including long-term evaluation of their clinical 
performance through validated and standardized in vivo trials.

In addition, it is important to highlight that the utmost clinical impact of 
PNC-BT scaffolds might rely not only on the capability to adjust and perfect 
the variables that drive the controlled and sustained bioactive molecule delivery 
process from the developed matrix, but also on the ability to develop bioactive 
composite scaffolds that suit the specific needs of bone tissue regeneration. Even 
though the above challenges should be overcome, it is clear that PNC-BT scaf-
folds outstrip traditional scaffolds, and future progress in BTE approaches will 
benefit from the further optimization of the multifunctionality of these matrices. 
In this regard, the next major challenge for PNC-BT would be the incorporation of 
a complex multibioactive molecule delivery system able to mimick the necessary 
patterns for an effective osseointegration and bone tissue regeneration. Finally, 
the ultimate goal of bioactive delivery using PNC-BTE scaffolds could widen the 
range of application from BTE, including multidrug releasing system, to other 
fields of regenerative medicine.

It seems clear that this interdisciplinary field will expand with more intensive coop-
eration among various disciplines such as biology, biomaterials science, chemistry, 
medicine, and pharmacy to deal with the further work required toward the develop-
ment of more effective multifunctional bone TE.
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9.1   Introduction

Cartilage injuries and associated diseases are frequent and cause extensive health 
issues in the United States. The rupture of such tissue causes pain, reduction in joint 
mobility, and billions of dollars in medical and surgical treatment costs (Yelin et al., 
2007) alone. Unfortunately, articular cartilage (AC) has a limited intrinsic capacity to 
self-repair because it has an avascular nature and relatively very low cellular mitotic 
activity. Various techniques have been implemented to repair damaged cartilage tis-
sue that include microfracture, autologous chondrocyte transplantation, and prosthetic 
joint replacement (Redma et al., 2005). However, despite the application of these tech-
niques, the progression of cartilage degeneration is inevitable and ultimately gives rise 
to fibrous or osseous cartilage which is biomechanically inferior to hyaline cartilage 
(Marsano et al., 2007).

The current trend for a more robust and successful treatment of damaged or dis-
eased cartilage is within the domain of tissue engineering (TE), a relatively new dis-
cipline, which is based on the principles of the life sciences and engineering. This 
discipline aims to elaborate the basic science, engineering, and technology required 
to regenerate damaged tissue instead of wholesale replacing it, by fabricating a sub-
strate (scaffold) onto which targeted guest cells can restore, maintain, or improve 
tissue functions (O’Brien, 2011). The major criteria that characterize a successful 
tissue scaffold are sufficient mechanical properties (relative to the type of biome-
chanical stresses exerted), high porosity (for cell percolation and adhesion, nutrient 
delivery, and waste expulsion), good biocompatibility (within the temporal window 
necessary for successful tissue incorporation), and ultimately, but not trivially, bio-
degradability (to ensure its sorption or removal without interfering with the natural 
regenerated tissue). In addition to these major criteria, the extracellular matrix’s 
(ECM) complex biochemical environment within tissue, the individual components 
of which are arranged in a particular organizational motif within a hierarchical zonal 
organization of cartilage, makes it extremely difficult to mimic cartilaginous structure 
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without compromising other unique, select properties of the scaffold (Murugan and 
Ramakrishna, 2007; Steward et al., 2011).

Our current attention has been focused on utilizing cellulosic materials for tissue- 
engineering applications because its native chemical structure is quite similar to that of the 
fibrous collagen molecule which provides the requisite tensile strength to AC and, quite 
feasibly, can be used as collagen-mimicking substrate (Bäckdahl et al., 2008; Bhosale 
and Richardson, 2008). Various studies as early as 2000 have been executed in which 
cellulose for cartilage TE has been exploited (Ko and Iwata, 2001). Within a short time, 
cellulosic materials were modified chemically and physically to meet specific scaffold-
ing (biochemical and biophysical) requirements. Our current overview focuses on the 
science and engineering of cellulosic materials for fabricating scaffolds such as cellulose 
fabrics, sponges, hydrogels, composite materials, and the unique nanofibrous material 
known as bacterial cellulose (BC). We will show that the overall biocompatibility of the 
cellulose fabric and sponge were enhanced through the additions of calcium phosphate 
and collagen types, respectively. We will also demonstrate that cellulose nanocrystals 
can be effectively used to improve the mechanical properties of the latter materials. 
Various derivatives of cellulose such as methylcellulose (MC), hydroxypropylcellulose 
(HPC), ethyl cellulose (EC), and carboxymethylcellulose (CMC) have already been  
used as injectable hydrogels after chemical modification through silane grafting. Cel-
lulosic composite hydrogels have been prepared with organic and inorganic materials 
that include polymers, biomolecules, and mineral particles. Various in vivo and in vitro 
studies will be discussed as feasible cartilage repair systems. We were able to compare 
the properties of these cellulosic materials with unique BC, a substance that possesses 
superior properties to plant-derived cellulose. Various examples of in vivo and in vitro 
studies of BC and its associated scaffold preparations are discussed with respect to 
biocompatibility, mechanical strength, and biodegradation.

9.2   Structure, composition, and anatomy  
of articular cartilage

Cartilage is a flexible connective tissue that can be found principally in three histolog-
ically distinct regions in the body: (1) hyaline cartilage in articular joints, invertible 
disks; (2) elastic cartilage in tendons and ligaments; and (3) fibrocartilage in ears. AC 
covers the surface of long bones and tends to be translucent (glass-like) with a high 
opalescence due to high proteoglycan content that absorbs copious amounts of water. 
Because of its high water-holding capacity, AC acts as a shock absorber, gliding sur-
face, and load distribution nexus between the articulation of two bones during motion 
(Spiller et al., 2011; Athanasiou et al., 2009).

AC is an avascular tissue that is mainly composed of ECM and water. Approxi-
mately 70–80% of the tissue is composed of water (constituting a gel) which helps to 
transfer nutrients and distribute loads. The solid contents of the cartilage are embedded 
inside the ECM in addition to residence of a single population of chondrocytes. The 
ECM and chondrocytes correspond to 20–30% of the AC, whereas the ECM consists 
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of different types of macromolecules such as proteoglycans (15–30%), collagen type 
II (main type), IX, and XI, water, and other noncollagenous components which are 
normally synthesized by the chondrocytes. All these components embedded inside the 
network provide the mechanical strength and elasticity to the AC during joint motion 
(Steward et al., 2011; Athanasiou et al., 2009; García-Carvajal et al., 2013).

ECM has a molecular porous structure which retains water and synovial fluid 
ingredients. The main component of the synovial fluid is water (70–80% of total mass) 
and other lubricating molecules such as hyaluronan and proteoglycans that provide 
a low-friction gliding surface to prevent two articulating bones from interabrasion 
(Schmidt et al., 2007). The water percent is different in different zones for load defor-
mation. However, the water content increases to 90% during an osteoarthritis (OA) 
stage and causes degradation of the ECM to result in an inferior mechanical strength 
of cartilage (Bhosale and Richardson, 2008; Newman, 1998).

The main component of the ECM is collagen, which is a fibrous molecule having a 
triple helix structure and constituting 60% of the dry weight of the AC. The collagen 
fibrils are distributed uniformly throughout the AC and are arranged in a specific order 
according to the different zones. In general, these biomaterials provide the stiffness 
and mechanical strength of the AC. In one of the clinical studies of cow, the mechan-
ical and biochemical properties of the juvenile cartilage increases with increases in 
collagen content and cross-linking (Williamson et al., 2003). There are different col-
lagen types present in AC; however, collagen type II corresponds to 90% of the total 
collagen content responsible for the tensile strength of AC (Bhosale and Richardson, 
2008; Buckwalter et al., 2005). Proteoglycans correspond to the 15–20% of the dry 
weight which is responsible for providing compressive strength to the AC. Proteogly-
cans have a protein core and many sulfated polysaccharide glycosaminoglycan (GAG) 
chains. The different types of proteoglycans are chondroitin sulfate, keratan sulfate, 
and hyaluronan (see Fig. 9.1). These GAGs are disaccharide molecules bound to the 
protein core by sugar bonds ultimately forming an aggrecan molecule. The hyaluro-
nan, which is nonsulfated, is attached to the protein core to stabilize this chain and 
form an intricate GAG molecule. Because proteoglycans are negatively charged, they 
attract ions which maintain the fluid and electrolyte balance in the AC. The negatively 
charged carboxylate groups and sulfates provide a net negative charge that is known 
as the fixed charge density of the cartilage ECM. The negative charge causes osmotic 
imbalances, and the proteoglycans are compressed by the collagen framework. The 
damaged collagen fibers then allow the proteoglycans to expand which leads to 
absorption of water to help hydrate, thus inducing swelling of the tissue, which in 
turn increases the resistance of the tissue against compression (Steward et al., 2011; 
Bhosale and Richardson, 2008; Buckwalter and Mankin, 1998).

The ECM molecules discussed above are synthesized by the chondrocyte cells which 
correspond to 1–5% by volume with a wide distribution throughout the AC (Bhosale 
and Richardson, 2008). The articular chondrocytes from different regions have specific 
morphologies and functions. In addition, the cells have different shapes and diameters 
according to their specific zonal functions (Aydelotte and Kuettner, 1988).

As mentioned earlier, AC is a highly ordered structure which is divided into differ-
ent zones. These zones differ in the composition and orientation of the collagen fibers 
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with respect to their proliferation from the upper surface of cartilage to the bone. In 
each zone, the cells have a different shape, size, and orientation, all of which contrib-
ute to specific metabolic activity and, thus, the AC properties change according to the 
depth of each of the zones that are listed below (see Fig. 9.2).

 •  Superficial zone
 •  Transitional zone
 •  Middle or deep zone
 •  Calcified cartilage zone

The superficial zone is the thinnest layer of all zones consisting of 10–20% of the 
total cartilage thickness. This zone has a high collagen and low proteoglycan content. 
The collagen fibers are densely packed and arranged parallel to the surface so that they 
can resist shear stresses (Jadin et al., 2007). Any alteration to the native parallel assem-
bly can substantially reduce the mechanical strength and thus give rise to osteoarthri-
tis. In general, the cells are flattened and ellipsoidal in shape arranged parallel to the 
collagen fibers, and are covered by synovial fluid. This provides the requisite gliding 
surface to avoid friction between articulating bones during joint movement (Bhosale 
and Richardson, 2008; Buckwalter et al., 2005). It was also found out that the local 
compressive modulus in this zone was around 0.03 and 0.15 MPa for fetal and juvenile 
bovine cartilage, respectively (Mauck and Burdick, 2011). The transitional zone is the 
middle zone between the superficial and deep zone. It constitutes 40–50% of the total 
AC thickness. The cells there display a spheroidal shape with a concomitant low density 

Hyaluronan
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Chondroitin
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Figure 9.1 Sketch of proteoglycan aggregate. It consists of a central hyaluronan chain on 
which glycosaminoglycan (GAG) molecules such as chondroitin and keratin sulfate are 
attached by central link protein.
Reprinted with permission from Morgan & Claypool Publishers (Athanasiou, K., Darling, E., 
Hu, J., 2009. Articular Cartilage Tissue Engineering 1 (1), 1–182).
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and are embedded in the ECM. These cells produce larger diameter collagen fibers  
(30–80 nm) and higher proteoglycan content both of which are arranged randomly relative 
to the superficial zone. In the middle zone, the collagen fibers are more or less randomly 
arranged. The random arrangement of the collagen fibers and chondrocytes in this zone 
facilities load distribution. The cells possess a spheroidal shape with a relatively low 
density as compared to those in the superficial zone. The deep zone is the last zone of 
AC and by default contributes to 30–40% of the AC thickness. The water content and 
cell density is the lowest of all three zones. The cells and collagen fibers are arranged 
perpendicularly relative to the surface of the AC to resist the compressive forces exerted 
(Bhosale and Richardson, 2008; Athanasiou et al., 2009; Jadin et al., 2007). The local 
compressive modulus in the middle and deep zone was found to be around 0.13 and 
0.65 MPa for fetal and juvenile bovine cartilage, respectively (Mauck and Burdick, 
2011). The calcified zone separates the AC from the subchondral bone. It consists of 
only 5–10% thickness of the total AC. The collagen fibers therein provide the needed 
mechanical support from the cartilage to the bone. The cartilage in the calcified zone 
is separated from the deep zone by a thin demarcation termed as “tidemark,” a volume 
space that is rich in collagen fibers and hyaluronic acid (Bhosale and Richardson, 2008; 
Weiss et al., 2010).

9.3   Motivation for cartilage tissue engineering

Senescence is one of the major factors which can lead to OA. In addition, AC inju-
ries can be caused in many ways from repeated loading, aging, trauma, and mechan-
ical misalignment of the joint. These types of injuries often lead to osteoarthritis 

Articular surface

STZ (10–20%)

Middle zone
(40–60%)

Deep zone
(30–40%)
Calcified zone
Subchondral bone

Chondrocyte
Tidemark Tidemark

Cancellous bone

Figure 9.2 Structure of the articular cartilage. Left side: Chondrocyte arrangement in 
different zones, Right side: Collagen fiber arrangement and distribution throughout the 
articular cartilage. STZ, superficial tangential zone.
Reprinted from Journal of the American Academy of Orthopedic Surgeons (Buckwalter, J.A., 
Mow, V.C., Ratcliffe, A., 1994. Restoration of injured or degenerated articular cartilage. The 
Journal of the American Academy of Orthopaedic Surgeons 2 (4), 192–201). Copyright © 
Wolters Kluwer Health.
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over time. The rupture of this tissue can cause pain, reduction in mobility, and bil-
lions of dollars in medical costs and associated surgeries (Athanasiou et al., 2009). 
The degradation and degeneration of AC from excessive mechanical stresses such  
as high-impact sports, aging, and genetic factors may all give rise to OA (Athanasiou 
et al., 2009). It is the second most common disease after cardiovascular disease  
and affects nearly 15% of the US population with an annual cost of around 
$128 billion to the US economy (Yelin et al., 2007). With a burgeoning aging pop-
ulation, this value is expected to only continue to rise in the coming years (Hootman  
and Helmick, 2006). Articulate cartilage lacks a good arterial blood supply, 
venous and lymphatic drainage, and obtains its nutrition only from synovial fluid. 
Therefore, it has a very limited capacity for self-repair because of its avascu-
lar nature and low cellular mitosis activity. Osteochondral lesions tend to form 
fibrocartilage which is mechanically inferior and can break down under normal 
shear. Numerous techniques have been used to repair the damaged cartilage tissue: 
microfracture, autologous implants, chondrocyte transplantation, and prosthetic 
joint replacement (Redman et al., 2005; Newman, 1998). However, each technique 
has distinct limitations. Autografting is expensive and is limited due to patient 
morbidity. Allografts show a high risk of rejection of donor tissue, in addition to 
contracting infections (O’Brien, 2011). Moreover, these techniques have limited 
success in producing long-lasting cartilage. Cartilage produced from these meth-
ods results in the formation of a mixture of collagen type I that is biochemically 
inferior (Marsano et al., 2007; Chung and Burdick, 2008). Remarkably, cartilage 
tissue is considered a simple tissue, but biomedical scientists have always faced 
very high barriers and challenges in engineering this tissue. What is the basis for 
the lack of adequate engineering? Although a complex question, the solution lies 
mainly in the fact that the tissue has a hierarchical structure composed of different 
molecules. The main type of cell in this avascular cartilage tissue is the chondro-
cyte cell. However, no one fully understands how the cells maintain their popula-
tion. An ideal cell source, a three-dimensional network with controlled porosity, 
more specifically a suitable scaffold material, and the necessary growth factors 
are among the parameters required for maintaining chondrocyte differentiation 
and proliferation. Therefore, an ideal approach in cartilage TE is to regenerate the 
damaged tissue instead of replacing it.

9.4   Cartilage tissue engineering

Tissue Engineering is an emerging field the objective for which is to regener-
ate damaged tissue by seeding appropriate cell types onto a specific biomimetic 
(ECM-like) substrate (scaffold). Developing a successfully engineered tissue 
requires certain factors such as (1) appropriate cell type (2) scaffolds that can 
behave as substrates for cell seeding and structural support, and (3) cell–matrix 
interactions for tissue growth with appropriate biomechanical and biochemical sig-
nals to maintain cell metabolism and cell phenotype (Murugan and Ramakrishna, 
2007; Steward et al., 2011).
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9.4.1   Requirement of scaffold

AC tissue engineering is based on the principle of seeding the chondrocytes or dif-
ferentiated stem cells onto biodegradable/bioresorbable scaffolds that are implanted 
at the joint defect site. The scaffold is a three-dimensional (3-D), interconnected, 
and porous network supporting cellular growth, proliferation, and differentiation to 
form new cartilage. Factors related to nutrient supply such as porosity, pore size, pore 
structure, and void volume are critical. Improving these factors is beneficial for cel-
lular attachment, growth, and ECM production (Dutta et al., 2011). Without ques-
tion, and sometimes overlooked, the mechanical properties of scaffolds greatly affect 
the biological functions of cells within the implanted tissue scaffold (Carletti et al., 
2011). During the construction of scaffolds for tissue-engineering applications, mate-
rial properties, porosity, surface area, morphology, biodegradability, and mechanical 
properties are paramount. Keeping these properties in mind, different types of natural 
and synthetic material were used to fabricate cartilage tissue scaffold as listed in Table 
9.1. Natural and synthetic materials possess their own advantages and disadvantages. 
Natural material have the advantage of biocompatibility; however, it has difficult pro-
cessing conditions and can produce allergic reactions. Synthetic materials can be pro-
cessed easily with tailored mechanical properties and degradation time. However, they 
lack the biocompatibility which is essential for cell growth.

Yet, there is no such characteristic set of requirements that define an ideal scaf-
fold. The ECM of our bodies displays a complex microenvironment with specific tissue  
functions. The scaffold should match with the native ECM properties possessing 
nanopore dimensions. However, mimicking the natural ECM is nontrivial, but with 
current advances in TE certain basic characteristics of the scaffolds can be achieved.

The scaffold should be biocompatible; ie, it should be nonallergenic and thus not pro-
voke any immune or inflammatory responses. It should have 3-D architecture to guide 
the cell and ingrowths and should transport promote nutrients and oxygen through its 
interconnected porous structure. The porous structure helps the cell to attach, migrate, 
proliferate or differentiate. The second requirement of a scaffold is that it should be 
biodegradable. It should not remain in the body after a cell regenerates its own ECM 
of tissue. The by-product of the scaffold should also be nontoxic, ie, it should not 
compromise the function of the developing tissue or other organs. Scaffolds must be 
mechanically strong enough to withstand in vitro biological forces. The mechanical 
properties of the scaffolds can be achieved at the expense of losing their porosity or 
vice versa. There is a trade-off between mechanical properties and the porosity of the 
scaffold (for infiltration) (O’Brien, 2011; Murugan and Ramakrishna, 2007).

9.5   Cellulose-based materials for cartilage tissue 
engineering

Cellulosic materials are ubiquitous in the plant kingdom and can also be found in 
many different animal-based organisms. They have already seen traditional use in 
the tissue-engineering field such as cotton for wound dressing and sutures. Though 
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Table 9.1 Different scaffolds used for cartilage tissue engineering and their properties

Scaffold material Advantages Disadvantages References

Natural
Chitosan 	•	 	Similar to various GAG molecules

	•	 	High biocompatibility and  
biodegradability

	•	 	Low solubility
	•	 	Require cross-linking and cell cannot 

infiltrate due to lower pore size

Correia et al. (2011) and  
Montembault et al. (2006)

Collagen 	•	 	Main component of cartilage tissue
	•	 	Support chondrogenesis
	•	 	Maintain chondrocyte phenotype and 

glycosaminoglycans production.

	•	 	Rapid degradation and poor 
mechanical property

Matsiko et al. (2012) and  
Yan et al. (2010)

Hyaluronic acid 	•	 	Main glycosaminoglycans molecule 
of ECM

	•	 	Good biocompatibility and  
degradability

	•	 	Negative charge can lead to lower 
cell adhesion

	•	 	High water absorption and lower 
mechanical strength

Correia et al. (2011), Barbucci 
et al. (2002), and Ren et al. 
(2009)

Fibrin 	•	 	Natural component of intravascular 
area

	•	 	Spontaneous repair activities with 
abundant type II collagen and sulfate 
GAGs

	•	 	Lower mechanical strength
	•	 	Rapid degradation

Hendrickson et al. (1994)  
and Petersen et al. (2004)

Silk 	•	 	Support growth of chondrocytes
	•	 	Superior mechanical property and 

slower biodegradation

	•	 	Allergic reactions Hofmann et al. (2006) and  
Gellynck et al. (2008)

Cellulose 	•	 	Mechanical strength superior than the 
natural cartilage

	•	 	Low cell growth when used alone 
and therefore requires coating with 
other biopolymer

	•	 	Low biocompatibility

Torres et al. (2012) and  
Pulkkinen et al. (2006)

Synthetic
Polylactic acid (PLA) and 

Polylactic-co-glycolic 
acid (PLGA)

	•	 	Promotes chondrocytes proliferation 
and glycosaminoglycans

	•	 	Satisfactory biocompatibility
	•	 	Good mechanical strength

	•	 	Induced inflammation due to 
polymer hydrolysis, inconsistent 
biodegradation rates

Chen and Su (2011) and  
Munirah et al. (2008)
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cellulose is naturally occurring and has found a number of applications inside and 
outside of the medical field, it is not typically produced in its neat state. A lengthy 
process is required to separate lignin, hemicelluloses, and other molecules from the 
cellulose in most renewables (wood, agricultural fibers such as cotton, grasses, etc.). 
Other sources to obtain cellulose are from the biosynthetic processes of microorgan-
isms such as algae, fungi, and bacteria. There are many highly desirable traits for 
cellulose that can validate its potential as a tissue-engineering scaffold:

 1.  the chemical composition of cellulose is biocompatible for use in a 3-D tissue-engineering 
application. Regenerated cellulose having a high amount of hydroxyl groups possesses a 
sufficiently enhanced surface activity that allows the immobilization of fibronectin to help 
cells attach well compared to native cellulose (Ko and Iwata, 2001).

 2.  because of the high hydroxyl group content, cellulose tends to absorb water and create a 
humid environment for the cellulose scaffold. In addition, cellulose shows a high mechanical 
property even under a wet state, a property that is essential for cartilage regeneration (Svensson 
et al., 2005; Petersen and Gatenholm, 2011).

 3.  the chemical structure of cellulose fiber is similar to that of collagen and therefore it can be 
used as a collagen-mimicking substrate given that the AC composition consists of 60% by 
dry weight of collagen, responsible for providing the requisite mechanical strength (Bäckdahl 
et al., 2008).

 4.  because cellulose is hard to degrade in vivo, it can be removed from the implant site when it 
is no longer needed (Ko and Iwata, 2001).

 5.  cellulose can undergo etherification, ie, the hydroxyl groups of cellulose chemically react 
with relatively electropositive carbons in specific organic species (eg, alkyl halides) to give 
rise to cellulose derivatives such as MC, hydroxypropylcellulose (HPC), EC and CMC  
(Sannino et al., 2009). These functionalities have found wide applications in different arenas 
including cartilage TE. Several of the applications and properties of these materials will be 
discussed in the latter half of this chapter.

9.5.1   Cellulose fabric and sponge

Cellulose can be engineered into different shapes and sizes as found in knitted, nonwoven, 
woven, or sponges depending upon the application. The biocompatibility of pure cellulose 
can be improved by coating it with other biomaterials. Muller et al. (2006) used fabric con-
sisted of regenerated cellulose II monofilament fibers coated with calcium phosphate for 
cartilage regeneration. The coating layer consists of calcium-deficient carbonated apatite 
having similar composition of the inorganic material of bone which is biocompatible. The 
coating made the scaffold more hydrophilic as compared to untreated one and triggered the 
adhesion of chondrocyte cells. It was evidenced by the homogenous distribution and colla-
gen type II expression, an observation that proves the biocompatibility of cellulose fabric 
as a potential biomaterial for cartilage TE (Muller et al., 2006). Pulkkeinen et al. (2006) 
used a viscose cellulose sponge into which was incorporated collagen type II. In this case, 
the human type II collagen turned out to be the best coating material as it was able to main-
tain chondrocyte morphology. The results showed that after 4 weeks of cultivation with 
chondrocytes, cell attachment was only 60% due to small pore sizes. However, the sponges 
coated with collagen type II maintained chondrocyte phenotype. Nevertheless, it induced 
stiffness in the scaffold and lacked proper ECM composition (Pulkkinen et al., 2006).
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9.5.2   Cellulose nanocrystals

Cellulose nanocrystals (CNCs) have been used as a reinforcement agent in composite 
materials or hydrogels to improve their mechanical properties, thermal stability, and/
or water absorption properties. In one of the studies (Wang and Chen, 2011), CNCs 
were used to prepare an all-cellulose composite material by adding CNCs from 0 to 
50 wt-% via rapid thermally induced phase separation. The CNCs acted as a bridge 
to cross-link the cellulose chains during the gel formation process. The resultant gels 
showed a very porous structure with improved mechanical properties similar to those 
of polylactic acid (PLA)–polyethylene oxide (PEO)–PLA hydrogels and PLA–fibrin 
gels that were conjectured to be cartilage TE materials (Sanabria-DeLong et al., 2008; 
Zhao et al., 2009).

Hydrogels of hemicellulose and CNCs were prepared by in situ radical polymeriza-
tion. The hemicelluloses were modified by reaction with 2-hydroxyethylmethacrylate 
before adsorption onto the CNCs. The resulting hydrogels showed improved tough-
ness, good recovery behavior, and acceptable swelling and mechanical properties. 
Based on these properties, it has been hypothesized that these hydrogels have potential 
for use in load-bearing biomedical applications such as AC replacement (Karaaslan 
et al., 2011).

9.5.3   Chemically modified cellulose–based hydrogels

Hydroxypropylmethylcellulose (HPMC) is a precursor of cellulose and is modified 
with small amounts of propylene glycol ether groups attached to the anhydroglu-
cose terminus of the cellulose. It is a self-hardening hydrogel having silane grafted 
along the hydroxypropyl methylcellulose grafted with silanol group (Si-HPMC) 
chains (Fatimi et al., 2008). Vinatier et al. (2005) were among the first to mention 
its use as a potential cartilage tissue material. They have done singular research on 
injectable and self-setting hydrogels of Si-HPMC for cartilage TE. The cross-linking 
and the self-hardening of the hydrogels depend upon the pH of the environment and 
also on the silanol condensation from the silane grafted onto the cellulose back-
bone. The chondrocytes isolated from rabbit AC and two human chondrocytic cell 
lines maintain a chondrocyte-specific phenotype and express type II collagen and 
aggrecan. Although the hydrogel showed its potential for cartilage regeneration, 
its actual pH as an injectable hydrogel during the time of injection will differ from 
the physiological pH of the implant site (Vinatier et al., 2005). A later study by 
Vinatier et al. (2007) showed that the Si-HPMC encouraged the maintenance and 
recovery of human nasal chondrocytic phenotypes. After 3 weeks of in vivo cultur-
ing of cells in nude mice, the hydrogel was able to form a cartilaginous tissue, an 
appreciable result that demonstrates a feasible approach for cartilage TE (Vinatier 
et al., 2007). Extended work with injectable self-setting cellulose-based Si-HPMCs 
has been carried out to repair AC defects of rabbits in which Si-HPMC-containing 
autologous rabbit nasal chondrocytes are used. An analysis of the postoperative 
recovery of the articular cavity within 6 weeks revealed no signs of inflammation 
and found that the site has a structurally organized tissue resembling hyaline-like  
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cartilage (Vinatier et al., 2009). This innovative hydrogel could be used as a trans-
plantation hydrogel for in vivo cartilage TE.

The same research group extended their work on adipose tissue stem cells (ATSC) 
with Si-HPMC in the presence of a chondrogenic culture medium and under hypoxia 
(5% O2). The ATSC underwent a chondrogenic differentiation and favored type II  
collagen and aggrecan mRNA expression. An in vivo experiment was carried out in 
which an ATSC/Si-HPMC system was injected into subcutaneous pockets in nude 
mice. After 21 days of culture, ATSC was able to form a cartilaginous tissue when 
implanted with Si-HPMC hydrogel (Merceron et al., 2010). Again, the same group 
carried out further research exploring oxygen tension to determine its effect on the 
regenerative potential of mesenchymal stem cell (MSC) for cartilage repair. MSC from 
human and rabbit adipose stromal cells that was injected in Si-HPMC hydrogel and later 
preconditioned formed a cartilaginous tissue regardless of the oxygen tension. In a 3-D 
in vitro culture, 5% O2 enhances the chondrogenic differentiation; however, it does not 
enhance its in vivo chondrogenesis. This confirms the potential of Si-HPMC in cartilage 
repair when used with preconditioned appropriate cells (Portron et al., 2013).

Chondrocytes cell culture studies were carried out on two and three dimensional 
Si-HPMC scaffolds incorporated with two GAG-like marine exopolysaccharides 
(HE800 and GY785, with hyaluronic acid as control). The incorporation of exo-
polysaccharides significantly improved gelation time and the mechanical properties 
(10.25 KPa) which were similar to native cartilage and with a better dispersion of 
cells on the surface of these hydrogels in a 2-D culture. Although in a 3-D culture, 
the chondrocyte cells dispersed in the environment, leading to cluster formation. This 
happened because of the small pore sizes in the course of the preparation of the scaf-
fold; however, the scaffold showed higher mechanical properties compared with the 
Si-HPMC scaffold alone (Rederstorff et al., 2011). Therefore, from the latter work, 
it can be deduced that an ideal scaffold should have an open porous structure to help 
cells to infiltrate and migrate within the scaffold and allow for adequate mechanical 
strength.

One particular cellulose derivative, CMC, had been modified by converting a large 
percentage of the native carboxylic groups (50%) into amidic groups and trying to 
mimic the hyaluronan macromolecule which is an essential component of AC. The 
resultant modified polysaccharide was further cross-linked to obtain hydrogels con-
taining NH2 groups. The hydrogels showed a viscous–elastic solid-like behavior as 
verified by rheological characterization and can serve as potential filler for cartilage 
defects (Leone et al., 2008a). In later studies on the same hydrogels, the thixotropic 
(flow) behavior showed that the hydrogels can recover their original shape after 
removing a mechanical stressor, a finding that proves their potential to be injectable. 
This hydrogel was further analyzed by in vitro studies of normal human articular 
chondrocytes obtained from the human knee. The results showed that the hydrogels 
with chondrocytes showed increased production of ECM components rich in collagen 
and proteoglycans. This hydrogel also compared well with hyaluronan hydrogels as 
a substitute. An in vivo study carried out on adult male rabbit for 50 days showed 
from the results of histological sectioning that the amidated carboxymethylcellulose 
(CMCA)-treated defect had a layer of mixed fibrocartilaginous and hyaline-like tissue 
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with a regular and smooth surface. The chondrocytes showed cluster and columnar 
formations in the new hyaline cartilage as seen in Fig. 9.3(c). The hydrogels showed 
similar behavior compared to hyaline hydrogels (Leone et al., 2008b).

9.5.4   Cellulose organic and inorganic composite hydrogels

Cellulosic composite materials have been prepared to enhance the functional as well 
as the biological properties of the cellulose fraction. Alone, cellulose cannot overcome 
limitations such as low mechanical properties and no antibacterial properties; there-
fore, cellulose has been endowed with more bioactivity by combination with other 
natural biopolymers and nanomaterials.

Injectable polymers has gained interest because these polymer solutions can encap-
sulate live cells and form gels at body temperature and ambient physiological con-
ditions without invasive surgeries and are known to accommodate the defect at the 
required shape and size. A composite scaffold of chitosan–glycerol–phosphate solu-
tion with hydroxyethylcellulose (HEC) was prepared. The gel proved its worth by 
engaging in cartilage-matrix deposition with articular chondrocytes and was able to 
partly retain the full thickness of the chondral defects in a living rabbit for 1–7 days 
(Hoemann et al., 2002, 2005). A small amount of glyoxal permitted the gel formation, 
viable cell encapsulation, and cell proliferation. However, the gelation temperature 
was 70°C beyond that of normal body temperature (Hoemann et al., 2007).

Because the physical and chemical properties of a number of injectable poly-
mer hydrogels are pH and temperature dependent, a new copolymer of poly  
(N-isopropylacrylamide)-g-methylcellulose (PNIPAAm-g-MC) has been explored as 
a 3-D scaffold for AC regeneration. In this system, PNIPAAm has a lower critical 
solution temperature (LCST) of approximately 33°C and undergoes a liquid-to-gel 
reversible phenomenon while also having the added advantage of an LCST very close 

(a) (b)

(c)

Figure 9.3 Histological section of the chondral defects of a male rabbit after 50 days of 
in vivo studies. (a) Control defect with no hydrogels; (b) amidated carboxymethylcellulose 
(CMCA) hydrogels showed a mixed layer of fibrocartilaginous and hyaline-like tissue.  
(c) Chondrocytes showing cluster and columnar formations in new hyaline-like matrix  
(magnification: 5×).
Reprinted with kind permission from Springer Science and Business Media (Leone, G., Fini, 
M., Torricelli, P., Giardino, R., Barbucci, R., 2008b. An amidated carboxymethylcellulose 
hydrogel for cartilage regeneration. Journal of Materials Science: Materials in Medicine  
19 (8), 2873–2880).
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to body temperature. Fig. 9.4 shows the images of PNIPAAm hydrogel at different 
temperatures. Encapsulated ATDC5 chondrogenic cells within the hydrogel are able to 
retain their viability and maintain their chondrogenic phenotype, spherical morphology, 
while promoting ECM production (Sá‐Lima et al., 2011).

A novel, thermally sensitive pH-dependent hydrogel of CMC–chitosan has been 
prepared as an injectable hydrogel for cartilage repair. This gel is in the liquid state 
at room temperature into which living chondrocytes are encapsulated. Remarkably, 
at physiological pH and body temperature during in vivo injection, the liquid became 
a hydrogel (implant) in situ. Therefore, this novel polyelectrolyte hydrogel demon-
strated great potential as an injectable hydrogel under physiological conditions (Chen 
and Fan, 2008).

Hydrogels should demonstrate adequate mechanical strength along with biocom-
patibility. A composite hydrogel of poly(acrylamide) and cellulose was prepared 
mainly for its mechanical characteristics compared to various natural ACs. The hydro-
gels were quite similar to cartilage in terms of compressive properties while simul-
taneously demonstrating very good viscoelastic behavior (Buyanov et al., 2013). A 
composite scaffold of cellulose and gelatin was prepared because gelatin can impart 
a 3-D architecture to the scaffold by virtue of its own structure, it is a derivative of 

(a) (b)

Figure 9.4 Images of poly (N-isopropylacrylamide)-g-methylcellulose (PNIPAAm-g-MC) 
copolymer system at (a) room temperature, and (b) at body temperature 37°C.
Reprinted from permission of Journal of Biomedical Materials Research (Sá-Lima, H., 
Tuzlakoglu, K., Mano, J.F., Reis, R.L., 2011. Thermoresponsive poly (N‐isopropylacryl-
amide)‐g‐methylcellulose hydrogel as a three‐dimensional extracellular matrix for  
cartilage‐engineered applications. Journal of Biomedical Materials Research Part A 98 (4), 
596–603). Copyright © 2011 Wiley Periodicals, Inc.
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collagen (an essential component of the AC), and it is biodegradable. The scaffold 
had an open porous and rough structure, factors which played important roles in cell 
adhesion. The scaffold showed three to eight times greater mechanical strength as 
a function of the increase in the amount of added cellulose. The scaffold supported 
human mesenchymal stem cells and ECM formation with extensive F-actin expres-
sion (Xing et al., 2010). Starch-based scaffolds have been prepared with incorporation 
of cellulose nanofibers using film casting, salt leaching, and freeze-drying methods. 
The scaffolds have adequate mechanical strength and possess among the highest 
compressive moduli (10.41 MPa), in the range of the window of compressive moduli 
for human articulate cartilage (1.9–14.4 MPa). Chondrocytes from rabbit knee after 
4 days culture showed spherical morphology, were well attached to the scaffold, and 
the MTT assay showed no toxicity from salt leaching that proves the biocompatibility 
of cellulose/gelatin scaffolds (Nasri-Nasrabadi et al., 2014).

Other than polymers, other biomolecules were also incorporated into cellulose 
such as chondroitin 4-sulfate (C-4S), a sulfated and carboxylated GAG that has 
already been delineated as an important structural component of cartilage. Cellulose 
was modified with quaternary amino groups to make it more highly cationic in nature 
and thus interact more strongly with oppositely charged C-4S. This kind of complex 
system may serve as a treatment for osteoarthritis and articular degenerative diseases 
(Bierbrauer et al., 2014).

Other inorganic materials, such as biphasic calcium phosphate (BCP) with CMC 
have been prepared for new classes of composite materials. Multiphasic materials  
such as bioceramic show high compressive properties in addition to containing 
water-soluble polymers and are considered good ionic carriers for the formation of 
ECM. This composite material provided adequate injectable properties and nontoxic 
responses, demonstrating its potential for the repair of AC (De Freitas et al., 2012).

9.6   Bacterial cellulose properties and suitability  
as a medical implant for cartilage tissue  
engineering

Although BC displays a similar chemical structure to plant cellulose, it has a much 
higher natural availability because of the absence of lignin and hemicelluloses, which 
require a lot of energy and chemicals for their removal from their native lignocellu-
losic “cage.” This is rather big distinction between the cellulose found in bacteria 
versus that found in plants. The macromolecular structure of BC is also quite different 
from plant cellulose. BC chains combine to form subfibrils of a width of approxi-
mately 2 nm at most. These subfibrils then crystallize into microfibrils, and further 
into ribbons of approximately 4 to 100 nm, a size much smaller than what is found in 
wood cellulose (Yamanaka and Sugiyama, 2000). BC is produced from various spe-
cies of bacteria such as Acetogluconobacter xylinus (a gram-negative bacterial strain) 
during the fermentation process. Due to the high water uptake of cellulose, it has a 
tendency to form gels. It has high tensile strength, a high crystallinity index, excellent 



201Fabrication of cellulosic composite scaffolds

biocompatibility, and very high purity. BC has found applications in fields as diverse as 
pulp and paper products, audio components (the diaphragm for speakers), and soft-TE 
(Petersen and Gatenholm, 2011; Malcolm, 2013). BC has a unique 3-D fibril structural 
network similar to the ECM component (collagen) of naturally occurring tissue. It is 
approximately of the same size (100 nm in diameter) (Backdahl et al., 2006) and has 
a mesh-like appearance and woven network structure that result in high porosity and 
an attendant large surface area. In addition, such an arrangement of fibrils gives rise to 
high mechanical properties (Yamanaka and Sugiyama, 2000; Malcolm, 2013).

9.6.1   Biocompatibility

BC has been investigated for a number of biomedical applications such as wound 
dressing, blood-vessel formation, and bone reconstruction (Czaja et al., 2007). 
Recently, an in vivo study of subcutaneous BC implantation in rats was carried for 
12 weeks, and no microscopic signs of inflammation, exudation, fibrotic capsulation, 
or giant cell formations were observed, proving its biocompatibility (Helenius et al., 
2006). The biocompatibility of a BC scaffold has already been well studied (Muller 
et al., 2006; Pulkkinen et al., 2006; Kim et al., 2010).

Svensson et al. (2005) used unmodified and modified (by chemical sulfation and 
phosphorylation) BC to study the cell culture of bovine chondrocytes with incorpora-
tion of collagen and alginate. They found that unmodified BC supports chondrocyte 
proliferation on 50% of the collagen type II substrate. Fig. 9.5(a) shows the SEM 
image of chondrocytes attached to a BC scaffold that show a round morphology. Mod-
ified BC showed no effect on chondrocyte growth after chemical sulfation and phos-
phorylation (Svensson et al., 2005). Andersson et al. (2010) used human chondrocytes 

BC

(a) (b)

Figure 9.5 (a) SEM image of chondrocyte attached to the surface of bacterial cellulose (BC) 
scaffold. Reprinted with permission from Elsevier (Svensson, A., Nicklasson, E., Harrah, 
T., Panilaitis, B., Kaplan, D.L., Brittberg, M., Gatenholm, P., 2005. Bacterial cellulose as a 
potential scaffold for tissue engineering of cartilage. Biomaterials 26 (4), 419–431).  
(b) SEM image of chondrocytes filling the single pore of BC scaffold. Reprinted from permis-
sion of Journal of Biomedical Materials Research (Andersson, J., Stenhamre, H., Backdahl, 
H., Gatenholm, P., 2010. Behavior of human chondrocytes in engineered porous bacterial 
cellulose scaffolds. Journal of Biomedical Materials Research Part A 94A (4), 1124–1132). 
Copyright © 2010 Wiley Periodicals, Inc.
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on porous BC scaffolds to regenerate AC. Paraffin wax microparticles were incorporated  
in glass tube bioreactors with a silicone tube to generate larger pore sizes in the  
scaffold. The pore size of the scaffold was around 15–300 μm, but was not evenly  
distributed. Also, the cell seeding was uneven throughout the scaffold due to an 
uneven surface of the material. However, the interconnectivity of the pores allowed 
cells to enter deeply into the scaffold. The chondrocytes were also able to produce 
ECM within the scaffold. Fig. 9.5(b) shows the SEM image of the chondrocytes filling 
a single pore of a BC scaffold (Andersson et al., 2010). BC sponges with a hierar-
chical pore structure were prepared by an emulsion freeze-drying technique to give 
a high surface area of 92.81 ± 2.02 m2/g and a high porosity of 90.42 ± 0.25%. The  
synovial-derived MSCs were cultured on sponges and after 7 days, it was found out 
that MSCs can proliferate well and grow inside the BC sponges with a maximum 
ingrowth of 150 μm (Zhijiang et al., 2012). A 3-D scaffold of BC seeded with equine 
bone marrow mesenchymal stem cells showed excellent biocompatibility for bone and 
cartilage TE. The scaffolds were cytocompatible and supported cellular adhesion and 
proliferation. The cells spread out fully on the surface of the BC nanofibers, maintained 
a round morphology, and allowed osteogenic and chondrogenic differentiation after 
14 days of culture (Favi et al., 2013).

In another study, a composite 3-D scaffold of BC and agarose showed better cell 
attachment and proliferation because of the higher surface area of the scaffold. The 
higher porosity promoted cell viability and agarose helped phenotype maintenance in 
addition to improving the strength and biocompatibility of the scaffold compared to 
a pure BC scaffold (Yang et al., 2011). Other studies have shown the incorporation of 
biomolecules such as growth factor TGF-β1, which helps in differentiation, prolifer-
ation, and matrix synthesis. A new method was proposed for in vitro bovine cartilage 
regeneration using a punch model for focal cartilage defects in which a central defect 
was filled with nonresorbable BC. The chondrocytes on the surface of the BC showed 
redifferentiation with increased aggrecan–collagen type II mRNA expression over 
time. However, the chondrocytes did not immigrate into the central BC area because 
of small pore sizes (2–5 μm) (Pretzel et al., 2013).

Very recently, the problem of small size and heterogeneity of the pores in BC was 
overcome by a laser perforation technique. Fig. 9.6 illustrates the preparation technique 
of unidirectional and 3-D laser perforation in BC. The right column shows how BC was 
prepared in culture plates over 14 days, the middle column shows how the unidirectional 
perforation were performed, and the last column shows the 3-D perforation in which 
the laser cutting was done on the other side of the cuboids. This technique is versatile 
in that it is able to fabricate different shapes and architectural patterns. Compared with 
in situ modification of BC such as paraffin wax, this method had the added advantage 
of timesaving while providing a controlled architecture and rapid prototyping. Fig. 9.7 
shows an SEM image of a 3-D laser-modified BC hydrogel which shows a channeled  
pattern. This scaffold showed high biocompatibility with cartilage-specific matrix  
production and indicated that the chondrocytes differentiated to provide a compressive 
strength similar to that of unmodified BC. The perforation of the resulting channels 
provided a short diffusion distance for nutrients and ECM components. Therefore, this 
technique, when done in conjunction with BC hydrogels, is well suited for in vivo car-
tilage repair (Ahrem et al., 2014).
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Figure 9.6 Schematic illustration of the preparation technique of unmodified and laser-structured 
bacterial nano cellulose (BNC) samples. The holes of the modified BNC do not represent the 
actual size in the experimental section. BNC, bacterial nanocellulose.
Reprinted with permission from Elsevier (Ahrem, H., Pretzel, D., Endres, M., Conrad, D., 
Courseau, J., Müller, H., Jaeger, R., Kaps, C., Klemm, D.O., Kinne, R.W., 2014. Laser-structured 
bacterial nanocellulose hydrogels support ingrowth and differentiation of chondrocytes  
and show potential as cartilage implants. Acta Biomaterialia 10 (3), 1341–1353).

Figure 9.7 SEM image of structural 3-D laser-modified BC scaffold.
Reprinted with permission from Elsevier (Ahrem, H., Pretzel, D., Endres, M., Conrad, D., 
Courseau, J., Müller, H., Jaeger, R., Kaps, C., Klemm, D.O., Kinne, R.W., 2014. Laser-structured 
bacterial nanocellulose hydrogels support ingrowth and differentiation of chondrocytes and 
show potential as cartilage implants. Acta Biomaterialia 10 (3), 1341–1353).
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9.6.2   Mechanical properties

Articulated cartilage (AC) is a very hydrated connective tissue providing low friction, 
good load bearing, and high wear resistance at the synovial joints, while also showing 
characteristically good mechanical properties. During a normal walking cycle, AC can 
bear up to four times its own weight, but as such, it can endure significant abrasive/
friction forces depending on the load and speed. In one of the studies, the friction and 
wear behavior of BC was investigated in AC by studying the tribological response. 
Synovial fluid is a lubricating agent in AC to help facilitate the sliding of two artic-
ulating bones through reducing the coefficients of friction. In this study, BC exhib-
ited values in the range of 0.046 to 0.058, with decreasing friction coefficient as the 
contact pressure increased, thus acting as an excellent biomimetic of the lubricating 
effect. This might be due to the 3-D nanofibril network and its excellent water-holding 
capacity given that BC consists of more than 90% water and only 1% solid (Klemm 
et al., 2011). Therefore, it can be reasonably concluded that BC (gel) can be used as a 
potential AC scaffold for articular joints (Lopes et al., 2011).

BC-based scaffolds have excellent tensile strengths and Young’s moduli; however, 
they exhibit low compressive properties in the perpendicular direction. This prevents 
more extensive use of BC because of its lack of compression and shear resistance. Cur-
rently, there are numerous studies to improve these properties by the incorporation of 
fillers or other polymers. Additionally, BC has an asymmetric network structure com-
posed of many lamellar layers that give rise to many small voids. Therefore, a uniform 
pore structure is also needed for cellular infiltration without compensating mechanical 
properties. Scaffolds of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated BC 
mixed with chitosan have already been prepared by a two-step chemical modification. 
The scaffolds showed lower compressive moduli than human and animal cartilage 
specimens because of lower cellulose content. Therefore, a better fabrication method 
is still needed to overcome this deficiency (Nge et al., 2010).

Hydrogels with an interpenetrating polymer network have been developed with 
polyacrylamide (PAAm) and BC which has demonstrated mechanical properties simi-
lar to natural cartilage. Concentrated PAAm solution impregnated into a BC layer and 
cross-linked with N,N′‐methylene‐bis‐acrylamide (MBA), a component which gov-
erns the swelling and mechanical properties. The hydrogels showed anisotropic behav-
ior as shown by the higher resilience of specimens cut in a direction perpendicular to 
the top and bottom parts of BC as compared to a specimen cut in the parallel direction. 
Also, hydrogels with a higher BC content showed higher moduli and strengths. These 
samples were subjected to fatigue tests up to 6000 cyclic compression-unloading to 
compare with natural AC and showed no large depression. This anisotropic behavior 
was due to the unique BC 3-D structure. BC possesses tunnel-like lacunae, normal to 
the surface of the BC pellicle, arranged in the axis perpendicular to the surface of BC 
pellicles, a very unusual property of BC compared to plant cellulose. These hydrogels 
have a compression in the range of 1.9 to 14 MPa, quite similar to the compressive 
modulus of a human joint cartilage (Buyanov et al., 2010).

Articulated cartilage (AC) displays nonlinear, viscoelastic, and strain rate-dependent  
properties, in addition to the anisotropy properties. These strain-rate properties  
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are important because they enable continuous joint function throughout the wide 
range of loads from walking, running, and other physical activities. Polyvinyl alco-
hol (PVA) has limited strain-rate dependence under unconfined compression and also 
shows very low wear resistance and friction compared to a clinically available mate-
rial of ultrahigh molecular weight polyethylene (UHMWPE). Adding a small amount 
of BC with a PVA matrix increased the viscoelasticity and stiffness when the num-
ber of cycles increased from one to six compared to pure PVA, a trend quite similar 
to natural cartilage. However, the stiffest PVA–BC scaffold showed a slightly lower 
elastic modulus than that of AC. Therefore, by altering the number of thermal cycles 
and PVA or BC concentration, it is possible to increase the range of moduli (Millon 
et al., 2009). Other promising candidates include methacrylate for the preparation of 
BC–composite hydrogels. BC–methacrylate hydrogel composites were prepared by 
UV radical cross-linking polymerization. The compression moduli ranged from 2 to 
5.5 MPa for composites swollen to equilibrium having 20–70 wt-% water by simply 
introducing 1–2% BC. Thus, BC can be a reinforcing biomaterial with strong interfa-
cial interactions with other polymer matrices (Hobzova et al., 2012).

Another commonplace strategy is to make double network (DN) hydrogels that are 
quite different than a common interpenetrated-polymer network for fiber-reinforced 
hydrogels. DN hydrogels consist of two hydrophilic polymers with a combination of 
a stiff and brittle first network and a soft and ductile second network. One such DN 
hydrogel was prepared by combining BC and poly dimethylacrylamide (PDMAA), the 
wear property for which was evaluated by a pin-on-flat-type wear test. These hydro-
gels showed excellent cyclic friction that was quite comparable to that of (UHMWPE) 
and showed a greater degree of resistance to wear (Yasuda et al., 2005). Therefore, by 
improving the processing strategies, concentration, and polymer chemical structures, 
an ideal hydrogel can be prepared that mimics the natural cartilage in terms of friction, 
wear, viscoelastic, and load-bearing properties.

9.6.3   Biodegradation

In addition to biocompatibility and high mechanical strength, a scaffold for cartilage 
TE should demonstrate adequate biodegradability. BC is very crystalline with a com-
pact structure. It is susceptible to cellulolysis induced by various fungi and bacte-
rial species. However, these enzymes are not present in animals and the degradation 
of cellulose is limited in vivo because of the absence of the required cellulase. BC 
has varying surface and structural characteristics depending upon its cultivation con-
ditions that can imbue it with varying degrees of degradation. Various in vivo and 
in vitro studies have been carried out to evaluate the degradability of BC: an in vivo 
study of subcutaneous BC implantation in rats was carried for 12 weeks that showed 
no sign of BC degradation; however, 12 weeks was a very short time to claim any 
biodegradability (Helenius et al., 2006). The enhancement of biodegradation of BC 
was done in vitro (in water, phosphate buffer saline, simulated body fluid). Yet, BC 
showed negligible degradation compared to biodegradable polymers like polyglycolic 
acid and polylactic acid (Li et al., 2009).
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One of the biggest mysteries for a scaffold for cartilage TE is whether it should be 
biodegradable. A major problem with a biodegradable scaffold is that it follows a non-
synchronized degradation of the seeded scaffold and subsequent regeneration of dam-
aged tissue. However, for cartilage to be fully functional, it usually requires months 
or even years. Thus, BC is a suitable candidate. Therefore, a BC scaffold should have 
adequate mechanical strength and a porous structure with an architectural pattern for 
the migration of local cells in the defect-filling implants to synthesize new cartilage 
matrix (Pretzel et al., 2013).

On the other hand, the degradation of the BC can be changed metabolically by the 
incorporation of N-acetylglucosamine (GlcNAc) residues during de novo synthesis 
from Gluconacetobacter xylinus. This modified BC is less crystalline, but more sus-
ceptible to lysozyme (an enzyme found in human body) compared to a control BC 
(Yadav et al., 2010, 2011). Adult human mesenchymal stem cells (ahMSCs) were 
successfully adhered, proliferated, and differentiated in these modified scaffolds. The 
chondrocytes were able to synthesize ECM containing proteoglycan and type II colla-
gen with the added advantage of lysozyme susceptibility for degradation, an outcome 
that can prove useful for in vivo studies (Yadav et al., 2013).

9.7   Conclusions and future outlook

The goal of this chapter was to give an overview of cartilage-related health diseases 
and injuries and develop an understanding of cellulosic materials for their potential 
fabrication as scaffolds for cartilage TE. Cellulose appears to be a suitable candidate 
for this application because of its chemical structural similarity to collagen. The prop-
erties of the scaffold can be tuned by various chemical modifications, architectural 
patternings, and combination with other polymers to improve the biocompatibility 
and mimic the natural ECM. Injectable hydrogels of cellulose derivatives (Si-HPMC) 
appear to provide a potent combination of ECM environment with an ability to fill 
the defect area by in situ cross-linking under physiological regimes, provide viable 
cell encapsulation, and are able to support chondrocyte proliferation and adhesion 
for cartilage regeneration. However, the problem of limited cell migration because of 
small pore size and lower mechanical strength is persistent with this type of scaffold. 
A combination with other natural polymers such as chitosan, gelatin, and starch can 
improve the mechanical strength and biocompatibility; however, the collapse of the 
porous structure can be observed because of the solubility of these latter polysaccha-
rides. This problem can be solved by introducing an interpenetrating polymer network 
to form a stable hydrogel (Buyanov et al., 2010). Another interesting biopolymer that 
has gained tremendous attention is BC which had proven a suitable candidate because 
of its smaller fibril size (ranging from 20 to 100 nm) and 3-D nanofibrous architecture 
that remarkably mimics the ECM of cartilage. However, in addition to very small pore 
sizes, an in vivo characterization and the performance of the BC scaffold (for a long 
period of time in a large animal model) is still needed to address the future clinical 
suitability application for cartilage tissue regeneration.
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Noting the ever-increasing research in cartilage TE using cellulose materials, 
an improved and alternative method is still needed, and there is plenty of room for 
improvements. Researchers should consider the following aspects for preparing prac-
tical scaffolds that mimic the natural ECM: (1) Improving the porous structure of the 
BC scaffold. Recently, new technique was developed which can create a 3-D porous 
scaffold by laser perforation. This scaffold has porous channels that can help transfer 
nutrients and other essential ECM components. This technique does not induce any 
toxicity and is free of the residual solvent removal problem. The added advantage of 
rapid prototyping with consistent pore size makes this technique a viable process at the 
industrial scale (Ahrem et al., 2014). (2) Biocompatibility can be further enhanced by 
incorporation of ECM-supporting molecules and growth factors such as chondroitin 
4-sulfate and TGF-β1, respectively, to favor cartilage regeneration. The cell–scaffold 
interaction should be monitored to fully understand cell attachment and cartilage for-
mation during the early stage of implantation. Again, the interaction will depend upon 
scaffold architecture properties such as pore size and surface area; (3) scaffold biodeg-
radation for cartilage regeneration is still questionable. Cartilage needs at least several 
months to 1 year to fully recover. During this period, the scaffold should support ECM 
formation without degradation. Therefore, the degradation proprieties of cellulose may 
be tuned by either chemical (Li et al., 2009) or biological means (Yadav et al., 2010).
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10.1   Introduction
10.1.1   Cartilage regeneration

Cartilage is an avascular and aneural tissue with minimal intrinsic repair capabilities 
(Buckwalter and Mankin, 1997). Even the slightest damage to the tissue due to disease 
or injury results in an unrecoverable decline in tissue health and functionality. The 
societal costs associated with cartilage degeneration total approximately $128 billion, 
and are attributed to clinical treatments, lost productivity in the workplace, and decline 
in the quality of life (Yelin et al., 2007; Birnbaum et al., 2010). Therefore, urgent 
action for devising engineering tools to restore the functionality of cartilage is neces-
sary for our increasingly aging population.

Cartilage degeneration commonly occurs in high load-bearing joints of the body 
such as the knee or hip. A significant attribute for any type of tissue regeneration 
requires the presence of blood vessels for progenitor cell migration (ie, stem-cell hom-
ing), proper nutrient transport and waste removal. Therefore, the lack of vasculature 
in cartilage will impede the native ability for self-regeneration of the tissue due to 
the limited cell source and metabolic processes within the innate tissue. Addition-
ally, without the presence of nerves, the gradual degeneration of cartilage is typically 
unnoticed until the tissue is severely damaged and patients experience pain due to 
friction between the bones of their joints (Wang et al., 2006). This ultimately leads to 
the formation of bone spurs that replace injured cartilage, which further progresses the 
degeneration of the cartilage tissue.

Due to the limited self-healing capability of cartilage, current treatments require 
invasive procedures to restore physiological functions. There are only a few clinical 
techniques for cartilage treatment, other than the use of prostheses, which include 
autologous chondrocyte implantation (ACI) and microfracture of the subchondral 
bone (Smith et al., 2005). Limitations of the use of ACI, which harvests chondrocytes 
from the patient, expand and implant them directly into cartilage defects, include the 
complexity of the surgical procedure, leakage of transplanted chondrocytes from the 
defect site, uneven distribution of the mature cells, periosteal hypertrophy, limited 
availability of autologous chondrocytes, as well as dedifferentiation of the primary 
chondrocytes in monolayer culture. When considering the treatment of damaged or 
diseased cartilage via microfracture procedure to initiate mobilization of mesenchy-
mal stems cells from subchondral bone for localized repair of the damaged tissue, the 
formation of undesired fibrocartilage becomes a clinical concern (Iwasa et al., 2009). 
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In contrast, tissue-engineering approaches provide an opportunity to precisely place 
proper cells into the defect site in a controlled cellular microenvironment to maintain/
enhance chondrocyte phenotype and increase cell-delivery efficiency for facilitated 
tissue regeneration.

To repair or replace the damaged cartilage with tissue-engineering approaches, it is 
important to consider the local structure of the cartilage for appropriate biomechanical 
functions (Wilson et al., 2006). The solution of this complex problem should be based 
upon a combinatory effort of proper material selection, adequate cell sourcing, and 
incorporation of biochemical/biophysical cues (Vinatier et al., 2009).

10.1.2   Structure–function relationship of cartilage

The body is composed of three primary types of cartilage: elastic, fibro-, and 
hyaline cartilage. Each serves specific functions within the musculoskeletal sys-
tem. Elastic cartilage is a structural cartilaginous tissue for non-load-bearing body 
parts, such as ears, nose, and epiglottis (Hutmacher et al., 2003). It typically does 
not experience high mechanical loads for prolonged periods of time. Therefore, 
the damage of this tissue is not common or chronic, as compared to other types of 
cartilage found in the body. On the other hand, fibrocartilage acts as a mechanical 
supporting tissue in the intervertebral discs of the spine, the temporomandibular 
joint (TMJ) of the jaw, and the meniscus of the knee (Palmer and Werner, 1981). 
This type of cartilage contains a combination of both fibrous and cartilaginous 
tissue to serve as a tough, yet flexible supporting tissue for the musculoskeletal 
system. The directional woven structure of collagen type I, as well as the more 
common collagen type II typically found in hyaline cartilage, provides the greatest 
mechanical strength among different cartilages (Eyre and Wu, 1983). Although 
the regeneration of elastic and fibrocartilage is also of interest for medicine, this 
chapter will primarily focus on the most easily injured, thus the most widely stud-
ied type of cartilage, hyaline cartilage.

Hyaline cartilage is located along the surface of the ends of long bones in the joints 
and within the rib cage and the trachea, providing low-friction surfaces throughout 
the body (Poole et al., 2001). This particular musculoskeletal tissue is highly sus-
ceptible to damage from injury or degenerative diseases due to its exposure to severe 
mechanical loadings. Although there have been a large number of reported successes 
for experimental in vitro neocartilage production, there have been little to no reports 
for long-term clinical efficacy of the implanted engineered tissues (Francis Suh and 
Matthew, 2000; Mauck et al., 2006; Eyrich et al., 2007).

The articular cartilage (AC), composed of hyaline cartilage tissue, plays an import-
ant role for joint functions; AC acts as a shock absorber, alleviates the friction between 
bones within joints, and maintains a biochemical homeostasis with the subchondral 
bone (Sophia Fox et al., 2009). The composition and structure of hyaline cartilage are 
closely related to the tissue functions. Although this tissue is avascular and aneural, 
the high glycosaminoglycan (GAG), collagen and water contents within the tissue act 
as an essential microenvironment for chondrocyte homeostasis and provide the neces-
sary mechanical integrity for articulation of the limbs.



215Electrospun scaffolds for cartilage regeneration

Due to its role in the body’s daily movements, AC is highly susceptible to damage 
or disease by physiological wear and tear, and traumatic injuries. With the end goal of 
repairing or regenerating cartilage through various tissue-engineering strategies, the 
biochemical and biomechanical requirements of the native tissue must be taken into 
account for long-term success. Therefore, a thorough understanding of the structure–
function relationship of native articular cartilage with a comprehensive analysis of the 
physiochemical parameters is a prerequisite for engineering cartilage.

10.1.3   Physiochemical requirements of engineered cartilage

To engineer functional AC, the physiological requirements should closely mimic the 
characteristics of the native tissue in both biochemical composition and mechanical 
integrity. The native structure of AC comprises three primary zones including the 
superficial, middle and deep zones (Fig. 10.1). Each of the zones independently, yet 
cohesively, contribute specific functions of cartilage such as lubrication and compres-
sive resistance, due to the organization and composition of the extracellular matrix 
(ECM) accompanied by cells.

The superficial zone of AC contains the largest cell population while only being 
roughly 10–20% by volume. The tissue primarily acts as the area for friction reduction 
in the tissue (Pearle et al., 2005). In this zone, the chondrocytes have a flat morphology 
and run parallel to the surface of the joint along with the collagen fibers. In addition 
to these structural characteristics, the chondrocytes in this zone secrete lubricin, a 
lubricant protein, reducing friction experienced from joint movement (Buckwalter and 
Mankin, 1997).

The middle zone acts as the primary shock absorbing layer in AC. In this portion 
of cartilage, mature chondrocytes are round in morphology and are sparsely dispersed 
through a proteoglycan-rich ECM consisting of approximately 40–60% of AC by 

Figure 10.1 Cross-sectional schematic of articular cartilage. The tissue consists of the 
superficial, middle/transitional, and deep zones with a distinct tidemark of calcified cartilage 
and the underlying subchondral bone (from top to bottom). Both cellular organization and 
collagen-fiber orientation are shown with respect to the zonal structure of cartilage.
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volume. The cells are perpendicularly aligned to the joint surface along with collagen 
fibers, which provides the structural integrity of AC. Additionally, although aggrecan 
is prominent throughout the tissue, the middle zone contains the highest content of this 
proteoglycan by volume, which helps contribute to the intrinsic compressive strength 
of AC (Bhosale and Richardson, 2008).

The closest zone to the underlying subchondral bone is the deep zone, which 
makes up about 30–40% of AC by volume. Located at the interface of cartilage and 
bone, this transitional zone possesses the characteristic feature known as the tide-
mark. The tidemark is the boundary of the calcification of the tissue and allows for 
proper integration between AC and the underlying subchondral bone. Beyond the 
definitive tidemark, while still contributing to ECM production, chondrocytes begin 
to show signs of hypertrophy. There is a gradual increase in mineral content in the 
transition from interfacial cartilage to bone. This transitional calcified cartilage zone 
is important for proper neocartilage tissue integration because of its close proximity 
to vasculature in subchondral bone (Bhosale and Richardson, 2008). The calcified 
cartilage also mediates the mechanical stresses and biological stimuli between the 
interfacial tissues, in addition to providing interstitial fluid transport to the cartilage 
above (Oegema et al., 1997).

Chondrocytes, the only cell type found in cartilage, are responsible for producing 
and maintaining the ECM in AC, and the subsequent resulting anisotropic biomechan-
ics in the mature tissue. Considering the fact that chondrocytes compose only 1–5% 
of the total volume and that they require an extensive duration for the maturation 
of cell-secreted ECM, designing a scaffold with zonal structure is a key component 
to provide proper initial microenvironmental cues for the facilitated regeneration of 
cartilage tissue (Sharma et al., 2007; Bhosale and Richardson, 2008). In this regard, 
electrospinning has shown to be an attractive method for cartilage tissue engineering 
due to its ability to tailor both the structure and function of the scaffolds with high 
porosity.

This chapter will discuss electrospinning as a promising fabrication technique 
for scaffolding, current applications of electrospun scaffolds for cartilage tissue 
engineering, as well as limitations with the use of such scaffolds for translational 
applications.

10.2   Synthesis of electrospun scaffolds

Electrospinning is a simple, yet powerful method for synthesizing highly porous 
nano- and microfibrous scaffolds for cartilage tissue engineering. This easily tun-
able process for synthesizing scaffolds with tightly regulated microstructures is 
ideal for controlling cell–scaffold interactions and subsequent tissue development. 
In comparison to scaffolds fabricated by other techniques, such as hydrogel-based 
materials (Kim et al., 2011), porogen leaching of polymeric materials (Ma et al., 
2003) or three-dimensional (3D) printing (Reiffel et al., 2013), electrospun scaffolds 
provide several mechanical and biochemical advantages, which will be further dis-
cussed in this section.



217Electrospun scaffolds for cartilage regeneration

10.2.1   Electrospinning overview

Electrospinning is a versatile technique with a variety of finely tunable parameters to 
achieve desired material, chemical, and mechanical properties of a nonwoven nano- or 
microfibrous mesh (Fig. 10.2). This common term has been developed from the early 
description “electrostatic spinning,” and has been widely studied and used in both 
academic and industrial settings (Park, 2010). Electrospinning provides a means for 
synthesizing a network of elongated one-dimensional nanostructures, which mimics 
the native nanoscale ECM present in AC.

Electrospinning requires a polymer to be soluble in a solvent at specific ranges of 
viscosity, conductivity, vapor pressure, and other solution properties. The solution is 
fed to a spinneret, a small orifice to generate a droplet at the tip, at a known flow rate. 
A high voltage is applied to the solution droplet to form what is known as the Taylor 
cone. In the Taylor cone, the charges which are carried throughout the solution mix-
ture begin to separate. This charge separation elongates and ejects the polymer solu-
tion in the stable jet region of the Taylor cone to the direction of the electric field. As 
the ejected polymer jet begins to dry within the distance of travel from the spinneret 
to the collection substrate, the current flow changes from ohmic to convection as the 
charges begin to move toward the outer surface of the fiber. Beyond a critical point 
at which the energy of these charges overcomes the surface tension of the mixture, 
the solution experiences an electrostatic repulsion from one another causing a whip-
ping instability, known as ‘spinning,’ to occur. This instability of the ejected polymer 
solution results in the rapid evaporation of the solvent creating nano- and microfibers. 
Finally, these fibers are then collected on a grounded substrate of desired geometry, 
producing vertically deposited nonwoven fiber mats.

One of the greatest advantages of electrospinning is its processing capacity of var-
ious materials to yield scaffolds with diverse chemical and mechanical properties, 
which can invoke various biological responses from the cells. Natural polymers such 
as collagen, gelatin, fibrinogen, elastin, and fibrin have been electrospun for tissue- 
engineering applications (Geng et al., 2005; Matthews et al., 2003). A plethora of 
synthetic biodegradable polymers such as poly(lactic acid) (PLA), poly(glycolic acid) 

Figure 10.2 Scanning electron microscopy (SEM) images of electrospun nano- and micro-
fibrous poly(ε-caprolactone) scaffolds demonstrating fiber dimensions of different orders  
of magnitude (scale bars: 5 μm for subset and 50 μm for full images).
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(PGA), poly(ε-caprolactone) (PCL), and composites of the monomer units (Huang 
et al., 2003; Gunatillake and Adhikari, 2003; Marin et al., 2013) were also utilized 
for electrospinning. Table 10.1 lists commonly used polymers for electrospinning in 
the applications of cartilage tissue engineering. Many of these polymers have been 
approved by the Food and Drug Administration (FDA) for various in vivo applica-
tions, and can be selectively used to tailor the mechanical, chemical and degradation 
properties of electrospun scaffolds.

There are various configurations to produce electrospun scaffolds having different 
compositional and microstructural characteristics (eg, coelectrospinning, coaxial elec-
trospinning, and blend electrospinning). Such diversity in electrospun fibers enables 
synthesis of scaffolds with tailored properties. By selectively determining materials 
and methodologies for electrospinning, scaffolds can be engineered to induce cell/
tissue-specific responses, facilitate tissue morphogenesis, and maintain phenotypical 
characteristics of the tissue.

Coelectrospinning is a technique in which two or more polymeric solutions are 
simultaneously collected onto a single collection device (Fig. 10.3). This is an attrac-
tive method for producing fibers that are on different orders of magnitude in fiber 
diameters or chemical compositions contained within a monolithic scaffold (Wu et al., 
2010; Francis et al., 2010; Ding et al., 2004). By modifying the collection medium or 
materials used for electrospinning, cellular responses can be tailored to address short-
comings of a single polymeric material.

Coaxial electrospinning, also referred to as core–shell or core–sheath electrospin-
ning, is the process of enclosing one material around the other through the use of 
concentric needles (Fig. 10.4). It has been demonstrated that this procedure can incor-
porate materials that are unable to be processed alone, when the sheath acts as a carrier 
of the core solution (Bazilevsky et al., 2007). With this method, unspinnable materials 
can be used for tuning the intrinsic mechanical properties of the fibers, or a drug of 
interest can be loaded into the core material to control tissue morphogenesis (Han 
et al., 2008; Qu et al., 2013).

Blend electrospinning occurs when two or more miscible solutions are combined 
into a single feed system and fed through a common spinneret for desired final mate-
rial properties (Fig. 10.5). Although this procedure is not the most common tech-
nique, the advantage of this particular method is its ability to modify the chemical 

Table 10.1 Common polymers used in electrospinning

Natural polymers Synthetic polymers

Collagen PGA—poly(glycolic acid)
Gelatin PLA—poly(lactic acid)
Chitosan PLLA—poly(l-lactic acid)
Fibrin PLGA—poly(lactic-co-glycolic acid)
Hyaluronic acid PCL—poly(ε-caprolactone)

PEO—poly(ethylene oxide)
PEG—poly(ethylene glycol)
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and mechanical properties of the scaffolds for aiding in cell proliferation, differen-
tiation, and survivability (Bazilevsky et al., 2007; Zhang et al., 2006b; Gupta and 
Wilkes, 2003).

There are many variables which need to be carefully determined for successful 
electrospinning. The detailed description of electrospinning parameters that determine 
the structural and morphological characteristics of electrospun fibers, as well as spin-
nability, is as follows in the subsequent section.

10.2.2   Fundamental principles of electrospinning

The fundamental principles of electrospinning are dictated by three primary parame-
ters including solution, processing, and environmental conditions (Table 10.2). Each 
process setting must be taken into close consideration to properly synthesize a scaffold 
with structural and functional characteristics similar to native cartilage.

10.2.2.1   Solution parameters: User-defined variables

The first step to determine the properties of the final end product is the selection of 
solution parameters, which consist of the polymer and solvent material properties, as 
well as those of the solution mixture. The high solubility of the polymer of interest in 
a particular solvent is a prerequisite for uniform electrospinning. The major scaffold 
characteristics such as chemical composition, mechanical integrity, degradation rate 
and by-products will be determined by polymeric materials. On the other hand, the 
solvent properties will primarily determine morphological characteristics of electro-
spun scaffolds such as fiber size, porosity and fiber morphology.

Table 10.2 List of parameters addressed during the electrospinning 
process

Parameter Subparameters

Solution: User-defined variables Polymer–solvent solubility
Polymer–solvent concentration
Polymer molecular weight
Solution viscosity
Solution conductivity
Dielectric constant

Processing: Experimental variables Polymer solution flow rate
Electric field strength
Working distance
Applied voltage
Fiber collection geometry and composition

Ambient: Environmental variables Temperature
Relative humidity
Air cabin velocity
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Different polymeric materials have different solubility characteristics in any given 
solvent. Some polymers are fully, partially, or even insoluble in different solvents, 
which will impact the electrospinnability of those materials. The selected solvent, 
or combination of solvents, also has varying intrinsic chemical, electrical, and sol-
ubility characteristics that will significantly affect the fabrication of the fibers (Luo 
et al., 2010). There is a critical range of polymer concentration which determines 
electrospinnability (Greiner and Wendorff, 2007). Below a certain threshold, there 
is an insufficient amount of polymer-chain entanglement to generate continuous 
fibers, resulting in fragmented polymer droplets called electrospraying. This critical 
concentration depends on a balance among the polymer chemical composition, chain 
length, the accompanying solvents and the solution viscosity. In contrast, an extremely 
high polymer concentration results in overly large polymer-chain entanglements, and 
entrapped solvent prevents the fibers from sufficiently drying before being collected. 
This results in wet fibers binding to one another, creating a thin film rather than 
porous fibrous membranes (Pillay et al., 2013). Similarly, when the polymer molec-
ular weight increases, large, smooth, continuous fibers are formed, whereas a low 
molecular-weight polymer is insufficient in forming fibers due to low polymer-chain 
entanglement (Xu et al., 2007).

Another solution parameter for electrospinning is the conductivity of the fluid. The 
polymer solution conductivity (ie, charge density) assists in the jet formation from 
the Taylor cone and resulting whipping instability of the electrospun fibers. As the 
conductivity increases, the distribution of the charge density overcomes the tangen-
tial electric field along the surface of the solution droplet (Angammana and Jayaram, 
2011). Therefore, higher solution conductivities will result in smaller fiber diameters, 
whereas lower values generate larger electrospun-fiber diameters. When the polymer 
solution conductivity is too low, surface charging is insufficient to form a Taylor cone 
failing the electrospinning process. In contrast, when the solution conductivity is too 
high the reduced tangential electric field also resists the formation of the Taylor cone 
(Angammana and Jayaram, 2011). The addition of ionic salts such as KH2PO4 and 
NaCl in the solution can increase the ion contents, which enhances the surface-charge 
density of the solution, and improves the electrospinnability of the insulating solution 
(Fong et al., 1999).

Finally, the dielectric properties of the solvent used in electrospinning polymers 
also affect the electrospinnability of the polymer solution in conjunction with the 
conductivity. The dielectric constant of a solvent represents the amount of “free” 
charge that can be induced into the polymer solution during electrospinning (Sun 
et al., 2012). Polymer–solvent solutions consisting of low dielectric constants limit 
the initiation of the whipping instability and thinning of the polymer jet. By reduc-
ing the available charge on the surface of the polymer jet, the electrostatic repulsive 
force which initiates the whipping instability of the fiber is also decreased. This 
results in an extended duration for the charge density to migrate to the surface of 
the fluid, ultimately leading to the formation of larger electrospun fiber diameters 
or loss of electrospinnability. This suggests that there is a critical window of “free” 
charge available to initiate the whipping instability that induces spinning of any 
polymer–solvent systems.
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10.2.2.2   Process parameters: Experimental variables

Process parameters are defined as experimental variables to control the electrospin-
ning process. These parameters include the polymer-solution flow rate, the working 
distance from the tip of the spinneret to the collection target, the type of grounded 
collection target, as well as the applied voltage at the spinneret.

The polymer solution flow rate has been shown to influence the overall fiber diam-
eters. Although low flow rates typically result in smaller fiber diameters and vice versa 
for higher flow rates, there is a range of optimal flow rates for any given polymer– 
solvent combination (Zargham et al., 2012; Ganan-Calvo et al., 2013). If the flow rate 
is too low for a given solution, an overcharging of the solution may occur, resulting 
in electrospraying to deposit particles on the collector. If the solution flow rate is 
too high, the applied electric field cannot generate a whipping instability within the 
polymer jet, preventing “spinning” of the polymer solution. In addition, the solvent 
contained within the solution will not evaporate rapidly enough to form fibers.

The working distance between the spinneret tip and the collection substrate dic-
tates the resulting fiber morphology. By changing the working distance, the applied 
electric field between the tip and collector is also altered, impacting the formation of 
the fibrous membranes. As the distance increases, the fibers are continually stretched 
and thinned within the whipping region, resulting in smaller fiber diameters (Milleret 
et al., 2011). However, a critical voltage threshold can be applied to the spinneret that 
is proportional to the increased working distance without causing instability in the 
Taylor cone formation. The applied voltage that creates an electric field between the 
spinneret and the collector is the key driving factor for electrospinning, determining 
the electrospun-fiber diameter (Sener et al., 2011; Liu et al., 2011). High applied- 
voltage levels increase the surface-charge density of the polymer solution resulting 
in greater repulsion of the fibers, which in turn increases the whipping instability and 
thinning of the jet formation, thus ultimately generating fibers on a smaller dimen-
sional scale.

Finally, the collection target has significant effects on the macrostructure of the 
synthesized scaffolds (Kumar, 2012). Although the most common collection sub-
strate is a grounded static metallic collection plate, a wide variety of collectors 
including grounded solution baths (Pant et al., 2011), rotating mandrels (Errico 
et al., 2011), and patterned devices (Neves et al., 2007) have been used. Each of 
these result in patterns or macro-structures allowing for tailored cellular responses 
in migration, proliferation, and differentiation of the cells. The macrostructure of 
electrospun scaffolds is especially important for cellular migration including angio-
genesis, thus determining engineered tissue integration to native tissues (Santos 
et al., 2008; Telemeco et al., 2005).

10.2.2.3   Ambient parameters: Environmental variables

Although the ambient parameters have a distinct impact on electrospun fibers, these 
systemic parameters present challenges for dynamic control. Furthermore, the effects 
of these environmental factors depend on polymer–solution combinations (ie, sensi-
tivity to temperature, hygroscopic nature of solution and optimum vapor pressure) 
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and simultaneously influence solution properties (ie, viscosity and evaporation rate). 
Therefore, it is difficult to make direct correlations between final scaffold production 
and these variables.

The temperature during electrospinning has been shown to influence the final fiber 
diameters. Both the solvent evaporation rate and the intrinsic solution viscosity are 
affected by ambient temperature during electrospinning (Su et al., 2011). There have 
been two proposed mechanisms on the effects of environmental temperature on electro-
spinning, both of which affect fiber diameters in a biphasic manner. First, as the tem-
perature decreases, the solvent evaporation is reduced. The prolonged solidification of 
the polymer induces increased fiber elongation and jet thinning, resulting in smaller fiber 
diameters. Second, at higher temperatures the polymer chains have greater freedom to 
move, resulting in lower solution viscosity, also reducing the fiber diameters (De Vrieze 
et al., 2009). In most cases, ambient room temperature (20–23°C) conditions are used, 
unless more specific conditions are required to successfully generate fibers.

Next, the relative humidity also determines the morphological characteristics of 
electrospun fibers. When the environmental humidity is too low, the solvent evapo-
ration rate increases and can completely dry the solvent before proper solution elon-
gation to form fibers. In contrast, when the humidity is too high, the solvent cannot 
entirely evaporate resulting in continuing elongation of the fibers resulting in small 
diameters. Therefore, depending on the polymer–solvent selection, there is an ideal 
range of relative humidity for successful continuous fiber formation (De Vrieze et al., 
2009). The humidity has also been shown to impact the surface morphology of the 
electrospun fibers in which lower levels of humidity generate smooth fibers, whereas 
higher humidity levels create pores on the surface of the fibers (Casper et al., 2004). 
Although the exact mechanism for surface pore formation is unclear, it was proposed 
that the evaporation of the solvent cools the fibers during electrospinning, and ambient 
moisture condenses on the surface of the fiber resulting in pitting and pore formation. 
Similarly, the cabin air velocity also has an influence on fiber generation by affecting 
solvent evaporation (Doshi and Reneker, 1993). When the cabin air velocity is too low, 
solvent evaporation is decreased resulting in insufficient drying of the fibers.

10.3   Electrospun scaffolds for cartilage regeneration

Designing scaffolds with appropriate chemical, mechanical and biological properties 
is essential for inducing proper functionality and integration of engineered cartilage. 
Therefore, the scaffolds should strive to address the following criteria.

 •  Scaffold materials are biocompatible to minimize any immunogenic response of the sur-
rounding tissues.

 •  Scaffolds are biodegradable at a designed degradation rate, resulting in proper integration 
of the engineered tissue to the native tissues while maintaining structural and mechanical 
integrity during maturation.

 •  The microstructure and composition of scaffolds provide proper microenvironments to 
either differentiate native progenitor cells to the necessary phenotype of the tissue or main-
tain the phenotype of cultured mature cells within the scaffolds.
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These prerequisites ensure the development of the engineered tissue to match the 
mechanical and biochemical properties of the native tissue.

Electrospinning has shown to be an attractive method to produce chondroinduc-
tive scaffolds that meet the above criteria due to its ability to tailor the structural, 
mechanical, and chemical parameters simulating the extracellular microenvironments 
for cell migration, proliferation, and/or differentiation of chondrocytes or their pre-
cursor cells. Herein, a discussion of the materials used in the synthesis of electrospun 
scaffolds will be given, followed by the effects of such scaffolds on directing cellular 
behavior for cartilage regeneration.

10.3.1   Materials selection

When selecting proper polymers to be used for cartilage regeneration, it is important 
to consider how the chemical and mechanical properties of these materials correlate to 
the structure and function of articular cartilage. The appropriate materials selection is 
essential for controlling cellular behaviors and the impacts on the surrounding native 
tissues. The following will describe biocompatible materials that are most commonly 
used for electrospun scaffolds for cartilage regeneration.

10.3.1.1   Natural/biological materials

The use of natural or biological polymers for electrospun scaffolds is advantageous 
due to their biocompatible and biodegradable properties. The balance between hydro-
philicity for proper cellular interaction and hydrophobicity for structural mainte-
nance during tissue maturation is critical for cartilage regeneration. Additionally, the 
by-products from these biodegradable scaffolds induce little to no innate immune 
responses from the surrounding tissues. Although a few promising natural polymers 
may not have intrinsic material properties to be electrospun individually, coaxial elec-
trospinning and/or postmodification techniques can provide an opportunity to exploit 
excellent biological properties of these natural polymers to elicit the desired cellular 
interactions.

As one of the primary components within cartilage, collagen is commonly used 
because of its ability to impart natural bioactivity on the localized cell population as 
arginine-glycine-aspartic acid (RGD)-binding domains present in collagen promote 
cellular attachment and proliferation (Hashimoto et al., 1997). Furthermore, electro-
spinning of collagen typically produces nanofibers ranging from 50 to 500 nm, similar 
to the sizes of native collagen fibrils (Matthews et al., 2002). The degradation rate 
of the as-spun collagen-nanofiber mats can be controlled by in situ cross-linking to 
enhance the mechanical integrity of the scaffold, a typical shortcoming of natural 
products (Meng et al., 2012). Electrospinning of collagen has been studied extensively 
(Matthews et al., 2003), along with the combinatory blends of other natural materials 
such as chitosan, elastin, and silk fibroin for various tissue-engineering applications 
(Buttafoco et al., 2006; Chen et al., 2007; Zhou et al., 2010). In addition to its use as 
an electrospinning material, this natural protein can be conjugated to the surface of 
synthetic electrospun fibers, which may possess critical mechanical characteristics 
necessary for cartilage tissue engineering, to enhance cellular attachment. Gelatin, a 
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denatured collagen product, is also a naturally derived protein extracted from a variety 
of tissues in xenogenic sources. It is commonly used for electrospinning due to its bio-
compatibility and chemical composition similar to collagen while providing economic 
advantages over the high costs associated with pure collagen (Chen and Su, 2011). 
The mechanical properties of electrospun gelatin can be modulated by tailoring the 
degree of cross-linking similarly to collagen (Zhang et al., 2006a).

Hyaluronic acid (HA) is a glycosaminoglycan found in the ECM of many soft con-
nective tissues. The function of HA is especially important for cartilage as its charged 
nature attracts water molecules to render resistance to compressive forces. However, 
the polyelectrolytic nature, in addition to very high molecular weight that significantly 
increases solution viscosity, inhibits the use of HA as a stand-alone material for elec-
trospinning. Therefore, many studies have focused on blending HA with uncharged 
carrier polymers such as gelatin (Li et al., 2006) and poly(ethylene oxide) (PEO) (Ji 
et al., 2006) to enable electrospinning. Recently, Brenner et al. (2012) demonstrated 
that the use of aqueous ammonium solutions can overcome these limiting charac-
teristics of HA for electrospinning, making it an attractive material for cartilage 
regeneration.

Finally, chitosan, a polysaccharide, is another natural material commonly used for 
electrospinning. Electrospun chitosan has been shown to enhance chondrocyte attach-
ment, proliferation, and conservation of the chondrocyte phenotype when compared to 
a chitosan-based film (Shim et al., 2009). More commonly, blending of chitosan and 
other natural or synthetic components have been shown to be beneficial for cell attach-
ment, proliferation, and viability (Subramanian et al., 2005; Bhattarai et al., 2005).

10.3.1.2   Synthetic polymers

Although there are numerous synthetic materials successfully used for electrospinning 
in various tissue-engineering applications such as vascular (Hasan et al., 2014), bone 
(Jang et al., 2009), neural (Lee et al., 2009), and tendon/ligament (Ladd et al., 2011), 
the following will focus on three of the main polymers for cartilage tissue regener-
ation. Synthetic polymers typically have enhanced mechanical properties over their 
natural counterparts, as well as a customizable chemical structure through modifica-
tion in functional groups to control cell–scaffold interactions.

Poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and poly(ε-caprolactone) 
(PCL) have all been approved by the FDA for various in vivo applications. Therefore, 
each of these synthetic polymers is attractive for cartilage regeneration to address 
specific cellular responses based on its chemical and mechanical traits. These materi-
als have been shown beneficial in promoting or maintaining chondrogenic phenotype 
over commonly used cell-culture methods, such as chondrogenic differentiation of 
mesenchymal stem cells (MSCs) on PCL nanofibers over tissue culture polystyrene 
(TCPS) (Nam et al., 2011) or providing a suitable substrate for chondrocyte culture 
without dedifferentiation (Li et al., 2003).

The use of PLA alone for electrospun scaffolds in cartilage regeneration has had 
little to no attention probably due to the slow clearance rates of the material during 
rapid biodegradation, which accumulate the acidic by-products of the polymers in 
the native tissue. Thus, it has been typically used as a component for blends or  
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co-block polymers in electrospinning applications (Xu et al., 2009; Luu et al., 2003). 
Additionally, different techniques were incorporated to PLA electrospinning to opti-
mize the scaffolds for cartilage applications. Laser ablation was used on electrospun 
nanofibrous PLA scaffolds to increase the pore dimensions, which could enhance 
cell infiltration for tissue engineering (Mccullen et al., 2011). In addition, nanofi-
brous PCL fibers were coated on microfibrous PLA fibers in an attempt to fabricate 
highly porous scaffold with nanofibrous topographical features for cartilage genera-
tion (Thorvaldsson et al., 2008).

Poly(glycolic acid) (PGA), a semicrystalline polyester, is an attractive polymer for 
scaffolding material due to the relatively quick degradation period of only a few weeks 
in vivo (Aghdam et al., 2012). Prior to the popularity of electrospinning for tissue- 
engineering applications, the method of nonwoven microfibrous mesh via extrusion 
of fine fibers of PGA was developed. Using isolated chondrocytes, these fibrous scaf-
folds were shown to induce the formation of cartilaginous tissue consisting of high 
GAG and collagen content (Freed et al., 1994).

Another polyester-based synthetic polymer, PCL, has been extensively studied 
in electrospinning for cartilage applications. Although the degradation time for this 
material is much slower than PGA (>24 months), this may be an ideal polymer due to 
the low required clearance rate of acidic by-products in native cartilage. With this rel-
atively soft material characteristic in consideration, nanofibrous scaffolds have been 
developed for two-dimensional (2D) cell culture to enhance cartilage tissue formation 
(Li et al., 2003, 2005; Nam et al., 2011). Additionally, its excellent processability in a 
variety of organic and inorganic solvents increases its utility as a composite material 
for cartilage tissue applications (Cipitria et al., 2011).

10.3.1.3   Composite materials

Alloying materials among natural and synthetic polymers provides an opportunity to 
tune the chemical, mechanical and biological properties of scaffolds to modulate func-
tionality of the final chondroinductive scaffold and the subsequent cellular behaviors. 
To facilitate cartilage regeneration, the composites utilize the beneficial aspects of the 
various natural and synthetic polymers by incorporating their mechanical properties, 
biocompatibility, and degradation rates. These composites are typically fabricated by 
simple blending or using the coaxial or coelectrospinning procedures as previously 
described.

Additional common examples of composite materials used for cartilage regenera-
tion utilize a combination of both synthetic and natural polymers, such as chitosan–PEO 
(Bhattarai et al., 2005), gelatin–PCL (Zheng et al., 2014), or gelatin–PLLA (Chen and Su, 
2011). Although each of these composites addresses a different application of cartilage 
regeneration, it combines the chemical and mechanical strengths of the two materials to 
alleviate the limitations of its counterpart. Therefore, the optimization of composition, 
whether it be combinations of synthetic–synthetic or natural–synthetic polymers, is crit-
ical for potential uses in cartilage regeneration as well as electrospinning processability.

In addition to simple alloy of materials, synthesis of co-block polymers from the 
previously mentioned synthetic materials (PLA, PGA, and PCL) are commonly used 
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to tailor the chemical and mechanical properties of electrospun fibers. One example 
of synthetic co-block polymers used for cartilage regeneration is poly(d,l-lactide-co-
glycolide) (PLGA). This copolymer has been investigated for the mechanical proper-
ties, degradation, and cellular responses to different lactic acid to glycolic acid ratios, 
and has been used in the fabrication of both 2D (Shin et al., 2006) and 3D (Toyokawa 
et al., 2010) nanofibrous scaffolds for cartilage reconstruction.

10.3.2   Applications of electrospun scaffolds  
for cartilage regeneration

The capability of synthesizing scaffolds with highly tunable chemical and mechani-
cal characteristics positions electrospinning as one of the viable methods to produce 
a tightly regulated microenvironment for desired cellular behaviors. Applicability 
to a wide variety of materials and mass-scalability add significant value to electro-
spun scaffolds for therapeutic applications. Typical use of these electrospun scaffolds 
includes cell-culture substrates for chondrocyte expansion or MSC differentiation to 
chondrocytes, and 3D tissue scaffolds for cartilage tissue engineering.

10.3.2.1   Electrospun cell-culture systems

Limited cell source is a primary concern for cartilage regeneration (Chung and Burdick, 
2008). Mature primary chondrocytes dedifferentiate or lose their phenotypic charac-
teristics during typical in vitro expansion involving common cell-culture platforms 
(Schulze-Tanzil et al., 2004; Schulze-Tanzil, 2009). They change their morphology, 
a feature that is closely linked to the functions of the cells, from round to flat shape 
primarily due to changes in the configuration of cell–ECM adhesion from 3D to 2D 
(Caron et al., 2012). By this reason, hydrogel systems such as agarose or alginate 
have been used to culture chondrocytes to maintain their phenotype. However, their 
application in the mass production of chondrocytes is limited by its difficulty in cell 
retrieval from 3D matrices. On the other hand, topographical features associated with 
the nonwoven nature of electrospun fibers provide a microenvironment suitable for 
maintaining chondrocytes’ natural morphology and functionality in a 2D format ideal 
for cell retrieval.

In an earlier study by Li et al. (2003), electrospun PCL nanofibers showed enhanced 
maintenance of chondrocytic phenotype over TCPS systems. A rounder or more spin-
dle shape of chondrocytes with less actin stress-fiber formation was observed on the 
nanofibrous scaffolds, in contrast to a flatter morphology on the TCPS. This mor-
phological difference was related to the cells’ functionality, demonstrated by greater 
expression of chondrocytic proteins including collagen II and IX, aggrecan, and car-
tilage oligomeric matrix protein on the electrospun scaffolds. This enhancement in 
maintaining phenotypic characteristics of chondrocytes is likely due to physical fea-
tures of electrospun fibrous structure rather than specific chemical traits. The superi-
ority of electrospun fibrous structure as a cell-culture system for chondrocytes was 
demonstrated when a chitosan and poly(ethylene oxide) (PEO) blend of nanofibers 
was compared to a thin film of similar composition (Bhattarai et al., 2005).
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Interestingly, in addition to the topographical feature of electrospun scaffolds, the 
fiber size significantly affects the phenotypic stability of chondrocytes. Noriega et al. 
(2012) reported that submicron-size topography was preferential for chondrocyte cul-
ture when compared to larger micron-sized fibers. Although the differences in the fiber 
size did not induce significant changes in Ras homolog gene family, member A (RhoA) 
activity, which governs cytoskeletal organization, the increased Rho-associated, coiled-
coil containing protein kinase (ROCK) expression in nanofibers appears to enhance 
chondrocytic protein expression and phenotypic maintenance (Noriega et al., 2012). 
RhoA is a central protein that is regulated by integrin-related cell–ECM interactions 
and mechanotransduction (Shyy and Chien, 2002). It is unclear whether the enhanced 
chondrocytic activity on nanofibers is due to the increased binding sites that change 
the quantity of cell–matrix adhesion or the decreased substrate stiffness that frustrates 
stress-fiber formation. Nevertheless, the study by Noriega et al. (2012) provides insight 
to the influence of fiber diameter on cellular behaviors and confirms the utility of elec-
trospun nanofibers as a promising substrate for chondrocyte culture systems.

One of the approaches to overcome limited quantities of native chondrocytes from 
a patient for cartilage regeneration is to use various types of stem cells by differen-
tiating them into chondrocytes. In this regard, electrospun scaffolds demonstrated a 
great potential promoting chondrocytic differentiation of stem cells. Utilizing PCL 
nanofibrous scaffolds, Li et al. (2005) demonstrated the enhanced differentiation 
potential of MSCs toward chondrocytes. More specifically, the results showed that the 
high MSC-seeding density, similar to commonly used differentiation protocols such 
as micro mass (Ahrens et al., 1977) or pellet culture (Johnstone et al., 1998), may 
not be required when an electrospun system is used. This observation further signi-
fies the beneficial effects of topographical features in electrospun fibrous structure for 
promoting the differentiation of stem cells toward chondrocytes and the subsequent 
maintenance of mature chondrocytic phenotype.

Among many physiochemical properties of electrospun fibers, the mechanical prop-
erties of a fibrous network are one of the dominant factors that delineate the enhanced 
chondrogenesis of stem cells on electrospun scaffolds. Nam et al. (2011) showed that 
softer electrospun scaffolds exhibited greater chondrogenesis as compared to stiffer 
scaffolds when the same surface chemistry was maintained by utilizing core–shell 
electrospinning. MSCs cultured on soft PCL nanofibrous scaffolds exhibit a rounder 
chondrocyte-like morphology with less actin stress-fiber formation, in contrast to the 
elongated fibroblast-like structure of the MSCs cultured on TCPS shown in Fig. 10.6. 
These results indicate that the compliance or pliability of individual electrospun fibers 
controls the cell morphology and its subsequent differentiation, which further empha-
sizes the importance of material selection for optimized mechanical properties.

The topographical cues of nanofibrous scaffolds have been shown to significantly 
influence cellular signaling of stem cells during chondrogenic differentiation. Nanofi-
bers provide adequate focal points for stem cell adhesion, proliferation, and chondro-
genic differentiation (Shafiee et al., 2014). Zhong et al. (2013) investigated the roles 
of the RhoA/ROCK and Yes-associated protein (YAP)/transcriptional coactivator with 
Psd-95 (Post Synaptic Density Protein), DlgA (Drosophila Disc Large Tumor Sup-
pressor) and ZO1 (Zonula Occludens-1 Protein) (PDZ)-binding motif (TAZ) signaling 
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pathways in fibrochondrogenic differentiation of MSCs, showing that these signaling 
pathways play an imperative role in cytoskeletal dynamics and stem cell differentia-
tion (Woods and Beier, 2006). The activation of ROCK on nanofibers enhances SRY 
(sex determining region Y) activity, which is a primary transcription factor necessary 
for promoting chondrogenesis (Ghosh et al., 2009). Simultaneously, the YAP/TAZ 
signaling that upregulates Runt-related transcription factor 2 (RUNX2) and collagen I, 
while downregulating SRY, collagen II, and aggrecan gene expression, was effectively 
suppressed, further enhancing chondrogenesis. This study provides a critical insight 
on the cell-signaling responses of stem cells to their local microenvironment, demon-
strating the utility of electrospun nanofibers for directing chondrogenesis.

Overall, these results demonstrate the superiority of electrospun scaffolds over 
typical tissue-culture plates as a cell-culture platform for cartilage regeneration. The 
nanofibrous structure not only enhances the phenotypic maintenance of mature chon-
drocytes, but also promotes the differentiation of stem cells toward chondrocytes.

10.3.2.2   Electrospun scaffolds for cartilage tissue engineering

In contrast to the monolayer culture systems described above, the construction of 
engineered cartilage requires placement of appropriate cells within a 3D electrospun 
scaffold while maintaining the mechanical integrity in the defect site of the host under 
physiological conditions. Considering the main function of cartilage being load bear-
ing, it is important to consider promoting tissue morphogenesis while maintaining 
structural integrity during the maturation of the engineered tissue, both of which asso-
ciate with the porosity and degradation rate of scaffolds. For cartilage tissue engi-
neering, two main approaches include (1) the use of acellular scaffolds followed by 
the recruitment of endogenous cells into the scaffolds and (2) the culture of appro-
priate cells within scaffolds in vitro and their subsequent implantation after tissue 
maturation.

(a) (b)

Figure 10.6 Immunofluorescence images of mesenchymal stem cells (MSCs) cultured on  
(a) nanofibrous poly(ε-caprolactone) scaffolds and (b) tissue culture polystyrene plate  
showing different cytoskeletal organization (actin and nucleus were stained with Phalloidin 
and 4′,6-diamidino-2-phenylindole [DAPI]).
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To assess the feasibility of utilizing electrospun scaffolds for cartilage regenera-
tion, acellular electrospun PLGA scaffolds were implanted into osteochondral defects 
in the femoral condyles of rabbits (Toyokawa et al., 2010). The results showed the 
ingrowth of endogenous cells into the scaffolds and enhanced tissue formation over 
untreated tissue damage. However, the degree of regeneration depended on the avail-
ability of macropores for cellular infiltration; scaffolds having a cannulated configura-
tion induced greater tissue morphogenesis as compared to a solid form, indicating that 
intrinsically small pore size in electrospun nanofibers is a limiting factor impeding 
tissue regeneration. A recent study using an in vitro cell–scaffold culture approach 
demonstrated a similar observation regarding cellular infiltration-dependent cartilage 
regeneration by electrospun scaffolds (Zheng et al., 2014). Different ratios of gelatin 
to PCL electrospun scaffolds were implanted in vivo in a rodent model to evaluate 
their potential for 3D cartilage regeneration. PCL enhanced the mechanical integrity 
of the scaffolds, whereas the biocompatibility and facilitated biodegradation of gelatin 
increased the cellular infiltration and subsequent tissue morphogenesis. It was shown 
that scaffolds with high PCL content were less favorable for 3D cartilage regenera-
tion due to limited cellular infiltration demonstrating the importance of the balance 
between chondrogenesis-favorable nanofiber structure and cell ingrowth-allowing 
macroporous structure.

To overcome the shortcoming of electrospun nanofibrous structure, various meth-
ods have been incorporated into the electrospinning process to increase pore size for 
enhanced cellular infiltration. Some of these methods of enlarging pore dimensions 
include removing salt particles incorporated into the fibers during the synthesis (Nam 
et al., 2007; Ekaputra et al., 2008), ultrasonication to enlarge the interfiber spacing 
(Lee et al., 2011), as well as the selective dissolution of sacrificial fibers after scaf-
fold fabrication (Guimaraes et al., 2010). Another approach includes the utilization of 
microfibers to increase intrinsic pore size in electrospun scaffolds (Nam et al., 2009). 
Fig. 10.7 shows articular chondrocytes cultured in 3D microfibrous PCL scaffolds, 
secreting their own nanofibrous ECM within the microfiber networks. One of the 

Figure 10.7 SEM images of articular chondrocytes culture on microfibrous poly(ε-caprolactone) 
scaffolds. Dashed arrows indicate cell-secreted collagen fibers. Solid arrows indicate 
poly(ε-caprolactone) microfibers (scale bar: 20 μm).
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caveats utilizing microfibers, however, is extensive culture period for tissue matura-
tion due to the large pore volume that needs to be filled by the cells.

A novel method for addressing the benefits and pitfalls of solely using electrospun 
nano- or microfibers is to employ a multiscale or multidimensional electrospun fiber 
approach. The benefits of a multiscale approach stem from the cell-favorable topo-
graphical scales accomplished by nanofibers and the cellular infiltration enhancing 
macropores by microfibers. One method used to address this multiscale approach was 
achieved via combining fibrin nanofibers and PCL microfibers by utilizing the coelec-
trospinning technique on a rotating mandrel (Levorson et al., 2013). The combination 
of using both nano- and microfibers in a 3D scaffold demonstrated the enhancement 
of cellular proliferation throughout the scaffold while enabling the cells to maintain 
cellularity and secrete chondrocytic ECM. Another similar study utilizing multiscale 
electrospun fibers to enhance the porosity of 3D scaffolds employed nanofiber-coated 
microfibers. A combination of PCL nanofibers electrospun onto PLA microfibers 
was utilized to synthesize highly porous scaffolds ranging 95–97% porosity while 
providing nanotopography for cell–scaffold interactions (Thorvaldsson et al., 2008). 
Although the authors did not focus on the biochemical aspects of maintaining chon-
drocyte phenotype or enhancing chondrogenesis, this study demonstrated a possibility 
of inducing synergistic effects between nanofibers and microfibers for enhanced cel-
lular behaviors and infiltration, which may be applicable for cartilage regeneration.

As previously described, AC is structured to exhibit depth-wise anisotropy in cell 
population, morphology, orientation as well as ECM composition and structure. This 
gradient structure is essential for depth-dependent cartilage functions such as load 
bearing and joint lubrication. In an effort to address the structure and function for this 
zonal architecture, a combinatory approach for sequential electrospinning has been 
attempted to produce distinct fiber dimensions and organizations in a depth-dependent 
manner (Mccullen et al., 2012). Varying the polymer concentration and velocity of 
a rotating mandrel collector, a 3D trilaminar composite microfibrous culture system 
mimicking the articular cartilage zonal architecture was developed. Culture of mature 
chondrocytes in this scaffold over the course of a 5-week period resulted in carti-
lage-like ECM deposition with a depth-dependent organization.

Overall, electrospinning finds a great utility in the fabrication of in vitro cell culture 
systems and in vivo tissue-engineering scaffolds. However, there are still limitations 
and drawbacks that need to be overcome to further enhance therapeutic applications 
of electrospun scaffolds in cartilage regeneration.

10.4   Current limitations of electrospun scaffolds  
in cartilage tissue engineering

Many key factors must be considered and incorporated into material selection and 
fabrication process to ensure proper cartilage regeneration. For example, different 
scales of electrospun fibers (ie, nano- and microsize) exhibit both benefits and short-
comings for cartilage regeneration. Nanofibrous structure produces a high surface- 
area-to-volume ratio which promotes cellular adhesion and proliferation, ideal for 
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2D cell culture. However, its intrinsically small pore size restricts cellular infiltration, 
limiting its use in 3D culture systems. In contrast, the microfibers allow for greater 
cellular penetration in 3D, but do not provide nanofiber-based topographical cues 
mimicking the ECM components present in the native tissue (Levorson et al., 2013).

Although most studies focus on scaffold materials for electrospinning, the struc-
tural configuration of such as-spun fibers does not depict the 3D spatial orientation 
of cartilage ECM. Because cartilage is a complex tissue with varying ECM arrange-
ments, both parallel and perpendicular to the surface to the joint, electrospinning tech-
niques to mimic these organizations are currently limited to layered-fiber networks 
(Li et al., 2014). Such a layered approach may impede its therapeutic applications due 
to compromised structural integrity between layers. Therefore, a monolithic scaffold 
having gradient changes in structural and mechanical properties would present a more 
appropriate platform for cartilage regeneration. Another aspect to consider for elec-
trospun scaffolds as a vehicle to drive cartilage regeneration is the size and shape of 
the implant. So far, most studies have been limited to the size of local cartilage lesion 
with a cylindrical shape. To further facilitate the adaption of electrospun scaffolds 
for cartilage tissue engineering, methods that can scale up the size of scaffolds to full 
cartilage with a patient-specific shape need to be devised.

In conclusion, electrospun scaffolds demonstrate exemplary promise for cartilage 
regeneration. Electrospinning is a versatile technique which produces fibers on differ-
ent orders of magnitude in size and mechanical properties, providing an opportunity to 
fabricate physiochemically tuned scaffolds for cartilage regeneration. Future focus for 
the field will likely address the zonal architecture of articular cartilage in both struc-
ture and function of engineered tissue through a thorough consideration of materials to 
match the chemical and mechanical aspects of physiological cartilage tissue.
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11.1   Introduction

Biomaterials as an emerging category of materials have been developed and used for 
treating bone diseases and repairing bone tissue. Implants and fixations, for exam-
ple, have been successfully used for treating bone injuries, but the ideal biocom-
patibility and bioactivity have not yet been fully achieved. The inflammations and 
foreign-body responses are still undermining the efficacy of the implants for ortho-
pedic applications. The traditional implants like prostheses and tissue substitutes still 
cannot compete with original tissue. However, the idea of guided tissue regeneration 
has attracted increasing attention with more and more researchers realizing the poten-
tial of tissue engineering and stem cell therapy. Advances in materials, the keystone 
of engineering technologies, are therefore needed to meet the requirements in tissue 
engineering. Biomaterials for orthopedic applications and bone-tissue regeneration 
are usually processed into prostheses, fixation devices, scaffolds or fillers. Their appli-
cations may vary, but there are some fundamental requirements shared by all orthope-
dic applications, such as the mechanical properties, biocompatibility, bioactivity and 
machinability.

To better design biomaterials, it is greatly necessary to combine the knowledge in 
both bone biology and engineering. For the bone-biology part, chemical composition, 
structural arrangements and biological mechanism of bone are the basic knowledge to 
introduce. For the engineering part, principles of materials design and advanced-fab-
rication approaches are discussed.

11.2   Bone composition and structures

Bone is a heterogeneous, anisotropic and hierarchical composite with different struc-
tural arrangements at many scales (Liu and Webster, 2007b; Weiner and Traub, 1992; 
Rho et al., 1998). Each scale has unique structural units and chemical composition. 
The understanding of bone physiological structure and composition is indispensable 
for designing biomaterials, implants and devices.
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11.2.1   Bone physiological structures

Bone structures are hierarchical. At different length scales, bone has different build-
ing blocks. Such delicate arrangements enable the integration of excellent mechanical 
properties as well as multiple biological functions. Rho et al. (1998) described bone 
structures at five length scales: macrostucrture, microstructure, sub-microstructure, 
nanostructure and subnanostructure. Fig. 11.1 (Rho et al., 1998) presented bone struc-
tures at different scales. It can be seen from Fig. 11.1 that bone has highly hierar-
chical structures. Each level, from macroscale to subnanoscale, has particular units 
and arrangements supporting and affecting larger and smaller scales. At macroscopic 
scale, bone is categorized by cortical and cancellous bone. Cortical bone is the denser 
outer part of the bone. Cancellous bone is the inner part of the bone with sponge-like 
structures. At microscopic scale (10–500 μm), osteon is the basic unit of cortical bone, 
whereas trabecula is the basic unit of cancellous bone. Osteon is a cylindrical structure 
formed by concentric lamellae. In the middle of the lamellae is the Harversian canal 
which allows the vessels and nerves to pass through. Trabecula is a rod- or plate-
shaped tissue forming a sponge-like porous network. This structure makes the poros-
ity of the cancellous bone higher than that of cortical bone. At submicroscopic scale 
(1–10 μm), both cortical and cancellous bone consist of lamellae, but the immature 
(newly formed) bone consists of collagen fibers. At nanoscopic scale (100–1000 nm) 
and sub-nanoscopic scale (less than 100 nm), collagen fibers are the building blocks 
forming the lamellae. Minerals are attached discontinuously to the collagen fibers.

The complexity of bone structure is rarely seen in the inorganic world, hence sound 
knowledge of bone structures is necessary for designing scaffolds, implants, prosthe-
ses and other devices for bone regeneration. For example, Ma (2008) points out in a 
review that simply replicating natural structure without a proper understanding may 
result in an ineffective materials design. One reason presented is that the extracellular 
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Figure 11.1 Hierarchical structures of bone in varied length scales (Rho et al., 1998).
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matrix conditions for normal tissue may not necessarily be optimal for tissue-engineering 
materials which require the function of accelerating tissue regeneration. In general, 
the structural features of bone are important considerations for understanding the dif-
ference between bone and humanmade materials. Moreover, the structures designed 
by nature may greatly inspire innovation in the biomimetic materials area.

11.2.2   Bone chemical composition

Apart from the hierarchy of bone structures discussed in the last section, bone chemi-
cal composition is another important aspect. Bone in nature is a nanostructured com-
posite with an organic matrix and an inorganic reinforcing phase (Liu and Webster, 
2007a). Bone chemical composition varies with many factors, such as age and indi-
vidual health status. Calcified bone is composed of 25% organic matter and 75% inor-
ganic matter (70% minerals and 5% water) by weight (Sommerfeldt and Rubin, 2001).

11.2.2.1   Organic phase

The organic phase of bone mainly contains Type I collagen (90%) and noncollagenous 
proteins (10%) (Liu and Webster, 2007a). A single Type I collagen molecule is formed 
by three polypeptide chains in a helix space arrangement (Weiner and Traub, 1992). 
Periodicity of the structure is approximately 67 nm with 40 nm for spacing (Rho et al., 
1998).

11.2.2.2   Inorganic phase

The main inorganic composition of bone is hydroxyapatite (HA). The chemical for-
mula of HA is Ca10(PO4)6(OH)2. The ratio of Ca atoms and P atoms (Ca/P ratio) is an 
important parameter of the bone chemistry. The Ca/P ratio of pure HA is 1.67, calcu-
lated by the chemical formula. In bone, however, impurities of sodium, carbonate and 
other ions often appear (Termine, 1988).

11.3   Healing mechanism of bone injury

The healing process of bone has been intensively studied and summarized (Carano and 
Filvaroff, 2003; Kalfas, 2001). Right after fracture, the injury causes inflammatory 
responses and hematoma. This stage may last hours to days. Then, the angiogenesis 
process will begin and collagen matrix will be deposited. The result is the formation 
of the soft callus. In the first 4–6 weeks, the soft callus is not strong enough to provide 
adequate mechanical support, so fixations are needed to secure it. Next, the soft cal-
lus is mineralized into hard callus. Notably, the ossification may fail if the necessary 
immobilization is not provided. The final stage is the slow recovery and remodeling of 
the fractured bone. This stage lasts over months to years.

Understanding the healing process helps to better design biomaterials. For exam-
ple, biodegradable fixations for orthopedic applications may undergo decrease in 
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mechanical properties after implantation. It is necessary for the fixations to main-
tain certain mechanical properties before the damaged bone tissue can provide ade-
quate mechanical support (for bone fracture, the time period is typically 3–6 months 
(Kalfas, 2001)). Another aspect that should be carefully considered is the inflamma-
tory response. Injury induces inflammatory responses which are also affected by the 
implanting materials. Proper design and refinement of materials hopefully regulates 
the healing process by regulating the inflammatory response.

11.4   Bone-tissue repair and regeneration

Principal therapies for bone defects and injuries include bone-tissue transplanta-
tion, artificial prosthesis implantation and tissue-engineering treatments. Autologous 
transplantation of cells and tissue is the gold standard (Healy and Guldberg, 2007). 
The scarcity of autologous tissue, however, limits its further application (Healy and 
Guldberg, 2007). Therefore, much effort has been put into the development of other 
approaches.

Artificial prostheses serve as substitutes for damaged bone tissue. Although these 
can significantly improve the quality of life of many patients, failure often occurs 
(Rose and Oreffo, 2002). Unsatisfactory long-term biocompatibility and chronic 
inflammation are major challenges.

Tissue engineering as a rapidly growing domain attracts much attention in aca-
demia. Rather than attempt to transplant or fabricate bone tissue, tissue engineering 
focuses on regeneration of the damaged tissue. Tissue engineering promises to address 
the aforementioned problems. It does not require tissue donors, avoids undesired 
chronic foreign body responses and reaches the maximum degree of recovery of the 
damaged tissue.

In situ regeneration is an inspiring idea, which requires that implanted materials or 
scaffolds stimulate local bone-tissue regeneration (Griffith and Naughton, 2002). Com-
bining growth factors with scaffolds is a potential approach to stimulate bone-tissue 
regeneration and growth (Mistry and Mikos, 2005). When materials degrade, growth 
factors are released to stimulate new bone formation (Mistry and Mikos, 2005). Still, 
this realm is new and needs further exploration and development.

11.5   Materials for bone repair and regeneration

Biomaterials directly contact and interact with the body environment. Chemical 
composition, microstructure, surface properties and mechanical and biological per-
formance are considered the most important aspects for designing and developing 
biomaterials. They serve as the building blocks for the fixations, prostheses, scaffolds, 
biosensors or other devices for various medical applications.

Decades ago, scientists and engineers sought for materials that mechanically match 
human tissue, remain stable in contact with human tissue and do not induce severe 
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immunological responses. However, with no materials being inert, the long-term pres-
ence of biomaterials in the body raises the concern of their safety profile. Now the 
burgeoning concept of tissue engineering raises more stringent standards, in addition 
to minimal foreign body responses and safety profile, those materials should be able 
to degrade or be absorbed and concurrently guide tissue regeneration. Big challenges 
remain and much research needs to be done in the biomaterials area to meet clinical 
requirements and fulfill better tissue repair and regeneration. This ambitious goal also 
requires high-degree convergence and integration of medicine, bioengineering and 
materials science.

For bone repair and regeneration, understanding the structures, composition, and 
mechanical, chemical and biological properties of bone is necessary to design bioma-
terials and medical devices. The basics of bone physiology and healing mechanism 
were introduced in previous sections. In this section, the rationale for design and the 
major types of currently used biomaterials for bone repair and regeneration will be 
discussed.

11.5.1   Principles of designing biomaterials for  
bone repair and regeneration

Bone-repair biomaterials must be mechanically matched with bone tissue, avoid 
serious immunological response and be nontoxic to the human body (Hench and 
Polak, 2002). These standards, however still important, cannot meet future clini-
cal requirements. Today, ideal biomaterials used for bone repair and regeneration 
should be osteoinductive (induce bone formation and differentiation), osteoconduc-
tive (allow bone tissue to attach and pass through) and have a good osteointegration 
(adequately strong bonding to bone tissue). The three principles, in addition to tradi-
tional criteria, are also the major considerations of materials design for bone-tissue 
engineering.

Polymers, ceramics, glass, metals and their composites have all been intensively 
investigated as candidate for bone-repair materials and substitutes. Knowledge and 
techniques of these materials are imparted from conventional materials science. How-
ever, it is extremely difficult to replicate living tissue of such high delicacy and com-
plexity. Rational strategy is to mimic the living tissue, such as to develop materials 
with composition and structure close to the target tissue. For example, HA has been 
widely used for orthopedic applications. One reason is the fact that HA crystals are 
widely distributed in bone-collagen fibers.

Single-phase materials cannot satisfyingly mimic bone tissues which are in nature 
multiphase nanocomposites (Liu and Webster, 2007a). Nanocomposites, therefore, 
draw much attention due to their compositions and structures resembling bone tissue. 
Nanomaterials are those with structural features between 1 and 100 nm in at least one 
dimension. Nanomaterials have a high surface energy due to their large surface area. 
The quantum effects of nanomaterials also give them novel properties. Nanocompos-
ites mimic bone tissue not only in chemical composition, but also in microstructure. 
It has been proved that nanocomposites can promote cell adhesion and proliferation 
(Webster et al., 2001, 2000; Kim et al., 2010).
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11.5.2   Polymeric biomaterials for bone repair and  
regeneration

Polymers are the most intensively investigated materials for biomedical applica-
tions. Polymers have similar chemical compositions to living tissue. Their flex-
ibility and versatility in structure and composition enable precise control and 
modification of properties. Polymers can be categorized into synthetic and natural 
polymers. The field of synthetic polymers has been intensively explored for years 
and remarkable progress has been achieved (Stevens, 2008; Langer and Tirrell, 
2004; Bose et al., 2012; Puppi et al., 2010), and the related knowledge is, there-
fore, comprehensive and easily available. Natural polymers have a high degree of 
complexity and better biological properties, but availability is often limited, the 
control of its structures and compositions is far from sufficiently developed and 
industrial production is still in the early stage. Besides, natural polymers deriving 
from other living creatures possibly lead to immunological problems (Seal et al., 
2001; Cheung et al., 2007).

11.5.2.1   Synthetic polymers

Poly(lactic-co-glycolic) acid (PLGA) is the copolymer of poly(lactic acid) (PLA) and 
poly(glycolic acid) (PGA). It has been approved by FDA for biomedical applications. 
It is biodegradable and has been reported to be nontoxic to human body (Athanasiou 
et al., 1996). The repeat unit of PLGA is shown in Fig. 11.2. The repeat unit of PLGA 
consists of lactic acid (LA) and glycolic acid (GA) monomers. PLGA is usually 
expressed as PLGA (x:y) in which x and y represent the percentage of the numbers of 
LA and GA monomers, respectively, in each repeat unit. For example, PLGA (50:50) 
has 100 LA monomers and 100 GA monomers in every 100 repeat units. PLGA 
undergoes hydrolytic degradation when contacting body fluids. LA has one more 
methyl side group than GA. This side group has a steric shielding effect which makes 
LA more hydrophobic. The hydrophilicity–hydrophobicity and the crystallinity of 
PLGA are tunable by changing the LA/GA ratio. PLGA has a long history of clinical 
uses, which attracts many researchers to further explore its applications in implants,  
scaffolds and drug delivery. Another property that makes PLGA a popular candi-
date is that PLGA can be easily processed into three-dimensional (3D) porous bulk  
(Seal et al., 2001). However, the mechanical properties of PLGA cannot compete with 
those of metallic materials, which limits its possible uses in orthopedic applications.
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Figure 11.2 Structure of repeat unit of PLGA. x represents LA monomer, y represents GA 
monomer.
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Polycaprolactone (PCL) is another biodegradable polymer approved by FDA for 
medical uses. It can be processed into porous structures. A long-term in vivo degrad-
ability study indicated that PCL capsules can remain mechanically intact for 2 years 
(Sun et al., 2006). PCL is highly crystalline and hydrophobic, which accounts for its 
slow degradation. In fact, this slow degradation makes PCL more hopeful as long-term 
implants than as scaffolds (Liu and Webster, 2007a).

Polyethylene (PE) is used as prostheses and implants. PE can be categorized into 
low molecular weight polyethylene, high molecular weight polyethylene and ultra-
high molecular weight polyethylene (UHMWPE). UHMWPE has high strength and 
high Young’s modulus, which allow its wide application in orthopedic surgery. PE is 
nondegradable, so it is usually used for permanent implants.

Cross-linked polyanhybrides are emerging as new orthopedic biomaterials attaining 
both degradability and high strength (Muggli et al., 1999). Interestingly, cross-linked 
polyanhybrides have a surface-degrading mechanism (Muggli et al., 1999). Unlike 
bulk degradation, the surface degradation allows polymers to maintain mechanical 
property and integrity after a significant mass loss (Muggli et al., 1999).

11.5.2.2   Natural polymers

Lessons from nature have been incorporated into many research outcomes in the field 
of natural polymeric biomaterials. Natural polymers perform nicely as scaffold mate-
rials. Their chemical compositions and structural arrangements more closely resem-
ble living tissue, and they have excellent biological properties. Nonetheless, because 
the natural polymers are derived from other living creatures, the pathogens and the 
potential immunological responses they stimulate may be concerns. Besides, it is very 
difficult to precisely control the fabrication of natural polymers. The limited number 
of sources is another challenge.

One strategy to derive natural polymers is to directly “modify” living tissue. Demin-
eralized bone matrix (DBM), for example, is obtained from natural bone by removing 
the mineral composition of bone, with acid demineralization being the major step to 
remove the minerals (Gruskin et al., 2012). The removal of minerals maximally pre-
serves the structure of the nonmineralized part of the original bone and the bioactive 
factors such as collagen and growth factors, but mechanical strength is compromised 
(Kao and Scott, 2007; Gruskin et al., 2012).

Collagen is the fibrous protein distributed in bone tissue. About 90% of the organic 
phase in bone is collagen (Liu and Webster, 2007a). Varying in chemistry and struc-
ture, up to 28 types of collagen exist. Three polypeptides form a triple helix of collag-
enous fiber (Weiner and Traub, 1992). Despite the biomolecular composition in nature 
that resembles to living tissue, collagen has poor mechanical properties. A possible 
solution is combination with a reinforcing component such as ceramics (Lawson and 
Czernuszka, 1998).

Another attractive natural polymer that occurs in the human body is hyaluronic 
acid. Hyaluronic acid possesses excellent biocompatibility. Jansen et al. (2004) inves-
tigated a hyaluronan-based conduit, and no cytotoxicity was found. Cross-linking is 
very important in tailoring the properties and the application of hyaluronic acid. For 
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example, cross-linked hyaluronic acid with slow degradation and excellent biocom-
patibility has been achieved (Liu et al., 2005).

The advantage of collagen and hyaluronic acid for bone-tissue engineering can be 
easily seen because of their abundant presence in the human body. However, there 
are natural polymers deriving from other animals that also hold great potential for 
this application. Chitosan, a natural polymer usually obtained from shrimp shell, is a 
linear chain polymer the repeat unit for which is d-glucosamine. The amino group of  
d-glucosamine can be acetylated, and the degree of acetylation greatly affects the 
properties of chitosan. Chitosan has been reported to be biocompatible (VandeVord 
et al., 2002; Mi et al., 2002). Despite the excellent biological performance, its poor 
mechanical strength seriously limits its applications in bone-tissue engineering 
(El-Sherbiny and El-Baz, 2015).

11.5.3   Bioactive ceramics and bioactive glass  
for bone repair and regeneration

Although ceramics are brittle, they have created wide interest in their applications 
as orthopedic biomaterials due to chemical composition similar to bone, the major 
constituent for which is inorganic minerals (Sommerfeldt and Rubin, 2001). Research 
also demonstrated the capacity of bioactive ceramics to stimulate new bone formation 
(Yuan et al., 1998).

11.5.3.1   Calcium phosphate ceramics

Calcium phosphate ceramics constitute the majority of bone minerals. For this reason, 
it is rational to select calcium phosphate ceramics as candidate for orthopedic applica-
tions. Research revealed that calcium phosphate is biocompatible, osteoconductive and 
potentially osteoinductive (LeGeros et al., 2003; Yuan et al., 1998; LeGeros, 2008). 
Hydroxyapatite (HA) is the most common phase in bone minerals. The chemical for-
mula of HA is Ca10(PO4)6(OH)2. The Ca/P ratio affects the properties of materials 
such as grain size and porosity, nitric oxide production and influence on cell behaviors 
(Liu et al., 2008). HA particles can be fabricated into different morphologies (Zhou 
and Lee, 2011), which further increase the degree they mimic human bone tissue in 
which HA presents a rod-like shape (Zhou and Lee, 2011). HA particles with various 
morphologies also show potential in fabricating scaffolds, coatings and enhancing 
osteoinductivity (Zhou and Lee, 2011). HA as a drug carrier is another increasingly 
interesting topic in academia. For most drug carrier matrices, polymers are ideal mate-
rials, but in bone-tissue regeneration, HA has particular applications (Ginebra et al., 
2006). HA also has applications in bone fillers. Normally, HA is mixed with aqueous 
phase to fabricate cement fillers which are then injected into defect sites. In summary, 
it can be predicted that interdisciplinary research on HA concerning biofunctionaliza-
tion, improvement of mechanical properties and combinations with other phases will 
continue, which may broaden its applications in the orthopedic domain.

Tricalcium phosphate (TCP), with chemical formula Ca3(PO4)2, is another calcium 
phosphate ceramic. There are two types of TCP: α-TCP and β-TCP. β-TCP is more 
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thermodynamically stable below 1100°C (Kamitakahara et al., 2008). β-TCP is more 
often investigated, but α-TCP still attracts much attention due to its higher solubility 
(Kamitakahara et al., 2008).

11.5.3.2   Bioactive glass

The bioactive glass for orthopedic applications was first conceived by Professor 
Larry Hench and his colleagues in the late 1960s (Hench, 2006). He investigated the 
Na2O–CaO–SiO2–P2O5 system. Bioactive glass then grew rapidly as a new category 
of biomaterials. For glass, the chemical composition and degradation rate are easy to 
control, but its brittleness impedes its further application (Fu et al., 2011).

There are three types of bioactive glass: silicate-based, borate-based and  
phosphate-based glass. Typical silicate-based bioactive glass, 45S5, has low SiO2 
content and high Na2O and CaO content (Rahaman et al., 2011). Once 45S5 glass is 
implanted, a carbonate-substituted hydroxyapatite (HCA) layer will be formed, which 
explains the tight bonding to bone (Rahaman et al., 2011). This 45S5 glass also demon-
strates good biocompatibility (Wilson et al., 1981). Borate-based glass substitutes 
B2O3 for SiO2. Borate-based glass shows the potential to match the degradation rate 
of bone (Rahaman et al., 2011) and capacity of supporting osteogenic differentiation 
(Marion et al., 2005). Phosphate-based glass contains P2O5. P2O5–CaO–Na2O–TiO2  
glass was found to be nontoxic (Navarro et al., 2004), but another study (Franks et al., 
2000; Salih et al., 2000) investigating Na2O–CaO–P2O5 glass demonstrated the inhib-
iting effects on human osteoblast cell lines when solubility is high, and promoting 
effects when solubility is low, suggesting the ion release and pH increase caused by 
degradation significantly influence cytotoxicity.

11.5.4   Metallic biomaterials for bone substitutes and implants

Metallic biomaterials have a long history of medical uses. Metals and alloys have 
enough strength for heavy-load implant applications, and less brittleness compared 
with ceramics. Metallic biomaterials are also relatively easier to be processed 
into the desired shape. Nevertheless, metallic biomaterials normally have poor 
biocompatibility.

11.5.4.1   Nondegradable metals

The conventional solution to the poor biocompatibility of metallic materials is to 
select the materials inert in the human body. Stainless steel, for example, has nice 
resistance to corrosion due to the addition of Cr, which results in its broad clini-
cal uses. The only implant material entering clinical treatments is 316L stainless 
steel, an austenitic stainless steel (Niinomi, 2008). Co-based alloys have favorable 
behavior for fabricating wear-bearing devices (Niinomi, 2008). Co alloys often 
need addition of Ni to increase the processibility (Niinomi, 2008), which remains 
a challenge.

Ti and Ti alloys have even better mechanical properties, and do not contain Ni. Ti 
and Ti alloys are also extremely stable in the human body. Pure Ti and Ti-6Al-4V are 



250 Nanocomposites for Musculoskeletal Tissue Regeneration

the most common two materials for biomedical applications. Surface modifications 
are also widely investigated to improve the biocompatibility and bioactivity of Ti and 
Ti alloys (Liu et al., 2004; Niinomi, 2003).

11.5.4.2   Biodegradable metals: new category

Unlike the nondegradable metals with a bioinertness property as the gold stan-
dard, biodegradable metals are designed to be biocompatible and bioactive. It is 
expected that the degradable metals can be absorbed after a certain time period 
to (1) eliminate the need of secondary surgery to remove the implants, and (2) 
avoid chronic complications. In the orthopedic area, Mg and Mg alloys are hope-
ful candidates due to their degradability, excellent biocompatibility and mechani-
cal properties (Zeng et al., 2008). Their degradation, however, is too rapid to meet 
the clinical need. The fast degradation also produces hydrogen and increases pH 
(degradation produces OH−). The solution includes alloying (Zhang et al., 2010; 
Hanzi et al., 2009) and surface modification (Johnson et al., 2013; Iskandar et al., 
2013). Mg-based metallic glasses are also developed to address these problems 
(Zberg et al., 2009; Yu et al., 2013). Zinc alloys are also biodegradable. Zn–Mg 
alloy of slower degradation was prepared as alternative to Mg (Vojtěch et al., 
2011). Besides, although iron as another biodegradable metal was used for cardio-
vascular application (Peuster et al., 2001), there is little report for its orthopedic 
application.

11.5.5   Nanocomposites for bone repair and regeneration

Two aspects should be considered to approach satisfactory nanocomposites: how 
to fabricate composites and how to nanoscale them. To fabricate composites, 
several principles should be observed. First, the components should be mutually 
chemically stable. Second, the combination between different components should 
be sufficiently strong. Third, in composite materials science, thermal expansion 
coefficients of each component should be matched. For composites used in the 
human body, the temperature should be maintained around 37°C. However, it still 
needs to be considered whether the fabrication process should undergo a signifi-
cant temperature change. To make materials nanoscaled, top-down and bottom-up 
methods are both available. The former obtains nanomaterials from macroscopic 
bulk materials, whereas the latter assembles from molecules or atoms. Mechan-
ical, chemical or biomimicking methods can obtain desired nanomaterials. For 
example, ball milling is used to obtain micro- and nanoparticles via mechanical 
impact. It is a mature process in industry, so high production can be reached. Wet 
chemistry methods, including the sol–gel method, the homogeneous precipitation 
method and the hydrothermal method, not only can obtain uniform particle size 
and controllable particle morphology, but also allow accurate control of chemical 
composition. Their costs are also low in the laboratory. Biomimicking methods are 
promising in meeting the higher requirements of nanocomposites in the future, but 
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their studies are just in the beginning stage. Such approaches include self-assem-
bly, biomineralization, and so forth.

11.5.5.1   Ceramic–polymer nanocomposites

Most research in synthetic nanocomposites dominantly focus on ceramic–polymers 
and ceramic–biomolecular composite systems. Specifically, the latter disperse ceramic 
particles or fibers into polymers or biomolecular matrix. Nano-HA is a hopeful  
candidate for dispersion because (1) nano-HA is the major constituent in bone, and 
(2) ceramics can reinforce the mechanical properties of polymers. HA–polymer nano-
composites have been intensively studied and used to fabricate scaffolds: composites 
that have nanosized needle-like HA particles in PLA matrix were developed to fabri-
cate 3D porous scaffolds (Kothapalli et al., 2005). Nanofibrous HA–PLGA nanocom-
posite scaffolds were also obtained (Jose et al., 2009). To achieve better dispersion of 
HA in PLGA matrix, high-power sonication was used to fabricate nano-HA–PLGA as 
coating materials (Johnson et al., 2013). HA–PLGA was also developed with micro-
spheric morphology for a controlled delivery system with improved osteoinductivity 
(Shi et al., 2009). Apart from nano-HA–PLA systems, other composites have also been 
investigated, such as nano-HA–PCL composites (Hao et al., 2003) and nano-HA–
polyanhydride composites (Li et al., 2003).

In addition to HA, silica has been used to improve PCL mechanical properties 
without compromising biocompatibility (Calandrelli et al., 2010). In this study, PCL 
and silica surfaces were modified to chemically bond to each other, which reflects the 
criterion that nanocomposites should have a strong combination between components. 
Another study (Wei et al., 2009) observed the formation of apatite and the promoted 
cell proliferation on a calcium–silica-reinforced PCL, which further justifies the use 
of silica–polymer composite for bone-tissue engineering.

Cheng et al. (2013) incorporated carbon nanotube (CNT) into PLGA matrix to 
improve its overall properties as scaffold materials for bone-tissue engineering. The 
results showed that the incorporation of CNT increased the compressive modulus and 
roughness of PLGA scaffolds. It was also observed that osteoblast adhesion, growth 
and osteogenic differentiation were increased on CNT–PLGA composites.

11.5.5.2   Ceramic–biomolecules nanocomposites

Biomolecules are the desired matrix materials for fabricating nanocomposites. Bio-
molecules are a suitable platform for cells to attach and proliferate, which comes from 
their structures and compositions that more closely resemble to extracellular matrix. 
Their highly hierarchical and anisotropic structures are particularly difficult to rep-
licate on synthetic materials. Therefore, biomolecule matrix is a much easier way 
toward high biological performance of nanocomposite. Because of well-established 
material technologies that can successfully incorporate, reinforce, and precisely con-
trol the structure and properties of different phases (nanoparticles, nanotubes, nano-
fibers, etc.), ceramic–biomolecule nanocomposites are promising to achieve both 
superior biological performance and desired mechanical properties. For example, to 
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achieve better bonding between collagen and HA, a self-assembly method in which 
HA nucleates and grows onto collagen was developed (Murugan and Ramakrishna, 
2005). Fig. 11.3 (Murugan and Ramakrishna, 2005) shows this procedure. This 
work reported improved mechanical properties, excellent biocompatibility and bio-
activity. Moreover, ceramic–biomolecule nanocomposites themselves can be used as 
the reinforcement phase into synthetic polymer matrix. Liao et al. (2004) dispersed 
nano-HA–collagen nanocomposites into PLA matrix. This design overcomes the 
weak mechanical strength of nano-HA–collagen nanocomposites and compensates 
for the poor biological performance of PLA. These hierarchical composites show  
controllable mechanical properties and bioactivity.
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Figure 11.3 Procedure of self-assembly nano-HA on collagen (Murugan and Ramakrishna, 
2005).
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11.5.6   Nanocomposites osteointegration with soft tissue

Nanocomposites demonstrate the hope of enhancing osteointegration and osteoinduc-
tivity. This effect also applies to the soft tissue in bone. Nano-HA–PLA has been 
proved to have good cell attachment to human cartilage (Cheng et al., 2006). Type II 
collagen at nanoscale size can support chondrocyte growth (Matthews et al., 2003). 
In terms of metals, cell attachment on anodized Ti shows a strong dependence on 
tube diameter (Park et al., 2007). The mechanism of how scaling affects osteointe-
gration still needs further investigation, but one point is clear in that the selection of 
components and the design of microstructures will determine the osteointegration of 
nanocomposites with soft tissue. Therefore, (1) designing nanocomposites with con-
stituent materials already known to have good osteointegration with cartilage tissue, 
and (2) fabricating biomimetic nanostructures are two hopeful approaches to obtain 
the desired osteointegration with soft tissue.

11.6   Conclusion

Biomaterials are essential for orthopedic implants and bone-tissue regeneration. 
Implants, fillers and fixation devices will continue taking the dominant position in 
the orthopedic devices market, which generates a big demand for implant mate-
rials. Biomedical metals, ceramics and polymers need further improvement of 
their mechanical properties and biocompatibility. Nanocomposites are especially 
hopeful candidates for future implant materials. With tissue engineering progress-
ing from concept into practice, biodegradable and bioactive materials will attract 
increasing attention. The research into biodegradable scaffolds and implants, 
biomimetic materials, nanocomposites for biomedical applications, and their 
osteoconductivity, osteoinductivity and osteointegration will show considerable 
progress in the foreseeable future. In this author’s opinion, the current synthetic 
materials, despite their great success in the past, have intrinsic limitations. It is 
almost impossible for them to replace naturally grown tissue and organs without 
any loss of biological functions. The living tissues are far more complicated than 
any contemporary humanmade materials. The burgeoning tissue-engineering field, 
however, which attempts to guide tissue regeneration, in vitro or in vivo, shows 
the best promise in the foreseeable future. This trend raises rigid requirements 
for materials design, fabrication and characterization. As in the case of bone, the 
mechanical properties should be especially considered, which pushes the require-
ments even higher. It was widely known in the past that the urgent needs of the 
aviation industry stimulated the development of composites. A similar thing is 
happening again. Higher material requirements are urged by tissue engineering, 
and conventional single-phase materials can no longer compete. Therefore, it is 
expected that nanocomposites will strongly intrigue academia and industry due 
to their scaling effects and diversity in composition, structure and morphology. 
These superiorities still have not been fully exploited.
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12.1   Introduction

Acute and chronic orthopedic injuries to articulating joints (knee, shoulder, and hip) 
typically affect and compromise the structural integrity of cartilage tissue. In severe 
cases, these injuries may lead to progressive degeneration of not only the compli-
ant and soft cartilage tissue, but the stiff and highly mineralized subchondral bone. 
Degenerative joint disease (such as osteoarthritis) and trauma present a common and 
serious clinical problem. Currently, 48 million Americans are afflicted with osteoar-
thritis and 67 million Americans are projected to suffer from this condition by 2030 
(Lawrence et al., 2008; CDC, 2008) leading to a pressing need for new treatment 
options to address these defects. Clinically, osteoarthritis is defined as the gradual loss 
of hyaline cartilage leading to structural and functional failure at the bone–cartilage 
interface (Buckwalter et al., 2000). Not surprisingly, bone-on-bone contact leads to 
inhibited joint motion and increased pain. Currently, there are limited options to treat 
and no methods to cure osteoarthritis.

12.1.1   Clinical challenges

Traditional surgical treatment options are determined by the severity, type, size, and 
location of the cartilage defect site. Clinically viable options to treat focal defects 
(<5 mm in diameter) include autografts, autologous chondrocyte implantation, 
debridement (Aaron et al., 2006), microfracture (Chuckpaiwong et al., 2008), and 
mosaicplasty (Robert, 2011). Even though they have shown acceptable success, sev-
eral limitations persist. The “gold standard” for cartilage repair (autograft) largely 
involves the harvest and transplantation of autologous tissue. In this procedure, cylin-
drical “plugs” which include cartilage and subchondral bone are harvested from 
minimal-to-non load-bearing sites within the patient’s body and transplanted to the 
defect site(s) wherein greater mechanical stress is experienced (Robert, 2011). This 
procedure is considerably limited due to insufficient donor tissue and donor-site mor-
bidity. For patients with severe and advanced osteoarthritis, total joint arthroplasty 
(TJA) is a common treatment option (Tavazoie et al., 2008). It is an invasive procedure 
wherein the articulating surfaces of the joint are replaced by complex systems com-
prising metallic, ceramic, and/or polymeric components. Although generally minor 
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in prevalence, complications such as infection, particulate-induced bone loss (oste-
olysis), implant loosening and reaction to metal ions can affect the longevity of TJA.

12.1.2   Tissue engineering

The interdisciplinary field of tissue engineering (TE) holds great promise for the 
development of novel therapeutic approaches for the treatment of traumatic injuries, 
diseases and congenital defects that may overcome the body’s natural healing capacity 
(Langer and Vacanti, 1993; Santo et al., 2012). For patients with an increasingly active 
lifestyle, TE approaches to cartilage repair may also offer a favorable alternative that 
enables patients to return to high-impact activities or competitive sports, which are not 
recommended for patients with TJA. TE approaches may one day offer the possibil-
ity of treating and potentially curing the progression of degenerative joint disease in 
younger patients minimizing the need for TJA.

Current cartilage TE strategies commonly employ a combination of cells, a bio-
compatible/biodegradable three-dimensional (3D) support structure, and chemical or 
biological factor(s) to promote cell function during de novo tissue formation (Zhang 
et al., 2009a). The basic premise relies on the introduction or elicitation of cells to 
the defect site by means of an appropriate scaffold, which results in directed spatial 
and temporal tissue remodeling. Several key scaffold parameters shown to affect the 
success of scaffolds for tissue regeneration are: (1) biocompatibility and bioactivity to 
maximize tissue growth, (2) appropriate mechanical properties to enable the patient’s 
rapid return to mobility while protecting developing tissue, (3) controllable biodegrad-
ability in which degradation rates closely match the rate of new tissue formation, and 
(4) interconnected porous structure to improve nutrient diffusion and waste transport 
(Hutmacher, 2000). In addition, two distinct approaches exist within the area of tissue 
regeneration (Fig. 12.1). The first approach typically referred to as a top–down strat-
egy employs the use of prefabricated scaffolds exhibiting the aforementioned charac-
teristics. The second, bottom–up approach, utilizes extended cell-culture periods in 
combination with high-seeding densities and morphogenetic factors to induce cellular 
differentiation leading to extracellular matrix (ECM) deposition.

Owing to the aforementioned differences in TE approaches, scaffold-based  top–
down studies can readily manufacture scaffolds displaying homogeneous composition 
and tunable mechanical properties within a univariate system. Therefore, the base mate-
rials employed in the fabrication of cartilage scaffolds must be chosen from biomateri-
als that exhibit similar mechanical and physical properties to the native tissue (Ge et al., 
2012). For example, natural polymers, such as collagen and polysaccharides or water 
soluble low-molecular weight synthetic polymers such as poly(ethylene) glycol (PEG) 
and poly(ethylene) oxide that allow for easy incorporation of tissue-specific morpho-
genetic factors, have been used for cartilage regeneration (Madry et al., 2014; Xu et al., 
2011; Spiller et al., 2011; Park et al., 2011; Gupta et al., 2011; Aulin et al., 2011).

Advances in materials and scaffold design have also included biochemical cues that 
mimic those found within articular cartilage exhibiting improved cell adhesion, pro-
liferation, directed differentiation, and phenotypic expression (Chen et al., 2011; Guo 
et al., 2010). Extended culture approaches, in which cartilage-like tissue is secreted by 



261Biomimetic nanocomposite hydrogels for cartilage regeneration

mature cells, have also been employed to overcome the inherent complexity of man-
ufacturing functional tissue in combination with scaffold-based strategies, but limita-
tions with these approaches persist. In addition to biomaterial limitations of traditional 
TE approaches with respect to spatial and temporal control of tissue formation, the 
mechanical properties of single tissue-specific constructs has also proven challeng-
ing. Therefore, applying nanotechnology (ie, nanomaterials and 3D nanofabrication) 
to manufacture novel biomimetic cartilage constructs within certain biological and 
mechanical constraints merits considerable focused attention. In the following sec-
tions, we will explore the material requirements of cartilage tissue and cutting-edge 
advances in nanotechnology and 3D fabrication for cartilage tissue regeneration.

12.2   Hydrogels for cartilage regeneration

Hydrogels have been used in two forms for the purpose of replacing articular cartilage—
as permanent implants to replace damaged cartilage, or as cell-carrier materials to 
encourage tissue regeneration. As cell-free implants, hydrogels can be structurally and 
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mechanically similar to cartilage and allow efficient load transfer (Gonzalez and Alvarez, 
2014; Obradovic et al., 2012; Lee et al., 2009). As cell-seeded tissue-engineering scaf-
folds, hydrogels are also extremely useful: they promote chondrocyte attachment in a 
manner that is similar to the cartilage ECM (Tibbitt and Anseth, 2009; Lin and Anseth, 
2009; Cushing and Anseth, 2007; Cushing et al., 2007), they maintain the chondrocyte 
phenotype in a way that is impossible in monolayer culture, and their viscoelastic nature 
permits effective transfer of loads to the chondrocytes, which depend on mechanical sig-
nals for survival (Mesallati et al., 2014; Mauck et al., 2000; Elisseeff et al., 2000). There 
are several design parameters that can be readily modified to affect the performance 
of a hydrogel-based cartilage scaffold. The main parameters include type of hydrogel, 
cross-linking density, degradation profile, porosity, mechanical properties and loading 
regimen, source and density of cells, concentrations of growth factors, and so on.

12.2.1   Naturally derived hydrogels

Hydrogels formed from naturally derived polymers, such as agarose, alginate, chi-
tosan, hyaluronan, collagen, fibrin, and polysaccharides, are attractive because they 
are biochemically similar to natural cartilage. Scaffolds prepared from naturally 
derived hydrogels have been used in matrix-assisted autologous chondrocyte implan-
tation, including collagen type I/III (Schneider et al., 2011; Benthien and Behrens, 
2011), hyaluronan (Gobbi et al., 2009), and fibrin (Kim et al., 2010). Although nat-
urally derived hydrogels normally lack the necessary mechanical properties to with-
stand physiological loads, they still have the high potential to support the formation of 
healthy cartilage. In the following, several typical hydrogels will be discussed.

Agarose and alginate, both derived from marine algae, were among the first hydro-
gels studied for tissue engineering due to the ease of gelation and cell encapsulation 
(Overhauser, 1992; Sittinger et al., 1994). Alginate gels in the presence of divalent 
ions and agarose undergo spontaneous gelation under mild conditions due to hydrogen 
bonding (Shoichet et al., 1996). They have been used extensively as model systems 
to study the effects of dynamic loading and other conditions on cell behavior (Elder 
et al., 2006; Liu et al., 2011; Chahine et al., 2009; Freeman et al., 1994) and have sup-
ported the formation of cartilage tissue with similar mechanical properties to native 
cartilage (Ghahramanpoor et al., 2011).

Hydrogels can also be formed from collagen of type I or type II, the latter being 
the dominant component of articular cartilage. Collagen hydrogels are chemically 
biomimetic, have high swelling ratios, and promote cartilage formation by encap-
sulated cells (Yamaoka et al., 2006). Chondrocytes interact with collagen gels via 
integrins, which promote proliferation and production of ECM components, and 
can remodel collagen through the secretion of collagenase (Yamaoka et al., 2006). 
In 1994, the landmark study by Wakitani et al. (1994) reported that mesenchymal 
stem cells (MSCs) embedded in type I collagen gels differentiated into chondrocytes 
and repaired cartilage defects in rabbits with hyaline-like cartilage, but with areas of 
incomplete integration with the surrounding cartilage. Type I collagen gels have also 
been used as cell-delivery vehicles for the transplantation of bone marrow stem cells 
into cartilage defects in humans (Wakitani et al., 2011).
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Fibrin hydrogels can be prepared from fibrinogen in the presence of thrombin, 
isolated from a patient’s own blood, reducing the risk of a foreign body reaction, 
and exhibit excellent adhesion to surrounding tissue (Ahmed et al., 2008; Zhao et al., 
2008). MSCs differentiated into chondrocytes and produced more cartilage tissue 
when encapsulated in fibrin hydrogels when compared to alginate hydrogels (Watts 
et al., 2013). Fibrin hydrogels have poor mechanical properties (Haugh et al., 2012). 
They have been investigated as carriers in autologous chondrocyte transplantation 
(Wysocka et al., 2010; Kim et al., 2010).

Hyaluronic acid (HA) is a natural glycosaminoglycan (GAG) found in articular 
cartilage and synovial fluid and is also involved in the regulation of wound healing, 
cell motility, ECM organization, and cell differentiation (Kim et al., 2011). HA is 
degraded by cell-secreted hyaluronidase, and the rate of degradation can be readily 
tuned (Khetan et al., 2009). Cartilage formation by chondrocytes and by MSCs was 
enhanced in HA hydrogels in comparison to fibrin and to PEG hydrogels, emphasizing 
the role of biochemical cues in cartilage formation (Callahan et al., 2012; Chung and 
Burdick, 2009). HA hydrogels supported cartilage formation by human embryonic 
stem cells in non-weight-bearing defects in a rat model, with good integration with 
the surrounding cartilage after 12 weeks (Toh et al., 2010). The addition of HA to 
cell-culture medium increased deposition of type II collagen and GAG, markers of 
the cartilage phenotype, by chondrocytes encapsulated in alginate hydrogels (Akmal 
et al., 2005), but decreased such markers by chondrocytes encapsulated in collagen 
hydrogels (Yoon et al., 2009). Other studies have shown that the addition of HA to 
alginate hydrogels caused an increase in the expression of type I collagen, a marker 
of fibrous scar-like cartilage formation. Interestingly, this trend was reversed in the 
presence of exogenous insulin-like growth factor-1 (IGF-1), suggesting a role for HA 
in the modulation of IGF-1 signaling by entrapped chondrocytes.

Chitosan is prepared by partial N-deacetylation of chitin, derived from the exoskel-
eton of arthropods, and is structurally similar to the GAG found in cartilage (Chandy 
and Sharma, 1990; Abarrategi et al., 2010). The gelation of chitosan can be induced 
by ionic cross-linking (Cai and Lapitsky, 2013; Aiedeh et al., 2007). Chitosan has 
been modified to increase biochemical similarity to cartilage and to prepare injectable 
scaffolds (Yang et al., 2012; Tigli and Gumusderelioglu, 2009; Marsich et al., 2008; 
Hoemann et al., 2005; Xia et al., 2004).

12.2.2   Synthetic hydrogels

The primary underlying issue limiting the full capabilities of naturally derived 
hydrogels (such as mechanical strength) has prompted the use and investigation 
of synthetic hydrogels derived from intermediate molecules of the Krebs cycle and 
other polyesters. Synthetic hydrogels prepared from PEG, also known as poly(eth-
ylene oxide), modified with methacrylate groups to allow photo-crosslinking, were 
first introduced by Elisseeff et al. (1999) as an injectable and transdermally pho-
topolymerizable hydrogel for cartilage tissue regeneration. PEG hydrogels can 
be easily modified and have been useful in studying the effects of hydrogel prop-
erties on cartilage formation (Nguyen et al., 2011a,b; Hwang et al., 2011). PEG 
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macromers have also been modified with moieties that made the hydrogels more 
biomimetic. The addition of collagen-mimetic peptides resulted in enhanced reten-
tion of cell-secreted collagen and increased production of both collagen and proteo-
glycans by MSCs (Mhanna et al., 2014). The incorporation of chondroitin sulfate to 
PEG hydrogels resulted in enhanced ECM deposition by encapsulated chondrocytes 
when compared to pure chondroitin sulfate hydrogels and increased expression of 
chondrogenic markers by encapsulated MSCs (Varghese et al., 2008; Hwang et al., 
2007; Villanueva et al., 2010; Park et al., 2009).

The PEG macromer has also been modified with fumaric acid to form hydrogels 
made of oligo(poly(ethylene glycol) fumarate) (OPF), which are photo-cross-linkable, 
injectable, and can be prepared with compressive moduli as high as cartilage (Henke 
et al., 2014; Temenoff et al., 2002). When MSCs were encapsulated in the hydrogels, 
the quality of deposited tissue was improved (Lam et al., 2014). These hydrogels have 
also been used to evaluate the effects of the controlled release of various growth fac-
tors on cartilage formation in vitro and in vivo (Kim et al., 2013; Park et al., 2005; 
Holland et al., 2003; Kasper et al., 2005). Hydrogels contain several inherent attractive 
features which can be modulated to display tunable physical characteristics. In the 
following section, we will discuss several of these parameters.

12.2.3   Physical properties of hydrogels

Cross-linking density: The network cross-linking density of a hydrogel controls many 
of its properties, such as diffusion coefficients, mechanical behavior, and rate of degra-
dation (Bryant et al., 2004; Nicodemus and Bryant, 2008; Bian et al., 2013). The swell-
ing ratio of a hydrogel, the ratio of its swollen weight to its dry weight, is related to the 
cross-linking density and is a measure of how much water is retained by the hydrogel 
(Nguyen et al., 2012). Less cross-linked hydrogels have a larger mesh size, or the 
distance between cross-links, which allows faster diffusion of nutrients and waste to 
and from encapsulated cells. The cross-linking density of the common PEG hydrogels 
can be enhanced by increasing the concentration of the PEG solutions, decreasing the 
molecular weight of the PEG macromers, or by using branched PEG structures instead 
of linear structures, with corresponding increases in compressive modulus. Because of 
the facility of modulating the properties of PEG hydrogels, many studies on the effects 
of hydrogel properties have been performed using PEG hydrogels.

Degradation rate: Higher swelling ratios are beneficial for cartilage matrix 
production but decrease the mechanical properties of the hydrogels. Degradable 
hydrogels exhibit an increase in swelling ratio through the degradation process 
allowing for initial mechanical support which is transferred to the evolving carti-
lage matrix over time and has shown to have a direct influence on MSC behavior 
(Hudalla et al., 2008; Martens et al., 2003). Control over hydrogel degradation also 
allows control over nutrient and waste diffusion in a growing cartilage construct 
(Dhote et al., 2013). The degradation of PEG hydrogels has also been varied by 
cross-linking with biodegradable genipin (Ferretti et al., 2006), phosphate-releasing  
groups (Gandavarapu et al., 2013; Wang et al., 2003), and by dextran-based hydrogels 
(Jin et al., 2011).
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12.3   Nanocomposite-cartilage scaffold fabrication

With the advent of novel nanomaterials, the design of biomimetic and bioactive tis-
sue scaffolds with improved biocompatibility and functional properties (Zhang et al., 
2008b; Zhang and Webster, 2009; Holmes et al., 2013) has greatly increased. The 
underlying advantage of nanoscaled structures is the ability to mimic the native-tissue 
ECM environment, as well as favorably modulate cell function. Several proposed 
mechanisms for the improved nanomaterial–cell interaction have been correlated to 
structural (surface topography and surface area) and physicochemical (surface chem-
istry, energy, and wettability) cues that can regulate cellular behavior, but the basic 
principles have yet to be identified (Streicher et al., 2007). In the following, we will 
discuss several bottom–up and top–down cartilage scaffold fabrication approaches as 
well as introduce several promising nanomaterials for cartilage regeneration.

12.3.1   Bottom–up self-assembling nanomaterials-based 
cartilage constructs

Because natural tissues are constructed via a bottom–up self-assembly method, 
self-assembling supramolecular nanomaterials holds great potential to facilitate the 
construction of complex tissue environments (Huebsch and Mooney, 2009). Advances 
in nanotechnology are greatly increasing the design of these types of sophisticated 
nanobiomaterials. Hartgerink et al. (2001) reported that a peptide-amphiphile (PA) 
with cell-adherent RGD (Arg-Gly-Asp) peptide can self-assemble into supramolec-
ular nanofibers and align nanohydroxyapatite (nHA) along their long axis similar to 
the pattern of bone ECM. Hosseinkhani et al. (2006) showed significantly enhanced 
MSC differentiation of stem cells in a 3D PA scaffold when compared to 2D static 
tissue culture. Also, Shah et al. (2010) recently designed PA nanofibers which display 
a high density of transforming growth factor β1 (TGF-β1) binding sites for improved 
cartilage regeneration (Aida et al., 2012).

In addition to the promising results obtained with self-assembling PA nanofibers, 
another promising direction is the development of new self-assembling nanotubes that 
mimic cellular (such as DNA) and ECM components while displaying signals in a 
spatiotemporally controlled manner. Our lab has developed these types of highly inno-
vative self-assembling rosette nanotubes (RNTs) with controllable surface chemistry. 
Specifically, RNTs are a new class of biologically inspired supramolecular nanobio-
materials obtained through the self-assembly of low-molecular-weight DNA base-
pair motifs (Guanine^Cytosine, G^C) in an aqueous solution. Fig. 12.2 illustrates 
the morphology of two types of twin DNA-based RNTs. For the twin DNA-based 
RNTs, two covalently linked G^C bases can self-assemble into a six-member twin 
rosette maintained by 36 hydrogen bonds. The RNTs have a very stable nanotubu-
lar structure with a hydrophobic core and hydrophilic outer surface via electrostatic 
forces, base-stacking interactions, and hydrophobic effects. The outer diameter and 
the length of all nanotubes are ∼3–4 nm and several 100 nm, respectively. Another 
intriguing feature of RNTs is their flexibility in design, which makes their length, 
diameter, and surface chemistry tunable. In our previous work, we designed multiple 
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DNA-based RNTs with varying peptide and amino-acid side chains via a bottom–
up self-assembly method, which has shown great potential for cartilage and bone 
regeneration (Sun et al., 2012; Zhang et al., 2010, 2009b,c, 2008a; Fine et al., 2009; 
Childs et al., 2013). We explored human bone marrow MSC adhesion, proliferation  
and 4-week chondrogenic differentitiaon in twin-based RNTs conjugated with 
cell-adherent arginine-glycine-aspartic acid-serine-lysine (RGDSK) (tunable bone 
rosette nanotube(TB-RNT)-RGDSK) peptide in poly-l-lactic acid (PLLA) scaffolds 
(Childs et al., 2013). Our results demonstrated that these biomimetic twin-based 
nanotubes can significantly enhance MSC adhesion, proliferation and chondrogenic 
differentiation (such as GAG, collagen and protein synthesis) when compared to 
controls. Histological examination (Fig. 12.3) confirmed that TB-RNT-RGDSK can 
greatly improve tissue formation when compared to controls without nanotubes.  
Theoretically, any cell-favorable short peptide can be conjugated onto the G^C motifs 
to modulate surface chemistry, rendering RNTs as a biomimetic nanotemplate for tissue 
regeneration. Based on the currently available studies, supramolecular biomimetic 
self-assembling nanomaterials have great potential in regenerating cartilage tissue.

12.3.2   Top–down cartilage-scaffold fabrication techniques

Generally, traditional TE efforts have focused on the manufacture of homogenous 
constructs exhibiting mechanical properties and characteristics similar to those of 
one particular tissue type. Although good results have been obtained, current research 
has focused on the fabrication of 3D spatiotemporal stratified/graded nanocomposite 
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Figure 12.2 Schematic illustration of self-assembly process of RNTs. (a) Twin G^C motifs 
with an RGDSK peptide; (b) rosette-like supermacrocycle assembled from six motifs; and  
(c) rosettes stacked up into stable helical nanotubes with an 11 Å hollow core, 3–4 nm in diameter 
and up to several μm long. Atomic force microscopy image of (d) twin DNA-based RNTs with 
RGDSK peptide. (e and f) twin DNA-based RNTs with an aminobutane linker (TBL).
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scaffolds that better mimic native cartilage tissue. In the following, we will explore 
traditional and contemporary scaffold fabrication techniques of homogeneous and 
stratified scaffolds for cartilage regeneration.

12.3.2.1   Gas foaming/particle leaching

Three-dimensional scaffold architecture and geometric cues play a major role in direct-
ing cell behavior and tissue regeneration (Kilian et al., 2010). For cartilage studies, con-
ventional 3D scaffold fabrication methods such as gas foaming, particle leaching and 
freeze-drying have been used to fabricate 3D scaffolds and have shown to influence cell 
behavior and improve tissue regeneration (Castro et al., 2012, 2014; Dormer et al., 2010; 
Holmes et al., 2012). Specifically, gas foaming is a process for scaffold fabrication similar 
to solvent casting in which a foam-forming agent, such as ammonium bicarbonate, is 
added to a polymer-solvent solution. The polymer-solvent foam is then dried, and the  
solvent evaporates, leaving a rigid and porous structure. Ji et al. (2012) used gas foam-
ing to create highly porous poly-dl-lactide and PEG copolymer scaffolds foamed with 
CO2. Chen et al. used a novel method to seed calcium phosphate cement with human  
umbilical cord cells encapsulated in hydrogel spheres. The calcium phosphate–hydrogel- 
sphere mixture was then foamed with a porogen to achieve high porosity and good  
cellular dispersion (Chen et al., 2012a,b). Zhou et al. (2011) employed a new technique 
in which “solid-state” foaming (SSF) was combined with immiscible polymer blends to 
achieve a variety of different pore sizes and distributions within the same structure. That 
is to say, highly interconnected micro- and nanopores were observed (Zhou et al., 2011).

(a) (b)

(c) (d)

Figure 12.3 Hemotoxylin and eosin staining of (a and c) PLLA controls; and (b and d) 
TB-RNT-RGDSK PLLA scaffolds for MSC chondrogenic differentiation at weeks 1 and 2.
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Other available systems have also focused on the fabrication of stratified scaf-
folds through novel methods of adhering discrete tissue-specific layers (Oliveira 
et al., 2006; Jiang et al., 2007) to address specific mechanical requirements. Wang 
et al. (2009) developed a silk microsphere/scaffold gradient system wherein 
recombinant BMP-2 and IGF-1 were encapsulated within silk microspheres for 
controlled release and spatially distributed within the silk scaffold for directed 
human MSC differentiation. This study showed that MSCs exhibited osteogenic 
and chondrogenic phenotypic expression along the BMP-2 gradient and combina-
tion of BMP-2/IGF-1 after culturing the seeded scaffolds in a medium containing 
morphogenetic factors.

12.3.2.2   Three-dimensional printing

Conventional 3D scaffold fabrication methods often offer limited control over scaffold 
geometry, pore size and distribution, pore interconnectivity, as well as internal channel 
construction. Random, spontaneously generated and disconnected pores significantly 
decrease nutrient transportation, cell migration, and survival especially in the center 
of the scaffold limiting their clinical feasibility (Hollister, 2005). As an emerging tech-
nology, 3D printing (such as inkjet printing, stereolithography (SL), and bioplotting) 
offers great precision and control of the internal architecture and outer shape of a 
scaffold, allowing for the fabrication of complicated structures that closely mirror 
the architecture of biological tissue (Derby, 2012). Based on computer-aided design 
(CAD) data reconstructed from medical images of defects, 3D printers can easily fab-
ricate a construct with anatomically relevant gross shape for a near-perfect fit within a 
defect site (Fukui et al., 2003; Holmes et al., 2014).

Inkjet bioprinting
Inkjet printers have been employed in a process called “bioprinting,” which involves 
the printing of cells, biomolecules or hydrogels based on a digital pattern (Seidi et al., 
2011). In this 3D printing process, a binding material is deposited into a material 
stream and onto a powder bed, causing the particles to join to form the desired object 
(Bártolo et al., 2011). Then, a new layer of powder is deposited and can be selectively 
joined to the previous layer, a process which repeats until the entire scaffold is com-
plete (Bártolo et al., 2011) as shown in Fig. 12.4. This process has several advantages. 
As the ink nozzle does not contact the printed surface, risk of cross-contamination is 
low (Ilkhanizadeh et al., 2007). Furthermore, inkjet bioprinting is programmable and 
requires no significant modification of substrates for printing (Phillippi et al., 2008). 
Recently, Cui et al. (2012a) successfully inkjet bioprinted a poly(ethylene glycol) 
dimethacrylate solution containing chondrocytes into a defect formed in an osteo-
chondral plug. They observed greater proteoglycan deposition at the interface of the 
printed implant and native tissue.

Inkjet bioprinting has been employed to print ECM, cells, proteins, and DNA 
at low cost in many biomedical applications (Ilkhanizadeh et al., 2007). Gradients 
can be obtained by employing grayscale patterns of different intensities in the 
CAD (Ilkhanizadeh et al., 2007), or by applying different number of overprints 
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to achieve higher concentration in specified regions (Phillippi et al., 2008). Col-
lagen I scaffolds with defined microchannels and internal structures have been 
created with inkjet bioprinting (Wahl et al., 2007). Processing did not affect the 
structural stability of the collagen, and this scaffold was able to be further applied 
for tissue-engineering applications (Wahl et al., 2007). Inkjet bioprinting can also 
be used to precisely pattern cells. Cellular printing was achieved using a layer- 
by-layer bioprinting assembly to print PEG mixed with human chondrocytes  
to fabricate osteochondral plugs (Cui et al., 2012b). Photopolymerization was 
simultaneously employed to maintain chondrocyte position (Cui et al., 2012b). 
This system achieved specific placement of individual cells, high cell viability, 
maintenance of chondrogenic phenotype as ascertained through aggrecan and col-
lagen type I and II gene expression, and integration with host tissue, assessed by 
push-out testing to determine interface failure stress (Cui et al., 2012b). By further 
modifying inkjet printers to be more suitable for printing cells and ECM hydrogel 
materials, this technique has the potential to create structures with very specific 
internal structures, soluble factor placement, and cell patterning. The extension of 
3D printing technologies in the design and fabrication of spatiotemporal scaffolds 
can further aid in the development of raw and composite nanomaterials designed 
specifically for the technology employed. Manufacturing constraints and avail-
able nanomaterials with suitable physical and biological properties have limited 
the clinical applicability of bioprinted constructs, but more focused investigations 
have leveraged nanomaterials such as those previously described in fabricating 
more biomimetic scaffolds.
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Figure 12.4 Schematic view of the layer-by-layer inkjet/bioplotting deposition technique.
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Stereolithography
Stereolithography (SL)-based 3D printing provides precise control of the gross geome-
try of fabricated scaffolds as well as allows for the incorporation and spatial placement 
of incorporated nanomaterials. Fig. 12.5 illustrates the process of SL. Briefly, a photo-
curable hydrogel (such as PEG derivatives) is placed in a vat or reservoir whereby mir-
ror-directed or fiber optic-coupled ultraviolet energy is exposed to the material surface 
leading to solidification of the liquid and attachment to the subsequent layer. Our labora-
tory has developed a table-top SL apparatus for the manufacture of bioactive biomimetic 
scaffolds containing morphogenetic factors for cartilage tissue regeneration. Based on 
the flexibility in designing photocurable and functional hydrogels, SL has garnered 
greater attention for the manufacture of bioactive 3D scaffolds (Sharifi et al., 2012; Seck 
et al., 2010; Lee et al., 2007, 2008; Arcaute et al., 2006). Grogan et al. (2013) synthe-
sized and fabricated 3D methacrylated gelatin scaffolds which illustrated good tissue 
integration and the formation of de novo meniscal fibrocartilage in an organ explant 
model. Schuller-Ravoo et al. (2013) similarly synthesized a novel branched monomer 
based on trimethyl carbonate. Scaffolds were fabricated with the use of a digital mirror 
device allowing for layer thickness of ∼25 μm. In addition, synthetic polymers with tun-
able physical properties can be readily synthesized and fabricated through alterations of 
the “resin” mixture and density of photo-cross-linkable moieties (Timmer et al., 2003).

12.4   In vitro testing considerations: cell sources

Through the course of our discussion, we have elucidated key biomaterial and scaf-
fold fabrication considerations necessary for cartilage regeneration. In addition,  
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Figure 12.5 Schematic illustration of stereolithography 3D printing.
Image is adapted from Cooke, M.N., 2004. Novel Stereolithographic Manufacture of  
Biodegradable Bone Tissue Scaffolds, Case Western Reserve University.
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one must consider culture conditions when evaluating fabricated constructs 
in vitro. Many preliminary analyses of tissue-engineered scaffolds employ imma-
ture chondrocytes due to the ease of cell isolation and expansion. However, com-
pared to mature chondrocytes, immature chondrocytes tend to proliferate more, 
produce more ECM components, and respond more to the application of growth 
factors (Kopesky et al., 2010; Anderson and Athanasiou, 2009). Adult chon-
drocytes have been successful in developing a cartilage-like matrix in agarose 
hydrogels when used to repair non-weight-bearing defects in a canine model with 
good host-tissue integration (Ng et al., 2010). Stem cells can also be isolated 
from adipose tissue, bone marrow, and other sources with each differing slightly 
in behavior, response to external forces, and potential to produce new cartilage 
tissue (Roux et al., 2013; Salamon et al., 2013; Maumus et al., 2013; Burk et al., 
2013). In any case, the isolation of chondrocytes from any of the cartilages causes 
considerable damage to the donor site. In contrast, stem cells isolated from mes-
enchymal tissues can produce cartilage tissue under the right conditions. Although 
immature chondrocytes produced greater levels of cartilage tissue than immature 
bone marrow-derived MSCs encapsulated in hyaluronic acid, agarose, and peptide 
hydrogels (Erickson et al., 2009), MSCs derived from skeletally mature horses 
produced superior cartilage tissue compared to mature chondrocytes in peptide 
hydrogels (Lee et al., 2010; Kisiday et al., 2008). It is important that future stud-
ies utilize cells from clinically relevant sources to determine the effectiveness 
of tissue-engineering strategies. These studies suggest that MSCs derived from a 
variety of sources are suitable for cartilage tissue regeneration. The seeding den-
sity of chondrocytes or MSCs in hydrogels also affects the quality of engineered 
cartilage tissue (Buckley et al., 2009; Park et al., 2007). In addition, the presence 
of mechanical loading showed a marked difference in ECM accumulation and 
mechanical properties between hydrogels (Haugh et al., 2012; Bian et al., 2012). 
Therefore, cell seeding density and mechanical stimulation may result in greater 
cartilage-specific ECM production.

12.5   Conclusion

Significant research has focused on the use of hydrogels in the repair and regeneration 
of cartilage tissue. Materials from naturally derived sources contain inherent benefits 
with regard to biocompatibility with minimized deleterious cell–material interactions. 
Synthetic materials exhibit greater flexibility in the control of physical and mechanical 
properties as well as lend themselves to be modified and employed in the manufacture 
of predesigned 3D scaffolds. The ideal cartilage scaffold should exhibit properties 
conducive to withstand direct physiological loading and degrade at a rate efficient for 
cellular infiltration and subsequent tissue formation. With the combination of prefab-
ricated 3D structures and biomimetic nanomaterials, enhanced tissue integration can 
be achieved. Although much research has been conducted in an effort to recapitulate 
the complex nature of cartilage tissue, a better understanding of the effects of morpho-
logical and spatiotemporal cues is still required.
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13.1   Introduction

One hundred years ago, the German philosopher Walter Benjamin (1892–1940) 
understood mimesis as a crucial step in the development of a child; children mimic 
what they see and hear [1]. Moreover, Benjamin also asked the question how it could 
be possible to “read in the book of nature”— and again (perhaps in a more general 
way to understand) suggested closely looking at nature and thereby getting oneself a 
little bit alike what we are observing. In that sense, looking closely at natural-bone 
tissue, approaches for regenerative medicine with respect to bone replacement should 
include different levels of mimesis; mimesis with respect to structure, function and 
mechanical behavior.

13.2   Biomimesis of bone tissue
13.2.1   Natural bone

Many studies have been performed to analyze the material “bone” [2,3], to be able 
to closely mimic the natural material when fabricating biomaterials aimed at bone 
regeneration. The main building block of bone is a mineralized collagen fibril; with 
the mineral phase consisting of ∼60 wt% hydroxyapatite (HA; Ca10(PO4)6(OH)2), 
dahllite (DA; Ca5 (PO4, CO3)3(OH)), carbonate (4 wt%) and additionally citrate 
(1 wt%) which plays a critical role in crystal thickening and stabilizing mineral crys-
tals in bone [4,5]. The organic phase on the other hand is primarily composed of 
collagen I fibrils (about 80–100 nm in diameter). Type I collagen is formed by a tri-
ple helix pattern of two α1 and one α2 chains. Although collagen I makes up around 
20 wt% of the whole bone substance, other organic components such as osteocal-
cin, osteonectin, osteopontin, thrombospondin, morphogenetic protein, sialoprotein, 
serum proteins, polysaccharides, lipids and cytokines among others, do only amount 
to a total of around 3 wt% [5].

Worthwhile to stress is another inorganic component of bone: water. With its 
9 wt% of total bone mass, it is essential and crucial—and in bone-tissue engineer-
ing studies an often neglected component, because many studies include tests of 
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“dry” bone grafting materials [6] and not “wet” materials—scaffolds swollen by 
water mimicking the real in vivo situation [7].

Besides these basic building blocks, bone cells populated on those structures are 
fundamental for keeping the bone material alive—osteoblasts and the mature osteo-
cytes producing extracellular matrix (ECM) including the mineralized collagen fibrils; 
and osteoclasts, the bone-resorbing cells [8]. Finally, bone-marrow stromal cells have 
the important role of differentiation into preosteoblasts—and in case of injury—play 
pivotal benefits in bone regeneration [9].

With this knowledge of bone composition in background, it should theoretically 
be easy to engineer artificial bone. However, it is not done with providing all the 
aforementioned components. As the different hierarchical levels of bone lead to a 
very wide range of biomechanical properties, tissue engineering encounters many 
difficulties in terms of stability. Although the mineral components should provide 
toughness and rigidity to a tissue-engineered bone graft, the organic component 
should add tensile strength and flexibility. Moreover, the new generation of phos-
phate nanocomposites should synergistically combine the advantages of polymers 
such as biocompatibility, desired shape and resistance to corrosion with the bioac-
tive properties of the phosphate nanoparticles. Usually when speaking of natural 
bone, two large subgroups are considered: cancellous bone as well as cortical bone. 
Their biomechanical properties are completely different and do vary in a wide range 
within each subgroup. For example, Young’s moduli of 0.05 to 0.5 GPa are deter-
mined for cancellous bone and 14 to 20 GPa for cortical bone (Table 13.1). Further-
more, the tensile and compressive strength found for the two kinds of natural bone 
vary remarkably, with tensile strength of 10 to 20 and 50 to 150 MPa and compres-
sive strength of 7 to 10 and 170 to 193 MPa for cancellous and cortical bone, respec-
tively. Studies including functional grading try to overcome problems of mechanical 
stability [10]; however, no study so far reached a mimesis level at which all the 
structures of bone organization such as osteons and different collagen-fibril array 
patterns are considered in detail and in which the mechanical behavior adequately 
resembles natural bone in all its characteristics.

Table 13.1 Physical properties of natural bone (Ref. [5] and 
references therein)

Property Cancellous bone Cortical bone

Young’s modulus (GPa) 0.05–0.5 14–20
Tensile strength (MPa) 10–20 50–150
Compressive strength (MPa) 7–10 170–193
Strain to failure (%) 5–7 1–3
Density (g/cm3) 0.1–1.0 18–22
Surface/bone volume (mm2/mm3) 20 2.5

Murugan R, Ramakrishna S. Development of nanocomposites for bone grafting. Compos Sci Technol 
2005;65(15–16):2385–2406.
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13.2.2   Mimesis of inorganic phosphate phases

13.2.2.1   Calcium phosphates

Crystalline alpha-tricalcium phosphate and beta-tricalcium phosphate
Tricalcium phosphate (TCP, Ca3(PO4)2) occurs in two crystalline modifications, 
as alpha-TCP which is formed at high temperatures and as beta-TCP (Table 13.2). 
Alpha-TCP can be prepared by precipitation of Ca(OH)2 and ortho-H3PO4 and a cal-
cining program at 1400°C [6]. It has been used in combination with poly-l-lactic acid 
(PLLA) to form a biomimetic nanocomposite for bone regeneration [6]. The authors 
prepared the polylactic acid (PLA)–alpha-TCP nanocomposite with two different 
injection molding conditions; either with a mold temperature of 40°C (quenched sam-
ples) or of 110°C (annealed samples). The annealed samples showed a higher crys-
tallinity, a higher storage modulus and glass transition temperature, which implies 
a higher energy to resist deformation in vivo. Compared to cortical bone of bovine 
femur which has a storage modulus of ∼8 GPa, storage moduli of dry PLA/alpha-TCP 
(30 wt% of TCP nanoparticles) reached values of ∼5.5 GPa, probably preventing stress 
shielding during bone regeneration [11]. It was concluded that according to the need 
of the load-bearing conditions at a specific bone defect site, different approaches in the 
preparation of PLA/alpha-TCP may offer a wide range of bone-replacement material 
characteristics [6].

The second modification, beta-TCP, is widely used in combinations with polymers 
to mimic the phosphate phase in bone. Regarding this combination, there have been 
several reports lately. Yeo et al. produced a composite scaffold material based on poly-
caprolactone (PCL)–beta-TCP by melt plotting and embedding in electrospun colla-
gen I nanofibers [12]—with the beta-TCP particles being in the size range of 100 nm 
to 12 μm. Osteoblast-like cells (MG63) were shown to attach better and proliferate 
doubly as fast in the PCL–beta-TCP collagen nanocomposite compared to PCL–  
beta-TCP alone [12]. The authors concluded to have a synergistic effect in their 
hierarchically composed scaffold by the beta-TCP particles and the collagen I 
nanofibers. In another study, beta-TCP nanoparticles combined with PCL served 
as a basic composite material to produce functionally graded nanocomposites via 
twin-screw-extrusion/spiral-winding process [10]. Rather large scaffolds were fab-
ricated, with radial gradations in porosity, pore size, chemical and mechanical prop-
erties. In vitro experiments with human fetal osteoblasts were successful; not only 
did the cells attach well to the scaffold and proliferate into the three-dimensional 
(3D) structure, but also was a Ca2+ deposition observed by early mineralized-matrix 
synthesis during the first 8 days [10].

Rakovsky et al. also chose beta-TCP as a phosphate phase for the production of 
a nanocomposite. They produced the 50–150-nm sized beta-TCP nanoparticles via 
calcination of the previously prepared HA [13]. Attrition milling with PLA disinte-
grated the agglomerates and led to uniformly dispersed nanoparticles. Variation of 
attrition-milling time and different PLA volume fractions were shown to give nano-
composites with a very wide range of compressive-strength strain curves [13]. For 
example, when the attrition-milling time was increased from 12 to 24 h, the compres-
sive strength of beta-TCP–PLA with 40 vol% of PLA in the composite increased from 
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Table 13.2 Inorganic phosphate phases used for biomimetic nanocomposites aimed at  
bone-tissue engineering

alpha-TCP beta-TCP amorphous TCP HA OCP

Chemical formula Ca3(PO4)2 Ca3(PO4)2 CaxHy(PO4)z·nH2O; n = 3–4.5 Ca10(PO4)6(OH)2 Ca8H2(PO4)6·4H2O
Ca/P molar ratio 1.48 [27] 1.48 [27] 1.2–2.2 [22] 1.67 [27] 1.33 [27]
Elastic modulus (GPa) 104 [77]

189 [76]
33 [78]
64 [76]
80–90 [79]

– 114 [75]
80–110 [22]

–

Compressive strength (MPa) – – – 400–900 [5]
350–917 [22]

–

Solubility, 25°C, gL−1 0.0025 [22] 0.0005 [22] – 0.0003 [22] 0.00081 [22]
Cell compatibility
(biocompatibility)

Human
MSCs [80]

Human
MG63

cells [12]

Human
MSCs [17]

Human
dermal
fibroblasts [81]

Human bone
marrow stromal
cells [82]

Besides, biphasic calcium phosphate (BCPs) are bioceramics consisting of two different calcium phosphate phases which are mixed. Typically, BCPs used in nanocomposites aimed at bone 
regeneration consist of a low solubility calcium phosphate phase such as hydroxyapatite (HA) and a more soluble one such as beta-tricalcium phosphate (TCP) [22]. MSCs, mesenchymal stem 
cells; OCP, octacalcium phosphate.
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250 to 270 MPa. However, the volume fraction of PLA had a much more pronounced 
impact on the compressive strength. Although it was 270 MPa for a 40 vol% of PLA,  
it was increased to 410 MPa for a 20 vol% of PLA (both having an attrition  milling 
time of 24 h). Although the reported compressive-strength values are beyond the 
values found for natural cortical bone (Table 13.1), it is nicely exemplified how 
processing conditions may drastically influence the biomechanical properties of 
tissue- engineering phosphate nanocomposites and as such offer the option of tuning 
and tailoring the desired material properties.

Finally, beta-TCP nanoparticles with a size of 100 nm were blended with DL-poly 
(lactide-co-glycolic acid) (DL-PLGA) and filaments of nanocomposite material were 
produced with extrusion [14]. Implanted in rabbit femoral defects, osteoconduction 
and new bone formation was limited to the periphery of the nanocomposite. The 
results obtained with an additional HA coating of the DL-PLGA–beta-TCP filaments 
were similar compared to the filaments having no coating [14].

Amorphous tricalcium phosphate
Compared to crystalline TCPs, amorphous TCP is much more reactive with respect 
to HA formation in contact with water [15], which is indeed an important feature to 
render a bone-mimetic nanocomposite bioactive [16]. Therefore, Schneider et al. com-
bined amorphous TCP nanoparticles with poly(lactic-co-glycolic acid) (PLGA) in a 
bone-regeneration composite material [17], which allowed osteogenic differentiation 
when human mesenchymal stem cells were seeded on the scaffold and cultured in 
osteogenic differentiation medium. Moreover, the same material was used in drill-hole 
defects of long bone in sheep and had a successful outcome 8 weeks postsurgery with 
respect to new bone formation [18]. Compared to the porous bovine-derived min-
eral Bio-Oss® (Geistlich, Wolhusen, Switzerland), the PLGA/amorphous TCP nano-
composite resulted in cancellous bone-mimetic structures, whereas Bio-Oss®-treated 
defects in a rabbit calvarial model afforded solid cortical bone [19]. Recently, amor-
phous TCP nanoparticles were also combined with poly(d,l-lactic acid) (PDLLA) by 
electrospinning [20]—and in vitro performance was tested with MG63 osteoblast-like 
cells. Attachment of the cells and proliferation were satisfactory. Also, bioactivity 
tests in simulated body fluid (SBF) ended up in HA deposition [20]. In addition, with 
a double diffusion method into gelatin hydrogel, a bone-biomimetic nanocomposite 
consisting of amorphous TCP and brushite (CaHPO4·2H2O) was produced which was 
successfully transformed to nanocrystalline HA in SBF [21].

13.2.2.2   Hydroxyapatite

Biomimetic phosphate nanocomposites do sometimes include—besides other phos-
phate phases—HA, as for example in the next paragraph dealing with biphasic cal-
cium phosphate (BCP) nanocomposites, consisting of beta-TCP and HA (Table 13.2).

13.2.2.3   Biphasic calcium phosphate

BCPs are bioceramics consisting of two different calcium phosphate phases which are 
mixed. Typically, BCPs used in nanocomposites aimed at bone regeneration consist of 
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a low-solubility calcium phosphate phase such as HA and a more soluble one such as 
beta-TCP [22]. BCP nanocomposites based on HA nanofibers and porous beta-TCP 
matrix had significantly better mechanical properties compared to beta-TCP alone 
[23] and attained a compressive strength of 9.8 MPa like cancellous bone (Table 13.1). 
Lin et al. reported that rat adipose-derived stem cells (ASCs) seeded onto a nano-
BCP (HA nanofibers in a beta-TCP matrix) resulted in ectopic bone formation when 
implanted subcutaneously in nude mice; moreover, they stimulated in vivo bone for-
mation when used in critical-size cranial defects in rats [24]. BCP nanocomposites 
including gelatin are reported to be successfully osteoblast seeded [25]. Moreover, 
the coating of BCP with a layer of PCL and HA nanoparticles was reported to be well 
populated with human osteoblasts in co-culture with human ASCs, which triggered 
osteogenic differentiation of the latter—being an advantage of a biomimetic-bone 
nanocomposite material [26].

13.2.2.4   Octacalcium phosphate

Octacalcium phosphate (OCP) has a low Ca/P molar ratio with 1.33 and favors faster 
dissolution of the Ca2+ and PO4

3− ions compared to higher Ca/P ratios as in beta-TCP 
(1.5), or HA (1.67) which is insoluble in SBF [27]. Because an impact of free Ca2+ 
ion concentration on osteoinduction was reported [28], OCP might be an interesting 
inorganic phase in nanocomposites aimed at bone reconstruction [29].

13.2.2.5   Best biomimetic inorganic phase?

After presenting a diverse set of inorganic phosphate phases used in nanocomposites 
aimed at bone regeneration, the question arises which phosphate phase is mimicking 
frank bone the best. This is not an easy question, and the huge amount of literature 
dealing with research in this field suggests that no clear answer has yet been found. In 
terms of biomineralization capability, the crystallinity of a phosphate compound plays 
a pivotal role. From this point of view, introducing amorphous rather than crystalline 
calcium phosphate phases into organic carriers is advantageous; amorphous TCP in 
contact with water is more quickly transformed into HA compared to alpha-TCP or 
beta-TCP. Biomineralization capacity is coupled to dissolution rates of the correspond-
ing phosphate phase. For the presented phosphate phases, the relative dissolution rates 
are amorphous TCP > alpha-TCP > beta-TCP > HA [30]. Moreover, the extent of bone 
mimesis lies also in the mechanical properties which may vary considerably relative 
to the ratio of the phosphate phase and the chosen organic phase. It has been shown 
in many studies that variation of this ratio can lead to the desired bone-mimicking 
mechanical properties. The porosity also plays a pivotal role. For example, TCP tends 
to be more porous compared to HA, because the surface formation energies are lower 
than those for HA [31]. However, such porosity considerations are often given for the 
pure phosphate compounds [31] and may be completely different in the composite 
material. As bone is a heterogeneous material in terms of porosity, graded materials 
are suggested to mimic bone the best. Finally, integration of the bone graft into the liv-
ing surrounding tissue is also important. Therefore, reports on osteoinduction as well 
as osteoconduction in animal models should be considered while choosing a specific 
combination of inorganic and organic phase for bone reconstruction.
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13.2.3   Mimesis of organic phases

13.2.3.1   Cellulose

Cellulose, a polysaccharide based on β-d-glucose monomers, is the most abundant 
biopolymer in the biosphere [32] (Table 13.3). Cellulose and its derivative car-
boxymethylated cellulose were used as an organic carrier for calcification to generate 
a macroporous matrix for bone regeneration [33]. Three different precalcification 
methods were used before immersing the precalcified scaffolds into SBF for bio-
mimetic mineralization and HA formation during 2 weeks. All three approaches, 
(1) incubation in CaCl2 and (NH4)2HPO4; (2) carboxymethylation and NaOH; (3) 
calcium silicate for silanolization, were successful with respect to subsequent min-
eralization; however, the carboxymethylated cellulose showed the best results with 
respect to mineralization rate and amount of deposited HA; moreover, DNA of MG63 
osteoblasts grown on the respective matrices was highest for the cellulose that had 
been carboxymethylated [33]. In another study, microbial cellulose was alternately 
incubated in CaCl2 and Na2HPO4 to form HA; the nanocomposite was applied in 
noncritical size defects of the rat tibia and analyzed 1, 4 and 16 weeks postsurgery 
[27]. Results showed completely repaired mature bone after 16 weeks with a clear 
cell infiltration of osteoblasts and osteoclasts as well as sufficient vascularization. At 
that time point, the cellulose-based bone graft was not yet fully degraded [27].

13.2.3.2   Chitosan

High and medium molecular weight chitosan was used in combination with HA 
nanoparticles for bone-tissue engineering [34]. Different weight fractions of HA in the 
HA–chitosan nanocomposites were characterized, with increasing compression moduli 
determined for higher HA fractions. Moreover, preosteoblast cell behavior was better 
on HA–chitosan nanocomposites compared to pure chitosan—improved attachment and 
higher proliferation of the cells were found [34]. In another study, chitosan was combined 
with orthophosphoric acid to yield chitosan phosphate; this was then further modified with 
HA nanoparticles as a filler in 10–60 wt% [35]. The impact of phosphatation of  chitosan 
lies in the fact that HA nanoparticles are better and more homogeneously distributed in 
the polymer due to particle–phosphate interactions. The nanocomposite was beneficial 
with respect to osteocompatibility and osteogenesis when primary murine osteoblasts 
were seeded and cultured on this bioanalog composite material [35]. Finally, also blends 
of chitosan with other polymers such as PLLA and combined with calcium phosphate 
nanoparticles aimed at bone-tissue engineering were fabricated [36]. The elastic  moduli 
of the corresponding materials were tunable, with 4 to 15.6 MPa (chitosan:PLLA 20:80), 
12.2 to 53.1 MPa (chitosan:PLLA 50:50) and 15.5 to 82.6 MPa (chitosan:PLLA 80:20). 
As such, the elastic modulus of these blended nanocomposites were comparable to 
 cancellous bone [36] (Table 13.1)—no in vitro or in vivo experiments were reported.

13.2.3.3   Collagen

Using collagen I as the organic phase in bone-biomimetic nanocomposites comes 
to nature the nearest. Collagen initiates and orientates HA crystal growth and is 
reported to be responsible for size and distribution of HA crystals in natural bone [37].  
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Table 13.3 Organic phases used for biomimetic phosphate nanocomposites intended for bone-tissue 
engineering

Structure Formula Cell study Further properties

Cellulose (C6H10O5)n Human
MG63

cells [33]

Density: 1.5 g/cm3

Melting point: 260–270°C
“Sugar of plant cell wall”

Chitosan (C6H6O4N)n Mouse
Preosteoblasts
MC 3T3-E1 [34]

Mw = 3800–20,000 da
Rapidly clots blood
Antibacterial agent

Collagen

(Example of a polypeptide 
structure)

Protein with each third 
amino acid = glycine

Human
MSCs [42]

Triple-stranded helix of collagen 
polypeptide alpha chains

Gelatin Irreversibly partially  
hydrolyzed collagen

Rich in glycine and proline Rabbit
ASCs [43]

Hemostatic; activates coagulation

Polycaprolactone (C6H10O2)n Human
MG63

cells [50]

Density: 1.1 g/cm3

Melting point: 60°C
Tensile strength: 16–400 MPa [83]

Polylactic acid (C3H4O2)n Mouse
Preosteoblasts
MC 3T3-E1 [56]

Density: 1.2–1.4 g/cm3

Melting point: 150–160°C
Tensile strength: 28–50 MPa [83]

Poly(lactic-co-glycolic 
acid)

x, number of units of lactic 
acid; y, number of units  
of glycolic acid

Human
MSCs [61]

The higher the glycolide content, 
the faster the degradation.

Polyvinyl alcohol (CH2dCHOH)n (C2H4O)n Human
MG63

cells [68]

Tensile strength: 25–35 MPa [83]

Mw, molecular weight; MSCs, mesenchymal stem cells; ASCs, adipose-derived stem cells.
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Therefore, many researchers used collagen successfully in combination with HA 
[3,7,38–41]. For example, collagen–apatite nanocomposite foams were used in a  
critical-size defect of pig tibia and resulted in new bone formation 6 months postop-
eration [41]. Although having low mechanical properties with compressive strength 
at maximum of 0.14 MPa compared to cancellous bone having values of 7 to 10 MPa 
(Table 13.1), a collagen-foam scaffold with in situ-generated calcium phosphate crys-
tals, has been proposed to serve as a biomimetic-bone graft. This is because in vitro 
studies with human mesenchymal stem cells from two different sources (Wharton’s 
jelly and menstrual blood) had significantly higher alkaline phosphatase (ALP) activ-
ity and showed osteogenesis when seeded onto the calcium phosphate–collagen nano-
composite compared to the collagen foam alone [42].

13.2.3.4   Gelatin

Gelatin, as a derivative of collagen, is a polymer obviously useful to biomimic the 
organic phase of bone. To generate an ideal HA–gelatin nanocomposite, Hwang et al. 
studied different ratios of HA:gelatin, and determined the impact of glutaraldehyde 
(GA) addition [43]. Rabbit ASCs were seeded on those nanocomposites, with the 
10 g HA:3 g gelatin ratio (without GA) leading to the best response with respect to 
attachment, proliferation and osteogenic differentiation of ASCs. A subsequent study 
with the same nanocomposite resulted in a clear final differentiation step from human 
osteoblasts into osteocytes [44].

At a physiologically relevant pH of 7.4, a gelatin hydrogel was placed in the 
middle of two solutions, CaCl2 and Na2HPO4, which resulted—after diffusion and 
 precipitation—in HA nanoparticles on the gelatin [21]. Compared to microsized HA 
on gelatin, an enhanced reinforcing ability of the HA nanoparticles was proposed, 
suggested by the significantly higher compressive strength of the material. In another 
study, gelatin from bovine skin type B was stabilized by cross-linking with N-(3- 
dimethyl aminopropyl)-N′-ethyl carbodiimide (EDC) and combined with BCP [25]. 
Such a stabilization by cross-linking was also favorably applied by Li and Aparicio 
[3]. The influence of gelatin on the mechanical properties of biphasic nanocompos-
ite materials aimed at bone regeneration was examined also by Babaei et al. [45]. 
They found a positive influence of gelatin on the mechanical properties of the scaf-
fold when gelatin–chitosan/HA nanocomposites were compared to chitosan–HA 
 nanocomposites—significant improvements of the elastic modulus and compressive 
strength were achieved [45].

13.2.3.5   Heliobond®

Heliobond® is a polymer mixture of 60% bisphenol-a-diglycidyl ether methacrylate 
(Bis-GMA) and 40% of triethylene glycol dimethacrylate (TEGDMA), which turns 
into an adhesive polymer under blue light of λ = 450 nm [46]. From its chemical struc-
ture, it is not biomimetic due to predominant ether functionality. However,  Heliobond® 
was successfully combined with amorphous TCP, which was changed into HA after 
in vitro biomineralization in SBF. Adhesion to wet cow bone was tested, and the 
incorporation of 20 wt% of amorphous TCP significantly improved it compared to 
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Heliobond® alone. In addition, the compressive strength of 205 MPa was determined 
to be very similar to human femoral bone [46].

13.2.3.6   Hydrogel

Hydrogels consisting of oligo(poly(ethylene glycol) fumarate) (OPF) were either 
physically or chemically mixed with calcium phosphate of varying crystallinity. 
Although the physical mixing resulted in irreproducible dispersion of the calcium 
phosphate components, the chemical mixing lead to a homogeneous distribution of the 
calcium phosphates in the hydrogel [47]. In another study, 3D-bioplotted hydrogels 
consisting of PLGA, collagen or chitosan and spiked with TCP nanoparticles were 
successfully used as cranial critical-size defect fillers in sheep [48].

13.2.3.7   Polycaprolactone

In a study by Mavis et al., PCL was immersed in 10SBF-like solutions (10 times as 
concentrated as simulated body fluid) based on a variety of protocols [49]. The nano-
fibers were coated with biomimetic calcium phosphate components including HA and 
CaHPO4. The coatings were optimized according to thermodynamic modeling results 
and cell seeding was shown beneficial [49]. An in vivo study by Liang et al. showed 
histologically that new bone tissue was observed in a rabbit mandible defect, when 
a PCL scaffold with 60 wt% nonstoichiometric apatite particles was implanted [50]. 
In contrast, PCL scaffolds containing only 20 wt% or no apatite performed less ben-
eficially. In addition, the authors also did cell studies using MG63 osteoblasts. After 
7 days, a clear increase in ALP and nitric oxide in the presence of 60 wt% nonstoichio-
metric apatite compared to mere PCL corroborated the in vivo findings [50].

A functionally graded PCL–beta-TCP scaffold for bone regeneration was estab-
lished by varying the beta-TCP:PCL ratio in different layers of a cylindrical radi-
ally graded material [10]. Such graded scaffold materials with varying porosity were 
shown beneficial with respect to proliferation of human fetal osteoblast.

Differentiation studies of ASCs toward osteoblasts were performed on PCL-coated 
BCP [26]. It was shown that either the addition of nano-HA particles in the PCL coating, 
or a co-culture system with osteoblasts using only PCL coating, was essential for this 
differentiation process. Similarly, Roohani-Esfahani et al. used a BCP scaffold with a 
PCL coating containing nano-HA particles. They studied the impact of nanoparticle size 
and shape (needles, rods and spheres) on osteogenesis and also on biomechanical prop-
erties [51]. Scaffolds coated with needle-shaped nano-HA particles in PCL showed the 
best osteogenic differentiation profile compared to microcomposite-coated scaffolds. 
Moreover, with respect to biomechanics, the best scaffold material had a maximum 
compressive strength of 2.1 MPa which is 20 times higher than unmodified merely PCL-
coated scaffolds, but four times lower than cancellous bone [51].

13.2.3.8   Peptides

Bone-biomimetic nanocomposite materials based on peptides potentially aimed at 
orthopedic applications are rather seldom reported; a thermoreversibly gelling block 
copolymer conjugated to HA-nucleating peptides, however, has been reported similar 
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to the apatite present in bone [52]. The thermoreversible gelation properties of this 
material could enable it to serve as an injectable biomaterial for bone regeneration—
no cell studies or in vivo studies have been performed so far [53].

13.2.3.9   Polylactic acid

Homogenous and dense beta-TCP–PLA nanocomposites with very high compressive 
strengths of up to 400 MPa with high-volume fractions of beta-TCP (60–80%) were 
produced with the intention of using it for bone regeneration [13]. Other nanocom-
posites including PLA as an organic carrier material for HA nanorods [54] and for 
HA nanoparticles [55] were reported and mostly differ in their preparation methods 
(see Section 13.3 in the following). A special approach including carbon nanotubes 
adsorbed onto nano-calcium phosphate powder mixed with PLA was shown beneficial 
in an in vitro study with respect to cell proliferation, osteogenesis and mechanical 
properties [56]. In addition, blends of PLA with collagen (1:1) that are reinforced with 
calcium phosphate nanoparticles through a flow-mineralization process were reported 
beneficial with respect to bone-mimicking regenerative purposes [57].

13.2.3.10   Poly(lactic-co-glycolic acid)

Combined with calcium phosphate compounds, biodegradable PLGA is one of the 
mostly used organic polymers in orthopedic applications [58]. The copolymer has 
been approved by the Food and Drug Administration (FDA). Its properties can be 
varied with the variation of the ratio of the two constituents. As the degradation of 
PLGA is acidic, addition of calcium phosphate compounds may compensate the pH 
drop induced by PLGA—making it an ideal implant material [14,18,59,60]. More-
over, such nanocomposites have been shown to trigger stem-cell osteogenesis [61]; 
which is a valuable characteristic as stem-cell therapies are becoming more and more 
attractive in bone-regenerative medicine [62–64].

An interesting approach with the intention to tailor the release dosage of recom-
binant human bone morphogenetic protein (rhBMP-2) was reported by Wang et al. 
[65]. In a dual-source electrospinning process, the authors were able to control the 
fibrous component ratio, which was primarily based on a PDLLA-nanofibers com-
ponent (see next chapter) including rhBMP-2 and, as a second component, nanosized 
calcium phosphate particles in a PLGA matrix. The in vitro behavior of this bicompo-
nent nanocomposite has been shown to be different compared to the monocomponent 
materials as the degradation behavior—and, going along with this, the release kinetics 
of the corresponding bone growth factor—could be varied [65].

13.2.3.11   Polyvinyl alcohol

There has been increasing interest in polyvinyl alcohol (PVA) nanocomposites recently 
[66]. For bone-regeneration purposes, PVA-based biomimetic phosphate compounds 
were produced by electrospinning [67]. The polymer solution aimed at electrospin-
ning was treated by Ca(NO3)2 addition to incorporate Ca2+ ions in PVA. Such an 
introduction of Ca2+ ions into PVA nanofibers was reported beneficial for the distribu-
tion, the nucleation and the crystallinity of subsequent HA forming when alternately 
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soaking these nanofibers in calcium (Ca(NO3)2)- and phosphate ((NH4)2HPO4)- 
containing solutions [67]. PVA is also used successfully in combination with gelatin; 
after testing different ratios of BCP incorporation into these composites, 50% BCP-
loaded electrospun PVA–gelatin fibers were reported to give the best results in vitro 
(MG63 cell attachment and growth, and protein expression) and in vivo (5-mm deep 
hole in the cranium of rats) [68].

13.2.3.12   Best biomimetic organic phase?

From the presented organic-carrier phases for phosphate nanocomposites, collagen 
type I mimicks true bone the best, because natural bone’s organic phase primarily 
consists of this protein. Moreover, it makes up around 20 wt% of the whole bone sub-
stance [5]. Nevertheless, natural polysaccharides such as cellulose or chitosan, both 
having excellent biocompatibility, are as well beneficial organic carriers for phosphate 
phases. Other merits of choosing a particular organic phase for phosphate nanocom-
posites may lie in a high tensile strength, for instance found for PCL, or in thermorev-
ersible gelation properties, enabling injection at the defect site [53].

13.3   Fabrication of biomimetic phosphate 
nanocomposites

13.3.1   Immersion/soaking/precipitation

Immersion or soaking is one of the simplest methods to incorporate calcium phos-
phate compounds into organic carriers (Figure 13.1(a)). The basic interaction between 
such precipitated calcium phosphate species and the organic compound is based on 
adhesion, in other words on ion–dipole interactions or van der Waals forces (disper-
sion forces) between the two major components. Hence, many studies include this 
simple processing step in their protocols [20,45,49].

For example, successful formation of nano-HA in cognate with native apatite 
on electrospun PLGA, as well as on electrospun PLGA–collagen blend, has been 
reported to be achieved by a three-cycle process of alternately dipping the electro-
spun fibers for 5 to 10 min in 0.5 M CaCl2 (pH 7.20) and 0.3 M Na2HPO4 (pH 8.96), 
respectively, properly washing the scaffolds after each immersion step [69]. Also, 
collagen foams have been beneficially modified to give phosphate nanocomposites 
by alternate immersion for 2 h into 0.1 M NaNH4HPO4 (pH 7.20) and 0.1 M CaCl2 
(pH 7.20), respectively, without washing in between [42]. Moreover, immersion into a 
solution—although metastable—containing both the calcium as well as the phosphate 
component, for 48 h has been reported to lead to successful in situ crystal growth [70].

13.3.2   Electrospinning

As for the organic carrier in the biomimetic nanocomposites, electrospinning is a method 
that is very often used to generate nanofibers of organic polymers [71]. Briefly, fibers 
are generated by dissolving the polymer in a suitable solvent which is then loaded in 
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Figure 13.1 Different fabrication processes for phosphate nanocomposites: (a) immersion, 
soaking, precipitation; (b) electrospinning; (c) (bio)plotting; (d) freeze-casting; (e) rapid  
prototyping from computer-aided data; and (f) chemical synthesis.
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a syringe fitted to a needle (Figure 13.1(b)). A collector often consisting of a round 
cylindrical target at a distance of usually 20 ± 5 cm to the needle is then covered by fibers 
emerging from the jet of the needle under high voltage (in the range of 15–20 kV).

In this technique, not only pure polymers can be electrospun, but also polymers in 
combination with nanoparticles, as realized for example with PLGA and HA nanopar-
ticles [61,72]. Moreover, surfactants can be added to the nanoparticle–polymer– solvent 
mixture to facilitate the dissolution process and overcome the different polarities of 
hydrophilic nanoparticles such as HA and the hydrophobic polymer–solvent solutions 
such as chloroform-dissolved PLA [55].

13.3.3   Plotting

The (bio)plotting technique is also often used for the fabrication of nanocomposites 
aimed at bone-tissue engineering (Figure 13.1(c)). For example, in melt-plotting, TCP 
particles were mixed with PCL particles and finally plotted with a 3D robot system to 
give a grid with square-pore morphology [12]. Although not including an organic car-
rier, another example for 3D plotting is the report of Xu et al. in which they generated 
a Nagel scaffold (Ca7Si2P2O16) and found that square-pore morphology is better than 
triangular- or parallelogram-pore morphologies with respect to compressive strength 
and modulus aimed at bone reconstruction [73].

13.3.4   Freeze-casting

The process of freeze-casting consists of freezing a slurry or blend, usually based on 
water at low temperatures, and removing the solvent by sublimation under low pres-
sure [36] (Figure 13.1(d)). In the preparation of bone-biomimetic nanocomposites, the 
technique of freeze-casting has been claimed to lead to adequate mechanical proper-
ties and desired pore structure of the so-prepared scaffolds compared to other tech-
niques like dip coating of polymer foams by ceramics or foaming of aqueous ceramic 
powder suspensions among others [36]. The technique of freeze-casting was applied 
in the fabrication of a BCP–gelatin nanocomposite. During the freezing, the gelatin 
that filled the pores of the BCP scaffold became frigid, whereas during the subsequent 
freeze-drying process the distilled water of the gelatin was sublimated so that a gelatin 
network was deposited on the surface of the pores—leading to a porous structure of 
the biomimetic nanocomposite [25]. Another example of successful bone-biomimetic 
nanocomposite fabrication via freeze-casting is reported by Thein-Han and Misra, in 
which they used chitosan in acetic acid aqueous solvent and dispersed nano-HA [34].

13.3.5   Rapid prototyping: selective laser sintering

Rapid prototyping comprises a group of techniques that can generate a physical 
model directly from computer-aided data (Figure 13.1(e)). One of these techniques 
is selective laser sintering (SLS). It is an additive manufacturing technique used for 
the low-volume production of prototype models and functional components. SLS uses 
lasers as its power source to sinter powdered material, binding it together to create 
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a solid structure. For example, Duan et al. report successful fabrication of a multi-
functional tissue-engineered biomimetic nanocomposite based on calcium phosphate 
and polyhydroxybutyrate-co-hydroxyvalerate by SLS [74]. Moreover, this scaffold 
material has a surface coating consisting of gelatin and immobilized heparin [74]. 
The authors claim that such a surface modification provided a suitable binding site 
for bone morphogenetic protein-2 (BMP-2)—leading to enhanced ALP activity and 
osteogenesis of mesenchymal stem cells [74].

13.3.6   Synthesis

A rather seldom chosen approach is to chemically synthesize new polymers to mimic 
processes occurring in nature during bone generation (Figure 13.1(f)). For example, 
Yusufoglu et al. synthesized new peptides by conjugating polymers into block copo-
lymers offering HA-nucleating sites [52]. Another synthetic approach included the 
introduction of phosphate groups into chitosan, thereby offering easier nucleation 
sites for HA generation and also facilitating the addition of HA nanoparticles as a 
filler material for chitosan due to higher intermolecular forces [35].

13.3.7   Comparison of fabrication processes

Immersion, soaking or (alternatively) dipping accompanied with subsequent precip-
itation is one of the simplest methods to incorporate calcium phosphate compounds 
into organic carriers and is therefore widely used and reported. In contrast, chemical 
synthesis of polymers that mimic natural processes such as HA nucleation or phos-
phatation are rather seldom reported because large chemical background knowledge 
as well as a special equipment are needed.

From a cost perspective, electrospinning, plotting and rapid prototyping under the 
use of computer-aided data are rather expensive methods and have the prerequisite of 
elaborate and special machines. In the case of electrospinning, such machines may be 
homemade with rather low costs; however, very sophisticated and expensive apparatus 
are on the market for which not only all variables can be programmed as a function 
of time, but also humidity in the electrospinning chamber can be tuned automatically. 
Compared to these methods, soaking and freeze-drying are low-cost methods with 
nevertheless very convincing results as shown previously.

From a structure and architecture point of view, discrete 3D architectures are 
achieved by plotting and prototyping, whereas electrospinning, freeze-casting and 
also chemical synthesis provide materials that have to be further processed to get the 
desired final architecture for the implant device.

List of abbreviations

ALP Alkaline phosphatase
ASCs Adipose-derived stem cells
BCP Biphasic calcium phosphate
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Bis-GMA Bisphenol-a-diglycidyl ether methacrylate
DA Ca5 (PO4, CO3)3 (OH), dahllite
ECM Extracellular matrix
EDC N-(3-dimethyl aminopropyl)-N′-ethyl carbodiimide)
FDA Food and Drug Administration
GA Glutaraldehyde
HA Ca10(PO4)6(OH)2, hydroxyapatite
OCP Octacalcium phosphate
OPF Oligo(poly(ethylene glycol) fumarate)
PCL Polycaprolactone
PDLLA Poly(d,l-lactic acid)
PLA Polylactic acid
PLLA Poly-l-lactic acid
PLGA Poly(lactic-co-glycolic acid)
PVA Polyvinyl alcohol
rhBMP-2 Recombinant human bone morphogenetic protein-2
SBF Simulated body fluid
SLS Selective laser sintering
10SBF 10 times as concentrated as simulated body fluid
TCP Ca3(PO4)2, tricalcium phosphate
TEGDMA Triethylene glycol dimethacrylate
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14.1   Introduction

Tendon injuries are generally attributed to attritional wear from overuse and/or 
aging. Repetitive motion in work, sports, or daily activities may lead to higher 
chances of tendon injuries. An example of this is shoulder rotator-cuff tendon and 
elbow medial collateral ligament injuries in baseball pitchers due to the repetitive 
high stresses placed on these structures during the pitching motion. Approximately 
100,000 to 200,000 anterior cruciate ligament (ACL) injuries occur in the United 
States each year (Evans et al., 2014). Rotator-cuff injuries occur as partial- thickness 
and full-thickness tears. They are present in 30% to 50% of the population age over 
50 (Riley, 2004) and are one of the most common shoulder conditions affecting 
more than 17 million people in the United States (Yamaguchi et al., 2006). Because 
most rotator-cuff tears occur as a result of degeneration, their incidence is expected 
to rise as the population ages. Although some tears are asymptomatic, rotator-cuff 
tears often result in debilitating pain, reduced shoulder function, and weakness. 
Rotator-cuff repair involves reattachment of the torn tendon edge to the bone with 
either suture anchors or with sutures through bone tunnels. It is one of the most com-
mon orthopedic surgical procedures with approximately 300,000 rotator-cuff ten-
don surgical repairs performed each year in the United States (Aurora et al., 2007; 
Vitale et al., 2007). The greatest clinical challenge with this procedure continues to 
be achieving reliable tendon-to-bone healing as is evidenced by high failure rates 
ranging from 20% to 94% (Vitale et al., 2007; Cummins and Murrell, 2003; Galatz 
et al., 2004).

One of the reasons for poor healing rates is the spatially graded matrix component 
(eg, linearly graded mineral content) and fiber organization at the natural attachment of 
tendon to bone generate high levels of concentrated stress at the transitional interface 
(Yang and Temenoff, 2009). This concentrated stress inhibits an effective transfer of 
mechanical loads at the interface during healing. The gradations in both composition 
and structure cannot be reconstructed during surgical treatment of rotator-cuff tears, 
which lead to transitional interface failure, thus highlighting the critical importance of 
this transitional junction. The healing of tendon to bone represents a great challenge 
due to the mismatch of mechanical properties between a soft compliant material (ten-
don) and a stiff material (bone).

14
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In this chapter, we first describe the basic properties of the tendon–bone interface 
including unique features in fiber organization, composition, and extracellular matrix 
components, the role of minerals in the development of this interface, and current 
strategies for repairing tendon to bone. We then discuss the mechanism of hydroxyap-
atite nanocomposites in tendon-to-bone insertion repair highlighting recent advances 
of hydroxyapatite nanocomposites in repairing tendon-to-bone insertion sites. Finally, 
we conclude this chapter with a discussion on perspectives in this field.

14.2   Basics of tendon-to-bone insertion

The transitional tissue interface of tendons- and ligaments-to-bone attachment, also 
called the “enthesis,” is classified as either fibrous or fibrocartilaginous. As the rotator- 
cuff tendon inserts into the proximal humerus, there is a transition of four distinct 

Tendon

Fibrocartilage

Bone

(a)

(b)

Tendon
Tendon proper

Fibrocartilage

 Mineralized fibrocartilage

Insertion
site

Bone Bone

Mineralized
fibrocartilage

Figure 14.1 Basic of tendon-to-bone insertion site. (a) Schematic illustrating the attachment 
from tendon to bone. (b) Histology of tendon-to-bone insertion site illustrating the four zones: 
tendon, fibrocartilage, mineralized cartilage and bone.
Adapted from Thomopoulos, S., 2011. The role of mechanobiology in the attachment of tendon 
to bone. IBMS BoneKEy 8, 271–285. http://dx.doi.org/10.1138/20110515, with permission 
from Nature Publishing Group.

http://dx.doi.org/10.1138/20110515
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tissue zones: tendon, nonmineralized fibrocartilage, fibrocartilage, and bone as  
indicated in Fig. 14.1 (Thomopoulos, 2011). None of the current repair strategies rep-
licates this normal transitional zone, which leads to stress concentrations that weaken 
the healed tendon-to-bone insertion, contributing to the high failure rates observed 
(Thomopoulos et al., 2003b, 2006, 2008). The stress concentrations are mainly 
attributed to the mechanical mismatch between tendon, a soft tissue with a Young’s 
modulus of 200 MPa, and bone, a hard tissue with a Young’s modulus of 20 GPa, one 
of the biggest mechanical mismatches in nature (Rho et al., 1998; Maganaris and Paul, 
1999). Mature tendon-to-bone insertion site presents three unique features. One is the 
change of organization of collagen fibers: the collagen fibers are significantly more 
organized at the musculotendinous junction than at the bony insertion (Thomopoulos  
et al., 2003a). Another is the variation in extracellular matrix compositions  
(Thomopoulos et al., 2002, 2003a). The final is the gradual change of mineral content 
from tendon to bone (Fig. 14.2(a)) (Wopenka et al., 2008; Genin et al., 2009). The 
degree of fiber mineralization affects stiffness of the fibers (Fig. 14.2(b)). All these  
attributes contribute to the unique mechanical functions such as dissipating stress  
concentrations at tendon-to-bone interfaces. The graded mineral content is believed to 
play a critical role for transferring the load efficiently at the interface.

A similar characterization of ACL-to-bone insertion has been reported (Moffat 
et al., 2008, 2009). Fig. 14.3(a–c) shows the basics of ACL–bone insertion, exhibiting 
spatial variations in matrix major composition: ligament proper containing types I and 
III collagen matrix, nonmineralized fibrocartilage matrix consisting of types I and II 
collagen and proteoglycan, the matrix in mineralized fibrocartilage containing type X 
collagen and minerals, and the matrix in the bone region containing type I collagen and 
minerals. Fig. 14.3(d) shows the mineral content in nonmineralized and mineralized 
fibrocartilage and the corresponding Young’s modulus. The increase in compressive 
modulus and axial stress from the nonmineralized to mineralized fibrocartilage may be 
attributed to the presence of minerals in the calcified fibrocartilage region.

Understanding the role of minerals in the development of the enthesis may provide 
valuable information to design hydroxyapatite composites for repairing the tendon-
to-bone insertion site (Thomopoulos et al., 2010). The development of the enthesis 
is initially driven by endochondral ossification: cartilage mineralizes to form bone, 
and a fibrocartilaginous transition then develops at the interfaces between the bone 
and connective tissues (Lu and Thomopoulos, 2013). Thomopoulos et al. demon-
strated the development of graded mineralized interface at the murine supraspinatus 
tendon entheses was related to endochondral bone formation starting postnatally and 
completed by postnatal day 28 (Schwartz et al., 2012). They also quantified microm-
eter-scale patterns of mineralization in the gradient region at different time points 
postnatally (Fig. 14.4). It was suggested that the magnitudes of the mineral gradients 
along the insertion were similar for the five postnatal time points tested, and the 
length of tendon with mineral gradient also remained approximately the same at 
about 25 μm from postnatal day (P)7 to P56 (Fig. 14.4(a)). They further investigated 
the mineralized interface in the supraspinatus tendon enthesis by transmission elec-
tron microscopy (TEM), and found gradual increase in size and density of mineral 
nanoclusters along the insertion at different time points postnatally (Fig. 14.5).



310 Nanocomposites for Musculoskeletal Tissue Regeneration

E
fib

er
 / 

E
co

lla
ge

n

Normalized mineral volume fraction, ϕ

75

50

25

0
0.25 0.5 0.75 10

(a)

(b)

R
el

at
iv

e 
m

in
er

al
 c

on
te

nt
1.0

0.5

0

Position along insertion (µm)

Hashin–Shtrikman bounds
Random, elongated mineral enhancement
Random, equiaxial mineral enhancement
Uniform, diffuse mineral accumuIation

BoneTendon

R2 = 0.8

x = 0 x = 1

–120 120–60 600

Figure 14.2 The compositional change at tendon-to-bone insertion site and the corresponding 
change of mechanical properties. (a) Relative mineral content evaluated from confocal Raman 
microprobe spectroscopy measurements, showing the ratio of the areas of the 960 Δcm−1 PO4 
peak to the 2940 Δcm−1 collagen peak, across the tendon-to-bone insertion. (b) Bounds and 
estimates for the axial elastic modulus (E) of a partially mineralized fiber. Mineral stiffens 
fibers dramatically at volume fraction above the percolation threshold (ϕ ≈ 0.5), indicated by 
the arrows. Percolation occurs at lower volume fraction for regions of enhanced mineralization 
elongated parallel to the fiber axis.
Adapted from Genin, G.M., Kent, A., Birman, V., Wopenka, B., Pasteris, J.D., Marquez, P.J., 
Thomopoulos, S., 2009. Functional grading of mineral and collagen in the attachment of 
tendon to bone. Biophysical Journal 97, 976–985. http://dx.doi.org/10.1016/j.bpj.2009.05.043, 
with permission from Elsevier.
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Figure 14.3 Basics of anterior cruciate ligament (ACL)–bone insertion. (a) Modified Goldner 
Masson trichrome staining of the native neonatal bovine ACL–bone interface indicating 
the existence of contiguous yet distinct tissue regions including ligament, fibrocartilage 
(nonmineralized and mineralized fibrocartilage), and bone. (b) von Kossa staining indicating 
mineral presence and distribution at the interface. (c) Backscattered scanning electron microscopy 
(SEM) images for the ACL–bone insertion site indicating the distribution of calcium and 
phosphorous across the insertion. (d) The mineral content in nonmineralized and mineralized 
fibrocartilage and the corresponding Young’s modulus.
Adapted from Moffat, K.L., Sun, W.H.S., Pena, P.E., Chahine, N.O., Doty, S.B., Ateshian, 
G.A., Hung, C.T., Lu, H.H., 2008. Characterization of the structure-function relationship 
at the ligament-to-bone interface. Proceedings of the National Academy of Sciences of the 
United States of America 105 (23), 7947–7952. http://dx.doi.org/10.1073/pnas.0712150105, 
with permission from The National Academy of Sciences.
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The current treatment and subsequent rehabilitation strategies for tendon-to-bone 
insertion site can be classified into three categories: surgical or technical, biological 
and biophysical (Atesok et al., 2014; Lui et al., 2010). The surgical or technical strategy 
includes enveloping the grafts with periosteum, natural matrix patches (eg, acellular 
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Figure 14.4 Mineral gradients in the developing enthesis. (a) The average mineral content relative 
to collagen concentration evaluated by the ratio of the heights of 960 Δcm−1 PO4 peak to the 
1003 Δcm−1 collagen peak across the tendon-to-bone insertion site at day 7, 10, 14, 28, and 56 
postnatally. (b) The slope of the data in (a) means the steepness of the mineral gradient.
Adapted from Schwartz, A.G., Pasteris, J.D., Genin, G.M., Daulton, T.L., Thomopoulos, S., 
2012. Mineral distributions at the developing tendon enthesis. PLoS One 7 (11), e48630. 
http://dx.doi.org/10.1371/journal.pone.0048630.
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human dermal matrix, and porcine small-intestine submucosa), synthetic and biode-
gradable scaffolds/biomimetic patches, osteoconductive materials (eg, Ca2+-, Mg2+-, 
and Sr2+-based materials), and coated sutures and interference screws. The biological 
strategy includes the use of osteoinductive growth factors (eg, transforming growth 
factor [TGF], bone morphogenic protein [BMP], fibroblast growth factor [FGF], gran-
ulocyte-colony stimulating factor [G-CSF], platelet-rich plasma [insulin-like growth 
factor 1 (IGF-1)], platelet-derived growth factor [PDGF] and vascular endothelial 
growth factor [VEGF]), gene therapy (BMP-2 plasmid), osteoconductive materials  
(eg, Ca2+, PO4

3−, and Sr2+), or coated sutures and interference screws (delivering  
biological molecules). The biophysical approach includes the application of low-intensity 
pulsed ultrasound, extracorporeal shock-wave treatment, or various loading methods 
and immobilization.

(a) (b)

(c) (d)

Figure 14.5 TEM images showing the mineralization of the supraspinatus tendon entheses at 
different developmental times: (a) P10, (b) P14; (c) P28, and (d) P56. Scale bar: 2 μm.
Adapted from Schwartz, A.G., Pasteris, J.D., Genin, G.M., Daulton, T.L., Thomopoulos, S., 
2012. Mineral distributions at the developing tendon enthesis. PLoS One 7 (11), e48630. 
http://dx.doi.org/10.1371/journal.pone.0048630.

http://dx.doi.org/10.1371/journal.pone.0048630
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14.3   Mechanism of hydroxyapatite minerals for  
tendon-to-bone insertion repair

As stated previously, a mineral gradient exists at the interface of the tendon-to-bone 
insertion. Graded minerals at the insertion result in varying mechanical properties at 
different locations across the tendon-to-bone insertion. In addition, it has been demon-
strated that hydroxyapatite minerals that dissociate to Ca2+ and PO4

3− play important 
roles in osteogenic differentiation of osteoblasts and progenitor cells and promote bone 
healing. However, the molecular mechanism of the osteogenicity and osteoinductivity of 
calcium phosphate minerals has not been revealed until recently. Different factors includ-
ing the ability to modulate extracellular calcium and phosphate ions and the adsorption 
and release of osteoinductive growth factors like bone morphogenic proteins (BMPs) 
have been proposed to account for the osteogenicity and osteoinductivity of calcium 
phosphate minerals. It was found that influx of extracellular Ca2+ through L-type cal-
cium channels enhanced the proliferation and osteogenic differentiation of bone marrow 
mesenchymal stem cells (Wen et al., 2012). In another work, it was demonstrated that 
extracellular phosphate uptake through solute carrier family 20 member 1 (SLC20a1) 
(a phosphate transporter) supported osteogenic differentiation of human mesenchymal 
stem cells via adenosine, an ATP metabolite, which acted as an autocrine/paracrine sig-
naling molecule through A2b adenosine receptor (Fig. 14.6) (Shih et al., 2014).

14.4   Hydroxyapatite nanocomposites for  
tendon-to-bone insertion repair

Local administration of hydroxyapatite powder at the tendon–bone interface in both a 
3-week delayed-repair rat model and an acute-repair model showed improvement in 
healing the injured rotator cuff (Zhao et al., 2014; Kovacevic et al., 2011). Calcium 
phosphate nanocomposites for tendon-to-bone interface repair can be categorized as 
the following.

14.4.1   Mineralized tendon grafts

The use of tendinous autografts fails to provide strong integration at the orthopedic 
interface (Rodeo et al., 1993; Weiler et al., 2002). To reestablish the native ortho-
pedic interface, mineralization of tendons has been investigated for regeneration 
of tendon-to-bone insertion. Mutsuzaki et al. (2004) showed the improvement of  
tendon–bone attachment using mineralized flexor digitorum longus (FDL) tendons as 
ACL grafts in an acute-repair rabbit model. The mineralized tendons were generated 
by alternately soaking 10 times in a Ca2+-containing solution and a PO4

3−-containing 
solution for 30 s each. After implantation of mineralized tendons, the tendon-to-
bone healing process was significantly enhanced in terms of histological analysis, 
and the regenerated interface (fibrocartilage layer) was akin to a native ACL inser-
tion in a shorter time frame compared to the control (unmineralized tendons). Despite 
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promising histologic data, biomechanical testing is needed to examine the effect of 
calcium phosphate hybridization on functional recovery of repaired tendons. A later 
study by the same group demonstrated the formation of a direct bond between the 
calcium phosphate- hybridized tendon graft and the regenerated neobone in femoral- 
and tibial-bone tunnels in a goat ACL reconstruction model (Mutsuzaki et al., 2009). 
Their further biomechanical test indicated that the strength of the tendon–bone inter-
face in the calcium phosphate-hybridized tendon group was superior to that of con-
trol group (unmineralized tendons) (Mutsuzaki et al., 2011). In a separate study, they 
demonstrated that calcium phosphate-hybridized tendon grafts could reduce bone-tunnel  
enlargement after ACL reconstruction in goats which may reduce the number of  
clinical failures (Mutsuzaki et al., 2012b). They also examined the long-term effect 
of hybridized calcium phosphate–tendon graft on the healing of the tendon–bone 
interface after ACL reconstruction in a goat model (Mutsuzaki and Sakane, 2011). 
The hybridized graft enhanced the tendon–bone healing 2 years after ACL reconstruc-
tion. They recently performed a randomized controlled trial to examine the effect of 
calcium phosphate-hybridized tendon graft in ACL reconstruction in human patients  
(Mutsuzaki et al., 2012a). Compared with the conventional hamstring tendon auto-
graft ACL reconstruction, the calcium phosphate-hybridized tendon graft showed 
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Figure 14.6 Schematic illustrating a molecular mechanism of osteogenic differentiation that 
is induced by phosphate ions released from calcium phosphate minerals.
Adapted from Shih, Y.R.V., Hwang, Y.S., Phadke, A., Kang, H., Hwang, N.S., Caro, E.J., 
Nguyen, S., Siu, M., Theodorakis, E.A., Gianneschi, N.C., Vecchio, K.S., Chien, S., Lee, 
O.K., Varghese, S., 2014. Calcium phosphate-bearing matrices induce osteogenic differ-
entiation of stem cells through adenosine signaling. Proceedings of the National Academy 
of Sciences of the United States of America 111 (3), 990–995. http://dx.doi.org/10.1073/
pnas.1321717111, with permission from The National Academy of Sciences.

http://dx.doi.org/10.1073/pnas.1321717111
http://dx.doi.org/10.1073/pnas.1321717111
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improvement of anterior knee stability and Lysholm scores at the 2-year follow-up 
and reduction of bone-tunnel enlargement at 1-year follow-up. This concept was also 
tested in a separate study, to transform the tendon-to-bone interface to a ‘bone-to-
bone’ interface for repairing utilizing flexor digitorum profundus (FDP) tendons iso-
lated from dogs (Qu et al., 2013). In another study, a combination of extraction and 
fetuin (an inhibitor of mineral nucleation) resulted in significant increase of calcium 
phosphate mineral content in tendons; however, an in vivo study needs to be carried 
out to demonstrate this proof of concept (Price et al., 2009).

14.4.2   Demineralized bone grafts

Alternatively, cancellous bone regionally demineralized as a scaffold with a continuous 
transition from soft to hard tissue was examined for tendon-to-bone repair (Fig. 14.7(a)) 
(Dickerson et al., 2013). It was shown that the mineral content in cancellous bone 
can be completely removed after treatment in a demineralizing solution (1.0 M HCl, 
1.9 mM ethylene diamine tetra-acetic acid) for 4.5 h. During the process of mineral 
removal, one end of the sample was coated with a polymer to prevent the regions from 
being demineralized (58 ± 17.3% of the mineral). Histological sections of supraspinatus 
tendons in sheep revealed that the normal entheses displayed a typical bone- calcified 
fibrocartilage–fibrocartilage interface (Fig. 14.7(b)). However, in control repairs, the  
transition is from bone directly into scar tissue after 16 weeks postsurgically (Fig. 14.7(c)).  
In contrast, the scaffold-treated supraspinatus tendon showed regeneration of the 
bone-calcified fibrocartilage–fibrocartilage interface and a regrowth of tendon 
midsubstance (Fig. 14.7(d)). The calcified fibrocartilage and fibrocartilage layers were 
thicker in the repair than in the normal animals (Fig. 14.7(b) and (d)). Such cancellous 
bone-derived scaffolds had a number of advantages: biochemical and biomechanical 
properties of the mineralized end resembled those of native bone, natural materials, 
and intrinsic interface. Some limitations were associated with this study such as lack of 
mineral gradation in the graft, lack of mimicry of fiber organization at the tendon site, 
low number of animals used, no quantitative data on the biochemical and biomechanical 
properties at the interface, and the use of only an acute-injury model.

14.4.3   Synthetic hydroxyapatite nanocomposites

Insufficient bone anchoring is a major limitation of synthetic grafts for orthopedic 
interface tissue repair. Incorporation of hydroxyapatite is one strategy to improve the 
integration between the bone and grafts. It has been shown that nanocomposites con-
taining osteoconductive components such as hydroxyapatite are critical in promoting 
tendon healing in a bone tunnel due to enriched bone ingrowth. Synthetic hydroxyap-
atite nanocomposites can be prepared in different forms such as hydrogels, cements, 
solid fibrous materials, and screws.

14.4.3.1   Hydroxyapatite–hydrogel composites

Ishikawa et al. (2001) evaluated the effect of injection of collagen gel mixed with 
hydroxyapatite powder to the interface between the Achilles tendon graft and the bone  
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tunnel in the femoral condyle of rabbits. The grafted tendon with injection of 
collagen–hydroxyapatite composites was in direct contact with regenerated new bone 
and Sharpey-like collagen fibers arising from the grafted tendon penetrated new 
bone at week 4 after surgery. In contrast, in the control group (injection of saline), 
fibrous tissue appeared between new bone and the grafted tendon. Not until week 
16 after surgery did they observe penetrating fibers from the grafted tendon into the 
new bone. This study highlighted the histological observations at the interface. The 
mechanical function of tendon-to-bone insertion after repair was not examined. In a 
separate study, Paxton et al. (2009) incorporated hydroxyapatite into a poly(ethylene 
glycol) diacrylate (PEGDA) hydrogel for making a tissue interface to engineer intact 

Flexible
demineralized
region

(a) (b)

(c) (d)

Mineralized
region

Figure 14.7 Hydroxyapatite nanocomposites for tendon-to-bone insertion repair.  
(a) partially demineralized cancellous bone scaffold. (b–d) MacNeal’s tetrachrome staining 
of histological sections of the supraspinatus tendons in sheep. (b) Normal tendon. (c) Control 
(Standard repair: the remaining tendon portions were reconnected by suturing with  
a #2 Tevdek locking-loop pattern and attached to the enthesis using a bone tunnel).  
(d) Scaffold. S in (c): scar tissue. FC, fibrocartilage; CFC, calcified fibrocartilage; M,  
a regrowth of tendon midsubstance; B, Bone.
Adapted from Dickerson, D.A., Misk, T.N., Sickle, D.C.V., Breur, G.J., Nauma, E.A., 2013. 
In vitro and in vivo evaluation of orthopedic interface repair using a tissue scaffold with a 
continuous hard tissue-soft tissue transition. Journal of Orthopaedic Surgery and Research 8, 
18. http://dx.doi.org/10.1186/1749-799X-8-18.

http://dx.doi.org/10.1186/1749-799X-8-18
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ligaments. However, this work only showed in vitro cell attachment and characteriza-
tion of mechanical properties.

14.4.3.2   Hydroxyapatite cement

Calcium phosphate cement has also been applied to enhance bone–tendon integra-
tion in the reconstruction of ACL. Tien et al. (2004) investigated the augmentation 
of healing at the tendon–bone interface using calcium phosphate cement (mixing 
equimolar Ca4(PO4)2O and CaHPO4 in a 1 M phosphate-containing solution) as filler 
between the graft and bone during ACL reconstruction in a rabbit model. Early, dif-
fuse and massive bone ingrowth was seen for calcium phosphate cement group. The 
control group (without using calcium phosphate cement) only showed a thin layer of 
new bone. The mean maximal tensile strength for calcium phosphate cement group 
(6.505 ± 1.333 N and 11.491 ± 2.865 N) was much higher than that of the control group 
(2.048 ± 0.950 N and 5.452 ± 3.955 N) at weeks 1 and 2 after surgery. These results 
demonstrated that calcium phosphate cement was capable of reinforcing the integra-
tion of the tendon graft to bone and enhancing the healing of tendon–bone interface. In 
another study, Huangfu and Zhao (2007) examined the effect of injectable tricalcium 
phosphate on tendon–bone healing in ACL reconstruction in a dog model. Tricalcium 
phosphate was used to fill those tunnel parts not filled by the graft. Filling with trical-
cium phosphate resulted in earlier presence of Sharpey fibers, fibrocartilage and cal-
cified cartilage at the tendon–bone interface and faster tendon–bone healing relative  
to the control (without filling of tricalcium phosphate). For the similar reason,  
Wen et al. (2009) investigated the osteoconductivity and bioresorption of brushite calcium 
phosphate cement in bone–tendon interface healing after ACL reconstruction in a rabbit 
model. Brushite calcium phosphate cement implanted between grafted tendon and 
bone tunnel resulted in the increase of the peritendon bone volume and promoted bone 
growth into the healing interface. The ultimate strength and stiffness of the graft–tunnel 
complexes was higher than that of the control at week 6 after surgery.

To further promote new bone formation at the tendon–bone interface, Ma et al. 
(2007) examined the synthetic calcium phosphate matrix (CPM, Etex Corp, Cam-
bridge, Massachusetts) as a carrier for delivery of rhBMP-2 to the periphery of each 
tunnel surrounding the tendon graft during ACL reconstruction. It was found that 
rhBMP-2 showed a strong, positive dose-dependent effect on osteointegration at the 
tendon–bone interface. There was no bone resorption after bone formation in the ten-
don–bone interface using the calcium phosphate matrix as a carrier, which contrasts 
the use of a collagen sponge for delivering BMP-2 to the bone tunnel (Rodeo et al., 
1999). Pan et al. (2011) compared the effect of injectable calcium phosphate cement 
and fibrin sealant combined with BMP on osteointegration between the tendon graft 
and bone after ACL reconstruction. Calcium phosphate cement composites showed a 
more prolonged osteogenic effect than that of the fibrin sealant composite. However, 
the slow degradation of calcium phosphate cement may inhibit new bone formation 
at the tendon–bone interface. To eliminate this problem, they developed synthetic cal-
cium phosphate cement combined with recombined bone xenograft granules in their 
subsequent work (Pan et al., 2013). Compared with injectable calcium phosphate 
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cement alone, injectable calcium phosphate cement combined with recombined bone 
xenograft containing 3 mg BMPs significantly enhanced tendon-to-bone healing. This 
synthetic composite resulted in a much higher maximum load to failure than injectable 
calcium phosphate cement alone at week 24 after surgery.

Alternatively, strontium was incorporated to the calcium phosphate cement to fur-
ther enhance new bone formation at the tendon–bone interface. Kuang et al. (2013) 
investigated the effect of strontium-enriched calcium phosphate cement (Sr-CPC; 
mixture of tetracalcium phosphate, dicalcium phosphate anhydrous, strontium hydro-
gen phosphate, citric acid, and polyvinylpyrrolidone K-30) on acceleration of tendon 
healing in the bone tunnel in a rabbit model of ACL reconstruction. The graft–bone 
interface was completely filled with new bone in the Sr-CPC treatment group at week 
6 after surgery, whereas fibrovascular tissue was seen in the control group (without 
Sr-CPC treatment). The interface was remodeled into a normal ACL-bone-like insertion 
at week 24 in the Sr-CPC treatment group, indicating coating of Sr-CPC on tendon 
allograft was attributed to faster tendon healing in the tunnel. However, their study did  
not answer the question: was the accelerated healing solely due to the effect of strontium  
within the tested material? To answer this question, they further compared the effect 
of Sr-CPC and CPC treatment on tendon–bone interface healing (Kuang et al., 2014). 
Sharpey fibers appeared at week 6 and a graft–fibrocartilage–bone junction was 
noticed at week 12 after surgery in Sr-CPC treatment group. The Sharpey fibers were 
not formed until weeks 9–12 after surgery in the CPC-treatment group. Interestingly, 
a direct enthesis was noted in both treatment groups. The tendon graft healing in the 
Sr-CPC group occurred 3 weeks faster than in the CPC group. No significant difference 
was observed between these two groups at week 24 after surgery. These results 
suggested that the use of strontium in a CPC system indeed accelerated the healing 
rate of tendon–bone interface at the early stage.

14.4.3.3   Hydroxyapatite–fiber composites

To mimic the composition in the different regions at the orthopedic interface, Spalazzi 
et al. (2006b) first designed a multiphasic nanofiber scaffold inspired from native  
tendon-to-bone interface with distinct yet continuous noncalcified and calcified matrix 
regions. Based on a similar idea, their subsequent studies reported the production of 
biphasic nanofiber scaffolds and their performance on tendon-to-bone repair in both 
rodent and ovine rotator-cuff injury models (Qu et al., 2014). The histology results 
indicated the formation of a fibrocartilage-like matrix in both phases, and calcified 
fibrocartilage formed merely on the hydroxyapatite-containing phase (Fig. 14.9). 
Biphasic scaffold treatment resulted in the regeneration of an organized interface; 
however, tendon treated by PLGA nanofiber scaffolds or hydroxyapatite-incorpo-
rated PLGA nanofiber scaffolds only did not (Fig. 14.8). The mechanical functions of 
repaired rotator cuff were unknown for different treatment groups. It is worth mention-
ing that the scaffold was placed between the tendon and bone to form a “sandwich” 
in the animal model used in these studies instead of inserting it into a bone tunnel 
(Spalazzi et al., 2006a, 2008; Moffat et al., 2009; Zhang et al., 2012). Based on a  
similar principle, biphasic scaffolds were also used for the regeneration of alveolar 



320 Nanocomposites for Musculoskeletal Tissue Regeneration

bone/periodontal ligament complex (Vaquette et al., 2012; Dan et al., 2014; Costa 
et al., 2014).

Synthetic approaches have also been attempted to develop hydroxyapatite nano-
composites for recapitulating the unique composition of natural connection between 
tendon and bone in hopes of tricking the body to regenerate the tendon-to-bone 
interface. In a collaborative study, Xia group and Thomopoulos group developed an 
approach to fabricate nanofiber scaffolds with gradations in mineral content that are 
soft and pliable (tendon-like) at one end but denser and stiff (bone-like) at the other 
end (Li et al., 2009). The scaffold was generated by dripping 10 times as concentrated 
as simulated body fluid into a glass vial in which a nanofiber membrane was placed 
at a tilted angle. The obtained scaffolds with graded mineral content can mimic the 
composition at the tendon-to-bone insertion site, resulting in improved mechanical 
properties (eg, stiffness and strain) and preosteoblast attachment (Lipner et al., 2014). 
Their subsequent studies aimed to improve the mechanical properties of nanofibers by 
decreasing the grain size and increasing the thickness of mineral coatings (Liu et al., 
2011; Kolluru et al., 2013; Lipner et al., 2014). Their most recent work demonstrated 
that nanofiber scaffolds with mineral gradients can control the osteogenic differen-
tiation of adipose-derived stem cells spatially. Cells with positive proliferating cell 
nuclear antigen showed a negative correlation with the mineral content; cells with 

(a) (b) (c)

(d) (e) (f)

Figure 14.8 Tendon-to-bone insertion treated with (a, d) PLGA nanofiber scaffolds, (b, e) 
hydroxyapatite-incorporated PLGA nanofiber scaffolds, and (c, f) biphasic nanofiber scaffolds. 
(a–c): Picro-sirius red staining. (d–f): Alcian blue staining. Disorganized scar tissue was seen 
after treatment with PLGA nanofiber scaffolds or hydroxyapatite-incorporated PLGA nanofiber 
scaffolds. The treatment with biphasic nanofiber scaffolds resulted in the tendon–bone integration 
via an organized bilayer fibrocartilage zone.
Adapted from Qu, D., Mosher, C.Z., Boushell, M.K., Lu, H.H., 2014. Engineering complex 
orthopaedic tissues via strategic biomimicry. Annals of Biomedical Engineering 43 (3), 
697–717. http://dx.doi.org/10.1007/s10439-014-1190-6, with permission from Springer.

http://dx.doi.org/10.1007/s10439-014-1190-6
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positive osteogenetic markers (eg, alkaline phosphatase [ALP], runt-related transcrip-
tion factor 2 [RUNX2], and osteocalcin) showed a positive correlation with the min-
eral content (Liu et al., 2014).

The mineral coatings in the aforementioned studies could potentially enhance 
mechanical properties. The mineral coating and polymeric nanofibers represented two 
different phases: inorganic and organic. Xie et al. (2013b) developed a novel approach 
to bridge these two different phases by forming a polydopamine layer (an adhesive 
material) between these two phases before and/or during the mineralization of elec-
trospun fibers. They demonstrated control of morphology, grain size and thickness 
of minerals deposited on the surface of electrospun nanofibers. The mineral-coated 
electrospun fibers showed much higher stiffness, ultimate tensile strength and tough-
ness compared to the unmodified fibers. This mineralization method can be readily 
extended to fabricate nanofiber scaffolds with graded mineral concentrations for use in 
orthopedic interface repair. In their recent studies, they also demonstrated the genera-
tion of nanofiber scaffolds with dual gradations in both mineral content and nanofiber 
organization (Xie et al., 2013a, 2014). Their preliminary in vivo study demonstrated 
the feasibility of implantation of such scaffolds at the tendon-to-bone insertion site 
in a rat rotator-cuff acute-injury model by inserting the mineralized end into a bone 
tunnel and suturing the unmineralized end to the tendon similar to the implantation 
of mineralized-tendon autografts in ACL reconstruction (Xie et al., 2014; Ma et al., 
2013).

For the purpose of orthopedic applications in tendon repair, nanofiber scaffolds 
with mineral gradients were also developed in different approaches. Samavedi et al. 
(2011) fabricated graded fiber meshes by co-electrospinning nanohydroxyapatite–
polycaprolactone and poly(ester urethane) elastomer solutions from offset spinnerets 
along the length of a rotating mandrel. Further treatment with five times as concentrated 
as simulated body fluid resulted in mineral decorated nanofiber meshes with mineral 
gradient. They also examined the response of bone marrow mesenchymal stem cells 
to both types of scaffolds (Samavedi et al., 2012). The presence of minerals in both 
types of scaffolds enhanced the expression of BMP-2 and osteopontin messenger 
RNA (mRNA) but inhibited the expression of ALP mRNA. This study also confirmed 
that nanofiber scaffolds with mineral gradient can spatially control the osteogenic 
differentiation of bone marrow mesenchymal stem cells.

However, ideal artificial grafts for tendon repair should not only enhance the inte-
gration between graft and bone but also mimic mechanical functions of the tendon–
bone interface. In a recent study, to replace bone–patellar tendon–bone autografts, 
Chung et al. (2014) developed a biodegradable tricomponent graft consisting of porous 
poly(1,8-octanediol-co-citric acid)–hydroxyapatite nanocomposites (POC-HA) and 
poly(l-lactide) (PLLA) braids (Fig. 14.9), which was capable of not only enhancing 
osteointegration but also exhibiting similar mechanical properties of native tendon.

14.4.4   Hydroxyapatite–screw composites

Other than generating artificial grafts for orthopedic interface repair, hydroxyapatite 
has been incorporated to the screws as an osteoconductive component used for fixation 
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of soft to hard tissue. Johnston et al. (2011) evaluated the resorption and remodeling 
of hydroxyapatite–poly-l-lactic acid composite screws (a commercial product from 
Stryker, Mahwah, New Jersey) that were used to fix tendon grafts at the femur and tibia 
during ACL reconstruction in patients. The hydroxyapatite–poly-l-lactic acid compos-
ite screws were slowly resorbed over time and the majority was completely resorbed 
between 3 and 4 years after surgery. Computed tomography (CT) scans confirmed osteo-
conductivity and remodeling. There were no tunnel widening, sclerosis, cysts, or inflam-
matory changes observed. The functional recovery from repaired orthopedic interface 
was not fully characterized. In a different study, Lu et al. (2009) examined the effect of 
BIORCI screws (Smith & Nephew) composed of poly-l-lactide coated with a hydroxy-
apatite mineral layer that was designed to release an engineered peptide (linkBMP-2) on 
the tendon–bone healing in an ovine model. They found that linkBMP-2 can be bound 
to the surface of a hydroxyapatite-coated PLLA screw and released from the screw in a 
sustained way. In addition, the linkBMP-2-bound screws showed great improvement of 
the histological scores at early stage of tendon–bone healing. However, no significant 
differences were observed with regard to the failure pattern and mechanical properties 
between the linkBMP-2-coated and uncoated groups.

(a) (b) (c)

(d) (e)

Figure 14.9 Tricomponent graft for tendon repair. (a) Schematic illustrating the graft 
with POC-HA bone-like part and the intraarticular PLLA braided part. (b) SEM images 
of porous POC-HA bone like part; (c) PLLA braid; (d) cross-section of PLLA braids 
embedded in the POC-HA; and (e) high magnification of bone-like ends (integration at 
the interface indicated by white arrow). Scar bars = 300 μm in (b, c, e) and 1 mm (d).
Adapted from Chung, E.J., Sugimoto, M.J., Koh, J.L., Ameer, G.A., 2014. A biodegradable 
tri-component graft for anterior cruciate ligament reconstruction. Journal of Tissue Engineer-
ing and Regenerative Medicine. http://dx.doi.org/10.1002/term.1966, with permission from 
John Wiley & Sons, Inc.

http://dx.doi.org/10.1002/term.1966
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14.5   Conclusions and perspectives

Although hydroxyapatite nanocomposites have demonstrated potential in improve-
ment in osteointegration and strengthening of the graft–bone interface, the use of 
hydroxyapatite nanocomposites for tendon repair is in its infancy. Some studies have 
examined the efficacy of hydroxyapatite nanocomposites in tendon/ligament repair in 
both small and large animal models. However, most of the studies are still in the proof-
of-concept stage. Very few studies have investigated the performance of hydroxyapa-
tite nanocomposites in orthopedic interface repair in humans.

In this chapter we highlight typical examples of hydroxyapatite nanocomposites 
without considering other factors for tendon repair. Continued efforts need to be 
devoted to the development of hydroxyapatite nanocomposite grafts with multiple 
gradients that can mimic the composition, fiber organization and mechanical func-
tions of native tendon-to-bone insertion. To fully regenerate orthopedic-interface tis-
sue and restore function, other approaches should be investigated with hydroxyapatite 
nanocomposites including incorporation of drugs (eg, alendronate), and signaling 
molecules (BMP-2, BMP-12, TGF-β and Sr2+), gene therapy (eg, PDGF, EGF, IGF, 
and BMP-2 genes), cell therapy (eg, bone marrow stem cells, adipose-derived stem 
cells and muscle-derived stem cells) and physical stimulations (eg, mechanical load, 
ultrasound, and electrical stimulation) (Thomopoulos et al., 2007; Chamberlain et al., 
2014; Kuang et al., 2013, 2014; Huard et al., 2003; Hettrich et al., 2014; Hu et al., 
2014). Current synthetic tendon grafts are limited to two-dimensional patches; future 
directions should be also devoted to the development of three-dimensional (3D) scaf-
folds for tendon repair as tendon thickness varies and may be up to 8 mm thick.  
Fig. 14.10 shows a perspective on 3D tissue constructs composed of multiple  
gradations and seeded stem cells for tendon-to-bone insertion repair. In addition, few 
synthetic grafts can match the mechanical properties of native tendon-to-bone insertion 
(eg, tendon, a soft tissue with a Young’s modulus of 200 MPa, and bone, a hard tissue  
with a Young’s modulus of 20 GPa). Future efforts should be made to develop 
hydroxyapatite nanocomposites that can resemble the mechanical function of the natural  
tendon–bone interface.

Further detailed information regarding the use of hydroxyapatite nanocomposites  
for orthopedic-interface tissue regeneration can be traced from the following 
research groups: Thomopoulos group at Washington University in St. Louis, Xia 
group at Georgia Institute of Technology, Lu group at Colombia University, and 
Sakane group at University of Tsukuba. These groups have demonstrated the potential 
of hydroxyapatite nanocomposites for tendon-to-bone insertion repair. It is worth 
mentioning that the Sakane group has started random trials for testing the calcium  
phosphate-hybridized tendon graft on ACL reconstruction in patients and demonstrated 
the promising results. Also, the Lu group has used biphasic nanofiber scaffolds to 
repair the infraspinatus tendon to bone using the double-row suture bridge technique 
in a large animal model (sheep), demonstrating the clinical translation potential of 
biphasic scaffolds for integrative rotator-cuff repair (Zhang et al., 2014). In addition, 
there are already commercially available products of hydroxyapatite composites—
PLLA–hydroxyapatite composite screws (BIOSURE) produced by Smith & Nephew 
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(Memphis, Tennessee) to promote bone–tendon–bone graft fixation. Available from: 
http://www.smith-nephew.com/professional/products/sports-medicine1/knee-repair/
biosure-ha-interference-screw/(accessed 30.12.14.).
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15.1   Introduction

This chapter reviews biomedical grade ceramic–polymer nanocomposites, focus-
sing on their impact and recent trends in the field of bone grafting and bone-tissue 
regeneration.

Although autogenous and allogeneic bone grafts have been used for a long time 
in bone therapies, there is still a donor shortage and infection risk. As an alterna-
tive, synthetic inert biomaterials have been developed and clinically used as bone 
grafts, but most of them differ substantially from natural bone either compositionally 
or structurally. Therefore, they have a limited survivability, approximately 15 years, 
depending upon clinical uses. Bioactive materials are most promising, as they better 
mimic the natural bone-tissue biological behaviour. However, they have mechanical 
limitations, which limit their use in load-bearing applications. Musculoskeletal tissue 
reconstruction is the ultimate objective in orthopaedic surgery, which can be achieved 
by developing new tissue-engineering scaffolds, characterized by a superior ability 
to adapt in the biological environment and that would encourage local and systemic 
biological functions.

The design of an ideal bone graft that emulates bone’s own structure and behaviour 
is still challenging. Owing to the composition and structural similarity to natural bone, 
most of the current investigations focus on nanocomposites, and particularly on the 
hydroxyapatite–collagen system.

This chapter first briefly reviews the characteristics of living bone (composition, 
architecture, mechanical and biological properties), as given in Section 15.2. These 
qualitative and quantitative parameters provide, in fact, adequate insights of supe-
rior biomimetic scaffolds, designed not only for replacing diseased or damaged bone 
tissue, but also for regenerating it (Section 15.3). After a short review on ceramics 
and biodegradable polymers (Section 15.4), the rational and strategy for developing 
tissue-engineering nanocomposites-based scaffolds are discussed in Section 15.5. 
Finally, this chapter addresses the state of the art of the most-investigated ceramic–
polymer nanocomposites (Section 15.6) highlighting their advances in the bone-tissue 
regeneration field and providing suggestions for future research and development.
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15.2   Bone as a natural ceramic–polymer nanocomposite

Bone tissue is an amazing and true biological nanocomposite. In fact, the most char-
acteristic component of bone tissue is the mineralized extracellular matrix (ECM), 
containing both organic and inorganic phases: type I collagen and a specific type of 
calcium phosphate mineral called hydroxyapatite, Ca10(PO4)6(OH)2, hereafter referred 
to as HA. As later detailed, the bone architecture is organized in a complex hierarchi-
cal structure, ranging from the macro- to the nanoscale.

ECM provides mechanical support and serves as reservoir of minerals, particularly 
calcium and phosphate. Bone is a key example of a dynamic tissue, because it has a 
unique capability of self-regenerating and self-remodelling to certain extents.

The overall composition of bone is given in Table 15.1 [1–3], although we should 
keep in mind that the composition can vary slightly from species to species and from 
bone to bone [1].

All bones consist of a basic dual structure: an external layer, named cortical 
bone, which covers the bone: it is smooth, continuous and dense (approximately 
1.85 g/cm3). In the interior, cancellous bone is porous (with an open, honeycomb 
structure) with an average porosity of 75% to 95% and an average density of 0.3 g/
cm3 [4]. The main physical and mechanical properties of cortical and cancellous 
bone are summarized in Table 15.2 [1–6]. As described below, the cortical bone 
has an anisotropic structure [7] and hence anisotropic mechanical properties: for 
this reason, Table 15.2 collects values determined under both longitudinal and 
transverse directions of the applied load.

As shown in the scheme of Fig. 15.1, cortical bone, comprising 80% of the bone 
mass, consists of closely packed osteons, which consist on a central canal (named 
osteonic or Haversian canal), surrounded by concentric rings (lamellae) of matrix 
[6,7]. Between the rings of the matrix, the bone cells (osteocytes, see Table 15.3) 
are located in spaces called lacunae. The long axes of the osteons are roughly 
parallel to the long axis of the bone. The lamellae consist of parallel collagen 

Table 15.1 Bone composition [1–3]

Component wt%

Hydroxyapatite 60–70
Collagen 10–20
Water 9–20
Non-collagenous proteins (osteocalcin, osteonectin, osteopontin, thrombospondin, 

morphogenetic proteins, sialoprotein, serum proteins)
3–5

Carbonate ∼4
Sodium ∼0.7
Magnesium ∼0.5
Other inorganic ions (Cl−, F−, K+ Sr2+, Pb2+, Zn2+, Cu2+, Fe2+) Traces
Other organic material (polysaccharides, lipids, cytokines) Traces
Primary bone cells: osteoblasts, osteocytes, osteoclasts /
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Table 15.2 Physical and mechanical properties of bone [1–6]

Properties

Cortical bone 
longitudinal 
direction

Cortical bone 
transversal 
direction

Cancellous 
bone

Compressive Young’s modulus (GPa) 17–20 6–13 0.1–5
Tensile strength (MPa) 79–151 51–56 10–20
Compressive strength (MPa) 170–193 133 7–10
Yield strength in compression (MPa) 131–224 106–131 21.3
Fracture toughness (MPa√m) 2–12 2–12 0.1

Cancellous
bone

Cortical
bone

Concentric
lamella

Collagen
fiber

Collagen
fibril

Collagen
moleculs

HA
nanocrystals

nanoscaleMicro and sub-microscaleMacroscale

Osteons

m 10–1 10–4 10–7 10–9

10–500 µm
0.5 µm

0.5 µm

Figure 15.1 Scheme of the hierarchical structure of the bone, from macro- to nano-assembly [7].

fibrils, in which the fibril direction alternates in the successive, concentric layer. 
The collagen fibrils are themselves bundles of type I collagen and small amounts 
of type V collagen molecules. The specific binding points of the molecules in the 
fibrils act as nucleation sites for the bone mineral crystals. The HA crystals, which 
appear in the form of plates or needles, are about 40–60 nm long, 20 nm wide, and 
1.5–5 nm thick [2,3,5].

Table 15.3 Bone cell types and respective functions [1,6,8]

Cell type Origin Function

Osteoblasts MSCs Production and secretion of organic and inorganic 
bone ECM, known as the osteoid

Osteocytes Osteoblasts Calcification of the osteoid matrix
Maintenance of bone
Mechanosensor cells of the bone

Osteoclasts Haematopoietic Bone resorption
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Cancellous bone accounts for roughly 20% of the total mass of the skeleton.  
It exhibits a quite isotropic cellular structure, made by interconnected network of 
plates (trabeculae). Such network provides a low-density, open-cell structure, whereas 
a single trabecula gives high-density, virtually closed cells [2].

Fig. 15.1 clearly shows the hierarchical structure of the bone, from macro- to nano-
level. At the macro-level, the different structure between compact and cancellous bone 
is well evident. Osteons and trabeculae compose the bone at the microstructural level, 
whereas the mineralized collagen fibrils constitute the nanostructured-bone building 
blocks [1,3].

The biomechanical properties of bone critically depend on this hierarchical struc-
ture. The macro-scale organization of osteons and Haversian canals provides long 
bones with their characteristic mechanical anisotropy. The microscale porosity in bone 
is ideal for cell migration and vascularization, whereas the nano-scale features act as 
a cell and mineral binding architecture [5].

Beside inorganic and organic components, the bone tissue is also associated with 
different kinds of cells. The cellular components are the essential factors for activation 
and control of bone metabolism. There are three types of bone cells, the function of 
which is summarized in Table 15.3 [1,6,8]: osteoblasts, osteocytes and osteoclasts. 
All of them have defined tasks and are essential for maintenance of a healthy bone 
tissue. Osteoblasts are responsible for the formation of new bone. They synthesize 
and secrete collagen type I, glycoproteins, cytokines and growth factors into a region 
of unmineralized matrix (osteoid) between the cell body and the mineralized matrix 
[5]. This substrate is essential for later mineralization of HA and other crystals. In fact, 
osteoblasts induce the precipitation of calcium salts and phosphorus from the blood: 
these minerals bond with the newly formed osteoid and mineralize the bone tissue 
[1]. Osteocytes are matured cells derived from osteoblasts that are responsible for the 
maintenance of bone [1]. They are transporting agents of minerals between bone and 
blood. Osteoclasts primary function is to secrete acids and proteolytic enzymes, which 
erode bone ECM under the influence of chemical cues [9,10].

The process of production and resorption of ECM by osteoblasts and osteoclasts 
plays an important role in bone remodelling, in which old bone is continuously replaced 
by new tissue. Bone remodelling is driven and regulated by hormones (ie, parathyroid 
hormone, calcitrol, glucocorticoids, sex hormones, etc.) and growth factors (ie, IGF, 
prostaglandins, TGF-βs, BMPs, etc.) in complicated biochemical cascades [6].

15.3   Requirements for scaffolds in bone-tissue 
engineering

The evolution of bone graft biomaterials can be categorized into four different gener-
ations (Fig. 15.2) [1,11].

The first-generation bone grafts are metals and alloys (stainless steel, titanium alloys, 
etc. [1]) which have excellent mechanical properties but are neither bioresorbable  
nor bioactive. Their lifetime is limited and hence need to be removed and replaced  
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surgically. The second-generation bone grafts include bioactive ceramics and biore-
sorbable polymers [1] (HA, bioactive glass (BG), tricalcium phosphate (TCP), collagen, 
poly(lactic acid-co-glycolic acid) (PLGA)). Polymeric scaffolds lack bioactivity and 
sufficient mechanical properties, whereas ceramic scaffolds are too brittle to be used for 
load-bearing applications. The third-generation bone grafts are made up of composite 
materials which combine the strength, stiffness and osteoconductivity of ceramics with 
the flexibility, toughness and resorbability of polymers. Examples are HA–PE, HA– 
collagen, HA–PLLA [1]. The fourth-generation bone grafts are polymer–ceramic 
composite and nanocomposites, often incorporating osteogenic cells, growth factors 
or bone morphogenetic proteins (BMPs), used alone or in combination [12], thus to 
serve for effective tissue regeneration.

Scaffolds for bone-tissue engineering must fulfil some primary functions:

 1.  Biocompatibility: scaffolds should be well integrated in the host’s tissue without any 
immune response or toxic effects;

 2.  Load-bearing properties: the mechanical properties of an ideal bone scaffold should match 
host bone properties (Table 15.2) and guarantee proper load transfer. In addition, the scaffold 
must provide sufficient initial mechanical support to substitute for the mechanical function 
until the tissue-engineered transplant is fully remodelled by the host tissue [13,14];

 3.  Suitable architecture for vascularization and bone ingrowth: the scaffold microstructure 
must ensure cell migration as well as attachment and differentiation at the pore surfaces. 
Moreover, for easy migration of cells within the scaffolds, the pores must be large enough. 
Porosities higher than 80% with pore sizes in the range 100–500 μm are suitable for bone- 
tissue regeneration [15,16]. Small pores (in the range 2–5 μm) are important too: when 
located at the walls of the scaffold, they are helpful for fibrovascular colonization and nutrient 
transportation. Thus, they improve the biological performance of the porous scaffold and 
promote the favourable bioresorption of the material [17];

 4.  Osteoconductive and osteoinductive properties: an ideal bone scaffold should allow the bone 
cells to adhere, proliferate and form ECM on its surface and pores (osteoconductive). The 
scaffold should also be able to induce new bone formation through biomolecular signalling 
and recruiting progenitor cells, a property known as osteoinduction [14];

 5.  Bioresorbability: the scaffold should be able to degradate with time in vivo, preferably at a 
controlled resorption rate and eventually creating space for the new bone tissue to grow [14];

 6.  Drug delivery: the scaffold should be able to deliver bioactive molecules or drugs in a con-
trolled manner, thus to accelerate healing and prevent pathology.

Figure 15.2 Evolution of biomaterials in bone grafting [1,11].
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According to such requirements, the fabrication of an ideal scaffold for bone-tissue 
regeneration requires three major factors: cells, signals and proper biomaterials.

Cells have been used in bone-tissue engineering for seeding in bone scaffolds 
before implantation. Numerous cell sources have been investigated, such as embry-
onic stem cells, bone marrow stromal cells and muscle-derived stem cells [18]. Bone 
marrow stromal cells are frequently used; they consist of haematopoietic stem cells 
and mesenchymal stem cells, which can differentiate into various types of cells includ-
ing osteoblasts. It was demonstrated that culture-expanded bone marrow cells can heal 
a segmental bone defect after re-implantation [19,20] and can give rise to osteogenic 
tissue in a variety of animal species [21–23]. Clinical studies by Connolly [24] and 
recently by Quarto et al. [25] illustrate the potential for autologous bone marrow stro-
mal cells (with a porous bioceramic scaffold) in the treatment of large bone defects, 
by exploiting injectable bone-marrow preparations.

Signals, such as media additives and chemical cues, are used to guide bone cells 
differentiation and proliferation. Chemical additives, such as dexamethasone (DEX) 
and β-glycerophosphate, are often added to the cell cultures to promote differentia-
tion of bone marrow stem cells into osteoblasts [18]. Chemical cues, such as growth 
factors, are also used to enhance bone growth within the scaffold. They promote 
and/or prevent cell adhesion, proliferation, migration and differentiation by up-reg-
ulating or down-regulating the synthesis of proteins, growth factors and receptors. 
These molecules are essential for tissue formation. In concert with osteoprogenitor 
and osteoblast populations, growth factors are strongly implicated in osteogenesis. 
Major players in the skeletal tissue engineering are members of the TGF-β super-
family, notably the BMPs [19]. Despite clear evidence for a role of BMPs in bone 
development, the identification of the optimal mix of BMPs, dosage, release dynam-
ics and suitable carrier is still a challenging open point [19]. In general, a deeper 
understanding of how the growth factors interact with each other and with the cells, 
what is their effect, which intracellular pathways are triggered by them and how 
they can be activated or inactivated is necessary for further developing a tissue-en-
gineered bone.

Biomaterials must be properly selected because their physical, mechanical and bio-
logical properties will determine, to a great extent, the properties of the tissue-engi-
neering scaffold. In Section 15.4, the main characteristics of monolithic biomaterials, 
precisely ceramics and polymers, are depicted, whereas in Section 15.5 the potential 
of ceramic–polymer nanocomposites in bone-tissue regeneration is illustrated.

15.4   Materials for bone-tissue regeneration: ceramics 
and polymers

The selection of the most appropriate material to produce a scaffold is a very import-
ant step towards the construction of a tissue-engineered product. Most of the time, 
the material properties will determine the properties of the scaffold itself. Up to now, 
several materials such as metals, ceramics and polymers from both natural and syn-
thetic origins have been proposed. However, metals and most of the ceramics are not 
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biodegradable, which leaves the researcher’s choice reduced to a small number of 
ceramics and to biodegradable polymers, as illustrated in the following.

15.4.1   Ceramics

Ceramics have been widely used in biomedical engineering and bone substitution/
regeneration fields [26]. Upon implantation, certain ceramics, bioactive glasses (BGs) 
and glass ceramics undergo surface modification, with time-dependent modification 
kinetics. The surface forms a biologically active hydroxy carbonate apatite (HCA) 
layer, which is chemically and structurally equivalent to the mineral phase in bone and 
provides the necessary bonding interface with living tissue [27].

However, these materials have some major drawbacks. They are brittle and pres-
ent a low mechanical stability, which prevent their use in the regeneration of large 
bone defects [8]. Furthermore, due to in vivo osteoclastic activity, their degradation/
dissolution rates are difficult to predict. Too-fast degradation will compromise the 
mechanical stability of the scaffold, which is low by itself. At the same time, a quick 
degradation would dramatically increase the extracellular concentrations of Ca and P, 
leading to cellular death [28].

The characteristics of the main bioceramics for bone-tissue regeneration are syn-
thetically reported in the following. In Table 15.4, their main mechanical properties 
and major clinical uses are collected.

15.4.1.1   Calcium phosphates

The most common types of calcium phosphate (CP) materials investigated for synthetic 
bone scaffolds are: HA, Ca10(PO4)6(OH)2, α- or β-TCP, Ca3(PO4)2, biphasic calcium 
phosphates (BCP, consisting of HA–TCP mixtures) and multiphasic bioglasses.

Due to their close chemical and crystal resemblance to bone mineral, CPs have an 
excellent biocompatibility [27]. CPs possess osteoconductive properties, but they do 
not show osteoinductivity [1,5]. Many in vivo and in vitro studies demonstrated that 
CPs, regardless of the form (bulk, coating, powder, or porous) and phase (crystalline 
or amorphous), always support the cells attachment, proliferation, and differentiation 
[13]. In addition, it was found that silicon can play a role in bone mineralization and 
gene activation. In vitro studies have demonstrated that the incorporation of small 
amounts of silicon within the HA lattice significantly improves HA solubility and rate 
of bone apposition, as well as the proliferation of human osteoblasts [29,30]. In vivo 
studies have shown that bone ingrowth into Si-substituted HA granules was higher 
than in pure HA [31]. Therefore, the research is increasingly focussing on the substi-
tution of silicon for calcium in synthetic HA.

Mechanical properties of synthetic CPs (Table 15.4) are highly dependent on their 
crystallinity, grain size, porosity and composition. In general, the mechanical proper-
ties of synthetic CPs decrease with increasing amorphous phase, microporosity, and 
grain size. High crystallinity, low porosity, and small grain size result in higher stiff-
ness, compressive and tensile strength as well as higher fracture toughness [13].

Crystalline CPs have long degradation time in vivo, typically on the order of months 
or even years [13]. The degradation follows a dissolution–re-precipitation mechanism 
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Table 15.4 Mechanical properties and clinical applications of ceramics for bone-tissue regeneration

Ceramic

Compressive 
strength 
(MPa)

Bending 
strength 
(MPa)

Elastic 
modulus 
(GPa)

Fracture 
toughness 
(MPa √m) HV (GPa) Clinical application References

HA 400–900 115–200 114 0.7–1.2 5.9 Bone regeneration, 
non-loading sites, bone 
void filler (cements, 
granules, coatings)

[1,2,65–67]

45S5 BG ∼500 40–60 30–50 0.5–1.0 5.75 Middle ear device, tooth root 
replacement, periodontal 
treatment, maxilla-facial 
reconstruction, bone 
defect filler

[13,50,68]

A/W GC 1080 215 118 2.0 6.7 Vertebrae prosthesis, iliac 
crest prosthesis, bone 
defect filler

[50,52,55]

Dehydrated CS 20–30 4–6 / / / Bone filler and bone repair 
material; drug/growth 
factor delivery vehicle

[69]
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in contact with biological fluids [32]. Ionic transfer occurs from the solid phase to 
the aqueous liquid via surface hydration of calcium, inorganic phosphate species and 
possible impurities like carbonates, fluorides or chlorides present in the biomaterial 
[5]. Under physiological conditions, this dissolution process is highly dependent on 
the nature of the CP substrate and its thermodynamic stability. It is recognized that the 
dissolution rate decreases in the following order [33]:

 Amorphous HA > > α ‐ TCP > > β ‐ TCP > > crystalline HA  

The slowest degradation rate of crystalline HA, as compared to the other CPs, moti-
vated the development of BCPs (ie, HA–TCP mixtures) and bioglasses with tunable 
(to some degree) degradation rates [34].

Concerning the use of CP-based scaffolds in regenerative medicine, it was demon-
strated that cylindrical synthetic porous HA implants (pore sizes of 400 to 600 μm 
and 80% porosity) were able to heal femoral defects in rats [35]. Porous particles of 
HA (average pore size 150 μm, porosity 70%) and coral-derived HA blocks (average 
pore size 230 μm, porosity 66%) were used for the delivery of BMP-2 in a rat ectopic 
model, inducing direct osteogenesis [36]. BCP with 50% porosity and 100–150 μm 
pore sizes have been shown to heal femoral defects in dogs [37].

15.4.1.2   Bioactive glasses

Silica-based BGs are a group of surface-reactive glass–ceramic (GC) biomaterials, 
first prepared by Hench et al. in 1969 [38]. BGs possess excellent biocompatibility, the 
ability to bond with bone and other tissues and stimulatory effects on bone cell func-
tion [39–41] which explain their successful application as bone-substitute material for 
non-load-bearing applications in orthopaedic and dental surgery [41,42].

The bonding ability of BG is due to the chemical reactivity of the BG through inter-
facial and cell-mediated reactions in which silicon bonds are broken and a CP-rich 
layer is formed on the top of the glass, which crystallizes to HCA [13].

The basic constituents of most BGs are SiO2, Na2O, CaO, and P2O5. The classical 
45S5 BG composition, universally known as Bioglass®, contains 45% SiO2, 24.5% 
Na2O, 24.4% CaO and 6% P2O5, as weight percent [13]. Depending on the BG spe-
cific composition, the bioactivity, osteoconductivity and bioresorbability can be easily 
tuned [13]. Rapid bonding to bone occurs for silica level in the range 42–53%, whereas 
glasses with 54 to 60% of silica require 2–4 weeks for bonding. Finally, when glasses 
contain more than 60% of silica, there is no direct bonding between BG and bone [43]. 
Hench defined two classes of bioactive materials (A and B) on the ground of the rate 
of bone regeneration and repair. Class A materials are those that lead to both osteocon-
duction (the growth of bone along the bone–implant interface) and osteoproduction, as 
a result of the rapid reactions on the implant surface [44,45]. Class B materials, instead, 
allow osteoconduction, but no osteoproduction [46]. Thus, as the structure and chemis-
try of glasses can be controlled at a molecular level, it is possible to design glasses with 
biological properties specific for particular applications in bone-tissue engineering.

Bioglass® implants with pores ranging from 100 to 600 μm induced ectopic bone 
formation in dogs [47]. Silica–calcium phosphate scaffolds with different porosities 
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(51, 47 and 43% generated by decreasing the silica content) and a broad distribution of 
pore sizes (10–300 mm) helped to regenerate bone in femoral defects in rabbits [48].

The bioactivity of BGs is facilitated by their amorphous structure, because this 
property decreases with the increase in crystallinity [49]. On the other hand, the amor-
phous structure of BGs impairs the mechanical strength of the material and lowers its 
fracture toughness (Table 15.4), especially in a porous form, thus limiting their use in 
load-bearing applications.

15.4.1.3   Glass ceramics

To overcome the limitations of the BGs, GC materials have been developed. The process 
involves the heat treatment of a base glass to induce controlled crystallization and to 
convert it into a glass–crystal mixture. The heat treatment results in the nucleation and 
growth of various kinds of crystalline phases with fine sizes. The resultant GC can dis-
play superior properties as compared to the base glass and to the sintered ceramics. Some 
biomedical grade GCs have been commercialized under trade names, such as Dicor® 
(mica GC), Ceravital® (apatite–devitraite GC) and Bioverit® (mica–apatite GC) [50].

Amongst GCs, increasing interest focuses on those containing apatite 
[Ca10(PO4)6(O,F2)] and wollastonite [CaO·SiO2] as predominant crystalline phases in 
the MgO–CaO–SiO2 system. A particular GC system, referred to as apatite–wollastonite 
glass–ceramic (A/W GC), was discovered by Kokubo et al. in 1982 [51–53]. This material 
is very attractive owing to its biological ability to spontaneously bond to living bone (in 
a short period) and to keep high mechanical properties (such as toughness and strength) 
for a long period in a body environment [53]. The apatite phase is responsible for the 
spontaneous bonding to natural bone, whereas the wollastonite phase prevents straight 
propagation of cracks and induces a reinforcing effect [54,55]. For these exceptional 
properties, A/W GC is increasingly used in the replacement of natural bone [51,52].

15.4.1.4   Calcium sulphate

Calcium sulphate hemihydrate (CaSO4·0.5H2O), (CS), known as plaster of Paris, has 
been used for over a 100 years in a variety of pharmaceutical, dental, and orthopaedic 
applications.

CS is well-known bone filler, with proven biological advantages: biodegradabil-
ity, biocompatibility and osteoconductivity. CS pellets have been used as bone void 
fillers as early as 1892 [56]. In addition, it has been used as a binder for HA–ceramic 
particles in partially resorbable composite cements [57] and as a growth factor release 
agent [58,59]. When mixed with water, CS powder is converted into a calcium sul-
phate dihydrate (CaSO4·2H2O) paste, which is regarded as one of the most successful 
bone cements, due to its ability to undergo in situ setting after filling the defects, with-
out any inflammatory response [60,61].

CS is not simple space filler that allows bone to heal passively, but a soluble mate-
rial that has bioactive properties and stimulates bone formation. Recent studies evi-
denced, in fact, an increased angiogenesis in defects filled with CS, as compared with 
those filled with autograft [55,56,59].



341Ceramic–polymer nanocomposites

CS shows, however, some major drawbacks. The first concern is related to CS purity, 
as it can derive from many different natural sources. Impurities found in CS comprise a list 
of naturally occurring carbonates and silicates, besides other metal traces [55]. Biomedical 
grade materials must be assayed for these contaminants.

The second, most significant criticism of CS when used as a bone graft material is 
the high dissolution rate. CS degrades completely by 4 to 7 weeks, and its degradation 
is often much faster than the growth of the new bone [62,63]. CS pellets were seen to 
collapse within days after their implantation, failing to provide sufficient support for 
the newly forming bone. Several approaches have been used to reduce the degradation 
rate of CS. One approach involves the addition of HA particles to CS: the formation 
of a calcium phosphate surface layer was effective in delaying the degradation. Nev-
ertheless, although the degradation rate decreased, the compressive strength of the 
modified CS pellets decreased as well. A second approach involves the addition of 
small amounts of poly-l-lactic acid (PLLA) to CS. The granular composite showed 
a half-life of 68 days in simulated body fluid at 37°C, whereas neat CS granules had  
a half-life of only 9 days under the same conditions. Currently, a medical grade cal-
cium sulphate impregnated with tobramycin is commercially available (Osteoset; 
Wright Medical Technology, Arlington, Tennessee, USA) [64].

15.4.2   Polymers

Polymers are widely used for the fabrication of scaffolds in tissue-engineering appli-
cations. Many types of biodegradable polymeric materials have been already used in 
this field. They can be classified as follows [17]:

 •  natural-based polymers (ie, obtained from natural sources, either animal or vegetal), includ-
ing polysaccharides (examples: starch, alginate, chitin/chitosan, hyaluronic acid derivatives) 
or proteins (soy, collagen, fibrin gels, silk);

 •  synthetic polymers, such as poly(lactic acid) (PLA, PLLA, PDLLA), poly(glycolic acid) 
(PGA), poly(3-caprolactone) (PCL), poly(hydroxyl butyrate) (PHB).

Natural polymers offer numerous advantages for tissue-engineering scaffolds, 
owing to their biocompatibility, inherent biodegradability and potential bioactivity. 
Collagen porous matrices healed tibia defects in rats [70], whereas a benzyl ester 
derivative of hyaluronic acid (with 80% to 90% porosity and pores ranging from 100 
to 600 μm) was used for the delivery of BMP-2 in vitro and osteogenic differentiation 
of the murine pluripotent cell line C3H10T1/2 [71].

Generally, the biodegradation of natural polymers involves the cleavage of bonds 
through an enzymatic mechanism, leading to polymer erosion. For this reason, nat-
ural polymers are classified as enzymatically degradable materials, to distinguish 
them from hydrolytically degradable synthetic polymers, in which hydrolysis induces 
debonding [72].

Natural polymers have some major drawbacks: poor mechanical properties and 
high degradation rates. In addition, many of them have a limited availability, and hence 
a high cost [8,17]. For these reasons, natural polymers are often used in composites 
or submitted to chemical modification by cross-linking, to increase the mechanical 
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properties and reduce the degradation rate. However, these structural modifications 
may reduce the biocompatibility and even induce cytotoxic effects [73].

Synthetic polymers offer some advantages as compared to natural ones: the rela-
tively good mechanical strength and the possibility to modulate the degradation rate 
to a certain extent. In addition, the versatility of chemically synthesized polymers 
enables the fabrication of scaffolds with different features (forms, porosities and pore 
sizes, mechanical properties) to match tissue-specific applications. The major draw-
backs are the hydrophobic surfaces and lack of cell-recognition signals.

The resorption process of biopolymers is classified according to their erosion mecha-
nism [74]. Bulk erosion is induced by rapid diffusion of water into the polymer structure, 
leading to hydrolysis. The subsequent mass loss occurs throughout the bulk of the mate-
rial. In surface erosion, the mass loss occurs at the water–implant interface: the implant is 
thus resorbed from its outer surface towards the centre, while maintaining its bulk integrity.

In general, polymers of the poly(α-hydroxy acids) group undergo bulk degrada-
tion. The molecular weight of the polymer starts to decrease upon placement in an 
aqueous media. When molecular chains are reduced to a certain small size, they can 
freely diffuse out of the polymer matrix [75]. The mass loss is accompanied by the 
release of acidic by-products. In vivo, massive release of such acidic by-products 
results in inflammatory reactions, a serious clinical drawback well documented in lit-
erature [76–78]. Therefore, it is important that the scaffold–cell construct is constantly 
exposed to sufficient quantities of neutral culture media, especially during the period 
when the mass loss of the polymer matrix occurs [79].

To have tunable degradation properties, poly(ethylene glycol)-terephthalate–
co-poly(butylene terephthalate) (PEGT–PBT) polymer has recently been studied for 
bone and cartilage regeneration. These polyether-ester multiblock copolymers belong 
to a class of materials known as thermoplastic elastomers, which exhibit good phys-
ical properties (like elasticity, toughness and strength [5]), which are essential for 
reconstructing load-bearing tissues. By varying the molecular weight of the starting 
PEG segments and the weight ratio of PEGT and PBT blocks, it is possible to tailor 
their biodegradation rate [80]. Being polyether-esters, degradation occurs in aqueous 
media by hydrolysis and oxidation, the rate of which varies from very low (high PBT 
contents) to medium and high (larger contents of PEGT and longer PEG segments).

The physical and mechanical properties, as well as major clinical applications of 
natural and synthetic polymers, are collected in Table 15.5.

15.5   Nanocomposites for bone-tissue regeneration: 
properties and processing

15.5.1   Why composite-based scaffolds for bone-tissue 
regeneration?

There is an increasing interest towards the development of composite materials for 
tissue-engineering scaffolds. The physical and mechanical properties of the con-
stituent materials can be combined, thus to more closely match the mechanical and 
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Table 15.5 Physical–mechanical properties and major clinical applications of biodegradable polymers  
for bone-tissue engineering

Polymer Tensile modulus (GPa)
Degradation mechanism and time 
(months) Clinical application References

PLA 1.5–2.7 Hydrolytic/Bulk erosion 12–18 Orthopaedic surgery
Oral and maxillofacial surgery

[17,79,81]

PDLLA 1.9–2.4 Hydrolytic/Bulk erosion 12–16 Oral and maxillofacial surgery
Orthopaedic surgery

[2,79,81,82]

PLLA 1.2–3.0 Hydrolytic/Bulk erosion >24 Orthopaedic surgery,
Oral and maxillofacial surgery

[2,79–82]

PGA 5–7 Hydrolytic/Bulk erosion 3–4 Orthopaedic surgery [17,79,81]
PLGA 50/50 1.4–2.8 Hydrolytic/Bulk erosion 3–6 Suture periodontal surgery

Drug delivery
[17,79,81]

PCL 0.4–0.6 Hydrolytic/Bulk and surface erosion 24–36 Drug delivery
Bone and cartilage tissue engineering

[17,79,81]

PPF 2–3 Hydrolytic/Bulk erosion >24 Orthopaedic implants,
Foam coatings,
drug delivery

[17,79–82]

Collagen 0.002–0.2 Enzymatic Hard and soft tissue repair
Drug delivery

[5,79,81,83]

Chitosan 0.007 Enzymatic Soft tissue repair [5,79,81,84]
Alginate 0.85 Enzymatic Soft tissue repair [5,79,81]
Silk 5–17 Enzymatic Sutures

Drug delivery
[79,81,85,86]
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physiological demands of the host tissue. For instance, the strength and elastic modu-
lus can be modulated in the composites, making them closer to natural bone, which is 
a composite itself (see Section 15.2).

The main advantages shown by ceramic–polymeric composites as compared to 
monolithic materials are here summarized:

 •  Increased mechanical properties. Bioceramics and glasses are characterized by flaw sensitiv-
ity and inherent brittleness. Conversely, polymers lack of mechanical strength and stiffness to 
meet the mechanical demands in surgery and in the physiologic environment. The combina-
tion of polymers and inorganic phases leads to composite materials with improved mechani-
cal properties, minimizing their shortcomings. However, to achieve optimal properties in the 
composites, attention should be paid to the selection of both polymer matrix and ceramic filler. 
When selecting a polymer amongst different grades, its average molecular weight should be 
taken into consideration, because it affects the melting/crystallization behaviour, the viscos-
ity at the processing temperatures, the mechanical properties and degradation behaviour. In 
general, the highest average molecular weight, amongst different grades, should be used for 
bone-tissue substitution purposes, to better match the strength and stiffness of the host tissue. 
At the same time, the processability of the polymer and hence of the composite has to be 
taken into consideration. A too high viscosity at the elevated processing temperature is not 
desired, as it can induce defects in the final composites. Concerning the ceramic filler, a num-
ber of factors can affect the composite properties, such as: (1) reinforcement shape, size and 
size distribution; (2) reinforcement properties and volume percentage; (3) distribution of the 
reinforcement in the matrix and (4) reinforcement–matrix interfacial state. By carefully con-
trolling these features, the mechanical and biological performance of bioactive composites 
can be tailored, thus to meet various clinical requirements. The role of reinforcement size and 
morphology on the composite mechanical behaviour is briefly discussed in Section 15.5.2;

 •  Increased bioactivity in the polymer matrix. Probably, the most important driving force 
behind the development of polymer–bioactive ceramic composite scaffolds for bone-tissue 
regeneration is the need for conferring bioactive behaviour to the polymer matrix. This goal 
is achieved by mixing or coating the polymer with the bioactive phase. Up to a certain extent, 
it is possible to tailor the degree of bioactivity by controlling the volume fraction, the size, 
the morphology and arrangement of the bioactive fillers [27,87]. It has been shown that 
for HA-reinforced high-density polyethylene (HDPE) composite, the critical HA volume 
percentage is around 20%, above which bone apposition could occur on composite implant 
[88]. In general, by increasing the filler volume fraction and the surface area-to-volume ratio 
of inclusions, the bioactivity increases as well. For this reason, in some applications the 
incorporation of fibres instead of particles is favoured [88];

 •  Tailored degradation behaviour. The addition of a bioactive phase to a bioresorbable polymer 
can alter, positively, the polymer degradation behaviour. In fact, bioactive phases allow a rapid 
exchange of protons in water for alkali in the glass or ceramic. This provides a pH buffering 
effect at the polymer surface, thus reducing the acidic degradation of the polymer. At the same 
time, the addition of bioactive ceramic fillers reduces the inflammatory reactions generated 
by polymer biodegradation [71]. In fact, the basic degradation of CPs or BGs could buffer 
the acidic by-products of polymers, thus avoiding the formation of an unsafe environment 
for cells, due to very low pH values. With composites, it seems possible to design scaffolds 
having ideal degradation and resorption kinetics: this means allowing cells to proliferate and 
secrete their own ECM, while the scaffolds gradually vanish, leaving space for new cell and 
tissue growth. The physical support provided by the three-dimensional (3D) scaffold should 
be maintained until the engineered tissue has sufficient mechanical integrity to support itself.
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15.5.2   Why nanocomposites for bone-tissue regeneration?

Nanomaterials are often reported to possess superior properties over their microscale 
counterpart. Moreover, natural bone is a typical example of a nanocomposite material 
(see Section 15.2). Therefore, the design of a bone graft in the form of nanocompos-
ite is perceived beneficial over monolithic and microcomposite materials. The main 
advantages presented by ceramic–polymer nanocomposites for regenerative medicine, 
as compared to conventional ones, are listed below:

 •  Increased mechanical properties. The mechanical properties of particulate–polymer com-
posites depend strongly on the particle size, particle–matrix interface adhesion and particle 
loading. In particular, the particle size has a key effect on these mechanical properties. For 
instance, it was proven that replacing microscale silica by its nanoscale counterpart allows 
increasing both Young’s modulus and yield strength [89]. The tensile strength also increases 
by decreasing the ceramic particle size [90]: smaller particles have a higher total surface area 
for a given particle loading. This indicates that the strength increases with increasing surface 
area of the filled particles through a more efficient stress transfer mechanism [90]. In some 
cases, the reinforcing nanoparticles may have an irregular (platy or acicular) shape. For 
instance, wet-synthesized HA nanoparticles typically have a needle-like morphology, with 
elongated primary particles of about 10 to 20 nm width and 50 to 200 nm length [29]. Such 
irregular shape is often preferred to the spherical one, because it allows a more effective 
interlock with the polymer during high-temperature composite processing and thus stronger 
polymer–filler interfaces. On the other hand, spherical shape and smooth surfaces do not 
provide such a locking mechanism, favouring particle debonding from the polymer matrix 
under tensile or flexural stress [88];

 •  Increased biological functions. Nanostructured composite materials exhibit unique surface 
properties (such as surface topography, surface chemistry, surface wettability and surface 
energy) due to their significantly increased surface area and surface roughness as compared 
to conventional materials [91]. Nanostructured materials, having cell-favourable surface 
properties, may promote greater amounts of specific protein interactions – thus stimulat-
ing in a most efficient way the new bone growth – than conventional materials [91–93].  
It was also demonstrated that nanosized surface structures provide important cues to reg-
ulate cell orientation and morphology [92]. Furthermore, the incorporation of nano-CP 
particles promoted or directed the osteogenic differentiation of cells. Several studies 
reported that nanotopography can stimulate MSC differentiation, even in absence of 
osteogenic supplements [92]. Webster et al. [93,94] showed that nanocrystalline HA 
promotes osteoblast cell adhesion, differentiation, proliferation, osteointegration and 
deposition of calcium containing minerals on its surface better than microcrystalline 
HA, thus enhancing the formation of new bone tissue within a shorter period. Kikuchi 
et al. [95] demonstrated a greater osteoconduction in nanoHA–collagen nanocomposites 
as compared to conventional bone graft. The benefit of nanostructured ceramic particles 
was also demonstrated by in vivo investigations: nanocrystalline HA accelerated new 
bone formation on tantalum scaffolds (implanted in rats) when used as an osteoconduc-
tive coating if compared to uncoated or conventional micron-size HA-coated tantalum 
[91]. Fig. 15.3 reproduces a schematic illustration comparing the bone-growth mecha-
nism on the surface of nanostructured and conventional materials [91]. The bioactive 
surfaces of nanomaterials mimic those of natural bones: they promote greater amounts 
of protein adsorption and efficiently stimulate more new bone formation than conven-
tional materials.
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15.5.3   Processing of nanocomposites for bone-tissue 
regeneration

Ceramic–polymer nanocomposites are generally processed through three different 
methods: (1) conventional mixing; (2) self-assembly approach and (3) tissue-engi-
neering approach.

 •  Conventional mixing method consists in blending a heterogeneous mixture of polymeric 
and ceramic components, leading to composites with tailor-made properties. Although the 
direct mixing of nanoscale components is feasible, controlling their size and structure is 
quite difficult. Particularly, controlling the homogeneity and uniformity of the second phases 
is a complex task. Due to their high surface area, nanoparticles have an intrinsic tendency 
to agglomerate, making difficult to yield high filler content in the polymer matrix. Aggre-
gates of nanoparticles in composites are responsible for local stress concentration, internal 
cracks and worse mechanical properties [88]. To break particle agglomerates or aggregates, 
specially designed processing equipment is often required. Such equipment produces shear 
forces able to overcome particle adhesion forces during composite melt-processing, thus 
reducing particle agglomerates and achieving a uniform distribution of primary particles 
within the polymer matrix [88]. A second issue concerns the formation of weak polymer– 
nanofiller interface bonding: owing to the lack of strong interfaces, nanocomposites often 
present poor mechanical properties. To increase the interfacial strength, the ceramic 
nanoparticles can be surface-grafted with the polymer and further blended. For instance, 
various methods have been tried to modify the surface of HA particles: silane coupling 
agents, poly acids, polyethylene glycol, isocyanate and dodecyl alcohol were tested [88]. 
This approach implies the reaction of the coupling agent with the surface hydroxyl groups of 
the HA particles, with the aim of improving the affinity of the particle surface to the polymer 
matrix. Type I collagen was also immobilized on the surface of HA by covalent bonding and 
physical adsorption.

 •  Self-assembly approach. This method involves the nucleation and growth of nano-HA crys-
tallites on self-assembling collagen fibres. The method exploits the ability of the negatively 
charged carboxylate groups of collagen to bind the calcium ions of HA. The mineralization 

Nanophase material

Conventional material Conventional material Conventional material

Nanophase material Nanophase material

Protein adsorptions on
substrates immediately

Osteoblast attachment and
proliferation (0-3 days)

Osteoblast differentiation and
bone remodeling (>21 days)

Figure 15.3 Schematic illustration of the mechanism by which nanomaterials may be 
superior to conventional materials for bone regeneration.
Reprinted from L. Zhang, T.J. Webster, Nanotechnology and nanomaterials: promises for 
improved tissue regeneration, Nano Today. 4 (2008) 66–80, with permission.
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process is initiated by the presence of PO43− ions, provided by H3PO4 aqueous solution, 
dispersed in the slightly acidic collagen gel (1 wt%) and dropped into a basic suspension 
containing Ca(OH)2, MgCl2 and Si(CH3COO)4 in simulated body fluid kept at 37°C [96]. 
Basic pH conditions allow the formation of collagen fibrils, which act as templates for sub-
sequent mineralization. Upon decrease of the pH value (<8), nearly amorphous HA forms 
on the fibrils, while they are assembling into fibres. As the pH approaches neutral values, 
two distinct processes compete, involving the same binding chemical groups on the fibre sur-
face: the organization of collagen fibres into a 3D network and contemporary HA nucleation 
[97]. Furthermore, is it possible to customize the extent and morphology of the final hybrid 
composite porosity (usually ranging between 80% and 85%) by freeze-drying processes 
[97]. The self-assembly and growth processes lead to composites exhibiting pseudo-plastic 
behaviour, similar to bone tissue, and mechanical properties close to the values found for 
trabecular bone at the same porosity content [98].

 •  Tissue-engineering approach. Although nanocomposites show good performance in many 
bone defects, some of them fail to stimulate several complex biological functions, par-
ticularly osteogenesis. Because only living bone cells ultimately generate new bone tis-
sue, a unique approach is to develop nanocomposites through tissue engineering that are 
cell-responsive upon implantation. The prime concept of tissue engineering is to isolate 
a small biopsy of specific cells from a patient, to allow them to culture on the scaffold, 
to transplant the cell-engineered scaffold into the defective site of the patient’s body and 
to guide or direct new tissue formation into the scaffold, which should degradate over 
time. As already described in Section 15.3, some key factors have to be considered for 
the success of bone-tissue engineering. They are cells, scaffold and cell–matrix (scaffold) 
interaction. The scaffold, an artificial ECM, plays a pivotal role in accommodating the 
cells. These cells then undergo proliferation, migration, and differentiation, leading to the 
formation of a specific tissue while secreting the ECM that is required for tissue regen-
eration. Furthermore, scaffold surface modification, using protein adsorption or plasma 
treatment, is able to provide more cues to cell attachment and response [99,100]. The 
immobilization of these proteins should not only promote cell adhesion and proliferation, 
but also increase wettability of hydrophobic polymers. Immobilizing these growth factors 
on the scaffold surface might significantly shorten the bone-healing process and reduce 
patient recovery time. However, the incorporation of biomolecules does not allow extreme 
temperature ranges (>70°C) or extremely aggressive chemical conditions during process-
ing, being challenging to the scaffold-fabrication process. Another related challenge is a 
deeper understanding of the local impact of growth factors on the cell and tissue systems, 
including long-term effects [27].

15.6   Ceramic–polymer nanocomposites for tissue 
regeneration: state of the art and possible 
applications

Currently, there is abundant literature on the use of nanocomposites systems compris-
ing nanoscale ceramics and biodegradable polymers as bone substitutes. The purpose 
of this section is to focus specifically on the most advanced nanostructured materials 
and systems (ie, the last generation of scaffolds, according to the scheme of Fig. 15.2), 
developed for bone regeneration and healing functions. When possible, the role of 
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nanostructured ceramic fillers as compared to conventional micronic ones will here 
be highlighted.

15.6.1   Calcium phosphate–polymer nanocomposites

Natural or synthetic HA has been intensively used in pure ceramic scaffolds as well as 
in polymer–ceramic composite systems. In fact, due to calcium phosphate osteocon-
ductive properties, HA, TCP and BCP can be used as a scaffold matrix for bone-tis-
sue engineering. However, these ceramic phases do not possess osteoinductive ability 
and their biodegradability is relatively slow, particularly in the case of crystalline HA  
(see Section 15.4.1). To overcome these drawbacks, biodegradable polymers added 
with osteogenic potential cells are used to make new biocomposite materials. Some of 
the tissue-engineered CP–polymer nanocomposite scaffolds are briefly described in 
the following sections, showing that both natural and synthetic polymers can be used 
to this aim.

15.6.1.1   Nanocomposites based on natural polymers

HA–collagen nanocomposites have gained much recognition as bone grafts not only 
due to their composition and structural similarity with natural bone, but also because 
of their unique functional properties (such as large surface area) and superior mechan-
ical strength than their single-phase constituents [1]. Collagen is the most abundant 
polymer in bone tissue. By incorporating collagen into composites, it provides more 
cell-recognition sites and accelerates biomaterial degradation rate, thus allowing 
fast replacement by new bone [101]. Type I collagen–nano-HA composites are very 
efficient in inducing rapid mineralization by cells, even in the absence of osteogenic 
supplement in culture medium [101], highlighting their pivotal role in bone recon-
structive or regenerative surgery. Commercial products based on CPs–natural polymer 
materials are already available on the market. Their composition and recommended 
use are displayed in Table 15.6 [11], underlying the widespread use of HA–collagen 
nanocomposites in osseous and maxillofacial reconstructive surgery.

Du et al. [101] developed a HA–collagen nanocomposite that mimics the natural 
bone both in composition and microstructure. The nanocomposite was obtained by 
aqueous precipitation of HA on type I collagen sheets, commercially sold as haemo-
static sponge (porous matrix consisting of interconnected collagenous fibrils and mem-
branes). The composite sheets were pre-soaked with culture medium (bone fragment 
explants), coiled and incubated for up to 21 days. This system clearly showed oste-
oinductive activity. The interconnecting porous structure of the composite provided a 
large surface area for cell attachment and sufficient space for nutrient transportation. 
Spindle-shaped cells migrating out of bone fragments continuously proliferated and 
migrated throughout the network of the coil. Cells within the composite eventually 
acquired a tri-dimensional polygonal shape and new bone matrix was synthesized at 
the interface of bone fragments and the composite.

Tampieri et al. [98,102] developed HA–collagen-based osteochondral scaffolds, 
organized in different integrated layers. This scaffold well mimics both articular 
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Table 15.6 Commercially available natural polymer–ceramic composites

Product Polymer Ceramic Recommended use

Collagraft® (Zimmer/NeuColl) Type I (bovine) collagen HA, TCP Acute long bone fractures and traumatic 
osseous defects

Collapat II® (BioMet Inc.) Type I (calf skin) collagen HA Aseptic enclosed metaphyseal bone 
defects

FormaGraft® (Maxigen Biotech Inc.) Type I collagen HA, TCP Bone-void filler
Integra Mozaik™ (Integra 

OrthoBiologics)
Type I collagen (20%) TCP (80%) Bone-void filler

Vitoss® or Vitoss® bioactive (Orthovita) Collagen (20%) β-TCP (80%) or β-TCP 
(70%)–BG (10%)

Bone-void filler, spinal and trauma surgery

Mastergraft® matrix (Medtronic) Type I (bovine) collagen BCP Bone-void filler
CopiOs® (Zimmer) Type I (bovine) collagen CP, BCP Bone-void filler
Biostite® (Vebas) Type I (equinine) collagen, 

chondroitin-6-sulphate
HA Filling of peridontal defects, pre-prosthetic 

osseous reconstruction, maxillofacial 
reconstructive surgery

Bio-Oss Collagen® (Geistlich 
Biomaterials)

(Porcine) collagen (10%) HA Filling of periodontal defects, alveolar 
ridge reconstruction

TricOs T® (Baxter) Fibrin BCP Bone-void filler
CycLos® (Mathys Orthopaedics Ltd.) Sodium hyaluronate β-TCP Bone-void filler
Cerasorb® (Curasan Regenerative 

medicine)
Collagen β-TCP Filling, bridging, reconstruction and bone 

fusion
Healos® (Depuy Spine) Type I collagen Nano-HA coating Bone-void filler, spinal surgery
RegenOss® (JRI Orthopaedics) Type I collagen fibres Mg-rich, nano-HA Long bone fractures, revision hip arthro-

plasty to fill acetabular defects and 
spinal fusion

NanOss® bioactive 3D (Pioneer surgical) Collagen Nano-HA Bone-void filler

Reprinted from R.Y. Basha, S.T.S. Kumar, M. Doble, Design of biocomposite materials for bone tissue regeneration. Mater. Sci. Eng. C, vol. 57, pp. 452–463 (in press) http://dx.doi.
org/10.1016/j.msec.2015.07.016, with permission.

http://dx.doi.org/10.1016/j.msec.2015.07.016
http://dx.doi.org/10.1016/j.msec.2015.07.016
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cartilage and subchondral bone and can differentially support formation of such 
tissues. The graded scaffold, characterized by both morphological and miner-
alization gradients, was made by three different layers: a lower layer, composed 
by mineralized collagen (HA–collagen: 70/30 wt%) mimicking the subchondral 
bone; an intermediate layer, similar to the lower one but with a lower content of 
mineral phase (HA–collagen: 40/60 wt%) and resembling the tidemark; an upper 
layer, made by hyaluronic acid-charged collagen, mimicking the cartilaginous region.  
The layers were stacked and freeze-dried to obtain an integrated monolithic composite.  
In Fig. 15.4, an environmental scanning electron microscope (ESEM) image of the 
graded composite is displayed [102]. The rationale to fabricate a tri-layered scaffold 
instead of a bilayer one is based on the consideration that gradual changes in the 
mechanical features of the layers could reduce the mismatch of properties (ie, differ-
ent stiffness of the differently mineralized fibres) at the interface and thus increase 
the composite stability. The different layers allow to induce, selectively, bone or carti-
lage tissues in-growth. In fact, culture of the graded material for 2 weeks after loading 
with articular chondrocytes yielded cartilaginous tissue formation only in the upper 
layer, because in the subchondral lower-bone layer only a fibrous tissue was devel-
oped. This demonstrated that the artificial cartilaginous layer of the composite scaf-
fold was permissive to human articular chondrocyte differentiation and cartilaginous 
matrix deposition. On the other hand, ectopic implantation in nude mice of the graded 
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Figure 15.4 ESEM micrograph of graded HA–collagen nanocomposite scaffold for 
osteochondral regeneration. Three different layers are distinguishable due to the different 
content of mineral phase: the upper layer (cartilaginous, collagenic only), the intermediate 
layer (made by a 40 wt% HA–60 wt% collagen nanocomposite) and the lower-bone layer 
(made by 70 wt% HA–30 wt% collagen nanocomposite). The inset shows a columnar-like 
structure, due to the propagation of planar ice front during the freeze-dry process used to 
consolidate the graded material.
Reprinted from A. Tampieri, M. Sandri, E. Landi, D. Pressato, S. Francioli, Q. Quarto, I.  
Martin, Design of graded biomimetic osteochondral composite scaffolds, Biomaterials, 29 
(2008) 3539–3546, with permission.
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scaffold, after loading with bone marrow stromal cells, resulted in bone formation 
only in the lower mineralized layer, but not in the cartilaginous region.

Itoh et al. [103] prepared HA–type I collagen nanocomposite, were the nano-HA 
crystals were aligned along the collagen molecules. The authors investigated the  
biocompatibility, the osteoconductive activity and efficacy of the scaffold as a car-
rier of recombinant human bone morphogenetic proteins (rhBMPs). After immer-
sion of the composite material in rhBMP-2 solution at different concentrations 
(0, 200, 400 μg/mL), samples were grafted in radii and ulnae in beagle dogs. As a 
control, three unfilled holes were left in one radius and ulna. Results support the 
idea that HA–collagen composite has a high osteoconductive activity and is able to 
induce bone-remodelling units. When the implants were grafted at weight-bearing 
sites, the highest rhBMP-2 concentration (400 μg/mL) was useful to shorten the time 
necessary for bone union.

Li et al. [104] developed a bioactive scaffold based on nano-HA–collagen–PLLA 
composite, added with a synthetic BMP-2-related peptide, designed as P24 and cor-
responding to residues of the knuckle epitope of BMP-2. A 5 mm diameter cranial 
bone defect was created in the calvariae of 30 rats and randomly implanted with 
three groups of composites: group A (nano-HA–collagen–PLLA composite), group 
B (P24–nano-HA–collagen–PLLA composite) and group C (rhBMP-2–nano-HA–
collagen–PLLA composite). The P24–nano-HA–collagen–PLLA implants signifi-
cantly stimulated bone growth, similarly to the rhBMP-2–nano-HA–collagen–PLLA 
ones, thereby confirming the enhanced bone-healing rate of these compounds com-
pared with the unseeded nano-HA–collagen–PLLA scaffold material.

HA–chitosan scaffolds were developed as well [105]. High- and medium- 
molecular-weight (MW) chitosan scaffolds with 0.5, 1 and 2 wt% of nano-HA 
were fabricated by freezing and lyophilization. The nanocomposites were char-
acterized by a highly porous structure and the pore size (∼50–120 μm) was in a 
similar range for the scaffolds with different content of nano-HA. The addition 
of nano-HA to chitosan improved cell attachment, proliferation and spreading if 
compared to the reference neat polymer. In addition, after 28 days in physiological con-
dition, nanocomposites showed about 10% lower degree of degradation in com-
parison to pure chitosan scaffold.

Zhao et al. [106] fabricated two types of biomimetic composite materials,  
chitosan–gelatin and HA–chitosan–gelatin, with the aim of investigating the 
effect of HA on MSC adhesion and 3D-construct development. The authors 
demonstrated enhanced protein and calcium ion adsorption properties for the 
HA-filled polymer, which improved initial cell adhesion and long-term growth, 
favouring osteogenic differentiation upon induction. A series of HA–alginate com-
posite scaffolds was prepared by phase separation [107]. HA was incorporated into the 
alginate gel solution, at different alginate/HA weight ratios: 100/0, 75/25 and 50/50. 
The addition of HA positively affected the mechanical properties, as the compressive 
strength increased by increasing the HA content. In addition, it was possible to tailor 
the scaffold dissolution rate, by controlling the type and concentration of a cross-link-
ing agent. Rat osteosarcoma and osteoblastic cells (UMR106) were cultured for 9 days 
on pure alginate and composite scaffolds. Both 75/25 and 50/50 scaffolds displayed 
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better cell attachment than the pure polymer scaffold, probably due to the friendly 
environment provided by HA for the cell attachments.

Sadat-Shojai et al. [108] prepared HA–gelatin hybrid hydrogels. Different cell 
types were encapsulated in the resulting composites, with the aim of preparing cell-
laden constructs. According to the results, HA significantly improved the stiffness of 
gelatin hydrogels, while they maintained their structural integrity and swelling ratio. 
In addition, although the bare hydrogel (control) was completely inert in terms of 
bioactivity, incubation in simulated body fluid induced a homogeneous, 3D mineral-
ization throughout the nanocomposites. Finally, encapsulated cells readily elongated, 
proliferated and formed a 3D interconnected network with neighbouring cells in the 
nanocomposite, suggesting a potential use of the developed composite for 3D cellular 
growth.

Yang et al. [109] prepared a biodegradable and biocompatible β-TCP–gelatin 
nanocomposite, in which the natural gelatin was cross-linked with small amount of  
glutaraldehyde. The gelatin molecules, as well as calcium and phosphorus ions, were 
gradually released from the composite, stimulating the proliferation and differentia-
tion of osteoblasts. When BMPs were incorporated within the structure, the scaffold 
showed osteoconductivity as well as osteoinductivity properties. After 3 weeks, sam-
ples with and without BMP-4 showed similar alkaline phosphate activity; however, 
by the fourth week, it significantly increased in the case of BMP-added composite. In 
addition, greater numbers of attached cells and richer matrix deposits were found in 
the BMP-seeded samples. These findings suggest the possible use of this material as 
bone-substitute and bone-defect repair material.

Huang et al. [110] developed osteoinductive nano-HA–silk composite scaffolds, by 
adding HA–silk core–shell nanoparticles to a silk matrix. The HA–silk nanoparticles 
were directly dispersed in silk solution to form a uniform silk–HA blend, which gave 
rise to porous scaffolds after a freeze-drying process. HA nanoparticles (at varying 
contents up to 40%) were uniformly distributed in the silk matrix, improving the scaf-
fold compressive modulus. Rat bone MSCs (rBMSCs) were cultured in these scaffolds. 
Increasing contents of HA–silk core–shell nanoparticles in the scaffolds improved the 
growth and osteogenic capability of rBMSCs in the absence of osteogenic growth 
factors and significantly increased the calcium and type I collagen deposition. In 
addition, compared to silk–HA composite scaffolds containing HA aggregates, the 
scaffolds loaded with HA–silk nanoparticles showed remarkably higher stiffness and 
better osteogenic property at the same HA content, implying a preferable microenvi-
ronment for rBMSCs.

15.6.1.2   Nanocomposites based on synthetic polymers

Xue et al. [111] developed a three-dimensional nano-HA–PLGA scaffold by a ther-
mally induced phase separation technique, to investigate its potential application in 
cartilage tissue-engineering. A neat PLGA scaffold was used as a control. MSCs were 
seeded in both scaffolds. After 12-days culture, it was shown that the viability and pro-
liferation of MSCs in PLGA–HA scaffolds were significantly superior to neat PLGA 
during in vitro culture. Through in vivo study, the efficacy of this scaffold combining 
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with MSCs for repairing articular osteochondral defects was evaluated in a rat model. 
Osteochondral defects in rats knees were left untreated, or treated with PLGA–HA–
MSC composites or with PLGA–MSC composites. Twelve weeks after operation, his-
tological examination revealed that the defects in the PLGA–HA–MSC-treated group 
were filled with smooth and hyaline-like cartilage, showing that this nanocomposite 
allows a satisfying osteochondral repair.

Li et al. [112] compared the role of surface or bulk HA particles on the osteoin-
duction ability of nano-HA–PLGA nanocomposite scaffolds. MSCs were seeded on 
HA-coated PLGA scaffolds as well as on a PLGA-containing HA scaffold, which 
were then cultured in a medium-containing Escherichia coli-derived recombinant 
human BMP-2 (ErhBMP-2). ErhBMP-2 induced new bone formation in rat calvarial 
defects, which was enhanced in HA-coated PLGA scaffold than in the HA-containing  
one, owing to the largely exposed HA particles on the pore walls of the coated scaf-
folds. Therefore, the surface-coated scaffold renders a more favourable niche for 
osteoblastic differentiation of BMSCs in ErhBMP-2-containing medium and an effec-
tive carrier for ErhBMP-2 for bone regeneration.

Cheng et al. [113,114] developed composite scaffolds made of TCP–PLGA by 
a low-temperature rapid prototyping technique, as shown in Fig. 15.5. The scaf-
fold incorporated either endogenous bone morphogenetic protein-2 (BMP-2) 

P/T P/T/BMP-2 P/T/LICT P/T/MICT P/T/HICT
(a)

(b) (c)

Figure 15.5 Macroscopic images of the fabricated PLGA–TCP composite scaffolds incorpo-
rating ICT and/or BMP-2.
Reprinted from S.-H. Chen, X.-L. Wang, X.-H. Xie, L.-Z. Zheng, D. Yao, D.P. Wang, et al., 
Comparative study on osteogenic potential of a composite scaffold incorporating either 
endogenous bone morphogenetic protein-2 or exogenous phytomolecule icaritin: an in vitro 
efficacy study. Acta Biomater 8, (2012) 3128–3137, with permission. P/T = PLGA–TCP; 
P/T/BMP-2 = PLGA–TCP–BMP-2; P/T/LICT = PLGA–TCP–Low ICT concentration; P/T/
MICT = PLGA–TCP–Medium ICT concentration; P/T/HICT = PLGA–TCP–High ICT 
concentration.
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(PLGA–TCP–BMP-2) or phytomolecule icaritin (ICT) (PLGA–TCP–ICT), ie, a novel 
osteogenic exogenous growth factor. ICT was used at three different dosages: low 
(8 mg), medium (32 mg) and high (80 mg) content per 10 mg of TCP–PLGA. The con-
centration of BMP-2 was 8 mg per 10 g of PLGA–TCP. The unseeded TCP–PLGA 
scaffold was used as the control group. To evaluate the in vivo osteogenic and angio-
genic potentials of these bioactive scaffolds with slow release of osteogenic ICT, the 
authors established a 12 mm ulnar bone defect model in rabbits. Results at weeks 2, 
4 and 8 post-surgery showed more newly formed bone within bone defects implanted 
with PLGA–TCP–ICT scaffolds as compared to the control. Histological results at 
weeks 4 and 8 also demonstrated more newly mineralized bone in PLGA–TCP–ICT 
groups, with correspondingly more new vessel in-growth. In both cases, the ICT 
medium content provided the better results, validating this innovative bioactive scaf-
fold as a ready product for clinical applications. On the other hand, PLGA–TCP–
BMP-2 did not show osteogenic potential, owing to loss of the original bioactivity of 
BMP-2 during its incorporation and fabrication procedure.

Ignjatovic et al. [115] prepared hybrid CP–PLGA micro- and nanoparticulates, with 
the aim of investigating the role of CP size on the composite biological properties. To 
do so, particulate material having two different particle sizes were synthesized: the for-
mer with an average particle diameter between 150 and 250 μm (micron-sized particles, 
MPs), the latter with an average particle diameter smaller than 50 nm (nanoparticles, 
NPs). In the form of injectable paste, both composites were used, for reconstructing 
defects in osteoporotic alveolar bones. Namely, changes in reparatory functions of 
tissues affected by osteoporosis were examined in mice in vivo, using these two kinds 
of composite materials with and without autologous plasma. The best results in the 
regeneration and recuperation of alveolar bone were achieved after the implantation of 
CP–PLGA NPs mixed with autologous plasma. In fact, the presence of growth factors 
and chemokines, which attract cells with active role in angiogenesis and transport of 
osteoprogenitor cells, provide conditions for enhanced cell proliferation, differentia-
tion and new bone formation. The use of CP–PLGA NPs induced a more pronounced 
osteogenesis in rats as compared to the MPs system. It was imputed to the small size of 
CP particles, which enables better adhesion of osteoprogenitor cells and, together with 
growth factors, induces vigorous cell proliferation, differentiation and osteogenesis. 
This work shows that CP–PLGA particulates can be successfully used for the prepara-
tion of injectable pastes for the reconstruction of small-scale bone damages.

Liao et al. [116] developed a nano-HA–collagen–PLA composite scaffold, having 
both composition and hierarchical structure close to those of natural bone. Cell culture 
and animal model tests showed that the composite material was bioactive. The osteo-
blasts were separated from the neonatal rat calvaria. Osteoblasts adhered, spread, and 
proliferated throughout the pores of the scaffold material within a week. A 15-mm 
segmental defect model in the radius of the rabbit was used to evaluate the bone- 
remodelling ability of the composite. Combined with 0.5 mg rhBMP-2, the material 
block was implanted into the defect. The segmental defect was integrated 12 weeks 
after surgery, and the implanted composite was partially substituted by new bone tis-
sue. This composite scaffold is promising for the clinical repair of large bony defects 
according to the principles of bone-tissue engineering.
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Causa et al. [117] developed three HA–PCL composites with different volume 
ratio of HA (13, 20, and 32%). Mechanical properties and structure were analysed, 
along with biocompatibility and osteoconductivity. The addition of HA particles led 
to a significant improvement in mechanical performance of the scaffold, in particular 
when added at 20% and 32%. In these composites, the elastic modulus and tensile 
strength well matched the range of human cortical bone. 3D samples were seeded with 
human osteoblastic cell line (SaOS-2) cells and osteoblasts from human trabecular 
bone (hOB) for 1 to 4 weeks. Cell viability, adhesion, proliferation, morphology and 
ALP release were analysed on pure PCL as well as on the HA-loaded polymer. Results 
showed an improvement of osteoconduction in the filled composite as compared to 
neat PCL, suggesting that this system is a potential candidate for bone substitution, due 
to its good balance between structural–mechanical properties and biological activities.

To increase the interaction between the polymer and ceramic phases, PLC-grafted 
nano-HA powders were used to prepare HA–PCL composites [118]. PCL-grafted HA 
nanoparticles showed excellent colloidal stability in PCL solution, which ensured a 
nano-level distribution of HA in the nanocomposites. In vitro biological evaluation 
showed that the presence of PCL-grafted HA enhanced the nanocomposite biocom-
patibility as compared to unmodified HA. PLC-grafted HA provided, in fact, a more 
favourable environment and better surfaces for protein adsorption and cell adhesion 
and proliferation. The higher the amount of grafted PCL, the higher the proliferation 
activity of the cells.

HA–unsaturated PPF nanocomposites were developed by Jayabalan et al. [119]. 
The biodegradable composites were fabricated by investigating three types of HA 
particles: (1) calcined and (2) uncalcined rod-like nanometric HA particles (length 
∼50–100 nm and width ∼20–40 nm) and (3) spherical, commercial HA (<200 nm). 
Calcined HA nanoparticles enabled very good cross-linking in the polymer molecule, 
with a high-cross-link density in the nanocomposite, due to the lower basicity of the 
calcined powder, together with its rod-like morphology. This enabled improved inter-
facial bonding and mechanical interlocking with the polymer matrix. As a result, this 
composite showed improved mechanical (Young compressive modulus and compres-
sive strength) and biological (osteointegration) performance as compared to materials 
containing uncalcined or spherical HA particles.

15.6.2   Bioactive glass–polymer nanocomposites

BG (such as 45S5) has been shown to offer further advances as compared to HA or, more 
in general, to calcium phosphates. For instance, it was reported that granules of 45S5 BG, 
implanted in rabbit femurs, promoted bone proliferation more rapidly than synthetic HA 
[33]. Furthermore, 45S5 glass is considered to be not only osteoconductive (like HA), 
but also osteoinductive because it supports new bone growth along the bone–implant 
interface as well as within the implant away from the bone–implant interface [44].

For this reason, BG-filled polymers are seen as attractive solutions for the regener-
ation of bone tissues, including complex tissue structure defects, such as at soft–hard 
tissue interfaces. Again, both natural and synthetic polymers can be used to fabricate 
advanced scaffolds [120], as described in the following.
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Mozafari et al. [121] developed BG–gelatin nanocomposite scaffolds, with BG 
nanoparticles composition included in the ternary SiO2–CaO–P2O5 system. After 
soaking the nanocomposites in SBF for different times (1, 3, 7, 14 days), their bio-
active properties were investigated. The scaffolds showed significant enhancement 
in bioactivity within a few days of immersion in SBF solution, showing apatite for-
mation at the surface of the nanocomposite samples, as shown in Fig. 15.6. In vitro 
experiments with osteoblast cells using human osteoblast-like cells (SaOS-2 cell line) 
indicated a proper penetration of the cells into the scaffold pores. The ability of the 
scaffolds to support cell growth was also demonstrated by the continuous increase in 
cell aggregation on the bioactive scaffolds while increasing the incubation time.

Peter et al. synthesized BG–α-chitin [122] as well as BG–chitosan [123] nanocom-
posites, in which BG–ceramic nanoparticles were synthesized by the sol–gel method. 
The composite porous scaffolds were prepared by using the lyophilization technique. In 
Fig. 15.7, SEM images of the BG–chitosan nanocomposite scaffold is depicted, show-
ing pores in the range 150–300 μm and BG nanoparticles embedded in the polymer 
matrix [123]. The composite scaffolds demonstrated adequate swelling and degradation 
behaviour. In vitro studies, carried out by immersion in SBF solution and incubation at 
37°C for 7 days, showed the deposition of apatite on the surface of the composite scaf-
folds, indicating the bioactive nature of the composite scaffolds. The investigation of the 
in vitro behaviour considering osteoblast-like cells (MG-63) indicated that cells became 
attached to the pore walls of the scaffolds and showed initial signs of spreading [122,123].

Verrier et al. [124] developed BG–PDLLA porous foams and investigated the 
effect of increased content of 45S5 Bioglass® (0–40 wt%) on the behaviour of MG-63 

(a) (b)

10 µm 10 µm

Figure 15.6 High magnification SEM micrographs of BG–gelatin nanocomposite scaffolds 
after (a) 1 day and (b) 14 days immersion in SBF.
Reprinted from M. Mozafari, M. Rabiee, M. Azami, S. Maleknia, Biomimetic formation of apatite 
on the surface of porous gelatin/bioactive glass nanocomposite scaffolds, Appl. Surf. Sci. 257 
(2010) 1740–1749. with permission. (a) One day after immersion in SBF, small particles of apa-
tite were created and started to grow up on the surface of scaffold samples. Furthermore, (b) after 
14 days immersion in SBF, the apatite particles fully grew up and particles with plate-like structure 
were oriented perpendicularly to the surfaces of scaffolds and distributed over the entire surface.
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(human osteosarcoma cell line) and A549 cells (human lung carcinoma cell line). 
Two hours after cell seeding, a progressive increase of cell adhesion was observed – 
for both cell types – by increasing the Bioglass® content. Cell-proliferation studies 
performed over a period of 4 weeks showed a better aptitude of the A549 cells to 
proliferate on PDLLA foams containing 5 wt% Bioglass® as compared to that with 
40 wt% Bioglass®. A lower proliferation rate was obtained for cells on pure PDLLA. 
The results confirmed for the first time the possibility for human lung epithelial type 
II cells to adhere and proliferate on PDLLA–Bioglass® porous scaffolds. In addition, 
this work provided the correct concentration of Bioglass® particles to be added to the 
PDLLA matrix to display such biological function.

Gerhardt et al. [125] investigated the angiogenic properties of micron-sized  
(μ-BG) and nano-sized (n-BG) BG particles in BG–PDLLA composites. Both glasses 
have the classical 45S5 Bioglass® composition. The μ-BG particles had an irregu-
lar shape and average particle size of 4.3 μm. The nanoparticle has a spherical mor-
phology and diameter in the range 35–40 nm. The results of this study demonstrated 
the pro-angiogenic properties of μ-BG and n-BG-filled composites, both by in vitro  
(two-dimensional films) and in vivo (porous 3D scaffolds) investigations. On com-
posite films containing 20 wt% μ-BG or nano-bioglass (n-BG), fibroblasts produced 
five times higher vascular endothelial growth factor (VEGF) than on pure PDLLA 
films. After 8 weeks of implantation, BG-containing scaffolds were well infiltrated 
with newly formed tissue and demonstrated high vascularization, with slightly higher 
values for the n-BG-filled composite.

The positive role of nanoscale BG particles as compared to micronic ones was 
also evidenced by Misra et al. [126,127]. Poly(3hydroxybutyrate), referred to as 
P(3HB), was added with both nanometric (∼30 nm, n-BG) and micrometric (<5 μm, 
μ-BG) 45S5 glass particles, to produce nano- and micro-BG–P(3HB) composite 
films. Both fillers were added at three different concentrations: 10, 20 and 30 wt%. 

(a) (b)
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Figure 15.7 (a) SEM images, at different magnifications, of BG–chitosan nanocomposite 
scaffold prepared by freeze-drying technique. (b) The same composite after 7 days of biomin-
eralization process.
Reprinted from M. Peter, N.S. Binulal, S. Soumya, S.V. Nair, T. Furuike, H. Tamura, et al., 
Nanocomposite scaffolds of bioactive glass ceramic nanoparticles disseminated chitosan 
matrix for tissue engineering applications, Carbohydr. Polym., 79 (2010) 284–289, with 
permission.
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The addition of n-BG particles had a significant reinforcing effect, as the incorpora-
tion of 10, 20 and 30 wt% of n-BG particles increased the elastic modulus of 57, 14 
and 20%, respectively, as compared to the neat, unfilled polymer. On the opposite, 
the addition of μ-BG particles induced a decrease of elastic moduli, probably due to 
the poor mixing of μ-BG particles with the polymer matrix, leading to large agglom-
erates and, consequently, to residual porosities in the films. The addition of n-BG 
particles also induced the formation of a nanostructured topography on the surface 
of the composites, which was absent in the micronic material. The nanotopography 
features improved the in vitro bioactivity (HA formation), protein adsorption, wet-
tability and led to a higher water uptake upon immersion in SBF. Furthermore, a 
preliminary cell proliferation study demonstrated the good cytocompatibility of the 
n-BG–P(3HB) composite systems [126]. In fact, cell proliferation, cell attachment, 
alkaline phosphatase activity and osteocalcin production, investigated by using 
human MG-63 osteoblast-like cells in osteogenic and non-osteogenic medium,  
evidenced the superiority of the n-BG–P(3HB) composite as compared to the 
unfilled polymer [127].

Yao et al. [128] employed 45S5 Bioglass® to develop BG–PLGA porous scaf-
folds by the following procedure. First, well-shaped microspheres were prepared 
by adding BG powders (30 wt%) to a PLGA solution. Then, porous scaffolds 
were obtained by pouring those composite microspheres (with size in the range  
350–500 mm) into a Teflon mould, heated at 65°C for 1 h. The authors investigated 
the ability of this scaffold to promote osteogenesis of MSCs. It was shown that 
the porous scaffold supported MSC proliferation and promoted MSC differentiation 
into cells expressing the osteoblast phenotype. In fact, MSCs expressed a signifi-
cantly higher level of alkaline phosphatase on the composite if compared to the neat 
polymer. In the presence of an exogenous inducer DEX, the alkaline phosphatase 
activity of PLGA–30%BG was approximately 10 times higher than on pure PLGA. 
These results demonstrate the potential of MSC seeding on PLGA–BG scaffold as a 
promising device for bone-tissue engineering, with osteoinduction signals triggered 
by the BG.

Lu et al. [129] showed that for BG–PLGA films (containing 0, 10, 25 and 50 wt% of 
BG), the growth, mineralization and differentiation of human osteoblast-like SaOS-2 
cells, as well as the kinetics of CP-layer formation and the resulting CP chemistry 
were dependent on BG content. The 10 and 25 wt% BG composite supported greater 
osteoblast growth and differentiation compared to the 50 wt% BG composites. This 
suggests a threshold in the BG content that is optimal for osteoblast growth and that the 
interactions between PLGA and BG may modulate the kinetics of CP formation and 
the overall cellular response. The same BG–PLGA system, containing 25 wt% of BG, 
was used to develop a 3D porous BG [130]. The addition of BG granules to the PLGA 
matrix resulted in a structure with a nearly twofold increase in compressive modulus 
than PLGA alone. Moreover, the BG–PLGA composite was found to be a bioactive 
material, as it formed surface calcium phosphate deposits in SBF and in the presence 
of cells (human osteoblast-like SaOS-2) and serum proteins. In addition to supporting 
the osteoblast adhesion, growth and differentiation in vitro, the composite supported 
higher levels of Type I collagen synthesis than tissue culture polystyrene control.



359Ceramic–polymer nanocomposites

El-Fiqi et al. [131] developed electrospun fibrous scaffolds of BG–PCL–gelatin, 
prepared by incorporating mesoporous BG nanoparticles. Namely, BG particles were 
loaded with osteogenic drug DEX (loaded at 63%) to elicit additional therapeutic 
potential. The BG-added fibre scaffolds demonstrated excellent properties, including 
improved mechanical tensile strength, elasticity, and hydrophilicity compared to pure 
biopolymer matrix. Jo et al. [132] developed a BG–PCL nanocomposite using BG 
nanofibres and compared the properties of this material with those of a composite 
fabricated using microscale BG particles (20 wt%). The BG nanofibres were generated 
using sol–gel precursors via the electrospinning process, chopped into short fibres and 
then incorporated into the PCL organic matrix by dissolving them in a tetrahydrofu-
ran solvent. In vitro cell tests, carried out using the MC3T3 cell line, demonstrated 
enhanced biocompatibility as well as higher bioactivity of the PCL–BG nanofibre 
composite compared with the particulate system. In addition, the results of in vivo 
animal experiments using Sprague–Dawley albino rats revealed the good bone regen-
eration capability of the PCL–BG nanofibre composite when implanted in a calvar-
ial bone defect, suggesting a potential use of this composite as a bone-regenerative 
material.

15.7   Concluding remarks

Nanocomposites combined with osteoconductive, osteoinductive factors, and/or 
osteogenic cells have gained much interest as a new and versatile class of bioma-
terial suitable for next-generation biomimetic scaffolds. The experimental examples 
summarized in this chapter represent some of the developments of nanocomposites 
designed for bone-tissue regeneration. However, further substantial research efforts 
are required to address some major key challenges.

The first challenge relates to bone biology: bone growth and remodelling involve 
a number of growth factors, the recruitment of MSCs, the action of different mature 
cell types (osteoblasts, osteocytes and osteoclasts) as well other factors that need 
further studies. A deeper understanding of how the growth factors interact with 
each other and with cells, what are their effects, which intracellular pathways are 
triggered by them and how they can be activated or inactivated is needed. The 
capability of improving angiogenesis within the nanocomposite graft needs further 
effort, because cells will not survive without an adequate blood supply. At this 
moment, these aspects are probably the most challenging ones to develop an artifi-
cial tissue-engineered bone.

The second aspect that needs further improvement relates to materials engineering. 
A new generation of biodegradable polymer–ceramic nanocomposites is currently being 
designed and developed, but needs further advances. A key aspect is optimizing the 
ceramic filler content as well as its homogeneous distribution within the polymer matrix, 
thus more closely matching the strength and stiffness of natural bone. Stronger interfacial 
bonding between the two phases is needed, especially when applications in load-bearing 
regions are envisaged. Tuning the bioresorbability of the composite grafts and their bio-
mechanical properties while forming new bone is a further challenge. Besides materials 
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science, the scaffold processing technology also needs further improvement, even if this 
aspect has not been specifically addressed in this work. New rapid prototyping tech-
niques are very promising for tissue-engineering applications. However, the develop-
ment of advanced manufacturing methods towards scaffolds with enhanced mechanical 
properties – without influencing the porosity and interconnectivity of the architecture– 
with tailored surface properties and chemistry, deserves further investigation.

List of abbreviations

BCP Biphasic calcium phosphate
BG Bioactive glass
BMP Bone morphogenic protein
rhBMP Recombinant human bone morphogenetic protein
ECM Extracellular matrix
HA Hydroxyapatite, Ca10(PO4)6(OH)2

HCA Hydroxy carbonate apatite
HDPE High-density polyethylene
CP Calcium phosphate
CS Calcium sulphate
MSC Mesenchymal stem cell
PLA Poly(lactic acid)
PLLA Poly(l-lactic acid)
PDLLA Poly(d,l-lactic acid)
PGA Poly(glycolic acid)
PLGA Poly(lactic acid-co-glycolic acid)
PCL Poly(3-caprolactone)
PHB Poly(hydroxyl butyrate)
PPF Poly(propylene fumarate)
SBF Simulated body fluid
TCP Tricalcium phosphate
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