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Preface
Biomaterials based on polymers are of prime importance and are a cornerstone for 
biomedical applications. Biomaterials are primarily supposed to perform a time-
limited architectural or a related function but, being foreign, should disappear from 
the body once that function has been fulfilled. A wide range of materials have been 
considered for biomedical applications such as drug delivery, biosensors, and tissue 
engineering.

Biodegradable polymers are a unique category of materials that opened up an 
entirely novel concept in the biomedical industry, with research more focused on 
the development of more sophisticated biomedical applications to solve patients’ 
problems. The involvement of nanotechnology has further helped in making some 
significant advancements in this field. An overview of degradation properties and 
mechanism of biodegradable polymers, focusing on relevant aspects of biomedical 
applications, is provided in this book.

Efforts have been made to not only focus on biomaterials but also give priority to 
the general topics on successful designing and applications of biomaterials. So, the 
book presents the unique advantages and limitations of various biomaterials, such as 
biopolymers, ceramics, biodegradable nanocomposites, and natural products–based 
biomaterials. The book also deals with the state-of-the-art recent advancements in 
drug delivery devices.

I thank all contributors for their efforts on writing comprehensive chapters. 
I extend my sincere thanks to all the readers of the book and look forward to receiv-
ing comments and feedback.

Dilip Depan, PhD
Chemical Engineering Department

University of Louisiana at Lafayette
Lafayette, Louisiana
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1 Calcium Phosphate–
Reinforced Polyester 
Nanocomposites for 
Bone Regeneration 
Applications

Mehdi Sadat-Shojai

1.1 INTRODUCTION

Defects that result in the need for bone tissue replacement pose a major clinical 
problem in orthopedic surgery. To restore the function of damaged or diseased bone 
tissue, bone replacement grafts have conventionally been used. These bone grafts are 
usually derived from tissues harvested from a second anatomic location of the same 
patient (autografts) or from other patients (allografts) [1–4]. The use of donor tissue, 
however, suffers from several limitations, including donor site morbidity, occurrence 
of immune-related problems in the recipient’s body, difficulties in shaping explanted 
bone, limited supplies of suitable bone grafts, risk of disease transmission, and less-
ening or even complete loss of bone inductive factors. Additionally, both autograft-
ing and allografting require a second surgery site, which is expensive and sometimes 
associated with hematoma formation [2,3,5].
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2 Biodegradable Polymeric Nanocomposites

In the past two decades, various man-made biomaterials have offered a promising 
alternative approach to bone treatment. These biomaterials must be biocompatible and 
meet certain minimum mechanical requirements to be functional. On the other hand, 
techniques for bone regeneration based on tissue engineering have also been proven 
to be very effective [4–7]. By taking advantage of the body’s natural regenerative 
capacity to form new bone, tissue engineering has progressed in the last two decades 
to become a powerful alternative for treatment of damaged bone tissues. The basic 
concept of tissue engineering techniques is schematically illustrated in Figure 1.1.

According to Figure 1.1, tissue engineering applies principles and methods from 
engineering, biology, and medicine to create constructs for regeneration of new 
tissues. Tissue engineering is now frequently used in conjunction with the more 
encompassing descriptor of regenerative medicine [3,8–10]. The aim of regenerative 
medicine is to recreate tissues and organs typically using a combination of cells, 
scaffolds, and bioactive molecules. One common approach in regenerative medicine 
is to isolate specific cells through a small biopsy from a patient to grow them on a 3D 
scaffold under controlled culture conditions. The construct is subsequently delivered 
to the desired site in the patient’s body with the aim to direct new tissue formation 
into the scaffold. The scaffold must have the ability to undergo a progressive degra-
dation as the new tissue regenerates. An alternative approach is to implant scaffolds 
for tissue ingrowth directly in vivo with the purpose to stimulate and direct tissue 
formation in situ [8].

In many cases of bone tissue engineering, development of biodegradable mate-
rials with appropriate mechanical properties, suitable degradation rate, and high 
osteoconductivity is desirable. Indeed, biodegradable materials, which can be 
resorbed in the human body fluids, are always excellent candidates to serve as scaf-
folding materials [11,12]. Today, these materials are usually biodegradable polymers, 
both natural and synthetic, such as polysaccharides, polyesters, and hydrogels [7,8]. 

Cell isolation Cell proliferation in 2D

3D biodegradable scaffold In vitro culture In vivo implantation

FIGURE 1.1 Basic principles of tissue engineering approach. Cells are first isolated and 
then expanded in a tissue-culture flask. Once 2D cell proliferation sufficiently occurs, they 
can be placed in a 3D scaffold and cultured in vitro in a bioreactor or incubator. When the 
engineered scaffold is matured enough, then it can be implanted in the area of defect.

  



3Calcium Phosphate–Reinforced Polyester Nanocomposites

Other important categories of systems are bioactive materials, mainly calcium phos-
phate (CaP) ceramics and bioactive glasses or glass–ceramic combinations [12–15]. 
However, as demonstrated by the increasing research efforts, polymer/ceramic com-
posite systems combining the advantages of polymers and ceramics seem to be a 
more promising choice to fulfill many requirements of an ideal scaffold, in particu-
lar, for bone tissue engineering. Currently, various polymers and bioactive ceramics 
are being combined in a variety of composite systems with the aim to increase the 
mechanical stability of scaffold and to improve tissue–scaffold interaction [6–9].

It is obvious that the requirements of composite materials for bone tissue engi-
neering are manifold and challenging: biocompatibility of the composite is definitely 
necessary; that is, the material must not elicit an unresolved inflammatory response 
nor demonstrate immunogenicity or cytotoxicity. The composite material should 
also have a suitable biodegradability at a rate commensurate with the rate of bone 
tissue formation. In addition, its mechanical properties must be sufficient so that 
the scaffold does not collapse or break during the patient’s normal activities. The 
composite materials should also have the ability to support cell adhesion, migration, 
proliferation, and differentiated function [6–8,11]. As soon as a suitable composite 
material is selected, the next step is to fabricate a 3D scaffold. A certain minimum 
requirement for a 3D scaffold construct, particularly in bone tissue engineering, is a 
controllable interconnected porosity with a multiple pore size distribution to direct 
the cells to grow into the desired physical form, to facilitate diffusion of nutrients and 
gases, and finally to support vascularization of the ingrown tissue [8,11]. Moreover, 
it is desirable if the fabricated scaffold truly mimics the natural extracellular matrix 
(ECM) in terms of physiological functions [10,12]. Another highly desirable feature 
concerning the processing of bone scaffold is scalability for cost-effective industrial 
production [8].

Although diverse bone scaffold constructs have been developed, most of them 
differ substantially from natural bone either compositionally or structurally. At the 
lowest structural level, human bones are a natural nanocomposite consisting nano-
sized CaP crystals embedded in a collagen-rich organic matrix [12,16]. Therefore, 
considering the bone as the biological template, nanocomposite systems comprising 
CaP bioceramics, especially hydroxyapatite (HAp) and tricalcium phosphate (TCP), 
and synthetic biodegradable polymers, especially polyesters, have attracted great 
attention worldwide from both academic and industrial points of view [7–9]. These 
nanocomposite systems can effectively combine the ductility and processability of 
polyester matrices and bioactivity and the osteoconductivity of CaP nanoparticles. 
The most widely used polyester matrices include poly(lactic acid) (PLA), poly(lactic-
co-glycolic acid) (PLGA), poly(ε-caprolactone) (PCL), polyhydroxyalkanoates 
(PHAs), and their blends. Up to now, various combinations of synthetic polyesters 
and CaP nanoparticles have been developed and proved to be bioresorbable with 
excellent processability, bioactivity, and mechanical properties [8,9]. Accordingly, 
this chapter focuses on the state of the art of CaP-reinforced polyester nanocompos-
ites for regenerative medicine and tissue engineering applications. In this chapter, 
we will try to provide an outline of current research on the CaP nanoparticles in 
the direction of nanocomposite preparation and to discuss the variety of biodegrad-
able polyesters that have been used as orthopedic materials. Moreover, biological 

  



4 Biodegradable Polymeric Nanocomposites

and mechanical characteristics of different CaP/polyester combinations, along with 
their degradation features with focus on bone regeneration, will be discussed and 
compared. This chapter is expected to be a useful  reference for specialists and 
advanced students to gain an insight on CaP-reinforced nanocomposites with appli-
cation to bone tissue engineering.

1.2 BONE AS A NANOCOMPOSITE

The design strategy of an ideal composite bone scaffold may not be straightforward 
without understanding the fundamentals of bone composition and architecture. As 
shown in Figure 1.2, humane bone can be considered a true anisotropic nanocom-
posite at the nanoscale level, consisting of biominerals embedded in a protein matrix, 
other organic materials, and water.

The biomineral phase, which is one or more types of CaPs, comprises 65%–70% 
of bone, water accounts for 5%–8%, and the organic phase, which is mainly in the 
form of collagen fibers along with a low amount of non-collagenous proteins and 
lipids, accounts for the remaining portion [16,17]. The collagen matrix as a structural 
framework gives the bone its elastic resistance and acts as a template for deposition 
and growth of tiny plate-like CaP minerals. Among several possibilities of CaPs, 
HAp has been demonstrated to possess the most similarity to these tiny biominerals 
[17,18]. In fact, naturally occurring CaP is usually carbonated and calcium-deficient 
HAp with a Ca/P ratio of less than 1.67. The bone HAp is also enriched with some 
trace elements (e.g., sodium, potassium, magnesium, chloride, and fluoride) for vari-
ous metabolic functions [19]. Therefore, bone not only supports and protects the 
organs of the body but also serves as a reservoir of diverse minerals. Bone is also 
a good example of a renewable tissue since it has the capability of self-repairing 
to a certain extent [19]. Considering the natural bone as an archetype, various 3D 
biomaterials have been developed up to now. While less complex, the structure of 
these systems is usually similar to that of natural bone. Such composite materials in 
combination with cells and bioactive agents have also been shown to be a promising 
candidate as scaffolding material in bone tissue engineering.

1.3 WHY BIOACTIVE CALCIUM PHOSPHATES?

For decades, CaP ceramics have been of interest owing to their excellent biocom-
patibility, affinity to biopolymers, ability to replace toxic ions, and high osteogenic 
potential [16]. It has been well documented that CaP ceramics can promote new 
bone ingrowth through osteoconduction mechanism without causing any local or 
systemic toxicity, inflammation, or foreign body response [16,20,21]. When a CaP-
based ceramic is implanted, a fibrous tissue-free layer containing biological carbon-
ated apatite forms on its surfaces and contributes to the chemical bonding of the 
implant to the host bone, resulting in earlier implant stabilization and superior fixa-
tion of the implant to the surrounding tissues. This carbonated apatite that forms on 
the implant is chemically and structurally similar to the minerals found in human 
bone [8,16]. The in vivo bone-bonding behavior of CaP ceramics, which is referred 
to as bioactivity, can also be reproduced in contact with biological fluids, especially 
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FIGURE 1.2 The hierarchical structure of typical bone at various length scales. The microstructure of cortical or compact bone consists of Haversian 
systems (circles in cross section and microscopic view) with osteonic canals and lamellae, and at the nanoscale, the structural framework is collagen 
fibers composed of bundles of mineralized collagen fibrils. (Reprinted from Sadat-Shojai, M. et al., Acta Biomater., 9, 7591, 2013. With permission.)
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simulated body fluid (SBF) with an ion concentration nearly equal to that of human 
blood plasma [8,22]. Table 1.1 represents the ionic composition of a typical SBF 
solution and compares it with that of human plasma. Currently, CaP is commonly 
the material of choice for various biomedical applications, for example, as a replace-
ment for bony and periodontal defects, alveolar ridge, middle ear implants, tissue 
engineering systems, drug-delivery agent, dental materials, and bioactive coating on 
metallic osseous implants [16]. The general importance of CaP ceramics has also 
led to numerous nonmedical industrial applications, for example, as a catalyst for 
chemical reactions, host materials for lasers, ion conductors, and gas sensors [16].

As a result of the bone-like apatite-forming ability, addition of CaP particles into a 
polymeric phase should potentially have the dual effect of improving the bioactivity 
and mechanical properties of the resulting system. The significant increase in bioac-
tivity of polymeric matrix with the addition of CaP particles has been demonstrated in 
a vast number of studies both in vitro and in vivo (see Section 1.5.1). Table 1.2 shows 
the most important CaP phases, which usually appear as trace impurities during 
the synthesis of a specific phase [16]. Among the various CaP structures, nanosized 
HAp, also known as HAp nanoparticles, with appropriate stoichiometry, morphol-
ogy, and purity, has stimulated the most interest in various biomedical applications. 
Nanosized HAp, which has a grain size less than 100 nm in at least one direction, has 
high surface activity and an ultrafine structure similar to the mineral found in hard 
tissues [16]. Therefore, incorporation of nanosized HAp into the polymer matrix is 
assumed to mimic the structure of natural bone. It is well-known that bioceramics 
that mimic the bone mineral in composition and structure can more readily promote 
osteointegration and subsequent bone tissue formation. In other words, as the bio-
logical HAps found in physiological hard tissues are nanoscopic plate-like crystals 
that are a few nanometers in thickness and tens of nanometers in length, it is believed 

TABLE 1.1
Ion Concentrations in a Typical Supersaturated SBF Solution 
and in the Human Blood Plasma

Ion 
Ion Concentrations (mM)

Blood Plasma SBF
Na+ 142.0 142.0

K+ 5.0 5.0

Mg2+ 1.5 1.5

Ca2+ 2.5 2.5

Cl− 103.0 147.8

HCO3
− 27.0 4.2

HPO4
2− 1.0 1.0

SO4
2− 0.5 0.5

pH 7.40 7.40

Source: Reprinted from Sadat-Shojai, M. et al., J. Cryst. Growth., 361, 73, 2012. 
With permission.
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that nanosized HAp paralleling natural bone minerals is the best choice to be used 
in combination with polymeric systems [16]. Studies have shown that biomaterials 
based on nanosized HAp exhibit enhanced resorbability and much higher bioactivity 
than micron-sized ceramics [23–25]. Release of calcium ions from nanosized HAp 
is also similar to that from biological apatite and significantly faster than that from 
coarser crystals. In addition, new models for nanoscale enamel and bone demin-
eralization suggest that demineralization reactions may be inhibited when particle 
sizes fall into certain critical nanoscale levels [26]. Some studies have also reported 
that nanosized HAp possesses a significant capability of decreasing apoptotic cell 
death and hence improving cell proliferation and cellular activity related to bone 
growth [23,27]. The improved cell proliferation and differentiation may be due to 
superior surface functional properties of nanosized HAp compared to its microphase 
counterpart; indeed, nanosized HAp has higher surface area and surface roughness, 
resulting in better cell adhesion and cell–matrix interactions [16,23,24]. Therefore, 
in recent years, bioceramics and biocomposites based on nanosized HAp have been 
the most promising materials for a variety of biomedical applications.

Considering these points regarding nanosized HAp, one may conclude that this 
type of CaP is the exclusive structure adapted for application in orthopedic applica-
tion. However, one key reason that makes CaP ceramics a promising scaffolding 
material is the possibility of controlling its phase composition and thus its critical 
characteristics such as the rate of bioresorption. It is well known that in vitro and 
in vivo biological and mechanical properties of CaP particles, such as strength, tox-
icity to cells, osseointegrativity, and bioresorbability, are strongly affected by their 
structural characteristics [16]. For example, octacalcium phosphate (OCP) (Table 1.2) 
has been demonstrated to be more resorbable than HAp or β-TCP [28] and hence 
may be considered for those bone treatments needing a shorter recovery time; simi-
larly, amorphous CaP (Table 1.2), which usually appears as an intermediate during 
the formation of other CaP phases, has been proven to have high biodegradability 
and excellent biocompatibility, and it can be used as filler in polymeric composites to 

TABLE 1.2
Main Calcium Phosphate (CaP) Salts

Name Symbol(s) Formula Ca/P

Monocalcium phosphate monohydrate MCPM and MCPH Ca(H2PO4)2 · H2O 0.5

Monocalcium phosphate anhydrous MCPA and MCP Ca(H2PO4)2 0.5

Dicalcium phosphate dihydrate (Brushite) DCPD CaHPO4· 2H2O 1.0

Dicalcium phosphate anhydrous (Monetite) DCPA and DCP CaHPO4 1.0

Octacalcium phosphate OCP Ca8(HPO4)2(PO4)4 · 5H2O 1.33

α-Tricalcium phosphate α-TCP Ca3(PO4)2 1.5

β-Tricalcium phosphate β-TCP Ca3(PO4)2 1.5

Amorphous calcium phosphate ACP Cax(PO4)y · nH2O 1.2–2.2

Hydroxyapatite HA and HAp Ca10(PO4)6(OH)2 1.67

Source: Reprinted from Sadat-Shojai, M. et al., Acta Biomater., 9, 7591, 2013. With permission.
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provide sustained release of calcium and phosphate ions [29–31]. The chemistry and 
microstructure of CaPs can be simply tailored by varying either synthesis method 
or processing parameters involved in a specific procedure [12,16]. Accordingly, it is 
now possible to engineer CaP particles with, for example, a degradation rate or a par-
ticle size specific to a particular application of bone tissue engineering. Preparation 
of an engineered CaP powder is, however, still connected with a number of prob-
lems, including difficulties in controlling phase composition, size and size distri-
bution, crystallinity, and degree of particle agglomeration; hence, extensive efforts 
have been made to develop new routes possessing precise control over the crys-
tallographic and chemical structure of powder. In Ref. [16], we have classified the 
preparation methods of CaP powders, especially nanosized HAp, into five groups as 
follows:

 1. Dry methods: These methods, which can be identified in contrast to wet 
methods where a solvent is always used, can be performed in two main ways: 
solid-state synthesis and mechanochemical process. These methods have the 
convenience of producing highly crystalline HAp from relatively inexpen-
sive raw materials. The main disadvantage is the large size of particles in the 
case of solid-state synthesis and the low-phase purity of powder in the case of 
mechanochemical process. In recent years, progress in preparing CaP pow-
der using dry methods, especially solid-state method, has been very slow.

 2. Wet methods: CaP powder generated from a typical dry method is usu-
ally large in size and irregular in shape. Therefore, wet methods have 
conventionally been applied to the preparation of CaP particles having 
a regular morphology. For this, aqueous solutions of various sources for 
phosphate and calcium ions are employed and CaP crystals are normally 
produced by precipitation. Wet processes can be performed by a num-
ber of technical routes classified into six groups: conventional chemical 
precipitation, hydrolysis method, sol–gel method, hydrothermal method, 
emulsion method, and sonochemical method. Wet chemical reactions have 
the advantages in precise control over the morphology and the mean size 
of powder; however, difficulties in controlling the crystallinity and phase 
purity of nanoparticles and some technically intricate and time-consuming 
details make some wet procedures unsuitable for scaling up to produce 
large quantities of powder.

 3. High-temperature processes: These methods, which have the convenience 
of avoiding undesirable CaP phases, are used to produce HAp with high 
crystallinity and good chemical homogeneity. Two possible routes for high-
temperature synthesis are combustion method and pyrolysis process, of 
which the former has received more attention. Poor control over the pro-
cessing variables and generation of secondary aggregates, especially during 
pyrolysis, are the main disadvantages.

 4. Synthesis from biogenic sources: To produce CaP ceramics, various natural 
materials, mainly bone waste, eggshells, exoskeleton of marine organisms, 
naturally derived biomolecules, and biomembranes, have been employed 
over the past decade. This field is expected to attract more attention in the 
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near future due to the better physicochemical properties of the powder gen-
erated from biogenic sources.

 5. Combination procedures: These methods, as relatively new strategies, 
employ two or more distinct procedures to synthesize CaP nanoparticles. In 
general, combination procedures open exciting possibilities to improve the 
characteristics of powder.

As reviewed in Refs. [12,16], wet processes are the most promising approaches for 
preparation of CaP powder. Solution-based reactions, which are accomplished in an 
organic solvent or, more usually, in water, can be conducted at ambient temperature 
or elevated temperatures. Moreover, reactions can be performed by a number of 
technical routes involving diverse chemicals and auxiliary additives and apparatus. 
Figure 1.3 shows a schematic diagram of the steps involved in a simple chemical 
precipitation of CaP particles, along with the parameters proposed to affect the char-
acteristics of the powder.

According to Figure 1.3, a typical procedure involves the drop-wise addition of 
one reagent to another under continuous and gentle stirring, while the molar ratio of 
elements (Ca/P) is kept at stoichiometry according to its ratio in CaP powder (e.g., 
1.67 for HAp). As the last step, the resultant suspension may be either aged under 
atmospheric pressure or treated at elevated temperatures and pressures (i.e., hydro-
thermal conditions). It is well known that pH value and heat treatment employed 
during the precipitation reaction and/or the aging step are the most important factors 
affecting the structural and morphological characteristics of CaP particles [32,33]. 
For example, as we indicated in Ref. [22], the aspect ratio of fibrous nanoparticles 
steeply decreases with increasing pH value. In addition, different morphologies 
ranging from rod-like to spherical nanoparticles with various characteristics can be 
simply obtained by controlling the driving force of the chemical reaction.

In Figure 1.4, we summarized our recent results on the preparation of CaP powder 
under different hydrothermal conditions. According to Figure 1.4, the high pH value 
results in an isotropic or weak-anisotropic growth; that is, the crystallites can grow to 
form spherical nanoparticles or at most very short nanorods. However, with a decrease 
in pH value of suspension, an anisotropic growth occurs; that is, crystallites will grow 
into 1D nanorods or 2D nanoplates. Additionally, more complicated shapes,  including 
3D feathery structures, 3D microcubes, and 3D microfibers, are only obtained if the 
pH value decreases to 4, a pH at which dicalcium phosphate anhydrous (DCPA), 
dicalcium phosphate dehydrate (DCPD), and OCP become dominant (Figure 1.4 and 
Table 1.2). Indeed, the lower the synthetic pH, the more complicated the shapes of 
the CaP crystals formed. More recent approaches propose synthesis routes based on 
various additives to control the characteristic of powder. A well-known example is 
based on the biomimetic templating systems in which morphology and crystallinity 
can be controlled at significantly lower temperatures and pHs. In this strategy, various 
macromolecules act as a soft temporary template or nucleation centers to modulate 
the morphology and to increase crystallinity. Indeed, macromolecules adsorb on the 
crystal surface and influence the crystal growth. Besides macromolecules, attempts 
have also been made to control the characteristics of CaP powder using small organic 
compounds [16].
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FIGURE 1.3 Preparation of CaP nanoparticles via chemical precipitation. (Reprinted from Sadat-Shojai, M. et al., Acta Biomater., 9, 7591, 2013. 
With permission.)
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1.4 WHY POLYESTERS?

Biodegradable polymers that can be resorbed at the body pH are widely used in tis-
sue engineering due to their biocompatibility, design flexibility, light weight, ductile 
nature, and sometimes due to their possible functional groups availability [7,8,19]. 
These polymers usually have chemical bonds that can undergo hydrolysis upon 
exposure to human body fluids [19]. Collagen, gelatin, starch, chitosan, and saturated 
aliphatic polyesters are the most attractive examples of biodegradable polymers, of 
which, in this chapter, we will focus on the FDA-approved biodegradable polyester 
family. Indeed, contrary to the natural polymers (e.g., collagen and chitosan), poly-
esters have the potential to be produced under controlled conditions and, therefore, 
they exhibit in general more predictable and reproducible mechanical and physical 
characteristics. A further advantage is the control of their impurities. Several possible 
risks such as toxicity, immunogenicity, and favoring of infections are lower for pure 
synthetic polyesters with a well-known and simple composition [8]. In Figure 1.5, 
we have shown the chemical structure of the most common biodegradable polyesters 
being investigated for tissue engineering applications.

Biocompatible and biodegradable polyesters have been demonstrated to have the 
ability to support cell attachment, cell growth, and cell differentiation in vitro [6,8,9]. 
In addition, these polymeric materials have been shown to support tissue formation 
in vivo with minimal inflammation [34,35]; accordingly, a number of studies have 
also examined their effectiveness for bone tissue repair, on the basis of their abil-
ity to support osteoblast cell development. For example, pure polyhidroxybutyrate 
(PHB) or PHB composites containing HAp particles have been shown to effectively 
support cellular processes without any significant toxicity [6,36]. Similar results 
have also been demonstrated for PLA, poly(glycolic acid) (PGA), and their copoly-
mers [8,29,37,38]. On the other hand, in vitro growth of osteoblasts on porous PHA 
scaffolds with a significant increase in osteocalcin expression and alkaline phospha-
tase (ALP) activity has been reported over a 60-day growth period [39]. Recently, 
Kumarasuriyar et  al. [40] examined the attachment characteristics, self-renewal 
capacity, and osteogenic potential of preosteoblast-like MC3T3-E1 S14 when cul-
tured on solvent-cast PHA films for over 2 weeks. They found that time-dependent 
cell attachment was accelerated on polyester compared with collagen, but delayed 
compared with tissue-culture polystyrene (TCP). Moreover, cell number, expression 
of ALP, and osteopontin were comparable for cells grown on polyester and TCP and 
also increased over time, demonstrating the ability of the PHA to support osteoblast 
cell functions. Several other studies have demonstrated that bone cells can effec-
tively make cell–cell and cell–substrate contacts on pure polyesters or polyesters 
integrated with bioactive inorganic minerals [36–38]. In conclusion, although some 
further in vitro and in vivo assays are still required, biocompatible polyesters having 
a predictable biodegradation kinetic are currently known as one of the suitable can-
didates for treating patients suffering from damaged or lost bone tissue.

Among the several biodegradable polyesters, saturated poly(α-hydroxy esters), 
especially PLA, PGA, and their copolymers (i.e., PLGA), are the most often uti-
lized polymers for bone tissue engineering applications, partly because of their 
well-known structure, as well as their excellent processability, biocompatibility, 
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and biodegradability [8,24,29]. Depending on the property requirement by differ-
ent applications, poly(α-hydroxy esters) can be either blended or composed with 
other polymers and bioactive fillers to further adjust their mechanical and physical 
characteristics. PLA exists in three forms: L-PLA (PLLA), D-PLA (PDLA), and 
racemic mixture of D,L-PLA (PDLLA) [8]. Depending on its stereochemistry, PLA 
requires around 12–24  months to finish the degradation, while the PGA is com-
pletely degraded only after around 6–12 months [41,42]. Therefore, copolymers of 
PLA and PGA, i.e., PLGA (Figure 1.5), may be more flexible for clinical applica-
tions, since its degradation rate can be simply adjusted by controlling the ratio of lac-
tide (LA) to glycolide (GA). The chemical properties of various polyesters, including 
poly(α-hydroxy esters), allow their hydrolytic degradation through de-esterification 
[8]. Once degraded, the monomeric components of polymer should be removed by 
natural pathways. It is known that body already contains highly regulated mecha-
nisms for completely removing monomeric components of lactic and glycolic acids. 
Indeed, PGA is converted to metabolites or eliminated by other mechanisms, and 
PLA can be broken down into nontoxic metabolites by bio-organisms. On the other 
hand, PLA, PGA, and PLGA can be easily processed and their mechanical proper-
ties, especially their strength and stiffness, are adjustable over a wide range, in par-
ticular, by manipulating their molecular weight. In addition, PLA of low molecular 
weight can be combined with active agents such as growth factors and antibiotics to 
establish locally acting drug-delivery systems [8]. Despite the excellent features of 
PLA and PLGA with respect to the scaffold performance, these polymers undergo 
a bulk erosion process such that they can cause scaffolds to fail prematurely [8]. 
Moreover, their toughness, hydrophilicity, and heat distortion temperature are not 
satisfactory [43,44]. Blending these polyesters with other biodegradable polymers 
can solve some of these problems. For example, PLA/PCL blends have been shown 
to have improved mechanical properties compared to the bare PLA [45–47]. PCL-
based constructs have also been used as drug-delivery systems to entrap antibiotic 
drugs, increasing bone ingrowth and regeneration [48].

As shown in Figure 1.5, other aliphatic polyesters used in tissue engineering are 
polyhydroxyalkanoates (PHAs), which represent a range of polymers obtained by 
bacterial fermentation. A wide range of microorganisms have shown the capability 
to generate these polyesters under unbalanced growth conditions [49,50]. PHA poly-
mers are generally biodegradable and thermoprocessable, making them attractive for 
application as degradable tissue engineering scaffolds. So far, more than 100 differ-
ent types of PHA with diverse structures have been produced; however, only a few 
of them, particularly poly(3-hydroxybutyrate) (P(3HB)), poly(3- hydroxybutyrate-
co-3-hydroxyvalerate) (P(3HB-co-3HV)), poly(4-hydroxybutyrate) (P(4HB)), 
poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) (P(3HB-co-3HHx)), and 
poly(3-hydroxybutyrate-co-3- hydroxyoctanoate) (P(3HB-co-3HO)) (Figure 1.5), 
have been demonstrated to be suitable for tissue engineering applications. Due to the 
variable structures of PHAs, a wide range of mechanical properties and degradation 
rates can be achieved. P(3HB) or simply PHB, as the simplest and the most common 
member of the PHA family, has been demonstrated to have piezoelectric proper-
ties, which can stimulate bone growth and aid in bone healing [51,52]. The fact that 
PHB of low molecular weight occurs naturally in human body and that its molecules 
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decompose into 3-hydroxybutyric acid, a normal constituent of human blood, pro-
vides further evidence of the biocompatibility and nontoxicity of this polymer [53,54]. 
Doyle et al. [55] have demonstrated that implanted PHB can produce a consistent 
favorable bone tissue adaptation response with no evidence of an undesirable chronic 
inflammatory response after implantation periods of up to 12 months. Although the 
PHB implants show no evidence of extensive structural breakdown in vivo, but their 
usefulness can be limited by their brittleness. The incorporation of hydroxyvalerate 
units into the PHB chains has been shown to improve both the ductility and process-
ability of the polyester, allowing for the appropriate shape, form, and porosity of the 
scaffold to be created [11,56,57]. Similar to PHB, the bacterially derived P(3HB-co-
3HV), or simply PHBV, has been demonstrated to be biodegradable and piezoelec-
tric and thus might promote bone growth in vivo [51,56]. This copolyester can be 
composed of hydroxybutyrate (HB) with between 0% and 24% of hydroxyvalerate 
(HV) appearing randomly throughout the polymer chain [57]. Together with high 
biocompatibility, PHBV usually has a longer degradation time than PLA or PLGA, 
which will allow the scaffolds to maintain its mechanical integrity until the sufficient 
bone growth occurs in vivo. In addition, its rate of degradation can be tuned by alter-
ing its molecular weight and hydroxyvalerate content [36,52,56,58]. Accordingly, 
PHBV-based scaffolds may be a suitable candidate to support the long-term bone 
regeneration. Currently, PHB- and PHBV-based scaffolds containing CaP nanopar-
ticles have been developed for bone tissue repair. However, a drawback of PHAs is 
their time-consuming extraction process from bacterial cultures, which is the main 
challenge for industrial production of PHA polyesters.

1.5 CaP/POLYESTER NANOCOMPOSITES

Some basic requirements have been accepted for designing bone scaffolds. First, 
biocompatibility and bioactivity of the scaffolding material are imperative. Indeed, 
the biological response should be optimized with respect to both encouraging bone 
regeneration and inhibiting pro-inflammation. In other words, an ideal bone scaf-
fold should support osteoblast-mediated bone deposition along with differentiation 
of undifferentiated stem cells into osteogenic cells (osteoinductive) and, at the same 
time, support the ingrowth of vasculature and regeneration of new bone tissue within 
its structural framework (osteoconductive) [8,20,21,40]. In addition, degradation 
products must be nontoxic and easily removed by normal metabolic pathways. As 
with all materials in contact with the human body, bone scaffolds should be steriliz-
able to prevent infection. Another key requirement is that the scaffolding material 
should be easy to process into the desired 3D architecture with an appropriate inter-
connected porosity for facilitating cell infiltration and vascularization of the ingrown 
tissue. Other highly important feature, particularly for bone tissue engineering, is 
its mechanical characteristics, for example, its stiffness and shear and compressive 
modulus [8,56,59].

As mentioned in Section 1.3, CaP bioceramics can be used as the scaffold 
matrix to support bone regeneration without any significant inflammatory response. 
Bonding of these bioactive ceramics to living bones has been achieved through the 
formation of biologically active bone-like apatite layer at the bone–implant interface. 
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In practice, bioactive CaP ceramics have, however, been reported to be extremely 
brittle and have low flexibility, fracture toughness, and formability, especially in the 
porous forms [8,12,60–62]. Consequently, their range of applications has usually 
been limited to low or non-load-bearing sites. In addition, their biodegradability is 
also relatively slow [19]. On the other hand, CaP ceramics can be applicable to bulk 
defects after only being heat treated and sintered at elevated temperatures, a process 
that does not allow the appropriate incorporation of active agents, like growth fac-
tors and antibiotics, in the resulting construct [12,21,61–63]. Alternatively, polyester 
scaffolds are more flexible and moldable but are often inert in terms of bioactivity, 
resulting in delay in bone healing and sometimes loosening of scaffolds in clinical 
applications. The scaffolds made from solely polyesters also can generate an acidic 
environment around the bone tissue during their degradation, thereby inducing 
inflammatory response and osteolytic reactions [64,65]. In addition, it can be seen 
that porous polymeric scaffolds usually suffer from low compressive strength and 
stiffness compared to the cortical and cancellous bone. Accordingly, development of 
CaP/polyester composite systems may be attractive as advantageous intrinsic prop-
erties of each component can be simply combined to suit better the physicochemical 
and biological demands of hard tissues. Indeed, the most important driving force 
behind the development of polymer/ceramic hybrids is probably the need for confer-
ring bioactive behavior to the polymer matrix. In this manner, by taking advantage 
of the moldability of polyesters and including an optimum concentration of a bioac-
tive CaP phase, a level of flexibility can be achieved for the  fabricated composite 
(Figure 1.6), and at the same time, the bioactivity of polyesters can be counteracted 
[8]. To date, various polyesters, mainly PLA, PLGA, PCL, PHB, and PHBV, have 
been combined with different CaP phases, mainly HAp and TCP, via simple physi-
cal mixing or in situ preparation to produce a composite with improved bioactivity, 
hydrophilicity, mechanical properties, protein adsorption, and osteoconductivity.

FIGURE 1.6 Photograph of a typical PHB/HAp nanocomposite film showing the relative 
flexibility.
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The bioactivity degree of the CaP/polyester nanocomposites can be adjusted by 
volume fraction, size, and phase of CaP inclusions. In general, polymer nanocom-
posites in which the reinforcing filler has the nanoscale dimensions exhibit an out-
standing improvement in their critical properties compared to either pure polymers 
or conventional polymer composites [66–69]. A new trend in bone tissue engineering 
is, therefore, to engineer organic–inorganic nanocomposites using nanosized CaP 
(i.e., CaP nanoparticles). Here, the reinforcing particles are comparable in size to 
those in natural bone, which consists of around 65%–70% CaP inclusion embedded 
in a collagen matrix (see Section 1.2). As reviewed in Section 1.3, CaP nanomaterials 
usually possess superior biological and mechanical properties over their microscale 
counterpart. Studies have found that, for instance, nanocrystalline HAp shows 
enhanced osteoblast cell adhesion, differentiation, and proliferation, and a better 
surface deposition of bone-like apatite, thus enhancing the formation of new bone 
tissue within a shorter period of time [19,23–27,70]. In particular, ceramic/polymer 
nanocomposites are considered one of the most promising groups of bioactive com-
posites and have a great potential for application in bone regeneration. For example, 
it is suggested that polyester/nano-HAp scaffolds fabricated by thermally induced 
phase separation technique have an increased compressive strength and stiffness and 
an improved in vitro bioactivity [71]. Many studies also demonstrated that nano-CaP 
exposure on the surface of the composite systems resulted in an increasing bioac-
tivity due to the presence of hydroxyl groups detected on their surface and thus an 
improved interaction with the osteoblast cells [6,72–74].

As other nanocomposite systems, the critical properties of a typical CaP-reinforced 
polyester nanocomposite are determined by four main factors, including component 
properties, composition, structure, and interfacial interactions between the compo-
nents [75]. In addition to the kind of CaP phase (HAp, TCP), particle geometry, par-
ticle size, size distribution, and specific surface area are among the most important 
characteristics of CaP nanoparticles; the main polyester characteristics are its chem-
ical structure, degradation rate, and intrinsic mechanical properties. On the other 
hand, weight or volume fraction of reinforcing particles determines the composition; 
while aggregation, agglomeration, and the orientation of anisotropic nanoparticles 
within the polymeric matrix influence the structure. Finally, interfacial interaction 
between the phases is usually determined by the surface properties of the reinforcing 
filler and usually can be improved by physical or chemical surface modification of the 
filler. Once again, we can answer this question: “why are polymer nanocomposites 
based on nano-CaPs so attractive for bone tissue engineering applications?” First, 
there is the fact that the mechanical performance of nanometer-size reinforcement 
is superior to its microscale counterpart; mainly because of the smaller size of the 
fillers, leading to a dramatic increase in interfacial interactions as compared with the 
traditional composites. Bone-like CaP nanoparticles, due to their small dimensions, 
exhibit superior cell responses over their micron-sized counterpart. Current trends 
in CaP-based nanocomposites for bone regeneration applications are, therefore, to 
manipulate new nanocomposites having the main features of natural bone both in 
composition and structure at nanoscale. The physical, mechanical, and biological 
characterization of these new systems can be carried out by several techniques, which 
have been summarized in Figure 1.7 and discussed in the following sections.
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FIGURE 1.7 Different techniques for characterization of biomedical CaP/polyester nanocomposites.
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1.5.1 Biological characteristics

Although it is now well established that bioactive CaP ceramics can enhance cellular 
responses in vitro, but little has been known about the effect of nanophase CaP fill-
ers embedded in the polyester matrix on the cellular processes. On the other hand, 
while a good number of in vivo studies exist for biodegradable polymers and bioac-
tive ceramics alone, to our knowledge, in  vivo assays for polymer/ceramic nano-
composites have just started. In particular, very few nano-CaP/polyester systems 
have been investigated in vivo up to now. However, the in vitro studies conducted 
on these nanocomposites can still provide reliable information that usually indicates 
their in vivo performance. As mentioned before, a common feature of bioactive CaP/
polyester nanocomposites is their ability to develop an apatite layer after implanta-
tion, which is essential for bonding the scaffold to the surrounding tissue. Indeed, 
when a nanocomposite is claimed to be useful for bone repair, it always needs to be 
examined in terms of bioactive behavior [6,12,76]. A nanocomposite system that can 
demonstrate high bioactivity upon immersion in SBF solution (Section 1.3) should 
similarly have the ability to induce apatite formation in vivo [76]. In literature, there 
are a number of studies about bioactivity of polyester systems having CaP phase. As 
an example, Ni and Wang [77] prepared PHB/HAp composites containing 10, 20, 
and 30 vol.% of HAp for in vitro bioactivity evaluation using SBF solution. Results 
showed that a layer of bone-like apatite was formed within a short period on PHB/
HAp composite after its immersion in SBF, demonstrating high in vitro bioactivity of 
the composite. Moreover, bioactivity of the composite could be tailored by varying 
the amount of HAp in the composite. Dynamic mechanical analysis (DMA) revealed 
that the storage modulus of PHB/HAp composite increased initially with immersion 
time in SBF, due to apatite formation on composite surface and decreased after pro-
longed immersion in SBF, indicating degradation of the composite in the simulated 
body environment. A typical apatite layer formed on the polyester nanocomposites 
made of PHB and 30 wt.% HAp nanoparticles after 30 days immersion in SBF is 
illustrated by scanning electron microscopy (SEM) in Figure 1.8.

According to Figure 1.8, while a dense mineral layer can be formed on the surface 
of HAp-filled nanocomposites, the unfilled PHB polymer (i.e., control) only shows 
a few of scattered particles on its surface. This clearly indicates that while neat PHB 
cannot be effectively bioactive, PHB/HAp nanocomposites have a great ability to 
induce the formation of minerals in vitro [6]. Recently, Kim and Koh [78] synthe-
sized PCL/HAp composite microspheres with an aligned porous structure by freez-
ing the droplets of HAp-containing PCL solutions in a poly(vinyl alcohol) aqueous 
solution. They showed that incorporation of HAp particles to the PCL polymer led 
to a considerable improvement in the in vitro bioactivity, which was assessed again 
by immersing the PCL/HAp composite microspheres in SBF. They reported that a 
number of apatite crystals could be precipitated on the surface of the porous PCL/
HAp composite microspheres after soaking in the SBF only for 7 days.

The influence of the topographical and chemical structures on the biocompatibil-
ity and cellular response of polyester nanocomposites has been a focus of interest in 
recent years. Although CaP nanoparticles can form a homogeneous suspension with 
the solution of polyester prior to solidification, the amount of CaP nanoparticles that 
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can actually appear on the surface of polymer matrix and interact with cells may not 
reflect the average value for the bulk. Cai et al. [72] investigated the role of exposed 
HAp nanoparticles in influencing mouse pre-osteoblastic MC3T3-E1 cell behavior 
on the surface of nanocomposites prepared by photocrosslinking of PCL diacrylate 
(PCLDA). They found that cell attachment, proliferation, and differentiation were 
significantly enhanced when HAp content was increased in crosslinked PCLDA/
HAp nanocomposites due to more bioactive HAp, higher surface stiffness, and 
rougher topography. More exposed HAp on the surface of cut semicrystalline 
PCLDA/HAp nanocomposites resulted in improved hydrophilicity and significantly 
better cell attachment, proliferation, and differentiation compared with the original 
surface. Accordingly, their study demonstrated that HAp nanoparticles may not be 
fully exploited in polymer/HAp nanocomposites where the top polymer surface cov-
ers the particles. Hence, they suggested that removal of this polymer layer can gener-
ate more desirable surfaces and osteoconductivity for bone repair and regeneration. 
Very recently, we [6] dealt with the in vitro biological properties of solution-cast 

(c)

20 μm

(b)

20 μm

(a)

20 μm

FIGURE 1.8 SEM micrographs of polymeric films after 30 days immersion in SBF for pure 
PHB (a), PHB/HAp nanocomposite containing 30 wt.% nanoparticles at low magnification 
(b), and high magnification (c). (Reprinted from Sadat-Shojai, M. et al., Mater. Sci. Eng. C., 33, 
2776, 2013. With permission.)
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PHB/HAp nanocomposites having different HAp concentrations and tried to explain 
the effects of HAp nanoparticles on cellular responses in terms of cell–material 
interactions. For this, we examined the influence of HAp nanoparticles embedded in 
PHB matrix on growth and metabolic activity of different cell lines (3T3 fibroblasts 
and MC3T3-E1 mouse preosteoblasts) using DNA quantification and Alamar Blue 
(AB) assay, respectively. Moreover, calcium deposition and ALP activity were used 
to reveal the effect of nanophase HAp on the differentiation of MC3T3-E1 
(Figure 1.7). According to our results, there was a significant increase in metabolic 
activity of 3T3 fibroblasts on the surface of PHB/HAp nanocomposites from day 1 
to day 4 and then from day 4 to day 7 for all composites containing different HAp 
concentrations. The increase in cell metabolic activity over the culture period clearly 
demonstrated that PHB/HAp specimens had high cell viability and cell attachment. 
The results also showed that greater metabolic activities were obtained for 5%, 15%, 
and 30% filled samples compared to the control (neat polymer) after 4 and 7 days of 
culture. For example, there was a more than twofold increase in the %AB reduction 
of the 15% filled sample compared to the control on day 4 of culture. The same 
increase, but with a lower magnitude, was observed at day 7 when cells are close to 
confluence. On the other hand, there was again a significant increase in AB reduc-
tion of MC3T3-E1 preosteoblasts for filled nanocomposites in comparison to the 
unfilled polymer at days 1, 4, and 7 of culture, of which the most pronounced increase 
was observed on day 4. For example, the metabolic activity of 15% filled sample was 
more than 2.5-fold of that of control. These data confirmed that HAp nanoparticles 
significantly improved the cellular activity of preosteoblasts. However, our results 
showed that while metabolic activity increased from day 1 to day 4 in all conditions, 
almost no increase in metabolic activity was observed from day 4 to day 7, except for 
the control sample. To examine whether the increase in cell metabolic activity can be 
a consequence of increased cell number, we measured cell proliferation using DNA 
quantification at the same time points over the culture period. Consistent with the 
AB results, we found that fibroblasts cultured on the filled nanocomposites showed 
more DNA content and hence more proliferation compared to the control sample. 
Additionally, a significant increase in DNA content was observed over the culture 
period, indicating that cells were alive and grew continuously in all groups. The 
4-day DNA assay showed a pronounced increase in proliferation of MC3T3-E1 on 
the surface of both 15% and 30% filled samples when compared to the control. 
However, we did not find differences in cell proliferation among samples after 
7 days, suggesting that the observed trends in AB assay at day 7 cannot completely 
account for the cell proliferation. By contrast, consistent with the trend observed in 
AB graph, a gradual increase in cell number was observed from day 1 to day 4 fol-
lowed by a cell quiescence between the fourth and seventh days of culture. 
Presumably, the initially high proliferative rates of the cells resulted in their early 
confluence and subsequently their differentiation, a feature that was investigated 
using ALP and histological analyses. Under certain stimuli, the preosteoblasts may 
differentiate into premature osteoblasts and further into mature osteoblasts. This 
process, which is marked by the formation of mineralized nodules, indicates the 
ability of a material to promote bone formation. We used Alizarin Red staining to 
study the differentiation of mouse MC3T3-E1 cells (Figure 1.7). Our results 
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indicated that a very significant increase in cell differentiation was observed in sam-
ples with 5, 15, and 30 wt.% HAp filler in comparison with the samples with 0, 1, and 
5 wt.% HAp filler and plastic cell culture surface, after both 7 and 21 days of culture. 
Interestingly, while almost no detectable mineralized nodule was found on the 
unfilled sample (i.e., sample without HAp nanoparticles), nanocomposites with high 
filler contents exhibited a pronounced biomineralization on their surface, indicating 
that HAp nanoparticles efficiently induce cell differentiation in addition to cell pro-
liferation. According to the results, the maximum mineralization was observed for 
15% filled sample with more than tenfold increase at day 21 compared to the plastic 
surface. These observations also confirmed the AB and DNA results, where there 
was no increase in cell proliferation from day 4 to day 7, indicative of a transition 
from a proliferating to a differentiating state. To further confirm the results, we also 
measured ALP activity at different time points. According to the results, after 1 day 
of culture, ALP activity increased with increasing HAp content (up to 15%) and then 
decreased at 30% filler content. Moreover, an abrupt decrease in ALP activity was 
clearly observed between day 1 and day 4 or day 7, and the magnitude of difference 
became more pronounced with the increasing HAp concentration. ALP is an enzyme 
catalyzing the hydrolysis of phosphomonoesters to inorganic phosphate required for 
the maintenance of cellular metabolism. On day 1, the increased ALP activity of 
samples with higher filler contents represented more proliferation rate, which finally 
led to the more cell number on day 4 of culture, as also indicated by the DNA quan-
tification. Interestingly, 15% filled sample, which exhibited the most cell number 
after 4 days of culture, had the highest ALP activity at day 1 with the most pro-
nounced decrease in ALP expression between day 1 and day 4, resulting in high 
differentiation at days 7 and 21. By contrast, the cell numbers of unfilled sample (i.e., 
control) at both day 1 and day 4 were significantly lower than the filled samples, and 
there was no significant difference in ALP activities between days 1 and 4. According 
to the obtained results, we identified three distinct stages in the cellular response to 
PHB/HAp nanocomposites. The initial stage is characterized as cell proliferation, 
and preosteoblasts have a high level of metabolic activity and ALP, but still remain 
undifferentiated, as evidenced by the absence of mineralization. This stage is also 
marked by a significant increase in cell number. A sudden decrease in ALP activity 
is characterized as the second stage, which occurs at approximately the fourth day 
after culture. The final stage of MC3T3-E1 maturation begins at about the seventh 
day and is defined by an expression of the mineralized nodules associated with pro-
gressive increases in mineralization until 21 days after culture. Our results clearly 
demonstrate the positive effect of HAp nanoparticles by which both cell proliferation 
at the first stage and cell differentiation at the second and third stages were efficiently 
increased. Studies have found that some biological responses, for example, DNA 
synthesis, focal contact formation of cells, and cytoskeleton organization, can effec-
tively be improved in the presence of bioactive HAp [72,79]. It is now well estab-
lished that both surface texture (topography) and surface chemistry can alter cell 
behavior at many levels. Accordingly, to explain the observed cell responses in our 
study, we explored the surface morphology and surface topography of the prepared 
nanocomposites. SEM morphology examination revealed that the incorporation of 
HAp into the PHB matrix resulted in an increase in surface roughness. Moreover, 

  



23Calcium Phosphate–Reinforced Polyester Nanocomposites

the results clearly showed that HAp nanoparticles exposed on the surface signifi-
cantly increased with the increasing HAp concentration. Therefore, we concluded 
that the increased cell response in both 3T3 and MC3T3 cell types was the result of 
the exposed HAp on the composite surface. Surface analysis was also carried out 
using atomic force microscopy to quantify the topography of the composite surface. 
The results showed that surface roughness parameters first changed nonsignificantly 
with HAp addition, then abruptly increased with the addition of HAp filler, and 
finally again diminished. This result indicated that the introduction of HAp nanopar-
ticles into the semicrystalline PHB can roughen its surface, if the concentration of 
filler is appropriately chosen. This is a consequence of the fact that HAp nanoparti-
cles affect the crystallization of PHB from its melt and probably from its solution 
during the solvent casting process [6]. As the nature of the crystalline structure 
should affect the surface characteristics, this may be the reason why the addition of 
HAp to PHB alters the surface roughness. From these results, it could be concluded 
that the increase in surface roughness and exposed HAp synergistically promoted 
cell proliferation and subsequent cell differentiation; composition with 15% HAp 
exhibited the best cell response because it had the highest surface roughness and a 
large amount of exposed HAp on its surface. Although composition with 30% HAp 
had a low surface roughness, but the high HAp exposed on the surface improved the 
cell processes, which was comparable to that of the 15% filled sample.

In another study [80], the in  vitro osteogenic and inflammatory properties of 
PHBV were examined with various CaP-reinforcing phases: nanosized HAp; 
 submicron-sized calcined HAp (cHAp); and submicron-sized β-TCP, using bioas-
says of cultured osteoblasts, osteoclasts, and macrophages. The study showed that 
the addition of a nanosized reinforcing phase to PHBV, while improving osteogenic 
properties, also reduced the proinflammatory response. Pro-inflammatory responses 
of macrophages to PHBV itself were shown to be very high, but the introduction 
of a reinforcing CaP phase markedly reduced this response, with the PHBV/HAp 
nanocomposite material yielding the greatest reduction. Moreover, cultures of osteo-
blasts were demonstrated to readily attach and mineralize on all the materials, with 
PHBV/HAp inducing the highest levels of mineralization. The improved biologi-
cal performance of PHBV/HAp composites when compared with PHBV/cHA and 
PHBV/β-TCP composites was clearly a result of the nanosized reinforcing phase of 
PHBV/HAp and the greater surface presentation of mineral in the nanocomposites. 
Recently, Lao et al. [38] prepared PLGA fibrous composite scaffolds having HAp 
nanoparticles by the electrospinning process. According to their results, agglomer-
ates gradually appeared and increased on the fiber surface along with increase in 
the HAp concentration. In  vitro mineralization in the SBF solution revealed that 
the PLGA/HAp fibrous scaffolds had stronger biomineralization ability than the 
control PLGA scaffolds. They also assessed the cellular responses of the fibrous 
scaffolds of the control PLGA and PLGA with 5 wt.% HAp by in vitro culture of 
MC3T3-E1 cells. Results showed that both types of scaffolds could support cell pro-
liferation, but the cells cultured on the PLGA/HAp fibers showed a more spreading 
morphology. Moreover, despite the similar level of cell viability and cell number at 
each time interval, cells cultured on the PLGA/HAp scaffolds showed significantly 
higher ALP activity than that on the control scaffolds by a factor of 60% at 7 days. 
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Results from these studies, taken together, suggest that the use of a carefully cho-
sen reinforcing CaP phase with an optimized concentration can vastly improve the 
biological response to the polyester biomaterials. In particular, these findings clearly 
show that surface roughness and surface chemistry are the predominant parameters 
influencing the in vitro cell responses.

1.5.2 Mechanical characteristics

A common reason for adding fillers to organic polymers is to increase the mechani-
cal strength of the resultant composite. Bone substitute materials, in particular, must 
have sufficient mechanical strength to be applicable as bone replacement and to sup-
port bone formation at the site of implantation in vivo. Mechanical properties of the 
substrate have also been demonstrated to have a profound impact on the cell behavior 
[81]. As mentioned before, the incorporation of CaP fillers into a polyester matrix 
will combine the osteoconductivity of CaP phase with the good mechanical proper-
ties and processability of polymers. As other composite systems, the mechanical 
properties of CaP-reinforced nanocomposites are expected to be strongly influenced 
by a number of factors, for example, geometry, crystallinity, size, and size distribu-
tion of nanoparticles, volume percentage of nanoparticles, polyester properties (e.g., 
its molecular weight and intrinsic strength), dispersion quality of nanoparticles in 
the polymer matrix, and state of the filler–matrix interface. For example, strength 
and modulus of composite systems generally increase, and deformability and impact 
strength usually decrease with decreasing particle size [75]. Moreover, the reinforc-
ing effects of the filler increase with the anisotropy of particle [75,82,83]. In fact, 
particles can be differentiated by their degree of anisotropy (or aspect ratio); fillers 
with plate-like or fiber-like geometries reinforce polymers more than spherical par-
ticles, and the influence of particles with 3D complex shapes is expected to be even 
stronger. However, there seems to be little effort on the fabrication of polyester com-
posites with the anisotropic CaP nanoparticles. Unfortunately, little work has been 
reported to evaluate the real effects of particle characteristics on the CaP-reinforced 
polyester nanocomposites, at least in the open literature.

Recently, we [6] examined the viscoelastic behavior of the neat PHB polymer 
and 15% HAp-filled PHB nanocomposite using DMA over the temperature range 
−70°C to 120°C. According to the results, the storage modulus was found to increase 
in PHB/HAp nanocomposite compared to the neat PHB, indicating that HAp has a 
strong reinforcing effect on the elastic properties of the polymer matrix. Indeed, the 
storage modulus reveals the capability of a material to store mechanical energy with-
out dissipation; the higher the storage modulus, the harder the material is. Moreover, 
addition of HAp nanoparticles resulted in a small shift of glass transition tempera-
ture (determined from the maximum of the tan δ curve) to a higher temperature, as a 
result of the restrained mobility of PHB chains in the presence of filler. In addition, 
the transition peak dropped obviously, and a certain broadening was observed in the 
presence of HAp. The damping factor (i.e., tan δ) gives the fractional energy lost 
in a system due to deformation; a high value of tan δ often implies imperfections 
in the elasticity of a system. Accordingly, lower tan δ in filled nanocomposite sug-
gests that when the stress is removed, the energy stored in deforming the material is 
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recovered more quickly compared to the unfilled polymer. From these results, it can 
be clearly deduced that the addition of HAp nanoparticles increased the mechani-
cal properties of the PHB matrix. From literature, it can be seen that some dense 
CaP-reinforced nanocomposites match cancellous bone characteristics and approach 
cortical bone characteristics. However, comparison of the mechanical properties of 
porous composite scaffolds with the mechanical properties of natural bone reveals 
the insufficient mechanical strength, toughness, and elastic modulus of these scaf-
folds, limiting their load-bearing applications. Moreover, sometimes by comparing 
the mechanical properties of the porous nanocomposites to those of porous pure 
polymer, only a slight increase in the mechanical strength can be revealed [8]. In 
other words, the reinforcing effects of CaP particles on stiffness and strength are 
sometimes below expectations; most probably because of three major reasons. First, 
this behavior can be attributed to the lack of interfacial interactions between the 
hydrophilic CaP fillers and the hydrophobic polyester matrix, resulting in poor filler 
dispersion and weak ceramic–polymer interface. In other words, the lack of strong 
adhesion between organic and inorganic phases will result in an early failure at the 
interface and thus in a decrease in the mechanical properties [84–86]. In addition, 
CaP particles may cause a significant reduction in the degree of crystallinity of the 
crystalline polymer matrix, which in turn lowers the matrix modulus. Thus, the posi-
tive influence on the modulus caused by the relatively rigid CaP filler can be offset by 
the negative effect caused by the reduction in matrix crystallinity. On the other hand, 
some filler particles may be excluded upon crystallization of the polymer matrix 
during the polymer solidification, resulting in filler agglomeration at the extremities 
of the spherulites. Not only would this reduce the effective filler modulus (since the 
shear modulus of agglomerated filler grains would be low), but would also facilitate 
internal voiding and debonding between the matrix and filler [87].

While it seems that we cannot effectively control the crystallization behavior of 
semicrystalline polyesters in the presence of CaP particles, but an improvement of 
the interfacial adhesion between particles and matrix is certainly possible, simply by 
surface modification of CaP particles at the nanosize range. This is usually achieved 
by grafting organic molecules (e.g., coupling agents) to the active hydroxyl groups 
(OH) on the CaP surface prior to composite processing. Surface treatment of inor-
ganic phase can modify both particle–particle and particle–matrix interactions, and 
properties of the resulting composite are usually affected by the combined effect of 
both interactions [8,84–86]. However, because of the limited number of active OH 
groups on the CaP surface and their relatively low reactivity, there are only a few 
studies reporting the preparation of surface-functionalized CaP particles. In addition, 
the increase in interfacial bonding strength by the introduction of organic molecules 
may have an impact on degradation kinetics and cytotoxicity of the resulting com-
posite, a feature which is unknown and remains to be investigated. Another concern 
is specific surface area of the nanoparticles, which must be taken into consideration 
during any surface treatment [75]. Recently, Li et al. [84] have tried to modify the 
surface of HAp particles by the ring-opening polymerization of LA. The modified 
HAp particles were then characterized by infrared spectroscopy and thermogravi-
metric analysis. They indicated that LA could be graft-polymerized onto the surface 
of HAp. According to the results, the modified HAp particles were well dispersed in 
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the PLA matrix than the unmodified HAp particles, and the adhesion between HAp 
particles and PLA matrix was improved. As expected, the modified PLA/HAp com-
posites showed superior mechanical properties compared to the unmodified PLA/
HAp composite. In another study, Hong et  al. [85] tried to graft PLLA onto the 
surface of the HAp nanoparticles in order to improve the bonding between HAp 
particles and PLLA, and hence to increase the mechanical properties of PLLA/HAp 
nanocomposites. They showed that PLLA molecules grafted on the HAp surfaces 
played an important role in improving the adhesive strength between the particles 
and the polymer matrix. At a low content of surface-grafted HAp, the PLLA/HAp 
nanocomposites exhibited higher bending strength and impact energy than the pure 
PLLA, and at a higher content of surface-grafted HAp, the modulus was remark-
ably increased. It implied that PLLA could be strengthened as well as toughened 
by surface-grafted HAp nanoparticles. These improvements can be ascribed first to 
the grafted PLLA molecules, which tie molecules between the fillers and the PLLA 
matrix, and second to the surface-grafted HAp particles, which are uniformly dis-
tributed in the composites and play the role of the heterogeneous nucleating agents in 
the crystallization of the PLLA matrix. Very recently, Diao et al. [86] used dodecyl 
alcohol to modify HAp nanoparticles through esterification reaction in order to 
improve the dispersibility of HAp in PLA/HAp nanocomposites prepared by melt 
blending. They reported that the surface modification of HAp nanoparticles with 
hydrophobic regents resulted in good dispersibility of HAp nanoparticles in the PLA 
matrix and improved interfacial interactions between PLA and HAp nanoparticles.

1.5.3 DegraDation

Degradation is a general process where the deterioration in the properties of mate-
rial takes place due to different factors such as humidity, light, heat, and mechanical 
tensions [88]. As a consequence of degradation, the resulting smaller fragments do 
not contribute effectively to the mechanical properties, and a material completely fails 
when a sufficient deterioration occurs. Degradation of biomedical composite scaffolds 
under physiological environments, also called biodegradation, depends on several fac-
tors, such as composition, pore structure, scaffolds geometry, fluid flow, hydrophilicity, 
and pH of the surrounding media. The study of degradation of CaP-reinforced polyes-
ter scaffolds is an important area in bone tissue engineering, particularly since a  better 
understanding of material degradation will ensure the effective bone regeneration. 
Ideally, the degradation kinetic of composite scaffolds should be precisely designed 
to allow cells to proliferate and secrete their own ECM while the scaffold gradually 
degrades leaving space for new cells. In other words, the physical support provided 
by the 3D scaffold must be maintained until the engineered bone tissue has sufficient 
mechanical integrity to support itself [8]. However, so far not enough attention has been 
given to the long-term in vitro and in vivo degradation of CaP/polyester nanocompos-
ites as compared to the evaluation of their biological and mechanical properties, prob-
ably because of the complicated reactions involved in the degradation process.

It is known that among the common biodegradable polyesters, PGA has the fast-
est degradation rate, while the slowest degradation rate has been reported to belong 
to the PCL [8,41,42]. Indeed, polymer blends containing the large amounts of PGA 
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(or PLGA) have been shown to degrade faster [89]. On the other hand, PCL may 
take several years (3 years or more) to fully degrade in vivo [90]. Similarly, PLLA 
has a very low resorption rate due to its high crystallinity leaving behind crystal-
line residues even after several years [91,92]. The degradation rate of most PHA 
polyesters is usually between those of PLLA and PGA. The degradation kinetic of 
polyesters is also governed by their crystallinity as the crystal segments are chemi-
cally more stable than amorphous segments. PLGA, for instance, has a wide range of 
degradation rates, depending on its molecular weight and composition (i.e., contents 
in L-LA and D-LA and/or GA units) and hence its degree of crystallinity [8]. It is 
well known that amorphous regions are preferentially degraded in semicrystalline 
polyesters like PHB; moreover, hydrolysis of amorphous polyesters like PDLLA is 
generally faster than the crystalline ones [8,56,93]. In fact, the amount of absorbed 
water strongly depends on the diffusion coefficients of chain fragments within the 
polymer matrix. Therefore, PGA has the fastest degradation rate because of its stron-
ger acidity and more hydrophilicity compared to PLA, which is hydrophobic due to 
its methyl groups (Figure 1.5). Moreover, among PLA isomers, a polymer composed 
of L-lactic repeating units takes more than 5 years for total absorption, whereas only 
about 1 year is needed for amorphous PDLLA (stereochemistry influences crystal-
linity; better alignment of neighbors leads to higher crystallinity) [8].

In addition to the improvement in biological and mechanical properties of poly-
esters upon the addition of CaP particles, some researchers have also incorporated 
CaP particles to stabilize the pH of the environment surrounding polyesters and to 
control their degradation behavior. In fact, the possibility of counteracting the acidic 
degradation of polyesters at the polymer surface is another reason given for the use 
of CaP/polyester composites. In this manner, dissolved phosphate ions released 
from the CaP particles can buffer the acidity of the carboxylic end groups produced 
by the polyester chain cleavage. Consequently, the pH of the surrounding media 
remains more stable for the composites than for the pure polyesters, preventing the 
inflammatory response resulting from the acidic degradation products [8,64,65]. 
Furthermore, the inclusion of CaP phases can modify the surface and bulk proper-
ties of composite scaffolds by increasing the hydrophilicity and water absorption of 
the polymer matrix [8]. The chemical phenomena involved in the biodegradation of 
CaP-reinforced polyester scaffolds can be classified as follows: (1) hydrolysis reac-
tion of the ester bonds; (2) acid dissociation of the carboxylic (–COOH) end groups; 
(3) dissolution of the CaP particles; and (4) buffering reactions by the dissolved phos-
phate ions [64]. According to this classification, the first step of the biodegradation is 
the diffusion of water into the scaffold, followed by chain cleavage of the polyester 
through the hydrolysis reaction between the ester bonds and water. Although water 
absorption often continues to increase during the entire degradation process, the 
water content reaches an abundant level in a few days and further absorption of 
water has little effect on the degradation rate [64]. The hydrolysis reaction produces 
hydroxyl alcohol and carboxylic acid end groups. The carboxylic end groups formed 
by chain cleavage have a high degree of acid disassociation to generate H+ and are, 
therefore, able to catalyze the hydrolysis of other ester bonds. This phenomenon is 
called autocatalysis. During the autocatalyzed degradation, the polyester changes to 
oligomers and finally to monomers (e.g., lactic acid in the case of PLA) [37,56,64,93]. 
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However, some experiments suggested that the rate of degradation in vivo may be 
faster than the in vitro rate of hydrolysis at the same temperature and pH [94,95]. In 
fact, the ester bonds are usually prone to both chemical and enzymatic hydrolysis, 
and hence enzymes secreted by the body’s immune system can further catalyze the 
degradation reaction in vivo. As mentioned before, another phase of the composite, 
that is, CaP particles can also dissolve in water, producing calcium and phosphate 
ions. However, crystalline CaP phases have usually long degradation times both 
in vitro and in vivo, typically in the order of months or even years [8,19]. Moreover, 
the dissolution rate of CaP depends on the type, degree of the saturation, and pH of 
the solution, solid/solution ratio, and the composition and crystallinity of the CaP 
phase. For instance, crystalline and amorphous HAp structures, respectively, exhibit 
the slowest and the fastest degradation rate compared with some other phases (e.g., 
α-TCP or β-TCP) [8]. Although the solubility of CaP particles is rather poor, but 
the buffering reactions between PO4

3− (resealed from CaP) and H+ (released from 
COOH groups), an inverse analogy to the dissolution of phosphoric acid (H3PO4), 
can continuously lead to further dissolution of the CaP particles [64].

Although different factors have been suggested to affect the degradation kinetics 
of CaP/polyester composites (e.g., chemical composition, molecular mass, polydis-
persity, and configurational structure of polyester, processing history, environmental 
conditions, stress and strain, device size, porosity, and overall hydrophilicity), but the 
effect of various CaP with different phases and crystallinities on the biodegradation 
of polyesters in nanocomposites is under discussion and no conclusion can be made 
about their exact mechanisms on the basis of present literature. Recently, Pan et al. 
[64] have tried to present a model for biodegradation of composite materials made of 
polyesters and TCP using a set of differential equations. However, their model ignores 
the diffusion of the various reaction products out of the composite into the degradation 
media, and is, therefore, only valid for the early stage of degradation of the composite. 
More recently, Sultana and Khan [56] investigated the long-term in vitro degrada-
tion properties of scaffolds based on PHBV and HAp nanoparticles. For this, they 
fabricated 3D porous scaffolds using the emulsion-freezing/freeze-drying technique. 
According to the results, mass loss and molecular weight loss of PHBV along with the 
loss of structural integrity were observed during degradation. Their experiments also 
suggested that accelerated weight loss was observed for PHBV/HAp nanocomposite 
scaffolds as compared to the pure PHBV scaffold. Moreover, an increasing trend of 
crystallinity was observed during the initial period of degradation time, and the com-
pressive properties decreased more than 40% after a 5-month in vitro degradation.

1.6 CONCLUSION AND OUTLOOK

From medicine and materials science perspective, the present challenge in bone tis-
sue engineering is to design and fabricate bioactive and biodegradable 3D scaffolds of 
tailored mechanical stability and biodegradation kinetics, which are able to maintain 
their integrity for predictable times under load-bearing physiological conditions. As 
reviewed here, the bioactive and biodegradable man-made CaP/polyester nanocompos-
ites are particularly attractive as bone tissue engineering scaffolds due to their excellent 
processability, bioactivity, adjustable biodegradation kinetics, and the possibility of 
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biomolecule incorporation. The experimental examples summarized here represented 
some research efforts aimed at understanding the in vitro mechanical and biological 
performance of different CaP/polyester composites. The many possibilities for tailor-
made biomimetic CaP/polyester nanocomposites have shown this class of compos-
ites to have a bright future as bone tissue engineering scaffolds. However, substantial 
research efforts are still required, in particular to address the following key challenges:

• To better understand the in vivo behavior of nano-CaP/polyester systems.
• Fabrication of polyester composites with the anisotropic CaP nanoparticles of 

complex geometries (e.g., nanofibers, dandelion structure, or plate-like parti-
cles) to additionally improve the mechanical strength of the resulting scaffolds.

• Evaluation of the real effects of particle characteristics on the composite 
performance.

• Surface modification of CaP particles by grafting new organic molecules 
and polymers to increase the interfacial bonding strength without impact-
ing the degradation kinetics and biocompatibility of the final composite.

• To determine and describe the complicated effects of CaPs of different 
phases and crystallinities on the reactions involved in the biodegradation of 
CaP/polyester composites.

• Finally, to increase the mechanical integrity of currently available CaP/
polyester nanocomposites to at least that of cancellous or cortical bone. 
Indeed, achieving the mechanical properties of the natural bone, for exam-
ple by the development of new CaP geometries, not only improves the per-
formance of current bone scaffolds, but also may allow replacing bigger 
sections of damaged bone tissue than what is possible today.

In addition to these challenges, a comprehensive study on the interactions between 
bone cells and surface of different CaP/polyester systems has yet to be conducted. 
This is particularly important as it has been proposed that surface texture and surface 
chemistry can alter cell behavior at many levels. Furthermore, incorporation of bio-
molecules into the nanocomposite scaffolds is important for determining the potential 
of the scaffold to further accelerate bone healing. Such studies would also determine 
some strategies to incorporate osteogenic cells into the porous nanocomposites. 
Moreover, development of biodegradable polyesters with new compositions (e.g., novel 
PHA copolymers) can also be another interesting challenge for future research.
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2 Biodegradable 
Nanocomposites for 
Imaging, Tissue-Repairing, 
and Drug-Delivery 
Applications

Congming Xiao

2.1 INTRODUCTION

Biomaterial science is an interdisciplinary field. During its development, various 
kinds of newly emerging concepts such as self-assembly and nanotechnology have 
been introduced into this field. As a result, biomaterial has been redefined again and 
again [1,2]. By taking the advantages of nanotechnology and biodegradable poly-
mers, biodegradable nanocomposites (BNCs) are prepared and applied as bioma-
terials. Most BNCs are employed as matrices of drug release, scaffolds of tissue 
repairing, or carriers of imaging agents. In order to make the status, basic concepts, 
and methods of BNCs easy to understand, a series of questions and answers is 
presented.
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2.1.1 What are the Key Components for Developing BnCs?

Biodegradable polymeric and inorganic substances are two kinds of components 
utilized to generate biodegradable polymer-based nanocomposites. Both natu-
ral and synthetic polymers are biodegradable [3–5]. To be a good candidate for 
biomedical application, an available or synthetic polymer must possess excel-
lent biocompatibility and biofunctionality [6]. Usually, polymers are used as the 
dispersing matrix or surface coating. Inorganic substances constitute another 
phase of BNCs and exhibit their individual function. They are summarized in 
Table 2.1.

It can be anticipated that polymers and inorganic substances can be combined 
in numerous ways. Then, how can BNCs be formed and what are the details of the 
obtained system?

2.1.2 What are the general approaChes to preparing BnCs?

Biodegradable nanocomposites are obtained through physical or chemical combi-
nation [12–15] of inorganic and polymeric components. Accordingly, the particles 
may be conjugated with the polymer chains or dispersed in the polymer matrix 
(Figure 2.1). Both the inorganic nanoparticles and the polymers can be formed 
in situ or prepared in advance. Therefore, there are a variety of strategies for devel-
oping BNCs.

A simple and effective method to disperse inorganic particles in polymer 
is solution blending and subsequent solvent evaporation or emulsion encapsu-
lation. The polymers applied for the encapsulation process are pre-made and 
obtained via polymerization of monomer in the dispersion media. The encap-
sulation  efficiency of the emulsion process can be modulated by varying the 
emulsion  system, such as mini-, micro-, or double ones [14,15]. In addition, 

TABLE 2.1
Possible Polymeric and Inorganic Components for BNC

Polymers Inorganic Nanoparticles [7–11]

Natural Synthetic [4] Substances Intrinsic Properties 

Polysaccharides: 

Z

Y

X
O

O

Polyesters: 
[R–CO–O]n

Hydoxyapatite: 
Ca10(PO4)6(OH)2

Bioactive

Polycarbonates: 
[R–O–CO–O]n

Ferroferric oxide: Fe3O4 Superparamagnetic

Polyanhydrides: 
[R–CO–O–CO]n

Quantum dot Fluorescent

Protein-based polymers: 
[NH–CRR′–CO]n

Polyurethanes: 
[R–NH–CO–O]n

Gold Optical, sensing

Polyethers: [R–O]n Silica Biocompatible

Polyaminoacids: 
[NH–CHR–CO]n

Carbon nanotube Photothermal
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the electrostatic interaction between charged inorganic nanoparticles,  acting 
as seeds, and oppositely charged polyelectrolytes makes the layer-by-layer 
(LbL) technique useful for the development of BNCs [14]. On the other hand, 
the self-assembly of polymers is also adopted to prepare BNCs. It is found that 
the hierarchical self- assembly of protein is useful for bottom-up engineering 
of a wide array of composites, and quantum dots (QDs) can be introduced at 
 different stages of the self-assembly process to controllably vary the morphol-
ogy of the composites [16]. It is also found that the LbL assembly between a 
pair of polyelectrolytes is an effective approach to fabricate BNCs. Magnetic 
alginate microspheres are prepared via the emulsification/internal gelation tech-
nique and  utilized as  substrates. Then, the multilayer composite microspheres 
are obtained through the alternating LbL assembly of a water-soluble chitosan 
derivative and  alginate [17]. These composites are all prepared through physical 
process, and the  inorganic particles are preformed.

The inorganic particles can also be formed via physical approach during  generating 
composites, which may avoid the tendency of nanoparticles to form agglomerate. 
The sol–gel processing of nanoparticles within polymer results in the formation of 
an interpenetrating network between inorganic and organic components, that is, a 
well-dispersed and stable composite can be obtained in this way. Besides, another 
promising methodology is the in situ growth of nanoparticles in a polymer matrix, 
which can be preformed or formed simultaneously via suitable reactions, such as 
reduction and decomposition, of their respective precursors [15]. Interestingly, the 
in situ formation of magnetic particles can be conducted easily and rapidly under 
mild conditions. Alginate-g-poly(vinyl alcohol) (PVA) is physically crosslinked with 
ferrous ions to form microparticles through emulsification/internal gelation, and the 
microparticles are transformed into ferromagnetic microparticles via a self-oxidation 
procedure within minutes [18]. The aforementioned physical fabrication processes of 
BNCs are illustrated in Figure 2.2.

The chemical approach, that is, coupling the two components via covalent 
 linkage, is an effective strategy to achieve nanocomposites, which provide good 
dispersion stability of inorganic nanoparticles in the polymer matrices [12,15]. 
Generally, it is carried out through different reactions between the active sites on 
the inorganic  particles and the reactive groups contained on the polymer chains. The 
common  reactions between functional groups, such as amine and carboxyl groups, 
are available. On the other hand, Click chemistry, including copper (I)-catalyzed 

(b)(a)
: Interaction

: Inorganic particle

: Polymer chain

FIGURE 2.1 Morphology of biodegradable nanocomposites: (a) dispersed and (b) conjugated.
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alkeyne-azide cycloaddition, thiol-ene reaction, and Diels–Alder reaction, has been 
paid growing attention for chemically forming BNCs recently [13,19]. The reactions 
between the polymer and inorganic nanoparticles are usually classified as graft-to 
and graft-from strategies. Graft-to strategy means functional-group-terminated poly-
mers react with an appropriate surface of the particles (a), while graft-from implies 
polymer chains are grown from an initiator-immobilized surface of the particles 
(b) [12,15]. In fact, several steps may be involved in either strategy. The chemical 
approaches are briefly shown in Figure 2.3.

Evidently, both physical and chemical ways have their individual advantages and 
shortcomings. There is room for improving the preparation method. For example, 
one-pot methodology is presented to synthesize PVA/ZnO QD nanocomposites, 
which does not need the steps of separation and purification of QDs [20]. In addi-
tion, both components of BNCs are probably all polymeric ones. Nevertheless, 
what should be taken seriously is that the targeted nanocomposites are for biomedi-
cal applications. No matter what strategy is adopted for preparation, the obtained 
nanocomposite should meet the basic requirements, such as biocompatibility, of 
biomedical applications. Consequently, the next question is, what are the potential 
applications of BNCs?

yyy
+

+

+
xxx

yyy : In situ transformation in the presence of polymer

xxx : Solution blending, emulsion or self-assembly of polymer

: Precursor of inorganic particles

: Oppositely charged polyelectrolytes

: Preformed inorganic particle

: Polymer previously prepared or obtained via in situ polymerization

FIGURE 2.2 Formation of physical biodegradable nanocomposites.
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2.2 WHAT ARE THE COMMON APPLICATIONS OF BNCs?

The applications of BNCs have focused on three fields, including drug delivery, tis-
sue repairing, and imaging. Recently, the development of BNCs has resulted in the 
formation of a new sub discipline, named nanomedicine.

2.2.1 hoW Can BnCs Be applieD to tissue repairing?

Hydroxyapatite (HA) has excellent biocompatibility, bioactivity, and osteoconduc-
tivity, but its mechanical properties are poor [8]. Biodegradable polymers possess 
structural continuity and design flexibility [21]. By combining the advantages of 
both components, BNCs containing HA nanoparticles are suitable for orthopedic 
reconstruction. Poly(propylene fumarate) (PPF) is a biodegradable unsaturated 
polyester. It is subjected to a radical crosslinking reaction with N-vinyl pyrrolidone 
in the presence of HA nanoparticles to form a thermoset nanocomposite. The in vivo 
femoral bone repair, which has been carried out on a rabbit animal model, indicates 
that the HA/PPF nanocomposite is both biocompatible and osteocompatible [8].

Bone tissue engineering (BTE) is an attractive alternative to bone tissue recon-
struction. One of the prerequisites for BTE is the design of an ideal scaffold. Such 
a 3D material should resemble as much as possible the morphology of natural 
bone. Natural bone is actually a nanocomposite of HA and collagen. Thus, nano-
composites made of HA and polymers have being developed as the template for 
BTE [22]. To develop tissue-engineered bone substitute that can mimic the struc-
tural, mechanical, and biological properties of natural bone, a composite com-
posed of polyvinyl alcohol (PVA), collagen, and HA nanoparticles is prepared. 

(b)

(a)

: Monomer for polymerization

: Functional group-contained polymer

: Polymer

: Preformed inorganic particle

: Particles containing reactive sites

: Particles containing initiator

FIGURE 2.3 Formation of chemical biodegradable nanocomposites. (a) Graft-to strategy 
and (b) graft-from way.
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The nanostructure and composition of this composite are similar to that of bone 
and can be applied as a scaffold for BTE [23]. Polygalacturonic acid (PgA) is 
 de-esterified pectin, a plant polysaccharide, and can form complex with chitosan 
in solution since they are electrostatically complementary. Accordingly, PgA/chi-
tosan/HA nanocomposite is synthesized through in situ mineralization and shows 
higher mechanical properties than those of binary ones [24]. Mechanical proper-
ties, biocompatibility, and tunable biodegradability are critical for a nanocompos-
ite for BTE. In order to develop such a kind of nanocomposites, fumarate-based 
copolyesters are in situ polymerized with HA. The experimental results show that 
the nanocomposites are mechanically favorable, bioactive, and biodegradable, 
and they are regarded as a promising candidate for orthopedic applications [25]. 
By taking advantage of the formability of polymer and the bioactivity of HA, a 
 triblock copolymer of l-lactide and ε-caprolactone is mixed with HA nanopar-
ticles to fabricate nanocomposite scaffold by using solution casting, gas foaming, 
and salt leaching techniques. The resultant nanocomposite is thought to be a good 
bone substitute [26]. In addition, other biodegradable polymers such as aliphatic 
polyesters are also utilized to prepare nanocomposites with tunable properties for 
tissue engineering [27].

BNC scaffolds can be considered analogues of extracellular matrix (ECM). The 
artificial ECMs possessing biocompatibility, controlled biodegradability and poros-
ity, and surface adhesion capability are reliable alternatives in the regeneration of 
new tissue. They are not only used for BTE, but also suitable for reconstructing 
cartilage, vascular, neural, bladder, and intraocular lens [28–30]. All components of 
the nanocomposites are cellulose, and their derivatives are particularly suitable for 
creating artificial blood vessel [30]. The compositions and roles of BNCs in tissue 
reconstruction are outlined in Figure 2.4.

2.2.2 hoW Can BnCs Be applieD to Drug Delivery?

Due to the enhanced permeability and retention effect, nanosized drug-delivery sys-
tems (NDDS) exhibit improved therapeutic properties and reduced adverse effects. 
NDDS hold great promise for delivering drug to the desired site of action. In fact, 
some NDDS have been approved for clinical applications.

The surface plasmon resonance effect of gold nanoparticles offers BNCs light 
responsiveness. By taking advantage of the biocompatibility of hydrogels and the 
inherent properties of inorganic nanoparticles, the obtained BNCs can exhibit some 

Polymer+polymer

Biodegradable polymer-based
nanocomposites

Sca	old for tissue engineering

Tissue

Polymer+inorganic particles

FIGURE 2.4 Tissue-repairing application of biodegradable nanocomposites.
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interesting characteristics and are biocompatible simultaneously. κ-Carrageenan, 
a kind of water-soluble sulfated polysaccharide, has the ability to form thermo-
reversible hydrogel. Accordingly, gold nanoparticles with variable shapes blend with 
κ-carrageenan to form hydrogel nanocomposites. The release of model drug from 
the nanocomposites follows either a diffusion or a polymer relaxation mechanism, 
which is modulated with the morphology of gold nanoparticles. In the incorporation 
of nano-gold, κ-carrageenan hydrogel/Au is a potentially remotely controlled light-
triggered NDDS [31]. Besides gold nanoparticles, carbon nanotube and superpara-
magnetic iron oxide nanoparticles (SPION) are promising candidates to combine 
with various conventional or stimuli-responsive hydrogels for constructing remotely 
controlled NDDS [32,33]. Application of a high-frequency alternating magnetic 
field (AMF) to nanocomposite containing SPION results in uniform heating within 
the nanocomposite. Polymer or copolymer of N-isopropylacrylamide (NIPAM) is 
negative temperature sensitive. Magnetic NIPAM-based hydrogel nanocomposite, 
which is prepared by crosslinking NIPAM with tetra(ethylene glycol) dimethacry-
late in the presence of SPION, will collapse when it is subjected to AMF due to a 
rise in temperature. As a result, the imbibed drug is released [34]. Though poly(N-
isopropylacrylamide) is not biodegradable, this is a way to trigger the on-demand 
pulsatile drug release. Actually, there are several temperature-responsive natural 
polymers such as gelatin, collagen, methylcellulose (MC), and hydroxypropylcel-
lulose (HPC) [35]. The hydrogel nanocomposites obtained from these polymers 
belong to real BNCs indeed.

BNCs obtained from all polymeric components show favorable processability, 
excellent biocompatibility, and controllable biodegradability. They are promising 
candidates for the development of NDDS. A nanocomposite is prepared through 
electrostatic interaction between γ-polyglutamic acid and polyethylenimine 
(PEI). The ability to protect pDNA, cell viability, and transfection efficiency of 
the polypeptide-based BNCs are evaluated, and the results demonstrate that the 
system is effective for in vivo gene delivery [36]. A composite nanogel containing 
anticancer drug is synthesized to accomplish deep tumor penetration. The nano-
gel, which is prepared from N-lysinal-N-succinyl chitosan, NIPAM, and bovine 
serum albumin, has core-shell structure. Such a nanogel shows pH sensitivity. 
The variation of physiological conditions triggers the swelling-shrinking of the 
nanogel and leads to the controlled release of anticancer drug [37]. In view of 
their individual advantages, a ternary bionanocomposite composed of PVA, cel-
lulose crystals (CNC), and poly(d,l-lactide-co-glycolide) (PLGA) nanoparticles 
is prepared by simply mixing PLGA nanoparticles that are loaded with fluores-
cein isothiocynate–labelled bovine serum albumin with PVA and CNC. PVA/
CNC/PLAG is considered an effective NDDS for therapeutic application [38].

As mentioned in Section 2.2, incorporation of inorganic nanoparticles usually 
makes polymer responsive to environmental stimuli. By combining inorganic par-
ticles with smart polymers, a multi responsive composite can be formed. Triple-
responsive MC/Fe-Alg-g-PVA/PVA/Fe3O4 hydrogel composite is prepared by physical 
crosslinking and in situ self-oxidation. The obtained composite microgels show pH-, 
 temperature-, and magnetism-sensitive release behavior [39]. Due to the intrinsic 
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properties of inorganic nanoparticles, BNCs are usually sensitive to the environmental 
stimuli, which exhibits responsive drug delivery, as shown in Figure 2.5.

2.2.3 hoW Can BnCs Be applieD to imaging?

Noninvasive diagnosis and real-time monitoring of therapy become more and more 
important in practical biomedical applications. In other words, imaging technologies 
are essential for the development of biomaterials science [40,41]. Particularly, many 
inorganic nanoparticles exhibit optical and magnetic characteristics, which enable 
them to engineer BNCs for imaging tissue response, visualizing tissue integration, 
or tracking cells and other purposes.

In view of the advantages such as excellent temporal and spatial resolution, rapid 
in vivo acquisition of images, and long effective imaging window, magnetic resonance 
imaging (MRI) has received growing attention recently. Usually, contrast agents are 
applied to enhance MRI at tissue, cellular, or molecular levels. SPION is an effective 
contrast agent for MRI. For in vivo applications, it is necessary for SPION to be well dis-
persed in water, which is generally achieved by coating it with biocompatible hydrophilic 
dextran or encapsulating with biocompatible amphiphlic poly(ethylene glycol)-b-poly(ε-
caprolactone) (PEG-b-PCL) [42,43]. The gadolinlium diethylenetriaminepentaacetic 
acid (Gd-DTPA) chelate is also extensively utilized as a contrast agent for MRI, but its 
imaging time is short and its specificity to target organs is poor. Thus, BNCs containing 
Gd-DTPA are prepared and show favorable potential in tumor diagnosis. Gd-DTPA-
contained BNCs can be obtained through forming complex with dextran or polylysine 
derivative as well as conjugating with human serum albumin nanoparticles [44].

Stimuli

x

y

z

: Preformed inorganic particle
: Linear polymer or hydrogel

: Drug

FIGURE 2.5 Drug-delivery application of biodegradable nanocomposites.
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Due to unique properties such as high sensitivity, high selectivity, convenience, 
diversity, and nondestructive character, fluorescent nanocomposites have been widely 
applied in biological imaging. Generally, fluorescent nanocomposites can be obtained 
by embedding inorganic composition inside a polymeric matrix or covalently attaching 
onto the surface of polymeric nanoparticles [45]. For example, QDs are attractive fluo-
rescent probes for in vitro and in vivo imaging. In order to acquire biocompatibility, 
biostability, and suitable surface functions, QDs are modified with various strategies 
such as PEGylation coating or capping with amphiphilic polymers [46]. The emerging 
fluorescent BNCs may provide new imaging agents with unique properties.

In a word, BNCs are applied to enhance the contrast of related tissues or to exhibit 
fluorescent patterns (Figure 2.6).

2.2.4 hoW Can BnCs Be applieD to theranostiCs?

Now that nanomaterials are a good tool for imaging or individual drug delivery, they 
are considered good candidates for application in diagnosis and therapy at the same 
time, which in turn has led to the development of new nanomaterials for theranostics 
[9]. A theranostics system integrates the therapeutic and diagnostic functions in a 
same entity, which provides the possibility to monitor in real time drug release and 
distribution, to detect diseases, and to assess the effectiveness of treatment promptly 
[47]. Polymer-based systems for theranostics have been extensively explored during 
the last decade [48].

SPION, docetaxel (Dtxl) or paclitaxel (PTX), and arginine-glycine-asparatic 
acid (RGD) or prostate stem cell antigen (PSCA) are MRI contrast agent, anti-
cancer drugs, and tumor-targeting substances, respectively. SPION and Dtxl or 
PTX are encapsulated with poly(lactide-co-glycolide) (PLGA) by using emulsion-
evaporation method. Subsequently, RGD or PSCA is conjugated on the surface of 
the nanoparticles via functional poly(ethylene glycol) (PEG). The obtained nano-
composites are promising multifunctional BNCs for both cancer therapy and MRI 
[49,50]. The combination between SPION and polymer can be in chemical way as 
well. SPION is covalently bonded with doxorubicin (DOX), an antitumor drug, 

Contrast agent Fluorescent probe

FIGURE 2.6 Roles of biodegradable nanocomposites played in imaging.
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and PEG via pH-sensitive acylhydrazone linkages. The formulated nanocompos-
ite shows pH-sensitive release and magnetic targeting behavior and is promis-
ing for synergistic MRI diagnosis and tumor therapy [51]. Magnetic mesoporous 
silica nanoparticles (MMSNs) can be directed to the targeted sites. By conjugat-
ing MMSNs with tansactivator protein (TAT), nanoparticles can be developed for 
nuclear-targeted drug delivery. Considering TAT is positively charged at physiolog-
ical pH, which may lead to undesired side effects, nanoparticles are decorated with 
a chitosan derivative to temporarily shield the positive charge of TAT. The stability 
of the nanoparticles is enhanced, and their circulation time in blood is prolonged. 
As a result, a kind of BNCs for targeting delivery is obtained. In addition, the 
embedded Fe3O4 offers these BNCs the possibility to be used as contrast agent for 
MRI simultaneously [52].

Nanoparticles such as upconversion nanoparticles and QDs exhibit unique optical 
characteristics and are useful for bioimaging. By coupling with folic acid or RGD 
onto PEGylated and doxorubicin-loaded nanoparticles, these nanocomposites show 
targeted cancer therapy and cell imaging [53]. Integration of magnetic and lumines-
cent properties of inorganic particles, the biocompatibility and stability of polymer, 
and the targeting capability of specific ligands lead to a multifunctional BNC with 
tailored properties, which is a promising platform for simultaneous therapy, diag-
nosis, and real-time monitoring. A chitosan-based nanocomposite is prepared by 
coating ferroferric oxide nanoparticles with carboxymethyl chitosan (CMCS), sub-
sequently doping with QDs via LbL assembly between CMCS and QDs, and then 
conjugating with folate. Due to its high drug-loading efficiency, low cytotoxicity, and 
favorable cell compatibility, such a BNC is a potential candidate for targeted drug 
delivery and cellular imaging [54].

It is thus clear that the combination of magnetic response and luminescent prop-
erty enables BNCs to be applied for a new biomedical application, theranostics 
(Figure 2.7).

2.3 IS THERE ANYTHING TO CONSIDER ABOUT BNCs?

The main goal of designing and preparing BNCs is to explore their biomedical 
applications. Therefore, the safety of BNCs is a very important issue due to the pos-
sible hazard of BNCs to human health and their accumulation in the body [47,55]. 
Because no exact biocompatibility criteria have been established [56], it is necessary 

Imaging

Diagnosis

Targeting
moieties

Theranostics

FIGURE 2.7 Formation of merging field for biodegradable nanocomposites.
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to study the interactions of BNCs and biological systems in detail [57]. Every aspect 
involved, such as careful purification at the stage of preparing inorganic nanopar-
ticles, release possibility and degree of inorganic nanoparticles from BNCs, and 
safety evaluation of BNCs for various biomedical applications, should be paid much 
attention.

Indeed, nanotechnology makes the development of BNCs robust, but the adverse 
effects of nanomaterials are usually ignored. One should take a lesson from the past 
development of BNCs, that is, considerable investigation should be taken before 
introducing a new concept into the biomedical field.

Certainly, the story of BNCs is far from complete. The information for this 
chapter was acquired from the literatures published 2008–2014. Consequently, the 
state of the art should be renewed once the progress is reported.
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Biomedical Applications

Elena Pâslaru (Stoleru), Bogdănel S. Munteanu, 
and Cornelia Vasile

3.1 INTRODUCTION

Various blends and composites have been developed during the past few years in 
order to free some of the polymers from renewable resources disadvantages, such 
as poor mechanical properties, or to offset the high price of synthetic biodegradable 
polymers (Yu et al. 2006). Electrospun fibers have exceptional properties, such as 
high specific surface area, and can be easily designed to have enhanced mechanical 
properties, biocompatibility, and cellular response, making them appealing to be 
used in composites materials applicable in the medical field (Baptista et al. 2013).
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Electrospinning is a fascinating fiber fabrication technique that gained attention 
during the past decade due to the ability to produce nanoscale materials (Bhardwaj 
and Kundu 2010; Ding et al. 2002; Pham et al. 2006).

3.2 ELECTROSPINNING PRINCIPLES

The basic electrospinning setup consists of three major components: a high-voltage 
power supply, an electrically conducting spinneret, and a collector separated at a 
defined distance (Figure 3.1).

The basic principle of the electrospinning method is as follows: an electric volt-
age is applied at the tip of a capillary/needle, which contains the polymer solution 
with a specific surface tension, and the grounded fiber collector in order to facilitate 
the ejection of the charged jet toward the collector. Sessile and pendant droplets 
of polymer solutions acquire stable shapes when they are electrically charged by 
applying an electrical potential difference between the droplet and a flat plate, if 
the potential is not too high. These stable shapes result only from equilibrium of 
the electric forces and surface tension in the cases of inviscid, Newtonian, and 
viscoelastic liquids. It is widely assumed that when the critical potential has been 
reached and any further increase will destroy the equilibrium, the liquid body 
acquires a conical shape referred to as Taylor’s cone. Such deformation is attributed 
to two main reasons: (1) electrostatic repulsion between the surface charges of the 
droplet and (2) Coulombic forces exerted by the external electric field applied. The 
polymeric solution jet moves toward the fiber collector with simultaneous evapo-
ration of the solvent molecules, leading to the deposition of a mat of nanofibers 
on the collector surface. This system is known as a simple nozzle or monoaxial 
(Figure 3.1) due to the fact that it employs only one capillary containing the poly-
mer solution to be electrospun.

Spinning
solution

Needle

High-voltage DC
power supply

Grounded �ber collector

Syringe pump

FIGURE 3.1 Basic electrospinning setup (mono-axial).
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Moreover, there are other electrospinning configurations, such as blending 
(Figure 3.2a) and multiple electrospinning (Theron et al. 2005), core-shelled elec-
trospinning (Sun et al. 2003), and blow-assisted electrospinning, which combines the 
process of electrospinning with air blowing around the spinneret (Hsiao et al. 2012).

Coaxial configuration (see Figure 3.2b) is much versatile and useful for a wide 
range of applications. This configuration involves two coaxial capillaries that permit 
simultaneous electrospinning of two polymer solutions into core–shell structured 
nanofiber. In this case, two separate polymer solutions flow through two different 
capillaries, which are coaxial with smaller capillary inside a larger capillary. The 
greatest advantage of coaxial electrospinning is its versatility in the type (hydro-
philic or hydrophobic) and size (ranging from 100 nm to 300 μm) of fibers it can 
produce (Beck et al. 2011).

Electrospinning has been used to fabricate fibers with different structures and 
morphologies, such as single fibers with different composition and structures (blend-
ing and core–shell composite fibers) and fiber assemblies (fiber bundles, membranes, 
and scaffolds) (Cui et al. 2010). Using coaxial electrospinning, composite nanofibers 
with a core–shell structure can be produced.

Despite electrospinning’s relative ease of use, there are a number of processing 
parameters that can greatly affect fiber formation and structure. Grouped in order of 
relative impact to the electrospinning process, these parameters are applied voltage, 
polymer flow rate, and capillary–collector distance (Sill and von Recum 2008).

The strength of the applied electric field controls the formation of fibers from 
several microns in diameter to tens of nanometers. Suboptimal field strength could 

Coaxial
Blending Core solution

Shell solution

Taylor cone

W W

Grounded collectors
(a) (b)

FIGURE 3.2 Schematic representations of various configurations of solution blending 
(a) and coaxial (b) electrospinning.
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lead to bead defects in the spun fibers or even failure in jet formation (Boland et al. 
2005; Jeun et al. 2007; Llorens et al. 2013).

Polymer flow rate also has an impact on fiber size and additionally can influence 
fiber porosity as well as fiber shape (Inami et al. 2013; Milleret et al. 2011; Pillay 
et al. 2013; Zargham et al. 2012).

While playing a much smaller role, the distance between capillary tip and col-
lector can also influence fiber size by one or two orders of magnitude. Additionally, 
this distance can dictate whether the end result is electrospinning or electrospraying 
(Martins et al. 2008; Sill and von Recum 2008; Yu et al. 2011; Zhang et al. 2009).

In addition to the processing parameters, a number of solution parameters play 
an important role in fiber formation, structure, and morphology (Sill and von Recum 
2008). In relative order of their impact on the electrospinning process, these include 
polymer concentration (Correia et al. 2014; Frenot and Chronakis 2003; Tan et al. 
2007), solvent volatility (Mondal 2014), and solvent conductivity (Luo et al. 2012).

A number of biodegradable electrospinnable polymers are available: 
poly(hydroxyalkanoates) (Chanprateep 2010), poly(propylene carbonate) (PPC) 
(Luinstra and Borchardt 2012), poly(hydroxybutyrate-co-hydroxyvalerate) 
(Kulkarni et al. 2010), methoxy poly(ethylene glycol) (Podaralla et al. 2012), poly 
lactic-co-glycolic acid (PLGA) (Makadia and Siegel 2011), and polycaprolactone 
(Muñoz-Bonilla et al. 2013).

3.3 ELECTROSPINNING APPLICATIONS

The biomedical field is one of the important application areas that utilize the tech-
nique of electrospinning, such as filtration and protective material, electrical and 
optical applications, sensors, nanofiber-reinforced composites, etc.

Although studies on the in vivo feasibility of electrospun nanofibers in bone recon-
struction and tissue engineering progress are currently in the early stages, recent 
reports of electrospun nanofibers with new compositions targeted for bone as well as 
some processing tools to design 3D scaffolding and tissue engineering have highlighted 
the potential use of electrospun materials in bone tissue engineering (Jang et al. 2009).

3.3.1 Tissue engineering

Tissue engineering (tissue regeneration) is an interdisciplinary field that makes use 
of scaffolds to provide support for cells to regenerate new extra cellular matrix 
(ECM), which has been destroyed by disease, injury, or congenital defects without 
stimulating any immune response (Agarwal et al. 2008). The ECM is the noncel-
lular component that not only provides essential physical scaffolding for the cellular 
constituents but also initiates crucial biochemical and biomechanical cues that are 
required for tissue morphogenesis, differentiation, and homeostasis (Frantz et  al. 
2010). It separates different tissues, forms a supportive meshwork around cells, and 
provides anchorage to the cells. It is made up of proteins and glycosaminoglycans 
(GAGs), which are carbohydrate polymers (Agarwal et al. 2008).

The structural and functional properties of natural ECMs are crucial for the 
proliferation, differentiation, and migration of cells. As a consequence, there is an 
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increasing tendency to design scaffold materials, as applied in tissue regeneration 
approaches, according to the characteristics of ECM. The nanoscale architecture 
of the ECM influences the adhesion and orientation of cells, while the release of 
biomolecules from the ECM regulates cellular proliferation and differentiation (Sun 
et al. 2014). Consequently, the scaffolds used for tissue regeneration should provide 
more than only physical support for cells. An appropriate architecture has to be 
combined with the release of biomolecules in the design process of scaffolds in order 
to obtain the optimal cellular behavior. Thus, the scaffold should have high porosity 
(Rnjak-Kovacina et  al. 2011) with proper pore size distribution and large surface 
area. Biodegradability is often required with the degradation rate matching the rate 
of new-tissue formation. The scaffold must possess the required mechanical and 
structural integrity to prevent the pores of the scaffold from collapsing during new-
tissue formation (Gholipour Kanani and Hajir Bahrami 2010). Finally, the scaffold 
should be nontoxic to cells and biocompatible, promoting cell adhesion, prolifera-
tion, and migration.

Tissue engineering scaffolds have been prepared using a multitude of differ-
ent techniques, such as gas foaming, emulsion freeze drying, and rapid prototyp-
ing (Park et  al. 2013). Recently, electrospinning has attracted a lot of attention 
due to its relative simplicity regarding the generation of fibrous scaffolds with 
nanoscale dimensions. In general, the electrospinning process shows excellent 
promise for tissue engineering and regenerative medicine as the nanofibers have 
3D porous structure and high surface area similar to ECM, providing sites for 
cell attachment and consequently a high cell density. The electrospun nanofiber 
scaffolds have controllable morphology (diameter, composition, structure, align-
ment) and mechanical properties. Electrospun nanofibers can be used as carri-
ers for sustained drug/gene/growth factor delivery and can be used as substrates 
for regulating cell behaviors, including morphology, proliferation, migration, and 
 differentiation (Ma et al. 2013).

In recent years, the biomedical field has paid much attention to the production, 
processing, and applications of polyhydroxyalkanoates, which are natural poly-
mers synthesized by a wide variety of microorganisms such as soil bacteria, blue–
green algae, and genetically modified plants, the most common type being the 
poly(hydroxybutyrate) (PHB). Ultrafine fibers of PHB, poly(hydroxybutyrate-co-
hydroxyvalerate) (PHBV), and their blends have been produced using chloroform as a 
solvent system. The indirect cytotoxicity evaluation with mouse fibroblasts indicated 
that these mats posed no threat to the cells (Sombatmankhong et al. 2006). By add-
ing DMF to the PHB/chloroform solution, the electrospinning process for the PHB 
polymer becomes more stable, allowing complete polymer crystallization during the 
jet travelling between the tip and the grounded collector (Correia et al. 2014).

Blends of PHB and various polymers were studied. Nanofibers of poly(3-hydroxy-
butyric acid) and poly(propylene carbonate) (1,1,1,3,3,3 hexafluoro-2-propanol and 
2,2,2 trifluoroethanol used as solvents) supported the growth and proliferation of 
human dermal fibroblasts and keratinocytes with normal morphology, while having 
good tensile properties (Nagiah et al. 2013). Also, PHB and dodecylbenzene sulfonic 
acid (DBSA) doped polyaniline in chloroform/trifluoroethanol mixture with possible 
use as scaffolds for tissue engineering (Fryczkowski and Kowalczyk 2009).
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Blend composition has important influence on adhesion and proliferation. 
Cell culture experiments with a human kerocytatine cell line (HaCaT) and dermal 
fibroblast on the electrospun PHB and polyvinyl alcohol (PVA)/PHB miscible blend 
nanofibers (using 1,1,1,3,3,3-hexafluoro-2-propanol as solvent) showed maximum 
adhesion and proliferation on pure PHB. However, the addition of 5 wt.% PVA to 
PHB inhibited growth of HaCaT cells but not of fibroblasts. On the contrary, adhe-
sion and proliferation of HaCaT cells were promoted on PVA/PHB (50/50) fibers, 
which inhibited the growth of fibroblasts. The hydrolytic degradation of PHB was 
accelerated with increasing PVA fraction (Asran et al. 2010).

To improve cell compatibility, the surface of poly(3-hydroxyalkanoate) 
(PHA) was functionalized by introducing epoxy groups on the fiber through two 
different methodologies: (1) preliminary chemical conversion of double bonds 
of unsaturated PHAs into epoxy groups, followed by electrospinning of epoxy-
functionalized PHAs blended with nonfunctionalized PHAs; and (2) electros-
pinning of nonfunctionalized PHAs, followed by glycidyl methacrylate grafting 
polymerization under UV irradiation. The latter approach generated a higher 
density of epoxy groups on the fiber surface. Further, epoxy groups can be 
chemically modified via the attachment of a peptide sequence such as Arg-Gly-
Asp (RGD) to obtain biomimetic scaffolds. Human mesenchymal stromal cells 
exhibited a better adhesion on the latter scaffolds than that on nonfunctionalized 
PHA mats (Ramier et al. 2014).

Highly porous fibers were prepared by water bath electrospinning (using a 
water bath collector) (Pant et al. 2011b) of pure poly(ε-caprolactone) (PCL) and its 
blends with methoxy poly(ethylene glycol) (MPEG). In vitro cytotoxicity assessment 
of the fiber mats (using mouse osteoblasts [MC3T3-E1] as reference cell lines) indi-
cated that the porous electrospun mat containing amount of MPEG was nontoxic to 
the cell. Cell culture results showed that porous fibrous mats were good in promoting 
cell attachment and proliferation (Pant et al. 2011a).

There are studies concerning composite nanofibers from electrospun natural 
polymers. Hyaluronic acid (HA) and collagen were dissolved in a sodium hydrox-
ide (NaOH)/N,N-dimethyl formamide (DMF) solvent mixture at a concentra-
tion of 10 wt.% and successfully electrospun into a nanofiber web with a soft, 
fluffy structure by the combined effects of numerous minijet evolutions and their 
subsequent vertical growth. By the simultaneous deposition of salt particulates 
as a porogen during electrospinning and subsequent chemical crosslinking and 
salt leaching, a water-swellable HA-based scaffold retaining a macroporous and 
nanofibrous geometry was produced. The cytocompatibility tests using bovine 
 chondrocytes cultured on the scaffolds revealed that cellular adhesion and pro-
liferation were enhanced in proportion to the content of collagen, and the seeded 
chondrocytes maintained the roundness characteristic of a chondroblastic mor-
phology (Kim et al. 2008).

Different from the conventional electrospinning process, which involves a 
positively charged conductive needle and a grounded fiber collector (i.e., positive 
voltage electrospinning), pseudo-negative voltage electrospinning, with grounded 
needle and positively charged collector, was investigated for making ultrafine 
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PHBV fibers. High applied voltages facilitated the formation of large-diameter 
fibers during positive voltage electrospinning but small-diameter fibers during 
pseudo-negative voltage electrospinning. Additionally, protein adsorption and 
hence cell adhesion can be enhanced when the substrate (scaffold) is selected such 
that it bears opposite charges with respect to the polarity of a particular kind of pro-
tein. Positive voltage electrospinning and negative voltage electrospinning (includ-
ing pseudo-negative voltage electrospinning) can produce suitably charged fibrous 
scaffolds that favor tissue regeneration, which facilitates cell–scaffold interactions 
and provides another useful aid in the tissue engineering of various human body 
tissues (Tong and Wang 2011).

3.3.1.1 Growth Factors
Macromolecular bioactive agents such as anionic polysaccharides (i.e., heparin, HA, 
and DNA) and growth factors play important roles in harnessing and controlling 
cellular functions in tissue regeneration. Ideal tissue engineering scaffolds should 
not only mimic the topography and compositions of ECM, but also be integrated 
with macromolecular bioactive agents in order to finely modulate the cell migration, 
proliferation, and differentiation (Zhu and Marchant 2011).

Composite nanofibers from electrospun natural and synthetic polymer hybrids 
are extensively used for the purpose of constructing biomimetic cellular scaffolds 
(Gunn and Zhang 2010) as they combine key characteristics of the constituents on 
the nanoscale, which are important for cell functions such as adhesion, migration, 
proliferation, and differentiation. Due to the dissimilarity in the chemical structures, 
the two types of polymers are often poorly miscible in solution, which results in 
composite nanofibers with different microphase-separated structures because of 
phase separation phenomenon in the spinning solution (Stoyanova et al. 2014) and 
rapid solidification. Phase separation is usually observed in blend nanofibers with 
major (matrix) and minor constituents, which affects the mechanical properties as a 
result of the inhomogeneity (Del Gaudio et al. 2011).

Gelatin is a proteinaceous material prepared by hydrolytic degradation of natu-
rally occurring collagen. Because of its biodegradability, biocompatibility, and cell 
affinity, it is a good candidate for use in the field of tissue engineering. The electro-
spun gelatin membranes have been successfully prepared for various applications 
(Zhan and Lan 2012). The nanofibrous scaffolds of gelatin mimic not only the topog-
raphy but also chemical composition of ECM and could support the growth of vari-
ous cells (Zhang et al. 2005).

Phase separation has significant impact on cell adhesion and proliferation behav-
iors for gelatin/polycaprolactone (PCL) (50/50 wt./wt.) electrospun nanofibers. The 
more homogeneous fibers (without phase separation), obtained by adding acetic acid 
(0.2% relative to trifluoroethanol) in the initial gelatin/PCL/trifluoroethanol, pro-
vided superior cytocompatibility over the nonhomogeneous fibers obtained from 
gelatin/PCL/trifluoroethanol solution (Feng et al. 2014).

The presence of gelatin in the gelatin/nylon-6 composite nanofibers improved 
the adhesion, viability, and proliferation properties of osteoblast cells (analyzed 
by an in vitro cell compatibility test). No component partitioning was observed in 
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the composite mat indicating good phase miscibility of gelatin with nylon-6 in 
the common solvent (formic acid/acetic acid). Also, the formation of a strong 
hydrogen bond between gelatin and nylon-6 might be the cause of the increased 
thermal degradation temperature of the two polymers in composite mats (Pant 
and Kim 2013).

Core–shell fibrous scaffolds composed of gelatin-coated PCL were fabricated 
by coaxial electrospinning. The presence of PCL in the core section of the core–
shell fibers significantly enhanced both the morphological stability and mechanical 
strength of the fibrous membranes (Zhao et al. 2007). In another study, the outer gel-
atin layer was crosslinked by exposing the membranes in glutaraldehyde vapor. The 
core–shell fibers could effectively immobilize two types of agents (FITC-labeled 
bovine serum albumin [FITC–BSA] or FITC–heparin) under mild conditions. 
Furthermore, vascular endothelial growth factor (VEGF) could be conveniently 
impregnated into the fibers through specific interactions with the adsorbed hepa-
rin in the outer cationized gelatin layer. Sustained release of bioactive VEGF could 
be achieved for more than 15 days (Lu et al. 2009). By optimizing the glutaralde-
hyde/gelatin feed ratio, other authors have found that the mechanical strength of 
the hydrated, crosslinked core–shell fibrous scaffolds was significantly enhanced 
because of the presence of hydrophobic PCL in the core region of the fibers. Results 
of cell culture studies suggested that the crosslinked, core–shell fibrous scaffolds 
were nontoxic and capable of supporting fibroblast adhesion and proliferation (Zhao 
et al. 2007).

3.3.1.2 Cardiovascular Tissue Engineering
Electrospinning has applications in the area of cardiovascular tissue engineering. 
Bioresorbable vascular grafts were produced from electrospun nanofibers of colla-
gen and other biopolymers. These bioresorbable grafts have compositions that allow 
for the in situ remodeling of the structure, with the eventual replacement of the graft 
with completely autologous tissue (Sell et al. 2009).

Developing scaffolds that can maintain their mechanical integrity while exposing 
to cells, at long-term cyclic mechanical strains, is especially necessary in cardio-
vascular applications. To combine mechanical properties with cell viability, dou-
ble-layered small-diameter tubular scaffolds containing both melt-spun macrofibers 
(<200 µm diameter) and electrospun submicron fibers (>400 nm in diameter) were 
produced by electrospinning of nanofibers on top of the melt-spun microfibers. The 
tubes were fabricated from an elastomeric bioresorbable 50:50 poly(l-lactide-co-
e-caprolactone) copolymer having dimensions of 5  mm in diameter and porosity 
of over 75%. For electrospinning, two different solvents were used: acetone and 
1,1,1,3,3,3-hexafluoro-2-propanol. The melt-spun monofilaments were wound up 
directly after extrusion on a rotating Teflon-coated mandrel and were removed, while 
maintaining its shape, as a tube, after collection once they had cooled to room tem-
perature. Melt-spun tubes were further used as the base mandrel for the collection 
of electrospun PLCL nanofibers. The two obtained layers were well bonded together 
and were not separable with manual manipulation. Micro- and nanocombined 
structures can be advantageous, since the nanolayer can mimic the ECM, whereas 
the microlayer will provide larger pores, which facilitate superior cell infiltration. 
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That electrospun structures can promote cell proliferation and that the effect of any 
residual solvent on cell behavior are not significantly detrimental (Chung et al. 2010).

A critical design requirement for small-diameter (<6 mm) bioengineered vas-
cular grafts is the formation of a continuous monolayer of endothelial cells (ECs) 
on the lumen of the construct by seeding endothelial progenitor cells on the lumen 
surface of the vascular graft prior to implantation. Therefore, an ideal bioengi-
neered vascular graft should possess a continuous monolayer of ECs that functions 
similar to the native endothelium while remaining adherent under physiological 
flow conditions. The endothelium in native vessels is composed of ECs aligned with 
the direction of blood flow in straight vessel segments. To study the effect of elec-
trospun scaffold orientation and fibers diameter on EC morphology, alignment, and 
structural protein organization, scaffolds consisting of a polymer blend of type I 
collagen and PCL were electrospun onto a grounded stationary tissue culture poly-
styrene rotating substrate. Subsequently, primary human umbilical vein ECs were 
seeded onto the scaffolds. It was found that ECs on electrospun scaffolds formed 
confluent monolayers and alignment of cells was found to systematically increase 
as a function of increased fiber orientation, leading to a fully aligned endothelium 
on the most aligned scaffolds. ECs on fully aligned scaffolds displayed greater 
levels of adherence to the scaffolds under physiological shear stress as compared to 
those on random and semi-aligned scaffolds (Whited and Rylander 2014).

3.3.1.3 Bone Tissue Regeneration
An ideal material for bone repair must be biocompatible and bioactive, able to initi-
ate osteogenesis, and should have a composition and structural properties similar to 
bone. From the biological perspective, the natural bone matrix is a combination of 
organic and inorganic nanocomposite materials and consists of a naturally occur-
ring polymer and a biological mineral. It is composed of approximately 70 wt.% 
inorganic crystals (mainly hydroxyapatite, HA) and 30 wt.% organic matrix (mainly 
Type I collagen). Structurally, it is hierarchically organized from macro- and micro- 
to nanoscale, where the basic building blocks are the plate-like HA nanocrystals well 
aligned onto the collagen nanofibers (Abdal-hay et al. 2014).

Implants intended for bone tissue regeneration were obtained based on nano-
fibrous 3D scaffolds of bioresorbable poly-ε-caprolactone mimicking the fibrillar 
architecture of bone matrix. Layer-by-layer nano-immobilization of the growth  factor 
bone morphogenetic protein 2 (BMP-2) in association with chitosan or  poly-l-lysine 
over the nanofibers is described. The osteogenetic potential of the scaffolds coated 
with layers of chitosan and BMP-2 was demonstrated in vitro and in vivo in mouse 
calvaria, through enhanced osteopontin gene expression and calcium phosphate 
biomineralization (Ferrand et al. 2014).

New biodegradable mats were successfully obtained by functional PVA/gelatin 
blend fiber mats containing biphasic calcium phosphate (BCP) nanoparticles for 
bone regeneration. The addition of BCP was found to have increased fiber diam-
eter, tensile strength, osteoblast cell adhesion, proliferation, and protein expression. 
In vivo bone formation was examined using rat models, and increased bone forma-
tion was observed for the 50% BCP-loaded electrospun PVA/gelatin blends within 
2 and 4 weeks (Linh et al. 2013).
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3.3.2 releasing sysTems (Drug-Delivery sysTems)

The principle of controlled drug release therapy involves the delivery of a certain 
amount of drug, over a specified period of time, with a predictable and control-
lable rate (Vasile et al. 2014b). Due to the high surface area to volume ratio, the 
electrospun polymer nanofibers provide a useful pathway for delivery of water-
insoluble drug. The drug releasing profile can be finely tailored by controlling 
not only the fibers’ composition but also the morphology of nanofibers (Baptista 
et al. 2013).

Polymer nanofibers obtained through electrospinning have been proposed for 
a variety of applications for various release systems. Compared with other dosage 
forms, several advantages of using electrospun polymer nanofibers have been rec-
ognized. Therapeutic compounds can be conveniently incorporated into the carrier 
polymers using electrospinning; the drug release profile can be finely tailored by a 
modulation on the morphology, porosity, and composition of the nanofibrous mem-
brane. The very small diameter of the nanofibers can provide short diffusion passage 
length (Ji et al. 2011), and the high surface area is helpful to a mass transfer and 
efficient drug release (Zamani et al. 2013).

To achieve drug release from nanofibers, two basic delivery designs are known: 
matrices and reservoirs (Sirc et al. 2012; Vasile et al. 2014a).

In the matrix-type structure, drug is dispersed through the monoaxial elec-
trospun polymeric solution (blend electrospinning) and released based on solid-
state diffusion or a desorption mechanism, while in reservoir-type structure, the 
drug is enclosed in polymeric nanofibers, forming so-called core–shell structure 
(drug-loaded core covered with polymer shell), which is made by coaxial electro-
spinning process. Blend electrospinning simply entraps bioactive agents within 
ultrafine fibers by dispersing them into polymer solution directly, whereby the 
main disadvantages of this method are severe burst release effect and the reduc-
tion of effective lifetime (Jiang et al. 2014) while the shell layer from the core–
shell structure serves as a barrier to prevent the premature release of the core 
contents (Jiang et al. 2014).

Nonwoven mats made through coaxial electrospinning combine advantageous 
characteristics from each of the constituent materials. Various drugs and bioactive 
agents such as antibiotics, DNA, proteins, or growth factors can be directly incorpo-
rated into core protected by the shell layer and released over a long time period. As 
drug carriers, fibrous structure produced by coaxial electrospinning can potentially 
provide a better therapeutic effect and reduced toxicity. Also, for core–shell nanofi-
bers, overall drug loading is lower than blend fibers as shell polymers do not contain 
any drug (Maleki et al. 2013).

3.3.2.1 Blend Encapsulation
Two kinds of drugs can be simultaneously encapsulated by blend electrospinning 
into polymer electrospun nanofibers. A co-delivery system based on the electros-
pun poly(lactic-co-glycolic acid) (PLGA)/mesoporous silica nanoparticles (MSNs) 
composite mat was designed for the co-encapsulation and prolonged release of one 
hydrophilic and one hydrophobic drug simultaneously. The MSNs were chosen to 
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load the hydrophobic model drug fluorescein (FLU) and hydrophilic model drug rho-
damine B (RHB). Both model drugs RHB and FLU maintained sustained delivery 
with controllable release kinetics during the releasing period. A higher concentration 
of PLGA in the composite resulted in thicker fibers with slower (more sustained) 
release kinetics of the two drugs. The fiber diameters increased significantly after 
release of drugs as a result of the relaxation of polymer chain. Although the polymer 
chain relaxed, the releases of the two drugs still maintained sustained release kinet-
ics from composite mats. It was speculated that the drug release might be mainly 
dominated by diffusion and the relaxation of polymer chain was favor for diffusion 
(Song et al. 2012).

Curcumin from Curcuma longa L., which is also known as turmeric, has antioxi-
dant, anti-inflammatory, and anti-tumor properties. The in vitro evaluations suggested 
that curcumin-incorporated zein nanofibers showed sustained release of curcumin 
and maintained its free radical scavenging ability while providing the structure for 
the attachment and growth of fibroblast as cell culture surfaces (Dhandayuthapani 
et  al. 2012). In another work, curcumin (0.5–1.5 wt.%) was incorporated into the 
silk fibroin solution and electrospun to obtain curcumin-incorporated silk nanofibers 
with diameters between 50 and 200 nm. The SNFs and CSNFs were thermally stable 
up to ca 350°C as evidenced by TGA. The glass transition temperature (Tg) of SNFs 
(168°C) increased to 184°C in the case of CSNFs as confirmed by DSC. The percent-
age in vitro cumulative release of curcumin at the end of the 10th day for 0.5, 1, and 
1.5 wt.% formulations was 82%, 84%, and 80%, respectively (Elakkiya et al. 2014).

Chitosan-ethylenediamine tetraacetic acid/polyvinyl alcohol nanofiber mats con-
taining extracts from fruit hull of Garcinia mangostana (GM) (1, 2, and 3 wt.% 
α-mangostin) exhibited antioxidant and antibacterial activity. During the wound 
healing test, the mats accelerated the rate of healing when compared to the con-
trol (gauze-covered). The mats maintained 90% of their content of α-mangostin for 
3 months (Charernsriwilaiwat et al. 2013).

Sandwich-structured electrospun membranes, with PLGA/collagen for the surface 
layers and PLGA/drugs (vancomycin, gentamicin, and lidocaine) for the core layer 
were obtained. The biodegradable nanofibrous membranes released high concentra-
tions of  vancomycin and gentamicin for 4 and 3 weeks, respectively, and lidocaine for 
2 weeks. The antibacterial activity of the released vancomycin and gentamicin ranged 
from 30% to 100% and 37% to 100%, respectively. In addition, results indicated that 
the nanofibrous membranes were functionally active in responses in human fibroblasts, 
which make them candidates for biodegradable biomimetic nanofibrous extracellular 
membranes for long-term drug delivery of various pharmaceuticals (Chen et al. 2012).

Alpha-tocopherol, the main component of a group of compounds known as vita-
min E, is a powerful antioxidant that can scavenge free radicals and the main fat-
soluble vitamin responsible for protecting cell membranes against peroxidation (Ji 
et al. 2014; Lima et al. 2014). Vitamin E was encapsulated into chitosan coatings 
(Stoleru et al. in press) and poly(lactic acid) (PLA) nanofibers (Munteanu et al. 2014) 
by monaxial electrospinning to obtain multifunctional antimicrobial and antioxi-
dative materials. It was noticed that vitamin E addition into chitosan matrix leads 
to changes in polymer’s rheological properties, which further influences the elec-
trospraying process and deposited coating morphology (as noticed in Figure 3.3). 
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FIGURE 3.3 Scanning electron micrographs recorded for polyethylene substrate coated by 
electrospraying with chitosan (a) and chitosan/3 wt% vitamin E blend (b).
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The obtained materials have both antibacterial and antioxidative properties, which 
are maintained even after subjecting the samples to desorption in harsh environment.

3.3.2.2 Coaxial Encapsulation
Coaxial electrospinning is an alternative approach to encapsulate drugs or biologi-
cally active compounds inside polymer nanofibers (Braghirolli et  al. 2014). In a 
typical process, two or more polymer liquids are forced by an electrostatic poten-
tial to eject out through different coaxial capillary channels (needles), resulting 
in a core–shell-structured composite nanofiber. As long as the shell fluid is able 
to be processed along with electrospinning, the core fluid can either be or not be 
electrospinnable.

Compared with coaxial electrospinning, blend electrospinning is assumed to 
be relatively easy to perform, but biomolecules may lose their bioactivity due 
to conformational changes in the organic solution environment (Ji et  al. 2011). 
As coaxial electrospinning utilizes two separate channels for the different 
 solutions (i.e., the organic polymer and biological solutions), it is hypothesized 
to be beneficial in maintaining the functional activity of biomolecules with an 
effective protection of easily denatured biological agents from the electrostatic 
field and organic solvent of shell solutions. Also, there is the possibility to wrap 
all substances in the core regardless of drug–polymer interactions. Hence, drugs, 
proteins, growth factors, and even genes can be incorporated into nanofibers by 
dissolving them in the core solutions. A drawback of the coaxial electrospinning 
comes from the differences in the conductivities and viscosities of the two solu-
tions, which make it difficult to find the parameters for stable electrospinning in 
order to form a uniform fibrous structure.

The shell polymer, after the electrospinning, acts as a barrier to control the release 
of the loaded molecules. However, the limitation of loading capacity still remains 
due to the prerequisite of using an additional polymer as additive to achieve the mini-
mum viscosity of the core solution required for viscous drag by the shell solution 
being drawn by the electrostatic force (Tiwari and Venkatraman 2012).

In wound healing applications, when the shell polymer is biodegraded and 
absorbed by human body, the drug or other therapeutic agents within the fibers will 
release and play a desired role. The very small diameter of the nanofibers allows the 
absorption to be accomplished in a short period of time. In this way, a controlled 
release of additives and physical caring for the wound can be achieved at the same 
time. On the other hand, the shell of nanofibers can provide temporal protection 
for certain bioactive substances such as growth factors, which need to be protected 
for a while prior to playing roles in the early application of wound healing (Huang 
et al. 2006).

Core–shell electrospinning requires the viscosity ratio between the core and shell 
solutions to be above a threshold to have sufficient viscous drag, as suggested by 
various studies (Reznik et al. 2006). Thus, a sufficiently high viscosity of the outer 
fluid, together with a low value of the inner/outer solution interfacial tension, is 
essential to develop a compound cone in steady state. Otherwise, for large values of 
the interfacial tension or low viscosity, the viscous drag exerted by the outer solution 
on the inner solution surface is unable to overcome the cohesive force of the surface 
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tension, so the inner meniscus remains quasi-spherical and no double cone is devel-
oped (Diaz et al. 2006).

Drug/polycaprolactone (PCL) nanofibers in the form of core–shell structure with 
two model drugs as core (low molecular weight gentamycin sulfate and  resveratrol) 
presented a smooth drug release for both the drug-loaded nanofibers with no burst 
release. No other carrying agent, such as a high molecular weight polymer, except 
for the respective solvents, was mixed with the drugs in making the cores, although 
the pure drug solutions alone cannot be made into any fiber. Gentamycin sulfate is 
an antibiotic that can inhibit or kill bacteria, and resveratrol is a natural antioxidant 
found in a wide variety of plants, which can be used to keep blood vessels open and 
pliable as well as to prevent blood platelets from aggregation or clumping together 
(Huang et al. 2006).

The core–shell nanostructure of the poly(lactide-co-glycolide)/tetracycline hydro-
chloride (TCH) core/shell nanofibers showed sustained drug release and  suppressed 
the burst release in comparison with the nanofibers produced by monoaxial (blend) 
electrospinning (Maleki et  al. 2013). The loading dosage of the tetracycline had 
no obvious effect on the morphology of the tetracycline hydrochloride loaded 
PVA/ soybean protein isolate/zirconium (Tet–PVA/SPI/ZrO2) nanofibers, but antimi-
crobial activity increased rapidly with increasing tetracycline content when tetra-
cycline content was below 6 wt.%. The Tet–PVA/SPI/ZrO2 nanofibrous membrane 
exhibited an effective and sustainable inhibition on the growth of Staphylococcus 
aureus (Wang et al. 2014a).

The feed rates of the core and the sheath strongly affect the stability and porous 
density of the core/shell (PEG/salicylic acid—core)/(PLA—shell), significantly 
influencing their salicylic acid (SA) release characteristics. At a lower ratio of feed 
rates of the core and the sheath, better stable core/sheath structures of nanofibers with 
higher porous density on the surface were formed resulting in a sustained release of 
SA over 5 days. Nonporous fibers showed a lower amount of drug release because the 
drug was embedded inside the core layer of the nonporous sheath layer. SA release 
from porous core/sheath nanofibers can be described based on a 1D Fickian dif-
fusion mechanism, indicating that drug diffusion is a predominant factor in drug 
release. A cytotoxicity test suggested that the porous core/sheath nanofibers were 
nontoxic and supported cell attachment (Nguyen et al. 2012).

A fibro-porous wound dressing with antibacterial activity was fabricated from 
polycaprolactone (PCL) solution containing crude extract of biophytum sensiti-
vum (BS), a potential antibacterial herbal drug. The release characteristics by total 
immersion method in phosphate buffer and acetate buffer displayed an increase in 
drug release with time. The PCL/BS nanofiber mats exhibited antibacterial activity 
against S. aureus and Escherichia coli (Namboodiri and Parameswaran 2013).

A modified coaxial process using shell fluids comprising only solvent was used 
to produce ketoprofen-loaded cellulose acetate nanofibers. With a sheath-to-core 
flow rate ratio of 2:10, the nanofibers prepared from the coaxial process had a 
smaller average diameter, narrower size distribution, more uniform structures, and 
smoother surface morphologies than those generated from single fluid (monoaxial) 
electrospinning. In addition, the coaxial fibers provided a better zero-order drug 
release profile. The core electrospinnable cellulose acetate solutions were prepared 
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by dissolving cellulose acetate and ketoprofen in an acetone/dimethylacetamide/
ethanol mixture, while the same mixture (4:1:1 by volume) was used as the sheath 
fluid. Throughout modified coaxial electrospinning, the sheath solvent (1) facilitates 
the formation of Taylor’s cone due to lower surface tension of the core fluid; (2) 
surrounds the straight thinning jet of the core polymer solution, retarding evapora-
tion of solvent from the core fluid while the sheath solvent itself evaporates to the 
atmosphere; and (3) follows the core fluid when entering the instability region. In 
the instability regions, where most of the solvents evaporate, the sheath solvent can 
retard the premature evaporation of core jet solvents, and hence keep the jet in a 
fluid state for longer (Yu et al. 2012). The same group obtained ketoprofen (KET)-
loaded zein nanofibers using unspinnable dilluted 1% (w/v) zein solution as sheath 
fluid and electrospinnable zein/ketoprofen solutions as core fluid. In vitro dissolu-
tion tests showed that the nanofibers coated with blank zein did not exert any initial 
burst release effect and can enable linear drug release over a period of 16 h via a 
diffusion mechanism (Yu et al. 2013).

There are many studies concerning the enhancement of the biological functional-
ity of electrospun scaffolds by incorporating biomolecules during electrospinning.

Polycaprolactone-based nanofibrous scaffolds with incorporated protein were 
produced via either the blend or the coaxial electrospinning technique. BSA was 
used as a model protein to determine release profiles, while alkaline phosphatase 
was used to determine protein activity after the electrospinning process. Coaxial 
electrospinning resulted in uniform fiber morphology with a core–shell structure, 
and a homogeneous protein distribution throughout the core of the fibers. In con-
trast, blend electrospinning formed bead-like fibers with a heterogeneous protein 
distribution in the fibers. The coaxial scaffold exhibited more sustained release 
profiles than the comparative blend scaffold, and the additive poly(ethyleneglycol) 
(PEG) in the coaxial scaffold accelerated protein release. Both electrospinning 
processes decreased the biological activity of the incorporated protein, but coax-
ial electrospinning showed up to 75% preservation of the initial biological activity 
and was demonstrated to be superior to blend electrospinning for the preparation of 
nanofibrous scaffolds with a uniform fibrous structure and protein distribution and 
sustained protein release kinetics as well as high preservation of the protein activity 
(Ji et al. 2010).

The release behavior of different proteins depends on the type of the protein and 
the morphology of the polymer/protein nanofibers. Poly(lactide-co-glycolic acid) 
(PLGA)/ lysozyme and PLGA/ gelatin showed slow initial release (by incubating the 
fibers in 2 mL of phosphate buffer saline pH 7.4) while PLGA/BSA released much 
faster. The differences in release behavior of the different proteins can be explained 
on the basis of partitioning effects. BSA, being more hydrophobic than lysozyme and 
gelatin, partitions more readily into the PLGA shell. This leads to the redistribution 
of the BSA into the PLGA and thus leads to faster release. Some monolithic fibers, 
in which protein is directly dissolved in the polymer solution (PLGA in a mixture of 
chloroform and DMF at a ratio of 80: 20), do not show such control over burst release 
and more than 30% of lysozyme was released in the first 24 h compared with about 
5% for lysozyme–PLGA and about 7% for (lysozyme + PVA)–PLGA core–shell 
fibers (Tiwari and Venkatraman 2012).
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Nanofibers with a core–sheath structure encapsulating BSA as a model protein 
for hydrophilic bioactive agents were prepared through emulsion electrospinning 
by incorporating in the same solvent the continuous phase of the dissolved polymer 
(poly(lactic-co-glycolic acid)) and the protein in the form of separated phase. The 
obtained scaffolds demonstrated a sustained release profile of BSA within 14 days 
and good biocompatibility of the scaffolds for NIH-3T3 fibroblast cells. The core–
sheath structure formation can be associated with the immiscibility of the organic 
and aqueous phases during the electrospinning process and the fast solidification 
of the jet, which would prevent the two fluids from mixing significantly. Spherically 
shaped emulsion particles (or droplets) suffer substantial elongation when subjected 
to the process of electrospinning and are considerably elongated. As the organic 
solvent evaporates faster than water, the viscosity of the matrix surrounding the 
emulsion particles increases rapidly determining high rate elongation of the par-
ticles. In the same time, the aqueous phase droplets migrate to the center of the jet 
because of the viscosity gradient. Finally, solidification of the emulsion jets and 
hence formation of the composite nanofibers with a core–sheath structure (Norouzi 
et al. 2013) occur. Similar electrospun nanofibers with a core–shell were obtained 
from a homogeneous solution of poly(ethylene oxide) (PEO) and chitosan oligosac-
charide (CS) using a conventional single-nozzle electrospinning setup. Because of 
the poor  miscibility, the two polymers separate into a core–shell structure (PEO as 
core, CS as shell) (Zhang and Nie 2012). Other authors reported polyvinylpyr-
rolidone (PVP)/poly(vinylidene fluoride) (PVDF) core–shell nanofiber mats elec-
trospun from the homogeneous blending solutions with the core–shell structure 
achieved by the thermal-induced phase separation (Wang et al. 2014b).

3.3.2.3  Core–Shell–Type Nanofibers for Encapsulate Drugs or 
Proteins Obtained by Emulsion Electrospinning

Emulsion electrospinning incorporates two phases, that is, the continuous/matrix 
phase of the dissolved polymer in organic solvent and the separated/isolation phase 
of emulsion particles/droplets with micro/nano size. The emulsion particles are 
stabilized by means of surfactants/emulsifiers embedded in the polymer matrix 
(Badawi and El-Khordagui 2014). The aim of using emulsion electrospinning is to 
fabricate core–shell–type nanofibers, which had the potential to encapsulate drugs 
or proteins in the core part of nanofibers (Li et al. 2009). The releasing behavior is 
controlled by the fiber structure and morphology by the diffusion mechanism caused 
by the concentration gradient and degradation of the polymer (Xiong et al. 2005).

Antimicrobial nanofibers were prepared by solubilizing an antimicrobial essen-
tial oil (eugenol; 0.75–1.5 wt.%) in surfactant micelles to form eugenol-containing 
microemulsions, which were further mixed with PVA and electrospun. Addition of 
loaded micelles or microemulsions resulted in irregular shaped nanofibrous struc-
tures with rough and patchy surfaces and broader fiber size distribution. While pure 
PVA nanofibers had a smooth surface with no visible inclusions inside the fibers, the 
nanofibers containing microemulsions had visible patches of microemulsion homo-
geneously dispersed throughout the fibers. Also, they had increased surface rough-
ness due to the presence of subcutaneous microemulsion droplets, which allow for a 
rapid release of the encapsulated compound (Kriegel et al. 2009).
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Cinnamaldehyde (CA), a volatile essential oil that eradicates pathogens nonspe-
cifically, was incorporated (0.5% and 5.0%) into chitosan/poly(ethylene oxide) (PEO) 
solutions that were electrospun into nanofibers (approximately 50 nm diameter). The 
5% CA mats released a statistically higher amount of CA liquid (approximately five 
times more) than the 0.5% CA mats. In time-dependent cytotoxicity studies, the 
intrinsic antibacterial activity of chitosan along with the quick release of CA enabled 
high inactivation rates against E. coli and Pseudomonas aeruginosa (Rieger and 
Schiffman 2014).

A newer encapsulation method involves the embedding of the volatile com-
pounds in electrospun nanofibers, by emulsification of the volatile compound in a 
spinnable polymer solution (Ramamoorthy and Rajiv 2014). A highly volatile fra-
grance,  (R)-(+)-limonene, was encapsulated into a PVA fibrous matrix by emulsion 
electrospinning. Subsequent to limonene dispersion in the aqueous PVA solution, 
the mixture was ultrasonicated to achieve a droplet diameter of about 1.1 ± 0.2 µm 
for the surfactant-free PVA/limonene emulsions. The nanofibers had a bead and 
displayed a sustained, slow release of volatiles over this long time interval (Camerlo 
et al. 2013).
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4 Starch-Based 
Nanocomposites for 
Biomedical Applications

Fernando G. Torres and Diego Arce

4.1  STARCH: MOLECULAR STRUCTURE, 
GELATINIZATION, THERMOPLASTIC STARCH

4.1.1 Native Starch

Starch is a polysaccharide enzymatically produced by plants as an energy source in 
the form of discrete granules [1]. It is the main energy reserve in higher plants, and 
it is stored in tubers, seeds, roots, and stems over long periods of time, allowing the 
formation of large granular structures [2]. Corn, wheat, cassava, and potato starch 
are the most industrially important sources of starch. Other sources used to obtain 
starch are rice, banana, taro, and chestnuts, among others.

Starch granules are formed by two types of complex carbohydrate polymers: amy-
lose and amylopectin [3]. Amylose makes up around 10%–30% of the granule, while 
amylopectin covers the remaining 70%–90% [4,5]. Amylose is a linear polymer 
formed by long chains of α(1–4)-linked d-glucose units with a degree of polymer-
ization in a range of 300–10,000 depending on its botanical origin [6]. Amylopectin 
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is an extremely high-molecular-weight polymer. It has the same backbone structure 
of amylose, but with many α(1–6)-linked branch points [7]. The different structures 
of amylose and amylopectin can be observed in Figure 4.1.

4.1.2 Starch GelatiNizatioN

Using the right amount of water and heat, starch can be processed as a thermoplastic 
in order to produce films, foams, and sheets. During this process, a variety of chemi-
cal and physical reactions take place, such as water diffusion, granular expansion, 
gelatinization, decomposition, melting, and crystallization. Gelatinization is consid-
ered the most important reaction because it is the basis for the transition of starch to 
a thermoplastic [8].

Gelatinization occurs when starch is heated in the presence of water. The starch 
granules swell irreversibly and leach amylose losing birefringence [8]. This phenom-
enon causes the disruption of the crystalline structure of starch [9–12]. The tempera-
ture at which gelatinization takes place depends on the type of starch. In general, this 
process takes place at around 70°C under atmospheric pressure [11,13–15]. Some 
studies have indicated that the gelatinization temperature is influenced by the molec-
ular structure of amylopectin, the amylose-amylopectin ratio, the crystalline struc-
ture of the starch granule, the presence of other minor constituents, and the maturity 
of the starch source [16–21].

Torres et al. [22] reported the gelatinization temperature of 22 varieties of starch 
obtained from Andean crops such as sweet potato, corn, potato, and cassava, among 
others. The gelatinization temperature of the starches studied ranges between 60.1°C 
and 73.5°C. Other studies report the gelatinization temperature of different species 
of potato starches [23] and cornstarches [24] in the ranges 68.9–70.8°C and 66.3–
69.0°C, respectively.

4.1.3 Modified Starch

Native starch has some limitations for industrial applications, such as its low shear 
stress resistance, thermal resistance, thermal decomposition, and high retrogradation. 
In order to overcome these limitations, native starch is modified by physical and chemi-
cal methods [25]. In general, modified starches exhibit better paste clarity, stability, and 
increased resistance to retrogradation [26]. Crosslinking and substitution are used in 
chemical starch modification to produce modified starches for specific applications [27].

Different treatments for starch modification have been applied. Some of these 
treatments include self-association, complexation with salts, grafting, covalent cross-
linking, and others [28–30]. The treatments applied for the modification of starches 
vary according to the application in which starch would be used. For example, Singh 
et al. [31] listed some types of starch modifications for food applications, such as 
pre-gelatinization, enzymatic hydrolysis, oxidation/bleaching, pyroconversion, and 
others, describing their properties and specific applications.

Regarding the field of biomedical applications, different types of modified 
starches, such as cadexomer iodine (CI), oxidized starch (OS), and hydroxyethyl 
(HES) are being used [32–44].
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Cadexomer iodine is a hydrophilic starch crosslinked with epichlorohydrin and 
iodine arranged in the form of small beads [32]. In comparison with other iodo-
phores, there is no chemical bonding between the iodine and the modified starch [33]. 
Instead, iodine is physically immobilized in the microsphere’s matrix [32]. CI has a 
highly absorptive capacity; 1 g of CI can absorb up to 7 g of fluid [33]. One application 
of CI as a biomaterial is for wound-dressing applications. The starch matrix swells 
when CI is applied to an exudative wound, increasing the size of its micropores and 
slowly releasing iodine into the wound. This results in a sustained level of iodine in 
the wound bed [34]. Several studies have found that CI is an effective debriding and 
antiseptic agent for chronic wounds, such as venous leg ulcers [36–40].

The production of OS is achieved by the reaction of starch and an oxidizing agent 
under a controlled temperature and pH. OS characteristics include low-viscosity, high-
stability, film-forming ability, and binding properties [41,42]. OS is used as a surface-
sizing agent and as a coating binder in the paper industry [43]. In order to improve the 
mechanical properties of OS-based films, blends of OS and other polymers, such as 
polymethylcellulose, polyethylene, and polyvinyl alcohol (PVA), have been prepared [9]. 
Also, Wang et al. [44] used OS to produce electrospun PVA-OS fibers.

Hydroxyethyl starch (HES) is obtained by hydrolysis and subsequent hydroxy-
ethylation of amylopectin. HES is usually produced by the reaction of starch with 
ethylene oxide at temperatures below 50°C in aqueous slurries in the presence of a 
swelling inhibiting salt [45]. Different types of HES are used as plasma expanders 
for the treatment of hypovolemia and arterial perfusion disorders, as well as for pre-
operative autologous blood donation and acute normovolaemic hemodilution [46].

4.2  STARCH AS BIOMATERIAL: BIOCOMPATIBILITY OF 
STARCH-BASED PRODUCTS AND STARCH-BASED 
PRODUCTS FOR BIOMEDICAL APPLICATIONS

Starch-based polymers have some advantages that make them suitable as medical 
polymer materials [47–52]:

• Good biocompatibility of starch
• Biodegradability and nontoxicity of starch products
• Acceptable mechanical properties of starch-based products

4.2.1 BiocoMpatiBility

Biocompatibility is defined as the ability of a material to perform with an appropri-
ate host response in a specific situation [53]. Williams [54] described three important 
characteristics that must be considered for a material to be biocompatible:

• Biocompatibility depends not only on the materials but also on the situation 
in which the material is used.

• Many applications require that the material react with the tissues instead of 
being ignored by them.

• Some applications require that the material degrade over time.

  



77Starch-Based Nanocomposites for Biomedical Applications

According to Marques et al. [55], biocompatibility is an inherent property of struc-
tures derived from organic polymers such as starch-based materials. The biocom-
patibility of starch-based products is due to the presence of major biocompatible 
structural components such as starch polymer molecules and products obtained from 
partial hydrolysis.

Because of its biocompatibility, starch-based materials have been used in several 
biomedical applications [56–63]. Studies carried out by Torres et al. [10] confirmed 
the biocompatibility of native starch products. They used starches from 17 different 
Andean crops in order to prepare films for cell seeding. Their results confirmed the 
in vitro biocompatibility of starch films with 3T3 fibroblast cells. Figure 4.2 shows 
the proliferation of 3T3 fibroblast cell lines after 3 days in a control flask and in an 
Andean potato starch film. The cells showed similar morphology among the differ-
ent types of films and the control group.

Marques et al. [47] performed cytotoxicity and cell adhesion tests in two differ-
ent blends of cornstarch—starch/ethylene vinyl alcohol (SEVA-C) and starch/cel-
lulose acetate (SCA)—and their respective composites with hydroxyapatite (HA). 
Their results showed that those materials could be used in the future in applications 
for bone replacement/fixation and tissue engineering scaffolding due to their good 
cytocompatibility.

Mendes et al. [48] performed an extensive biocompatibility evaluation of the same 
materials (SEVA-C and SEVA-C reinforced with hydroxyapatite). They performed 
in vitro and in vivo assays. Their results concluded that these materials did not show 

100 µm

FIGURE 4.2 Proliferation of 3T3 fibroblast cell line after 3 days in a potato starch film. 
(Reproduced from Jenkins, P.J. et al., Starch/Starke, 45, 417, 1993. With permission.)
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relevant toxicity in short- and long-term testing and also induced a satisfactory tissue 
response. Starch/polyaniline composites were tested using cytotoxicity assays [62]. The 
authors reported that the biocompatibility of the composites increased with a higher con-
tent of starch. Other studies tested the biocompatibility of starch-coated PbSe nanopar-
ticles [63]. The results concluded that the coating was biocompatible and nontoxic.

4.2.2 BioMedical applicatioNS

Several biomedical applications have been developed over the last few years using 
starch-based biomaterials, including starch-based scaffolds for tissue engineering, 
drug-delivery systems, and starch-based hemostatic agents.

Several starch-based biodegradable polymers have been developed for bone tissue 
engineering [64–66]. Starch-based biodegradable bone cements can provide imme-
diate structural support and degrade from the site of application [64]. Moreover, they 
can be combined with bioactive particles, which induce the growth of new bone in 
the cement–bone interface [65].

Starch-based biodegradable polymers can also be used as bone tissue engineering 
scaffolds [66]. A scaffold is an important component in the engineering of hard tissues 
in the biomedical field. It should allow the flow of an appropriate culture media, provid-
ing nutrients to the cells and removing the metabolites resulting from the cells activity 
[67]. Ideally, scaffolds must be designed using a polymer with an adequate degrada-
tion rate that is in phase with the formation of new tissue [68]. Starch has been used 
for the development of bone tissue engineering scaffolds [67–74]. Several processing 
methodologies have been developed in this area, such as injection molding, extrusion 
using blowing agents, compression molding, solvent casting, particle leaching, and rapid 
prototyping [67,69]. The processing technique must allow for the preparation of 3D 
scaffolds with controlled porosity and adequate pore sizes, as well as tissue-matching 
mechanical properties and an appropriate biological response [68]. Figure 4.3 shows the 
development of a starch-based scaffold fabricated by a rapid prototyping method [69].

Starch–polycaprolactone (SPCL) composites have been used as scaffolds. Neves 
et al. [67] studied the production of porous structures from starch-poly(ethylene vinyl 
alcohol) and starch-poly(lactic acid) for the development of scaffolds. They found 

FIGURE 4.3 Starch-based scaffold fabricated by rapid prototyping. (Reproduced from 
Yang, J. et al., Coll. Surf. B Biointerf., 115, 368, 2014. With permission.)

  



79Starch-Based Nanocomposites for Biomedical Applications

that SPCL scaffolds exhibit adequate porosity and mechanical properties to sup-
port cell adhesion and proliferation [72,74]. These studies also showed that tissue 
ingrowth could occur with the implantation of SPCL scaffolds [68,72]. The degrada-
tion analysis on these starch-based scaffolds has shown that they are susceptible to 
enzymatic degradation [72].

Santos et al. [73] reported the study of the growth of endothelial cells (ECs) on tis-
sue-engineered scaffolds of SPCL. This was performed in order to assure the viabil-
ity of the scaffold upon implantation and examine the interaction between ECs and 
SPCL fiber meshes. The results confirmed the cell compatibility and potential suit-
ability of these scaffolds for the vascularization process in bone tissue engineering.

Salgado et al. [70] evaluated the in vivo endosseous response of starch-based scaf-
folds implanted in rats. They concluded that these starch-based scaffolds were well inte-
grated in the defect site and surrounding marrow, indicating their good biocompatibility. 
The biomaterials exhibited a favorable bony response and a very early bone formation.

Darwish et  al. [71] reported the fabrication of maxillofacial bone plates using 
green cornstarch composites. Glycerol plasticized starch was reinforced with pseud-
ostem banana fibers at different weight fractions. Their experimental results showed 
that increasing the weight fraction of the banana fibers progressively improved the 
mechanical properties, reaching a maximum value at 50 wt.% fibers. Furthermore, 
incorporating banana fibers into the thermoplastic starch matrix improved the ther-
mal properties of the composite.

Many studies have reported the use of starch as a biomaterial to develop drug-deliv-
ery systems [75–78]. Several reports describe the use of chemically modified starches 
for drug-delivery systems. Epichlorohydrin-crosslinked high amylose starch has been 
used for the controlled release of drugs [76]. A complex of amylose, butan-1-ol, and an 
aqueous dispersion of ethylcellulose has been used to coat pellets containing salicylic 
acid to treat colon disorders [77]. Kost and Shefer [78] used crosslinked starch for 
entrapment and controlled release of bioactive molecules such as salicylic acid.

Starch graft copolymers have also been used as drug-delivery systems. Simi and 
Abraham [79] grafted fatty acid on starch using potassium persulfate as catalyst 
in order to produce starch nanoparticles loaded with indomethacin, as model drug. 
Shaikh et al. [80] prepared acrylic monomers-starch graft copolymers by means of 
a ceric ion initiation method and used paracetamol as a model drug. Their results 
indicated that the graft copolymers may be useful to overcome the stomach’s harsh 
environment and can be used as excipients in colon-targeting matrices.

Starch-based biodegradable polymers, in the form of microspheres or hydrogels, 
are suitable for drug-delivery systems [81,82] offering a device with no need for surgi-
cal removal after drug depletion [64]. The unique properties of starch-based hydrogels, 
such as hydrophilicity, permeability, biocompatibility, and similarity to soft biological 
systems, make them useful for various biomedical applications [83]. The 3D structure 
of starch-based hydrogels enables them to absorb and store plenty of water, with-
out showing an important decrease in mechanical properties [64]. For these reasons, 
starch-based hydrogels have received growing interest for biomedical applications.

Polyvinyl alcohol/starch-blend hydrogels can be prepared by chemical crosslinking. 
Membranes synthesized by crosslinking of cornstarch and PVA with glutaraldehyde 
have shown adequate mechanical strength [84]. The resulting hydrogel membrane can 
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be used as artificial skin, which can be used to deliver directly various nutrients, heal-
ing factors, and medications onto the site of action [85]. Shalviri et al. [86] prepared 
hydrogels by crosslinking starch with varying levels of xanthan gum and sodium 
trimetaphosphate. Their results suggested that such hydrogels can be potentially used 
as a film-forming material in controlled release formulations. Reis et al. [81] also pre-
pared hydrogels by means of a crosslinking polymerization technique.

Elvira et  al. [87] developed a range of starch-based biodegradable hydrogels. 
These materials were produced by free radical polymerization by mixing a solid 
and a liquid component. It was possible to produce both thermoplastic and cross-
linked hydrogels, which could be used for multiple biomedical applications. Some of 
the hydrogels exhibited the most desirable kinetic behavior to be used as controlled 
release carrier. These hydrogels were also pH sensitive, degradable, and presented 
interesting swelling characteristics, which might allow for their application on a 
range of biomedical applications.

An investigation into the development of natural-based hemostatic with 50:50 
 chitosan–rice starch volume ratios showed reasonable properties for bleeding control 
due to its acceptable physical properties, fast blood absorption rate, and low hemoglo-
bin leakage. Furthermore, with lower production cost and some superior properties 
over the available commercial products, the hemostatic agent has a potential to be 
commercialized and implemented for medical applications in the near future [88].

4.3 STARCH-BASED NANOCOMPOSITES

Starch has been used to develop a variety of composite bionanomaterials. For these 
nanocomposites, starch has been used as a matrix or as reinforcement.

4.3.1 Starch aS Matrix

With the incorporation of nano-reinforcements in a starch matrix, the resulting 
nanocomposites generally show improvement in some of their properties, such as 
mechanical properties (yield strength and Young ś modulus), thermal stability, mois-
ture resistance, oxygen barrier property, and biodegradation rate. The improvement 
is due to the homogeneous dispersion of the aggregated nano-reinforcement and the 
strong interface adhesion, which contributes to the formation of a rigid nanocom-
posite network and influences the molecular and crystalline structures in the matrix. 
Also, conventional organomodifiers are used to increase hydrophobicity, resulting in 
reduced compatibility with the hydrophilic starch matrix [7].

Some factors that influence the improvement of starch matrix characteristics [7] are

• Plasticizer(s)/additive(s) used during preparation
• Starch source of the matrix
• Chemical modification of native starch
• Presence of other polymer(s) in the nanocomposite
• Processing and annealing conditions used during preparation
• Nano-reinforcement aspect ratio/surface area, chemistry, and mechanical 

properties
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As an example, starch was used as a macromolecular matrix on a study reported by 
Konwarh et al. [89]. They investigated the differential templating attributes of starch 
under ambient aging and sonication for biomimetically generated silver nanoparti-
cles. Chang et al. [90,91] found that chitin/chitosan nanoparticles could be uniformly 
dispersed in a starch matrix at low loading levels, resulting in improved properties. 
However, when the nano-reinforcement addition was high, conglomeration or aggre-
gation occurred. Figure 4.4 shows a TEM image of silver nanoparticles embedded in 
a soluble starch matrix [92].

Chung et  al. used a starch solution as a matrix to develop a starch–clay 
 nanocomposite. They measured the improvement of properties and found that the 
elastic modulus of the matrix and strength increased 35% and 30% compared to 
the unfilled starch matrix, and the nanocomposite did not experience a decrease in 
elongation at break. They also noticed that increasing the amount of water decreased 
the elastic modulus of both pure starch and starch nanocomposites. The change was 
less  pronounced in the nanocomposites, suggesting that the addition of clay to form 
nanocomposites can improve the stability of starch-based products during transpor-
tation and storage [93].

Grande et al. [94] reported the development of a nanocomposite based on starch 
and bacterial cellulose (BC) nanofibrils. BC is an example of a self-assembled 
material formed by a coherent network of nanofibers of cellulose secreted by 

100 µm

FIGURE 4.4 TEM image of silver nanoparticles embedded in a soluble starch matrix. 
(Reproduced from Vigneshwaran, N. et al., Carbohydr. Res., 341, 2012, 2006. With permission.)
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Gluconacetobacter bacteria. Taking advantage of this characteristic, they used a 
bioinspired bottom-up technique to produce self-assembled starch-based nanocom-
posites. Figure 4.5 shows environmental scanning electron microscopy (ESEM) 
micrographs of BC-potato starch (a) and BC-cornstarch (b)  nanocomposites show-
ing the starch covering layer, and some uncovered nanofibrils (white arrows).

Acc.V Spot Magn Det WD
10.0

2 μm

(a)

SE10000x3.010.0 kV

Acc.V Spot Magn Det WD 2 μm

(b)

SE 9.910000x10.0 kV 3.0

FIGURE 4.5 ESEM micrograph of (a) BC-potato starch and (b) BC-corn starch nanocom-
posite showing the starch covering layer, and some uncovered nanofibrils (white arrows). 
(Reproduced Grande, C.J. et al., Mat. Sci. Eng. C, 29, 1098, 2009. With permission.)

  



83Starch-Based Nanocomposites for Biomedical Applications

4.3.2 Starch aS reiNforceMeNt

Starch nanoparticles can be produced by different routes. According to the pro-
duction route, one can obtain crystalline or amorphous starch nanoparticles [95]. 
Hydrolysis of starch leads to the development of crystalline nanoparticles (nanocrys-
tals), while regeneration and mechanical treatment of starch lead to the production 
of both amorphous and crystalline nanoparticles. The size of the nanoparticles and 
other relevant properties of the nanocomposites (such as tensile strength and elon-
gation at break) depend on the production method used for their processing [95]. 
Figure 4.6 shows TEM images of starch nanoparticles processed via reversed-phase 
microemulsion using different amounts of starch, surfactant agent (Span 80), and oil/
water (O/W) ratio for the preparation [96]. Their test indicated that the nanoparticles 
with the lower diameter (40 nm) were obtained using less amount of starch, O/W 
ratio, and high amount of surfactant agent (Figure 4.6e); while the nanoparticles with 
the highest diameter (400 nm) were obtained using less amount of surfactant agent 
(Figure 4.6d).

Previous studies reported that the addition of starch nanoparticles on a thermo-
plastic matrix increases the values of strength at break, elastic moduli (E), and glass 
transition temperature (Tg) of resulting nanocomposites [95–100]. However, changes 
in other properties are sometimes considered unfavorable, such as decomposition 
temperature (Td), water uptake, and water vapor permeability [95,96].

The mechanisms that influence the property changes [7] are

• Mechanical properties: The increase in yield strength and Young ś modulus 
and a decrease in the elongation at break result from the reinforcing effect 
of the starch nanoparticles.

• Glass transition: The increase in glass transition temperature is due to the 
strengthened intermolecular interactions.

• Moisture resistance: The reduction is ascribed to the less hydrophilic nature 
of the starch nanoparticles.

• Thermal stability: The decrease is attributed to the sulfate groups on the 
acid-hydrolyzed starch nanoparticles.

For instance, Angellier et al. [101] prepared latex–starch nanocomposites using natu-
ral rubber as matrix and an aqueous suspension of waxy maize starch nanocrys-
tals as the reinforcing phase. They obtained starch nanocrystals by the sulfuric acid 
hydrolysis of waxy maize starch granules. After mixing the latex and the starch 
nanocrystals, the resulting aqueous suspension was casted and evaporated. The solid 
nanocomposite films were characterized using scanning electron microscopy (SEM) 
and wide-angle x-ray diffraction analysis. They found that starch nanocomposites 
were evenly distributed in the rubber matrix and that the process did not affect the 
crystallinity of starch. They also investigated the barrier properties of the nanocom-
posites to water vapor and oxygen and found that the surface chemical modifica-
tion of starch nanocrystals increased the swelling behavior and decreased the water 
uptake of the films.
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100 nm

(e)

200 nm

(a)

(c) (d)

(b)

600 nm

200 nm

400 nm

FIGURE 4.6 TEM images of the starch nanoparticles process at different conditions. 
The conditions used were: (a) 0.5 g Starch, 0.5 g Span 80 and 10:1 O/W; (b) 0.5g Starch, 0.5 g 
Span 80 and 15:1 O/W; (c) 1.0 g Starch, 0.5 g Span 80 and 10:1 O/W; (d) 0.5 g Starch, 0.2 g 
Span 80 and 10:1 O/W; and (e) 0.2 g Starch, 1.0 g Span 80 and 7:1 O/W. (Reproduced from 
García, N.L. et al., Carbohydr. Polym., 84, 203, 2011. With permission.)
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4.4  STARCH-BASED NANOCOMPOSITES FOR 
BIOMEDICAL APPLICATIONS

The characteristic properties of native starch such as good biocompatibility, bio-
degradability, nontoxicity, proper mechanical properties, and degradability make 
this material suited to the development of biocomposites for biomedical applications 
[102–103]. The preparation of starch nanoparticles and nanocrystals has been widely 
studied, and several nanocomposites for the biomedical field have been reported. 
Due to its wide presence in food and its biodegradability, starch-based nanocompos-
ites are considered safe materials. It is expected that potential allergic reactions will 
be experienced only in a restricted number of sensitive human recipients, as well as 
for other materials used for biomedical applications [104].

Starch-based nanocomposites have been widely used in several important bio-
medical applications [105– 116]. Some of them include the development of materials 
for bone regenerating treatments, tissue engineering, drug-delivery systems, hydro-
gels, and pharmaceutical products.

Fama et al. [107] developed starch-based nanocomposites containing very small 
quantities of multi walled carbon nanotubes (MWCNT), which can be used for the 
creation of tissue scaffolds or bone-regenerating treatments. The study of carbon 
nanotubes from a medical perspective has shown that besides use as reinforcement, 
they can stimulate bone formation [105]. Some researchers found that nanotubes work 
by severely damaging Escherichia coli’s cell walls, exhibiting powerful antimicrobial 
effects [106]. These materials exhibited highly improved tensile and impact properties 
as a consequence of wrapping MWCNTs with a starch–iodine complex composed by 
the same starch of the matrix. Even though these biodegradable composites are a very 
appealing alternative to traditional materials for different applications, there is little 
understanding of how they interact with humans and the environment.

In tissue engineering, fibrous structures that copy the morphology of natural 
extracellular matrices are considered promising scaffolds. For this reason, Martins 
et al. [57] developed a starch-based scaffold with the combination of SPCL micro-
motifs and polycaprolactone nano-motifs produced by rapid prototyping and elec-
trospinning techniques. They analyzed this material with SEM and microcomputed 
tomography showing the successful fabrication of a multilayered scaffold. The 
results also showed predominant cell attachment and spreading on the nanofiber 
meshes. These results supported the hypothesis that the integration of nanoscale 
fibers into 3D rapid prototyping scaffolds increases the biological performance in 
bone tissue engineering.

Drug-delivery systems have been improved over the last 20 years since the 
development of polymer based controlled drug delivery systems. Classical drug 
administration by injection causes plasma levels to rise and fall drastically when 
the drug is metabolized, leading to a cyclical pattern each time a dose is adminis-
tered. In order to overcome this problem, a controlled drug-delivery mechanism is 
required close to the specific location where the drug is needed. Recently, attempts 
to use starch-based biodegradable plastics have resulted in enhanced drug delivery 
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and eliminated the need for surgical retrieval of the polymeric material after drug 
administration [108]. The differential rates of drug release obtained by this method 
may be beneficial in cases where increased drug dosage is necessary at the begin-
ning of therapy [109].

Simi and Abraham [79] produced a synthesis of modified hydrophobic starch 
nanoparticles using long-chain fatty acids. Based on this, they studied the drug load-
ing and controlled release of the drug from the nanoparticles and found that this 
method can be used for drug-delivery applications.

Hydrogels are widely used in the biomedical field for tissue engineering due 
to their antimicrobial properties. Eid [110] synthesized a starch-based hydrogel by 
using a gamma radiation polymerization technique. He reported the formation of sil-
ver nanoparticles by the reduction of silver nitrate in the hydrogel. The development 
of a nanocomposite hydrogel prepared with silver nanoparticles, starch, and poly-
acrylamide was also reported by Abdel-Halim and Al-Deyab [111]. The nanosilver 
content and the antimicrobial activity were assessed. The results reported that a 
control sample without silver nanoparticles showed zero inhibition zones, while the 
samples containing silver nanoparticles showed different values of inhibition zones 
depending on the content of such nanoparticles. Silver nanoparticles were used to 
develop starch-based films with antibacterial properties for future biomedical appli-
cations [112]. Figure 4.7 shows the inhibitory zones of two sample films (a and b) 
against different bacterial strains (A: E. coli, B: S. aureus, and C: B. cereus).

Starch nanocomposites could offer a lot of benefits on eco-friendliness and 
compatibility for pharmaceutical and biomedical applications for large-scale pro-
duction. Gao et  al. [113] developed an eco-friendly method to synthesize silver 
nanoparticles by using biodegradable starch as a stabilizing agent. Core–shell 
Ag/starch nanoparticles were synthesized using biodegradable starch as a stabiliz-
ing agent via a green, quick, and simple method in the presence of glucose where 
the core Ag nanoparticles with starch layers were achieved. The nanoparticles 
 produced were stable and uniform in size and shape and can be stored at room 
temperature for 3 months without any visible change. This method allows for the 
precise control of the diameter of nanoparticles and the thickness of layers by opti-
mizing the reaction conditions.

Smitch et al. [114] prepared a fully biobased plastic material for biomedical appli-
cations. This material is a bionanocomposite based on halloysite (aluminosilicate 
clay mineral) nanotubes as nanofillers and plasticized starch as polymeric matrix 
prepared by melt-extrusion. The structural, morphological, thermal, and mechanical 
properties of plasticized starch/halloysite nanocomposites were investigated. It was 
found that the addition of halloysite nanotubes slightly enhanced the thermal stabil-
ity of starch and significantly improved the tensile mechanical properties of starch 
without loss of ductility.

Silver nanowires were prepared on a waxy starch matrix by Valorkar et al. [115]. 
The nanocomposite exhibited bacterial effects and electrical conductivity. Also, 
Valorkar et al. [116] prepared water-soluble monodisperse copper nanoparticles using 
starch as green capping agent. The characterization of this nanocomposite showed 
excellent bactericidal action against Gram-negative and Gram-positive bacteria.

  



87Starch-Based Nanocomposites for Biomedical Applications

4.5 CONCLUSIONS AND PERSPECTIVES

Starch is a natural polymer with outstanding biocompatible characteristics. This 
allows using it as a material for the development of new biocomposites. Starch 
can be used as both matrix and reinforcement. Starch particles and nanoparticles 
have been widely used for the creation of new biocomposites with different appli-
cations in the biomedical field. The applications of starch nanoparticles reported 
in the literature include tissue engineering, bone tissue engineering, and drug-
delivery systems.

(a) (b)

(A)

(B)

(C)

FIGURE 4.7 Inhibitory zones of different sample films (a and b) against different bacte-
rial strains (A: E. coli, B: S. aureus, and C: B. cereus). (Reproduced from Yoksan, R. and 
Chirachanchai, S., Mat. Sci. Eng. C, 30, 891, 2010. With permission.)
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5 Polylactic Acid–Based 
Bionanocomposites
A State-of-the-Art 
Review Report

Inderdeep Singh and Kishore Debnath

5.1 INTRODUCTION

The management of plastic products after the end of service has become one of 
the major environmental issues in the present scenario. Researchers worldwide are 
strategically focusing on the development of biopolymers because they can elim-
inate the disposal issue. Biopolymers may be broadly classified into four groups 
depending on the source from which they are derived, such as natural biopolymers 
(e.g., natural rubber, waxes, lipids, and lignin), biopolymers derived from renew-
able resources (e.g., polylactic acid [PLA], soy-based plastic, cellulosic plastic, and 
starch-based plastic), biopolymers synthesized from petrochemicals (e.g., polyes-
teramides, polycaprolactone, polyvinyl alcohol, and polyester amides), and micro-
bial synthesized biopolymers (e.g., polyhydroxyalkanoates, polyhydroxybutyrate, 
and polyhydroxybutyrate-covalerate). Mostly biopolymers are used in packaging 
industries. It has been estimated that 41% of total production of plastic is used by 
packaging industries, where 47% of the plastic is used for packing of food items 
(Nishiyama and Kataoka 2006). Moreover, these materials are also widely used for 
the production of convenience products, such as disposable plates, cups, and cutlery. 
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Some specific applications of biopolymers are found in medical industries, where 
these materials are used in drug-delivery systems, surgical suture, and disposable 
gloves (McLauchlin and Thomas 2012). The major advantages associated with bio-
polymers are they consume low energy during processing and are nontoxic to the 
environment (Bordes et  al. 2009). Also, the limited petroleum resources can be 
preserved if biopolymers are used instead of petroleum-based synthetic polymers. 
Further, products based on biopolymers have no disposal issue after the end of ser-
vice. But it is also true that biopolymers may not be used for manufacturing high-end 
sophisticated components. Low heat-distortion temperature, low melt viscosity, high 
gas permeability, and brittleness are a few properties that limit the biopolymers to 
expand their application spectrum (Sinha and Bousmina 2005). The cost of the bio-
polymers is also substantially high as compared to the traditional petroleum-based 
polymers. The modification of the pristine biopolymer is mandatory in order to 
improve their performance. Hence, biopolymer-based bionanocomposites have been 
conceptualized and developed.

Nanocomposites are finding widespread acceptability due to their superior physi-
cal and mechanical properties. Incorporation of a small amount (usually less than 
10%) of nanoreinforcements into the polymer matrix results in improved physical 
and mechanical properties. According to the morphology, nanoreinforcements may 
be of three different types: acicular, spherical, and layered (Bordes et  al. 2009). 
The size and shape of the nanoreinforcements significantly affect the mechanical 
behavior of the developed nanocomposites. A number of nanoreinforcement mate-
rials have been developed, but the use of layered silicate clay mineral as nanore-
inforcement has gained widespread attention among researchers for its low cost, 
easy availability, and environment friendly characteristics (Grim 1953; Lindblad 
et al. 2002). When nanoreinforcements are added to the biopolymer, the resultant 
material is called bionanocomposite. Three major processing techniques are com-
monly used to prepare bionanocomposites: solution casting, in situ polymerization, 
and melt processing. The solution casting technique is a solvent system where both 
the nanoreinforcements and the polymer are dissolved in a predefined solvent. The 
in situ polymerization is a process where the nanoreinforcements are dispersed in 
the solution of monomer or in liquid monomer. The application of heat or radiation 
or suitable initiator results in the initiation of polymerization. The preparation of 
nanocomposites using the melt processing method involves two steps; in the first 
step, nanoreinforcements are mixed with polymer, and in second step, temperature 
(usually above the softening point of polymer) is applied to the mixture. The other 
processing methods such as processing at supercritical conditions and electrospin-
ning have also gained widespread acceptance. The selection of processing technique 
mostly depends on the type of nanoreinforcements and biopolymer used for the 
development of bionanocomposites. The application spectrum of bionanocompos-
ites is quite wide, which includes short-term application in agriculture, medical, and 
packaging sector. This chapter is designed to address the performance characteristics 
of various PLA-based bionanocomposites filled with different nanoreinforcements. 
A state-of-the-art literature review has been presented in the context of mechanical, 
electrical, thermal, rheological, and crystallization behavior of various PLA-based 
bionanocomposites.
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5.2  POLYLACTIC ACID–BASED BIONANOCOMPOSITES: 
RESEARCH INITIATIVE

Polylactic acid has some unique characteristics, such as high strength, thermoplastic-
ity, biocompatibility, and biodegradability. But the high degree of brittleness, high 
gas permeability, and slow crystallization rate of PLA limit its use in widespread 
applications. However, nanoreinforcements are extensively used to improve some of 
the properties of PLA. Nanoreinforcements such as silica, clays, graphene, hydroxy-
apatite (HAp), carbon nanotubes (CNTs), layered double hydroxide (LDH), and 
polyhedral oligomeric silsesquioxanes (POSS) are typically incorporated to improve 
certain properties of PLA (Ojijo and Sinha Ray 2013). The most widely used process 
for bionanocomposites is the solution casting method. Bionanocomposites based on 
graphene, silica, HAp, and POSS are prepared using the solution casting method. 
Further, these bionanocomposites may also be prepared by using the melt com-
pounding technique. Among all the developed nanoreinforcements, clays and CNTs 
are mostly used for the development of bionanocomposites. In the following section, 
the properties of various PLA-based bionanocomposites have been discussed. The 
effects of various process parameters on the performance characteristics have also 
been highlighted in the context of PLA-based bionanocomposites.

5.2.1 Silica-BaSed BionanocompoSiteS

Bionanocomposites based on PLA and layered silicates, such as smectite, mica, 
and montmorillonite, have been developed in order to see the effect of layered sili-
cates on the various properties of developed bionanocomposites (Krikorian and 
Pochan 2003; Lim et  al. 2002; Maiti et  al. 2002). A significant improvement in 
mechanical, gas barrier, fire retardancy, and other properties has been observed 
in the developed bionanocomposites as compared to the pristine polymer. For 
instance, poly(L-lactide) (PLLA)-based silica nanocomposites have been developed 
using sol-gel process to study the improvement in the properties (Yan et al. 2007). 
The investigation reveals that the tensile strength has been significantly improved 
even in the presence of a small amount of silica in PLLA. The thermal response 
has also been improved as the amount of silica content is increased from 0 to 12 
wt.%. The infrared spectra measurement displays that the crystallization of PLLA 
is partially confined by silica network. Another investigation (Huang et al. 2009) 
has showed that the tensile, thermal, and hydrolysis behavior of PLA-based sil-
ica composites improves as the silica filler content is increased. It has also been 
noticed that the effect of nanosized silica particles on the mechanical and ther-
mal stability is much better than the microscale silica particles. PLA-based SiO2 

bionanocomposites have been developed using melt mixing with the Haake mixing 
method (Zhu et al. 2010). For uniform dispersion of nanosized silica particles and 
attaining superior bonding between the PLA matrix and nanoreinforcements, the 
surface characteristics of the SiO2 particles have been modified with oleic acid. 
The results show that the weight fraction of the modified SiO2 particles has signifi-
cant effect on the rheological properties of developed PLA bionanocomposites. The 
low weight percentage (less than 1%) of SiO2 particles shows obvious plastication. 
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The authors finally conclude that the modified nanosilica particles improve the 
flexibility of PLA. The grafting of L-lactic oligomer with silica nanoreinforce-
ments has been carried out (Yan et  al. 2007). The results show that the disper-
sion of grafted SiO2 (g-SiO2) nanoreinforcements in PLA matrix is uniform as 
compared to unmodified SiO2. However, at the 5% loading of g-SiO2, the tensile 
strength and toughness of the materials are significantly improved. The rheological 
behavior during the in situ polymerization of l-lactide filled with silica particles 
has been studied (Prebe et al. 2010). The phase morphology, thermo-mechanical 
properties, and optical transparency of the PLA/silica nanocomposites have been 
investigated and compared with pristine PLA (Wen et  al. 2009). The investiga-
tion reveals that the addition of silica particles results in significant improvement 
in crystallinity and crystallization speed as well. It has also been observed that 
both the tensile strength and modulus of the nanocomposites significantly improve. 
However, a slight improvement has been observed in impact strength and elonga-
tion at break (EB).

5.2.2 clay-BaSed BionanocompoSiteS

The understanding of the relationship between structure and property is an impor-
tant aspect for designing bionanocomposites based on layered silicate with desired 
properties. In order to realize this, a number of bionanocomposites based on organi-
cally modified layered silicate and PLA have been developed using the melt extrusion 
process (Sinha Ray et al. 2003; Sinha Ray and Okamoto 2003). It has been observed 
that the heat-distortion temperature, biodegradability, oxygen gas permeability, and 
flexural properties of the developed bionanocomposites remarkably improve as com-
pared to those of pristine PLA. PLA/layered silicate bionanocomposites have been 
developed by the melt extrusion of PLA and organically modified montmorillonite 
(C18-MMT) (Sinha Ray et al. 2002). It has been observed that the incorporation of 
a small amount of compatibilizer results in better parallel stacking of silicate layers 
and stronger flocculation as well. It has also been realized that the mechanical proper-
ties of the PLA/layered silicate bionanocomposites are much superior to those of the 
matrix without clay. Another study reveals that the mechanical properties obtained 
with PLA/clay bionanocomposites are much superior to those of the pristine PLA 
(Al-Mulla 2011). The decomposition temperature has also been found to be much 
higher than that of the pristine PLA. The PLLA-based modified clay has been blended 
using chloroform as cosolvent (Ogata et al. 1997). The analysis shows that dispersion 
of clay is not uniform, which means the clay existed in the form of tactoids. However, 
the influence of shearing force on the delamination of silicate layers has been found 
insignificant. Young’s modulus of the blend is increased even with the addition of a 
small amount of clay. The tensile, antimicrobial, and water vapor barrier properties 
of the composite films based on PLA and different types of nanoclays (Cloisite 30B, 
Cloisite Na+, and Cloisite 20A) have been investigated (Rhim et al. 2009). A better 
intercalation and interaction have been observed between PLA and Cloisite 20A than 
between PLA and Cloisite 30B or Cloisite Na+. An extensive research work has been 
carried out focusing on the characterization of PLA-based clay bionanocomposites 
(Lin et al. 2007; McLauchlin and Thomas 2009; Wu and Wu 2006).
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5.2.3 Graphene-BaSed BionanocompoSiteS

Due to the exceptional mechanical, thermal, and electrical properties, graphene has 
attracted many researchers and scientists in recent years (Compton and Nguyen 2010; 
Geim and Novoselov 2007; Zhu et  al. 2010). Graphene is extensively used for the 
development of polymeric bionanocomposites. Graphene oxide (GO)-reinforced bio-
degradable PLLA bionanocomposites have been developed at various loadings of GO 
ranging from 0.5 to 2 wt.% (Wang and Qiu 2012). It has been observed that the over-
all isothermal melt crystallization rates are reduced as the crystallization temperature 
increases for both pristine PLLA and PLLA/GO bionanocomposites. The overall iso-
thermal melt crystallization rates are substantially high for PLLA/GO as compared to 
the pristine PLLA. This may be ascribed to the fact that GO acts as a nucleating agent, 
which results in improved overall isothermal melt crystallization rates. It has also been 
observed that the overall isothermal melt crystallization rate and nonisothermal melt 
crystallization peak temperature of PLLA initially increase and thereafter decrease as 
the weight percentage of GO increases from 0.5 to 2 wt.%. Both the overall isother-
mal melt crystallization rate and nonisothermal melt crystallization peak temperature 
have been found to be maximum at 1 wt.% GO loading. The crystallization behavior 
of PLLA/GO bionanocomposites at different loadings of GO has been studied (Wang 
and Qiu 2011). The findings show that with an increase in the content of GO, the maxi-
mum crystallization temperature of PLLA shifts to low-temperature range. This means 
that the nonisothermal cold crystallization behavior of PLLA has been substantially 
improved with an increase in graphene loading. Further, it has been observed that the 
nonisothermal cold crystallization for both pristine PLLA and PLLA/GO bionano-
composites accelerates as the heating rate increases. The feasibility of using conductive 
polymer composites (CPCs) as thermoelectric material has been studied (Antar et al. 
2012). The major advantages of using CPCs over the conventional thermoelectric semi-
conductor materials are ease of processing, environment friendliness, and low cost. 
Three different types of CPCs have been developed based on PLA matrix and reinforc-
ing filler CNTs, expanded graphite (eGR), and CNT-eGR hybrid filler. The results show 
that the CNT-eGR hybrid filler significantly improves the electrical conductivity of the 
developed CPCs. It has also been observed that the eGR-based CPCs have the superior 
electrical conductivity than the CNT and CNT-eGR hybrid CPCs. The effect of eGR 
on the thermo-mechanical and fire-retardant properties of PLA has been evaluated 
(Murariu et al. 2010). The results show that the rigidity, tensile modulus, and storage 
modulus increase with eGR content. The thermal stability of the developed bionano-
composites is also excellent. It has been recorded that the flame resistance capacity has 
improved. PLLA-based grafted graphite oxide bionanocomposites have been prepared 
by the in situ ring opening polymerization of L-lactide (Hua et al. 2010). It has been 
found that the electrical conductivity increases in the presence of graphite.

5.2.4 hydroxyapatite-BaSed BionanocompoSiteS

One of the major mineral constituents of the vertebrate bones and teeth is HAp. It is 
a well-known fact that HAp can significantly improve the bioactivity and biocompat-
ibility of developed biomaterials. Therefore, HAp is increasingly being in demand 
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and extensive efforts have been given to develop features based on HAp-based bion-
anocomposites (Sadat-Shojai et al. 2013). HAp/PLLA bionanocomposites with fairly 
good mechanical properties have been fabricated using the modified in situ precipi-
tation method. Ca(OH)2 and H3PO4 have been used as precursors for the synthesis 
of HAp (Zhang et al. 2010). This modified in situ precipitation method has eluci-
dated the aggregation of nanosized HAp particles into the PLLA matrix. The results 
show that both Young’s modulus and compressive strength have been significantly 
improved when compared with the composites fabricated by the direct mixing of 
HAp and PLLA. This concludes the potential use of these composites in bone tissue 
engineering applications. The high molecular poly(D,L-lactide)-based Ca-deficient 
HAp nanocrystal (d-HAp) bionanocomposites have been developed using the solvent 
cast technique (Deng et al. 2001). The results show that the tensile modulus of the 
developed bionanocomposites increases as the content of Ca-deficient HAp nano-
crystals is increased. Moreover, N,N-dimethylformamide has been found to be the 
best solvent among all PLA solvents used for the experimental work as the dispersion 
of Ca-deficient HAp nanocrystals is best in N,N-dimethylformamide. Another study 
reveals that the rate of mass loss increases with ageing time for HAp nanopowder 
(nHAp)-based medical-grade PLLA films (Delabarde et al. 2010). The rate of mass 
loss has also been found to be greater for amorphous PLLA films than for spherulitic 
films. However, the tensile strength and strain have been found to decrease with age-
ing time, whereas the decrease in tensile properties is less for developed nHAp-based 
films as compared to the unmodified films as nHAp acts as an effective toughner. In 
order to obtain superior mechanical properties, nHAp has been surface grafted with 
PLLA (g-HAp) and further blended with PLLA to prepare PLLA/HAp bionano-
composites (Hong et al. 2005). It has been found that the PLLA/g-HAp bionanocom-
posites show higher impact energy and bending strength at approximately 4 wt.% of 
g-HAp, whereas at a higher g-HAp content, the modulus substantially increases. It 
indicates that PLLA can be strengthened and toughened if g-HAp nanoparticles are 
added to PLLA.

5.2.5 carBon nanotuBeS–BaSed BionanocompoSiteS

Carbon nanotubes have some distinct properties such as high strength and stiffness 
and exceptional electrical and thermal properties. Because of these distinct proper-
ties, CNTs are widely used for the development of bionanocomposites. The ther-
mal, electrical, and mechanical properties of PLA/CNT bionanocomposites have 
been investigated (Moon et  al. 2005). The study reveals that Young’s modulus is 
slightly increased, whereas tensile strength and ultimate elongation decrease. The 
thermal stability of the developed bionanocomposites enhances in the presence of 
CNTs in PLLA. Another investigation shows that the DC conductivity increases as 
the multiwalled CNT (MWCNT) loading is increased in PLLA/MWCNT bionano-
composites (Zhang et al. 2006). The effect of MWCNTs on the crystallization and 
melting behavior of PLLA has been studied (Shieh and Liu 2007). MWCNTs have 
been surface modified and grafted with PLLA to obtain PLLA-grafted MWCNTs. 
The results show that MWCNTs significantly improve the cold crystallization and 
nonisothermal melt crystallization rates of PLLA. In addition, the nucleation rate of 
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PLLA is enhanced by MWCNTs, which has been analyzed using polarized optical 
microscopy (POM). The effect of processing conditions during twin screw extru-
sion of PLA/MWCNTs has been experimentally investigated (Villmow et al. 2008). 
The effect of rotational speed on the dispersion of MWCNTs has been found maxi-
mum among all the input parameters such as MWCNT loading, temperature, screw 
profile, and rotation speed. As the rotation speed increases from 100 to 500 RPM, 
the number of agglomerates in PLA decreases. The electrical and mechanical prop-
erties of PLA/MWCNT-g-PLA bionanocomposites have been evaluated at 1 wt.% 
MWCNT content (Yoon et al. 2010). It has been observed that the morphological, 
electrical, and mechanical properties are strongly dependent on the length of the 
chain of PLA in the MWCNT-g-PLAs. The investigation reveals that the MWCNT-
g-PLAs with longer PLA chain exhibit better dispersion of MWCNTs in the PLA 
matrix. The tensile properties of the developed bionanocomposites have also been 
improved as the length of PLA chain is increased. The electrical resistivity of the 
developed bionanocomposites has also been found to be increased, which may be 
attributed to the fact that the PLA-g-MWCNTs restrict the formation of the electri-
cal conduction path of MWCNTs in the PLA matrix. The crystallization behavior 
of the PLA-based CNT nanocomposites has also been reported by many researchers 
(Barrau et al. 2011; Kuan et al. 2008; Wu et al. 2010).

5.2.6 layered douBle hydroxide–BaSed BionanocompoSiteS

Layered double hydroxides are mineral and synthetic materials that possess posi-
tively charged brucite-type layers of mixed metal hydroxides (Nalawade et  al. 
2009). The development, processing, and characterization of LDH-based bionano-
composites are new areas of research in the field of materials science. PLA-based 
 stearate-Mg3Al LDH bionanocomposites have been developed using the solution 
casting method (Mahboobeh et al. 2010). It has been observed that the addition of 
5 wt.% or less of stearate-Mg3Al LDH produced exfoliated PLA bionanocomposites. 
The results show that the tensile strength and tensile modulus of the bionanocom-
posites do not change significantly in the presence of lower percentage (1 wt.%) of 
stearate-Mg3Al LDH. Whereas the EB of the developed bionanocomposites is sig-
nificantly enhanced to 650%. The EB of the bionanocomposites is about seven times 
higher than that of pristine PLA when stearate-Mg3Al LDH content lies between 
1 wt.% and 3 wt.%. The thermal degradation behavior of the PLLA/LDH bionano-
composites has been studied using thermogravimetric analysis (TGA) and pyrolysis-
gas chromatography/mass spectroscopy (Py-GC/MS) in an inert atmosphere (Chiang 
et al. 2011). The bionanocomposites have been developed using organically modified 
magnesium/aluminum LDH (P-LDH) in tetrahydrofuran solution. Unfortunately, the 
TGA analysis reveals that the thermal stability of P-LDH is lower than that of pristine 
PLLA. The products of thermal degradation have been identified using Py-GC/MS, 
which shows that the incorporation of P-LDH into PLLA leads to a significant change 
in the thermal degradation process. The mechanical and  thermophysical properties 
of the PLLA/LDH hybrids have been studied (Dagnon et al. 2009). The results show 
that some of the properties such as ultimate tensile strength, tensile modulus, and 
storage modulus have improved. It has also been observed that the thermal stability 
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of the pristine PLLA is reduced. The cold crystallization has also been affected 
by LDH. The physical properties of the PLLA-based magnesium/aluminum LDH 
(MgAl-LDH) have been investigated (Chiang  and Wu 2010). The  surface of LDH 
has been modified by PLA with carboxyl end group (PLA-COOH) to improve the 
bonding between PLLA and LDH. It has been observed that the storage modulus has 
been significantly improved at 1.2 wt.% PLLA/P-LDH as compared to the pristine 
PLLA. PLLA-based organically modified LDH have been developed using the melt 
mixing process (Pan et al. 2008). The wide-angle x-ray diffraction results show that 
the layer distance of dodecyl sulfate-modified LDH (LDH-DS) is increased in the 
PLLA/LDH as compared to the organically modified LDH. Transmission electron 
microscopy analysis suggests that the dispersion of LDH-DS layers is homogenous in 
the PLLA matrix. It has also been observed that the effect of incorporating LDH-DS 
on the melting behavior and crystalline structure of PLLA is almost insignificant. 
However, the crystallization rate of PLLA increases with the addition of LDH-DS. 
POM observation indicates that the spherulite size of PLLA is reduced and nucle-
ation density is increased in the presence of LDH-DS. The flame retarding behavior 
of PLA-based zinc-aluminum-LDH (Zn-Al-LDH) containing flame retardants such 
as pentaerythritol, ammonium polyphosphate, and melamine cyanurate nanocom-
posites has been studied (Wang et al. 2010). The results reveal that the incorporation 
of fire retardant and Zn-Al-LDH results in improved flame resistance properties of 
PLA-based bionanocomposites. In detail, total heat release, heat release rate, and 
heat release capacity of PLA bionanocomposites decrease as compared to those of 
pristine PLA, during combustion. The synthesis of PLA-LDHs bionanocomposites 
has been carried out by ROP (Katiyar et al. 2010). During in situ polymerization 
(in the presence of LDHs), the molecular weight of PLA is significantly reduced. 
This may be attributed to the chain termination via LDH surface hydroxyl groups 
and/or metal-catalyzed degradation. The effects of LDH carbonate (LDH-CO3) and 
laurate-modified LDH (LDH-C12) have also been studied. The investigation reveals 
that exfoliated bionanocomposites are obtained when using LDH-C12, whereas using 
LDH-C12 results in phase-separated morphology.

5.2.7 polyhedral oliGomeric SilSeSquioxaneS–BaSed BionanocompoSiteS

Polyhedral oligomeric silsesquioxanes are an emerging nanostructured compounds 
that are mostly used to design novel hybrid bionanocomposites (Constable et  al. 
2004; Fu et al. 2004; Xu et al. 2002). POSS-reinforced PLLA bionanocomposites 
have been developed using the solution and coagulation method at various loading of 
POSS (Pan and Qiu 2010). The overall crystallization rate has improved for PLLA/
POSS bionanocomposites as compared to that of pristine PLLA. Increasing POSS 
loading also results in improving the overall crystallization rate. However, the crystal 
structure and crystallization mechanism of PLLA remain unchanged in the presence 
of POSS. The storage modulus of PLLA/POSS bionancomposites is better than that 
of pristine PLA. It has also been observed that the hydrolytic degradation rates of 
the pristine PLLA have been enhanced with the addition of POSS. The crystalliza-
tion behavior, crystal structure, spherulitic morphology, and thermal stability of the 
PLLA-based octavinyl-POSS (ovi-POSS) bionanocomposites have been investigated 
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(Yu and Qiu 2011). The experimental results reveal that both cold crystallization 
and nonisothermal melt response of the PLLA in the bionanocomposites have been 
enhanced in the presence of ovi-POSS, whereas the response is further improved as 
the weight percentage of ovi-POSS content is increased to 1 wt.%. The results also 
reveal that the overall crystallization rates are faster in PLLA/ovi-POSS as com-
pared to those of pristine PLLA and further improved as the ovi-POSS loading is 
increased. It is also interesting to note that the crystal structure of PLLA remains 
unchanged in the developed bionanocomposites. However, the thermal stability of 
the PLLA is slightly reduced in the developed bionanocomposites as compared to 
that of pristine PLLA. The PLLA-based octa(3-chloropropylsilsesquioxane) (OCPS) 
films have been developed using the solution blending method (Zhang et al. 2011). It 
has been observed that when the content of OCPS is less than 3 wt.%, the dispersion 
of OCPS is good, but when the content of OCPS is increased to 5 wt.%, the OCPS 
begins to crystalize in the PLLA matrix. The study also reveals that the OCPS acts 
as a plasticizer to decrease both the glass transition temperature (Tg) and the melting 
temperature (Tm) of the PLLA matrix. The strain at break has also improved remark-
ably due to the plasticizer effect of OCPS. Further, the tensile test results indicate that 
the incorporation of OCPS into the PLLA results in a change in the tensile behavior, 
from brittle to ductile, of the developed hybrid films. The crystallization behavior 
of the PLA-based POSS-modified montmorillonite (POSS-MMT) bionanocom-
posites has been investigated (Lee and Jeong 2011). The PLA-based POSS-MMT 
(1–10 wt.%) bionanocomposites have been manufactured using the melt compound-
ing technique. The results show that the overall melt crystallization is significantly 
improved by incorporating 3 wt.% POSS-MMT as compared to that of pristine PLA 
because POSS-MMT acts as an accelerating agent for the overall melt crystalliza-
tion of PLA. The analysis also reveals that the nucleation density of PLA/POSS-
NNT is higher than that of pristine PLA, whereas the spherulite growth rates in 
the PLA/POSS-NNT are comparable to those of pristine PLA. Poly(ε-caprolactone) 
and poly(l,l-lactide) covalently end-capped by POSS has led to the development of 
a new type of nanohybrid materials (Goffin et  al. 2007). The nanohybrid materi-
als have been developed by the coordination-insertion ROP of ε- caprolactone and 
l,l-lactide, respectively. Finally, the synthesis of a POSS-P(caprolactone-b-lactide) 
block copolymer has been carried out. PLAs/POSS have been developed by the ROP 
of l-lactide with 3-hydroxypropylheptaisobutyl POSS as an initiator in the presence 
of an Sn(Oct)2 catalyst (Lee and Jeong 2010). Experimental investigation confirms 
that the hydroxyl-containing POSS molecules serve as an initiator for the polymer-
ization of l-lactide. The thermal and thermo-oxidative degradation properties of the 
PLAs/POSS bionanocomposites improve at a lower POSS-PLA content (1%–20%) 
as compared to that of pristine PLA. The degradation properties of the bionanocom-
posites decrease at a higher content (30%) of POSS-PLA.

5.3 CONCLUDING REMARKS

Brittleness, high gas permeability, and slow crystallization rate are the properties 
that have restricted PLA in expanding its application spectrum. The modification 
of the pristine PLA is mandatory in order to improve the performance. It has been 
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realized that incorporating nanoreinforcement into PLA improves various properties 
of PLA. When nanoreinforcements are added to the PLA, the resultant material is 
called bionanocomposite. The concept of bionanocomposites has been considered a 
novel route for the development of innovative materials with improved properties. A 
wide variety of nanoreinforcements such as silica, clays, graphene, HAp, CNTs, LDH, 
and POSS have been discovered in order to improve the performance characteristics 
of PLA. A significant improvement in mechanical, gas barrier, fire retardancy, and 
other properties has been observed in the bionanocomposites based on PLA and silica. 
Bionanocomposites based on clay and PLA have also shown remarkable improvement 
in HDT, biodegradability, oxygen gas permeability, and flexural properties. PLLA/GO 
bionanocomposites show better isothermal melt crystallization rates as compared to 
those of pristine PLLA, which may be due to the fact that GO acts as a nucleating agent. 
Bionanocomposites with fairly good mechanical properties can also be prepared using 
HAp and PLA, which can be used in bone tissue engineering applications. Due to some 
distinct properties such as high strength and stiffness and exceptional electrical and 
thermal properties, CNTs are also widely used for the development of bionanocom-
posites. Nanoreinforcements such as LDHs and POSS are also incorporated in PLA in 
order to improve properties such as tensile strength and modulus, storage modulus, EB, 
flame resistance, and the overall crystallization rate of the bionanocomposites.
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6.1 INTRODUCTION

Progress in biomedicine is strongly related to the complexity and accuracy of diag-
nostic techniques, as well as to the development of biomaterials. During the past 
decades, research in this field has focused on biostable and biodegradable (hydrolyti-
cally and enzymatically degradable) compounds [1–6]. Among the available materi-
als, polymers meet these criteria due to their functionality and ease of processing. 
Therefore, degradable polymeric biomaterials are often used in various biomedical 
fields, including pharmacology and tissue engineering. The latter represents a multi-
disciplinary domain involving application of knowledge in exact and life sciences in 
solving medical issues such as tissue loss and organ failure [7]. The main approach 
toward this direction consists in cell growth on bioactive degradable layers (scaf-
folds) that provide the physical and chemical indications to control their differentia-
tion and assembly into 3D structures [8]. The success of tissue engineering lies in 
two main aspects: used biomaterials and fabrication technologies.

The bio-substrates should repair the failing organs/tissues or replace many of the 
permanent prosthetic devices used for temporary therapeutic applications with biode-
gradable devices that could help the body to regenerate the damaged tissues [9–11]. 
Therefore, biomaterials must be designed, on the one hand, to fulfill the requirements 
of specific cell response at the molecular level and, on the other, to exhibit the proper 
surface, physical, and mechanical properties [5]. Since conventional single-component 
polymer materials present insufficient stiffness and compressive strength, the proposed 
strategy is to prepare multicomponent polymer systems for upgrading the structural 
and functional properties. The introduction of nanofillers into biodegradable natural 
or synthetic polymers leads to nanocomposite materials with improved mechanical, 
morphological, and conductive properties [12,13]. The desired characteristics can be 
modified/enhanced depending on not only the nanoparticle type (organic or inorganic) 
and dispersion, but also on interactions occurring between the polymer chains and the 
nanoparticles and among the nanoparticles. Depending on the chosen system (polymer 
matrix and nanofiller), dense or porous scaffolds can be obtained, leading to a differ-
ent response in cell seeding, migration, growth, mass transport, and tissue formation 
[14,15]. Besides the synthesis procedure, the fabrication and processing techniques 
play a key role in tissue engineering. The current design procedures include [16]:

• Traditional methods: Solvent casting and particulate leaching, gas foaming, 
phase separation, melt molding, freeze extraction

• Advanced methods: Electrospinning, rapid prototyping, microsphere sinter-
ing, shape deposition manufacturing, fused deposition modeling, nonfused 
liquid deposition modeling, 3D printing, selective laser sintering, transfer 
of liquid crystal texture

The preparation method generates specific architectural features, and consequently the 
interactions at the cell/substrate biointerface are different. The main challenges in scaf-
fold manufacture lie in the production of customizable biodegradable constructs exhib-
iting properties that promote certain surface and bulk properties, which are compatible 
with the host tissue, with predictable degradation rate and biocompatibility [2,17].
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This chapter presents the current researches on biodegradable polymer nano-
composites for tissue engineering, highlighting the importance of the design 
concepts in the resulting physicochemical properties of the scaffold. The main 
results regarding the in vitro or in vivo cell culture analysis of the cell– scaffold 
interaction are also discussed for different types of biodegradable polymers 
nanocomposites. The combination of bioresorbable polymers and nanostruc-
tures opens new perspectives in the development of nanomaterials for tissue 
 engineering applications with tunable mechanical, adhesion, and morphological 
properties.

6.2 DESIGNING CONCEPTS

It is widely known that in order to be used as scaffold, a biomaterial nanocomposite 
must satisfy the following requirements:

• Biodegradation to nonoxic products
• Processability into complicated shapes with appropriate porosity
• Ability to support cell growth and proliferation
• Suitable mechanical properties, as well as maintaining mechanical strength 

during most part of the tissue regeneration process

These demands can be accomplished depending on the used polymer matrix and 
nanofiller. The biodegradable polymers can be divided in two main categories 
[18–20]:

1. Natural-based materials, such as starch (alginate, chitin/chitosan, hyal-
uronic acid derivatives) or proteins (soy, collagen, fibrin gels, silk)

2. Synthetic materials, such as poly(lactic acid), poly(glycolic acid), poly(3-
caprolactone) (PCL), poly(hydroxy butyrate)

Although these classes of biomaterials present many advantages, they also have 
some disadvantages, which can be overcome by introducing specific nanostructures. 
Regarding mechanical properties, it can be concluded that synthetic polymers are 
characterized by good mechanical strength and their degradation rate can be easily 
modified, while natural polymers have less mechanical resistance. When consid-
ering the polymer surface features, it can be noticed that synthetic polymers are 
 hydrophobic and lack cell-recognition signals, whereas naturally derived compounds 
have the potential advantage of biological recognition that positively favor cell adhe-
sion and function [5].

The current nanostructures inserted in biodegradable matrices are either organic 
or inorganic. Depending on the type of the inserted biocompatible particles, the 
main bionanocomposites for tissue engineering are categorized as follows:

• Ceramic: hydroxyapatite based [21–26]
• Metallic: gold, titanium, or silver based [27–29]
• Carbon: carbon nanotubes, graphene, or carbon nanofibers based [30–32]
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The preparation of artificial supports with specific properties involves complex pro-
cedures to assembly the nanocomposites. The introduction of nanostructures into 
polymers can generally be done in different manners [33], as follows:

• Solution method: It involves dissolution of polymers in adequate solvent 
with nanoscale particles and evaporation of solvent or precipitation.

• Melt mixing: The polymer is directly melt mixed with nanoparticles.
• In  situ polymerization: The nanoparticles are dispersed in liquid mono-

mer or monomer solution; then polymerization occurs in the presence of 
nanoscale particles.

• Template synthesis: Using polymers as template, the nanoscale particles are 
synthesized from precursor solution.

Solvent casting, in  situ polymerization, and template synthesis are processes that 
involve the utilization of a solvent in which the polymer is soluble. The effects of 
different solvents represent an essential factor in the film realization that must be 
elucidated. The solvent selection influences nanocomposite foil properties, heteroge-
neity of the surface, reorientation or mobility of the surface crystal segment, swell-
ing, and deformation [34–36]. The solubility parameter of the polymer seems to be 
the factor that influences the surface structure. In nanocomposite preparation by 
the solvent casting process, the effects of solvents evaporation should be carefully 
examined. The dispersion of nanostructures in the solvent and consequently in the 
polymer matrix can be optimized by considering specific properties of solvent, such 
as electron-pair donicity, solvochromic parameter, hydrogen bond donation param-
eter, and dielectric constant.

The final architecture of the bionanocomposite scaffold can be

• Bidimensional (2D) dense films, where there is an effect of composition on 
the final properties

• Tridimensional (3D) porous architectures, where the morphology affects 
the nanocomposite properties

After the assembly of the nanocomposites, they are further processed through vari-
ous methods in order to tailor their appearance as 2D or 3D structures. The most 
used fabrication procedures are further presented.

6.2.1 Solvent CaSting and PartiCulate leaChing

Organic solvent casting and particulate leaching is one of the most popular meth-
ods used to fabricate biocomposite scaffolds [37,38]. The process is based on the 
dissolution of the polymer in an organic solvent, mixing with nanofillers and poro-
gen  particles, and casting the mixture into a predefined 3D mold. Subsequently, 
the solvent starts to evaporate, and the porogen particles are removed by leaching 
(Figure 6.1). However, residual solvents might cause toxicity effects in the scaffolds 
and thus become harmful to transplanted cells or host tissues. To avoid this problem, 
gas foaming can be used to prepare porous biopolymer nanocomposite foam.
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6.2.2 gaS Foaming

Gas foaming involves saturation of biodegradable polymers subjected at high pres-
sures with gas-foaming agents, such as carbon dioxide and nitrogen [39], water [40], 
or fluoroform [41]. Depending on the experimental conditions, the size of the gas 
bubbles can be controlled and thus pores with diameters ranging between 100 and 
500 μm are formed in the polymer. The advantage of this method is that it does not 
require an organic solvent. The formation of a structure with largely unconnected 
pores and a nonporous external surface [42] limits the utilization of this technique 
(Figure 6.2).

6.2.3 PhaSe SeParation

The nonsolvent-induced phase separation (NIPS) method consists of inducing 
a liquid–liquid phase separation of the polymer composite solution subjected to 
quenching. This results in the formation of two phases: a polymer-rich phase and 
a polymer-poor phase. When the latter is removed, the polymer-rich phase solidi-
fies creating a highly porous polymer network [43] (Figure 6.3). The obtained scaf-
fold exhibits a micro- and macrostructure that can be controlled by varying process 
parameters such as polymer concentration, quenching temperature, and quenching 
rate. Since the procedure is performed at low temperatures, it facilitates the incorpo-
ration of bioactive molecules in the structure.

Polymer solution

Porogen Solvent
evaporation

Water

Porogen
leaching

Porous structure

FIGURE 6.1 Schematic representation of the routes involved in solvent casting and particu-
late leaching process.
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Gas bubbles

FIGURE 6.2 Schematic representation of the routes involved in gas foaming method.
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FIGURE 6.3 Schematic representation of the routes involved in phase separation process.
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The thermally induced phase separation method produces scaffolds with very high 
porosities (~97%) and controlled microstructures for tissues such as nerve, muscle, 
tendon, intestine, bone, and teeth. The resulted cellular substrates are highly porous 
with anisotropic tubular morphology and extensive pore interconnectivity. The pore 
morphology, bioactivity, and degradation rates are strongly dependent on the polymer 
concentration in solution, volume fraction of secondary phase, quenching temperature, 
and the polymer and solvent characteristics. The utilization of the phase separation 
techniques allows the formation of a nanoscale fibrous structure that mimics natural 
extracellular matrix architecture and facilitates cell attachment and function [44].

6.2.4 melt molding

During the melt molding procedure, the solid polymer is mixed with a porogen and then 
introduced in a mold; it is subsequently heated above the glass-transition temperature 
of the polymer. The system is subjected to high pressure [45]. The raw materials bind 
together leading to a scaffold with designed-specified external shape. After removing 
the mold, the porogen is leached out and the porous layer is then dried (Figure 6.4). 
This is a nonsolvent fabrication method that assures independent control of morphol-
ogy and shape. However, the presence of the residual porogen and high processing 
temperatures reduces the possibility of bioactive molecules incorporation.

6.2.5 Freeze extraCtion

Freeze extraction is based on cooling down the polymer solution until the materials 
reach a frozen state and the solvent forms ice crystals, determining the polymer mol-
ecules to aggregate into the interstitial spaces. The application of a pressure lower 
than the equilibrium vapor pressure of the frozen solvent allows solvent removal. 
Once the solvent is sublimated, dry polymer scaffolds with an interconnected porous 
microstructure are formed [46,47] (Figure 6.5). The pore number can be controlled 
through the concentration of the polymer solution, whereas their size distribution is 
influenced by the freezing temperatures. This technique is also used to dry biological 
samples to protect their bioactivities [48].

6.2.6 eleCtroSPinning

Electrospinning is a method that applies electrical charges to draw fine fibers from 
polymer solutions. The technique does not demand the use of coagulation chemistry 
or high temperatures to produce solid threads from solution. Also, it can be applied 
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FIGURE 6.4 Schematic representation of the routes involved in melt molding procedure.
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to molten samples, ensuring that no solvent can be carried over into the final prod-
uct. The application of high voltage to the solution leads to electrostatic forces that 
counteract the surface tension (the droplet is stretched). If the molecular cohesion of 
the liquid is sufficiently high, stream breakup does not occur and a charged liquid 
jet is formed. During the jet drying in flight, the mode of current flow changes from 
ohmic to convective as the charge migrates to the surface of the fiber. The whipping 
process determines the elongation of the jet until it is deposited on the grounded 
 collector (Figure 6.6).

Nanofibrous architectures favor more efficiently cell binding and spreading 
compared to micropore and microfibrous architectures since larger surface areas 
adsorb better proteins and present more binding sites to cell membrane receptors 
[49]. Cells growing in 3D nanofibrous structural environments easily exchange nutri-
ents and utilize receptors throughout their surface, while those in flat culture are 
limited to nutrient exchange on only one side. Porous scaffolds with nanofibrous 
architectures can be produced with electrospinning, resulting in architectures that 
can mimic the structure and biological functions of the natural extracellular matrix 
[50]. The fiber diameters vary from 2 nm to several micrometers, using solutions of 
both natural and synthetic polymers, with small pore sizes and high surface-area-to-
volume ratios. The experimental electrospinning setup is composed of three parts: 
a syringe pump containing the polymeric materials, a high-voltage source to gen-
erate high electric field for spinning, and a collector to collect the fibers [51]. The 
most important parameters that affect the fiber morphology are polymer solution 
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FIGURE 6.5 Schematic representation of the routes involved in freeze extraction procedure.
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FIGURE 6.6 Schematic representation of the routes involved in electrospinning.
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parameters (viscosity, molecular weight of polymer, polymer conductivity, surface 
tension), processing parameters (applied voltage, distance between tip and collec-
tor, flow rate), and environment parameters (humidity, temperature). Nanofibers with 
high surface-area-to-volume ratios are optimal for tissue engineering purposes [52].

6.2.7 raPid PrototyPing

An alternative method of scaffold preparation is rapid prototyping (RP). This approach 
is based on computer-assisted design (CAD) and manufacturing (CAM) techniques, 
offering better control of scaffold internal microstructure and external macroshape 
[53]. Based on the properties of different scaffold biomaterials, there are three basic RP 
system types: liquid-based, solid-based, and powder-based. The main advantage of the 
method is that it can build up a complex scaffold with an exactly predefined shape. Thus, 
a specific body shape can be obtained by the selective addition of material, layer by 
layer, guided by a computer program. The step-by-step procedure leads to an improved 
reproducibility, and thus morphological features of the scaffold such as porosity, inter-
connectivity, pore size, and geometric stability can be controlled more precisely [54]. 
Furthermore, cells can be printed on surfaces [55], thus favoring the insertion of living 
biological substances into the prefabricated layer before the final assembly [56] (Figure 
6.7). However, the method resolution is influenced by the use of engineered precision 
machine tools, resulting scaffolds with resolutions in the range of 200–500 μm [57] 
depending on the used RP technology. The usage of a special RP fabrication technique 
demands specific material properties. Although many different applications to embody 
scaffolds under RP processing conditions are reported, the special requisitions of the 
polymer material limit the utilization of RP fabrication methods.

6.2.8 miCroSPhere Sintering

Microspheres are produced by different processes, such as spraying a polymer solu-
tion followed by NIPS [58]. The use of ultrasound [59] to emulsify water in a polymer 
solution is also reported. The water droplets from the water-in-oil-in-water emul-
sion may be loaded with a biological substance. Then, the emulsion of water-in-
polymer solution is brought into an aqueous polymer solution to complete the NIPS 
by stirring for 3 h. Hot stirring of a paraffin/gelatin–water emulsion at 80°C is also 
described. The stirring is followed by an ice water quenching to obtain paraffin 
spheres for paraffin leaching [60]. The simplest way is to pour the organic polymer 
solution into the aqueous polymer solution. The system is stirred for a few hours, and 
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FIGURE 6.7 The main construction steps involved in rapid prototyping.
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then microspheres that could be brought into a 3D shape are isolated and subjected 
to a sintering process to an in vivo characterized scaffold body [61,62]. This is a good 
method for obtaining composite structures from polymeric and inorganic substances 
for bone tissue engineering [63].

6.2.9 ShaPe dePoSition manuFaCturing

Shape deposition manufacturing involves the fabrication of a layered scaffold in 
a tailor-made geometry by a computer-controlled cutting machine [56]. The bio-
substrates are prepared incrementally from prefabricated cross-sectional layers of 
formed materials. Layers are assembled manually and joined to form 3D bodies 
using biodegradable or biostable fasteners. The concept of robotic microassembly 
is guided through the same principle [56]. In the first stage, differently designed 
block units are obtained [64], for example, by lithographic methods or other previ-
ously mentioned techniques. Second, the blocks are brought together with a preci-
sion robot with microgripping capabilities.

6.2.10 FuSed dePoSition modeling

Porous scaffolds can be prepared using a 3D-fiber deposition technique of com-
pressed polymer melts [65,66]. In this method, a polymer melt is processed into 
fibers with a temperature-controlled extruder. Its nozzle deposits the fiber or the 
filaments on a motor-driven x-y-z table. Initially, a layer of fibers with a well-defined 
distance is obtained. On the top, fiber layers are deposited, resulting in a 3D scaffold 
with an exact porous morphology and 100% interconnectivity. The positional control 
of the table is computer controlled and facilitates the construction of 3D structures 
(Figure 6.8). In the modification of the fused deposition modeling process, the fila-
ment preparation to feed the extrusion head as reported [56] is no longer required. 
The polymer material can be used as purchased: in the form of pellets and granules 
by precision extruding deposition.

Interface

Moveable
Z-stage

X-Y
motion

Heated
lique�er

Filament

Computer
control

FIGURE 6.8 Schematic representation of the routes involved in fused deposition modeling.
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A specific requirement is that the material must possess a suitable thermoplastic 
behavior. A disadvantage of biodegradability might be represented by the thickness 
of the pore walls stemming from the fiber diameters [67,68], and the dimensions of 
the scaffolds are often rectangular [69,70].

6.2.11 nonFuSed liquid dePoSition modeling

The deposition of extruded strands or the plotting of dots in 3D is not always cor-
related with high temperatures and polymer melts. A good alternative is the usage of 
pastes or slurries, solutions and dispersions of polymers or reactive oligomers [71]. 
Special experimental setup, with adapted processing options, is mandatory for trans-
forming these materials into 3D scaffolds. The multiphase jet solidification process 
for biomaterials [72] generally implies utilization of a dispersion of different phases, 
for instance, solid ceramic particles and a binder solution [73] in RP. The bioplot-
ter [74,75] or reactive plotter [76] dispenses pastes or dispersions into a matching 
plotting liquid with the right density. After leaving the nozzle and contacting the 
previous layer of the body that is being constructed, the plotting medium gets solid. 
No supports are required since the plotting liquid medium compensates the gravity.

6.2.12 3d Printing

In the 3D printing procedure (3D-P), the shaped bodies are achieved by a layering 
printing process with adhesive bonding, using powder as a base material [76]. In the 
first stage, over a building platform, a layer of powder is spread and then covered 
with a binder solution through an ink-jet print head. The aim is to join single pow-
der particles and to obtain a 2D layer profile [77]. Another layer of powder is laid 
down and the process is repeated. The binder is dried, and the nonjoined powder 
is removed by an air jet flow. The resolution of 3D-P is determined by the particle 
size of the powder, the nozzle dimension, and the degree of control over the position 
controller that defines print-head movement (Figure 6.9).

The appropriate particle size for biomedical applications usually ranges between 
80 and 250 μm, and thus the powder of materials demands certain pretreatments [78]. 
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FIGURE 6.9 Schematic representation of the routes involved in 3D printing process.
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The powder particles must flow well with a defined size range resulting a good interac-
tion with the liquid binder in an amount of at least 500 mL granulate [78,79]. The suc-
cess of this process also lies in the adaptation of an appropriate binder for different base 
materials. A preferred solvent with regard to biocompatibility is water, suitable for natu-
ral biopolymers. Organic solvents as binders (chloroform or methylene chloride) lead 
to harmful reactions in the human body and are difficult to remove completely [80,81].

6.2.13 SeleCtive laSer Sintering

Selective laser sintering involves utilization of deflected laser beams (infrared laser, 
CO2 laser) to sinter thin layers [82] of powdered polymeric materials to produce 
solid 3D scaffolds (Figure 6.10). The laser beam selectively scans over the powder 
surface. The interaction of the laser beam with the powder increases the powder 
temperature in the range between the glass-transition temperature and the melting 
point of the used material. The powder particles that are in contact start to deform 
and to fuse together. The layers of powder are deposited by a roller, forming a novel 
sintered layer on top of the previous one. The laser-beam diameter (of about 400 μm) 
or the powder particle size restricts the dimension of the created scaffold structures. 
Considering the Gaussian distribution of the laser energy and the principle of powder 
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FIGURE 6.10 Schematic representation of scaffold preparation by selective laser sintering.
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bonding (different powder particle forms), it is difficult to prepare special shaped 
scaffolds with sharp corners or clear boundaries. Still, some problems related to 
laser spot size, powder size, and trapped loose powder from scaffolds have to be 
solved [83]. The used materials must be achieved under the form of powder that must 
demonstrate a suitable melting and welding behavior.

6.2.14 StereolithograPhy

Stereolithography relies on the initiation of a chemical reaction (photopolymeriza-
tion [84] or crosslinking [85]) in certain polymer liquids by electromagnetic radia-
tion. Light from a laser beam is focused onto selected regions of a layer of liquid 
polymer causing solidification in the irradiated areas. Another layer of polymer solu-
tion can be laser exposed for the initiation of the chain reaction by lowering of the 
nascent-shaped body, which is placed in a polymer liquid bath. The working prin-
ciple is repeated creating 3D scaffolds (Figure 6.11).

Many attempts were made to improve hydrogel stability (usage of polymer mix-
tures) [84] in order to incorporate living cells during the formation process (optimiz-
ing of processing conditions to prevent toxic free radicals) [86,87].

Other research directions are concerned with the improvement in the acuteness of 
the prepared structures—more precise laser beam moves connected with the expan-
sion of the material base or using photolithographic techniques with x-rays and elec-
tron or ion beams [88]. The stereolithographic technique requires materials that are 
able to react to light, activating a chemical reaction.

6.2.15 tranSFer oF liquid CryStal texture

Literature reports few investigations on patterned polymer films that can induce a 
guided cell growth [89]. The main interest is to control cell morphology (which is 
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FIGURE 6.11 Schematic representation of the routes involved in stereolithography procedure.
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closely related to cell functions) through the polymer surface topography. When cells 
are brought in contact with a randomly oriented polymer surface, they adopt a bidi-
mensional monolayer culture of cells, whereas when they are casted on an aniso-
tropic morphology, the cells develop tridimensional biological structures. Tissue 
engineering is focused on obtaining 3D cell spheroids, which are spherical mass 
composed of many cells and extracellular matrices, because they appear to mimic 
not only the morphology but also the physiological functions of cells in living tissues 
and organs. These tridimensional biological units sustain viability for extended cul-
ture periods and maintain high levels of cell functions when compared with those of 
cells as monolayers. However, it is not easy to prepare multicellular spheroids from 
cells that do not easily aggregate and, in addition, to obtain numerous spheroids from 
the cell culture.

In this context, many methods for patterning polymer film surface were 
reported. Recently, a new method of patterning isotropic polymer films was devel-
oped based on the banded texture of a sheared liquid crystal polymer (LCP) solu-
tion [90–92]. Polymers with semi-rigid chains, like cellulose derivatives, develop 
after the cessation of shearing a special morphology in organic solvents at a cer-
tain concentration. Due to the longer relaxation time of LCPs, the resulted texture 
can be maintained until solidification and transferred to other biocompatible poly-
mers, such as poly(amic acid)s (PAAs). Hydroxypropyl cellulose (HPC) solutions 
can be used as LC matrix since high shearing conditions change their cholesteric 
texture into a banded one (Figure 6.12). This type of structural organization can 
be obtained in special conditions depending on the solvent, concentration, shear 
rate, and time of shearing [93]. Atomic force microscopy studies reveal that HPC 
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films prepared from sheared concentrated solutions exhibit anisotropic surface 
 characterized by two periodicities. The main pattern is slightly tilted from the 
shear direction and is observed as fine, long, parallel, equidistant lines running 
perpendicular to the deformation. These bands appear as a result of the sinusoidal 
variation in the fibrilar (oriented HPC molecules) trajectory. The secondary bands 
(also named torsads) are formed parallel to the shear direction, and they are the 
result of some competitive processes, such as orthogonal deformation to bulk ori-
entation and hydrodynamics of the solvent evaporation. When mixing HPC with 
PAA, the regular morphology is maintained, whatever its content in the system. 
The bands are still discernible after removal of the matrix with a selective solvent. 
This type of surface pattern is useful in obtaining biosubstrates that are able to 
produce tridimensional cell steroids.

6.3 PROPERTIES OF IMPORTANCE IN TISSUE ENGINEERING

Naturally produced ceramic organic composites can combine good mechanical prop-
erties with an open porosity. Among the ceramic bionanocomposites, those that are 
based on hydroxyapatite (HA) have gained great importance since it is a major min-
eral component of the human body. The HA-derived materials are expected to have 
excellent biocompatibility with bones, teeth, skin, and muscles. Due to the similarity 
with the bone mineral [94], natural or synthetic HA is employed in the fabrication of 
scaffolds for bone regeneration in orthopedic surgery and dentistry [95]. The com-
bination of the tough polymer phase with the compressive strength of the inorganic 
one leads to the improvement in the mechanical properties and degradation profiles 
of the bioactive materials.

In the past years, it was shown that the osteoconductive properties of HA com-
posites can be controlled by changing their composition, size, and morphology. 
When the Ca/P ratio ranges between 1.50 and 1.67, a better promotion of bone 
regeneration is obtained. In addition, a nanosized inorganic component tends 
to be more bioactive than a microsized one because the specific surface area is 
enhanced considerably, thus favoring protein adsorption and osteoblast adhesion 
[96]. Also, microparticles induce some undesired effects since in most cases they 
are embedded in the pore wall and are piled together between or within the pores. 
Thus, it has been demonstrated that microparticles may lead to inflammatory 
reactions.

The nanometer surface topography of HA particles determines the confor-
mation of adsorbed vitronectin, which is a linear protein, 15  nm in length, that 
mediates osteoblast adhesion. This aspect brings new information on understand-
ing the mechanisms of enhanced osteoblast functions. Moreover, increased initial 
calcium adsorption to nanoceramic surfaces increased the binding of vitronectin, 
which subsequently facilitated osteoblast adhesion [97]. Regarding the shape of HA 
ceramics, it was reported that precipitation method allows to obtain needle-like 
particles (10–30 nm in width and 50–100 nm in length) [98] or rod-like by the wet 
chemical method (37–65 nm in width and 100–400 nm in length) [99]. The latter 
method allows to obtain spherical HA nanoparticles [100]. It has been revealed 
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that needle-shaped particles cause inflammatory reaction (especially when they are 
microsized), comparatively with the spherical ones, which present an inhibition rate 
that increases with time and concentration. In vitro study of cell response to spheri-
cal nanocrystalline HA particles indicates that they can function as an effective 
biomaterial for bone tumorectomy repair, while having little adverse effect [101]. 
However, HAs are generally brittle, and thus their utilization (as scaffolds) is some-
times compromised.

Introduction of these ceramic nanoparticles in biodegradable polymers opened 
new perspective in tissue engineering. Besides their good osteoconductivity, osteo-
inductivity, and biodegradability, these reinforced materials exhibit considerably 
improved physical properties even at a very low filler concentration. Literature 
reports various nanocomposites based on HA and different biodegradable matrices, 
such as poly(ε-caprolactone), poly(L-lactic acid) (PLLA), poly(3-hydroxybutyrate-
co-3-hydroxyval) (PHBHV) [102], chitosan [103], and poly(hydroxy butyrate) [104]. 
Besides the HA amount and shape, the type of the polymer matrix is an essential 
factor influencing the mechanical and morphological properties. Figure 6.13 shows 
the variation of the compressive modulus and porosity for some of the most represen-
tative biodegradable polymers containing 15% HA.

The intrinsic mechanical characteristics of the bionanocomposites used for 
scaffolding or their postprocessing properties should match those of the host tis-
sue. Recent mechanobiology investigations revealed that when exerting traction 
forces on a scaffold, many mature cell types (such as epithelial cells, fibroblasts, 
muscle cells, and neurons) sense the stiffness of the substrate and show dissimilar 
morphology and adhesive characteristics. This mechanosensitivity has also been 
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observed for naive mesenchymal stem cells [105], for which the tendency to dif-
ferentiate is controlled by the stiffness of the matrix. Soft matrices that imitate 
brain are neurogenic, whereas stiffer matrices that mimic muscle are myogenic, 
and comparatively rigid matrices that reproduce collagenous bone features prove 
to be osteogenic. After several weeks in culture, the cells commit to the lineage 
specified by matrix elasticity, consistent with the elasticity-insensitive commitment 
of differentiated cell types.

On the other hand, the internal architectures of porous implants affect the 
mechanical properties of the implants and the degree of tissue regeneration [5]. 
Structural heterogeneity of the porous scaffold with designed micro-architecture is 
one of the main goals in tissue engineering applications. For instance, the success 
of a bone scaffold depends on the pore size and porosity, which can be tailored by 
the variation in both the size and the content of the porogen particles. However, 
the lack of interaction between the polymer and the HA nanoparticles can lead to 
deleterious effects on the mechanical properties, when added at high loadings. In 
order to enhance the matrix/nanofiller interactions and to avoid and HA aggregation, 
coupling agents are used. The traditional problem of HA clustering can be overcome 
by precipitation of the apatite crystals within the polymer solution. The porous scaf-
folds obtained through this method present well-developed structural features and 
pore configuration to induce cell growth. For example, grafting HA nanoparticles 
(g-HA) can enhance their interfacial interactions with the PLLA matrix as reflected 
in the enhancement of the mechanical properties and cell compatibility [106]. The 
chemical binding of PLLA on HA surface and subsequently blending with PLLA 
lead to more uniform distribution of the g-HA nanoparticles on the film surface and 
increased interactions of the human chondracytes cells with the bioactive material 
surface. As shown in Figure 6.14, the presence of bioactive g-HA/PLLA may have 
positive biological effects because the loss of the g-HAP particles that takes place 
in contact with the culture medium results in a coarse surface for cell adhesion and 

HA

Grafted PLLA

PLLA HA

Surface grafting

FIGURE 6.14 Scanning electron microscopy (SEM) images of cell culture on PLLA/HA 
and PLLA/g-HA nanocomposites.

  



125Tissue Engineering Researches on Biodegradable Polymer Nanocomposites

proliferation. Moreover, the g-HAP particles disengaged from matrix and exposed to 
body fluid might generate a microenvironment change, positively influencing the cell 
metabolism. These nanocomposites containing grafted fillers are of interest to tissue 
engineering field because they have a structure that induces and promotes new bone 
formation at the required site.

Another type of ceramic-based scaffold contains coral mineral (aragonite or cal-
cite forms of calcium carbonate). The main advantages of this material are given by 
its porous structure (150–500 μm), which is similar to that of cancellous bone and its 
ability to form chemical bonds with bone and soft tissues in vivo. The ingrowth of 
fibrovascular tissue or bone from the host is facilitated by a favorable pore size and 
microstructural composition. Pore interconnection sizes are of utmost importance 
when hard and soft tissue ingrowth is involved. The best ingrowth is observed for 
implants with average pore sizes of around 260 μm when compared to no implants 
[107]. Coral-based scaffolds were used in clinical settings for osseous regeneration 
of the distal phalanx of a thumb in an avulsion injury [108]. The high dissolution rate 
as well as poor longevity and stability makes coralline calcium carbonate unsuitable 
for some types of implants.

Metal-based nanocomposites represent another category of biocompatible mate-
rials used as scaffolds. Nanoparticles of noble metals have significantly distinct phys-
ical, chemical, and biological properties comparatively with the ceramic ones. It has 
been shown that the electromagnetic, optical, and catalytic properties of noble-metal 
nanoparticles such as gold, silver, titanium, and platinum are affected by shape and 
size. The size-dependent characteristics of small metal particles yield special opti-
cal, electrochemical, and electronic properties [5]. Many efforts have been focused 
on the synthesis routes that allow better control of shape and size.

Biomedical applications of metal nanoparticles have been dominated by the use 
of nanobioconjugates that are used as probes for electron microscopy to visualize 
cellular components, drug delivery (vehicle for delivering proteins, peptides, plas-
mids), detection, diagnosis, and therapy (targeted and nontargeted) [5]. Considerable 
research activities are being done regarding the introduction of metal and semicon-
ductor clusters in plastics [109]. The main interest is to achieve small particle sizes, 
narrow size distributions, and well-stabilized metal particles. Because of surface 
effects and the dramatic changes in properties occurring when the critical length is 
reached, metal clusters exhibit unique properties, such as plasmon absorption, near-
IR photoluminescence, or superparamagnetism. The simplest way to protect clusters 
and keep the advantage of their physical characteristics is to insert the nanoscopic 
metal structures into polymeric matrices. Traumatic injuries can disrupt muscle con-
traction by damaging the skeletal muscle and/or the peripheral nerves. The heal-
ing process results in scar tissue formation that obstructs muscle function. Polymer 
fibers embedded metal nanoparticles can create a scaffold that will trigger muscle 
cell elongation, orientation, fusion, and striation.

Gold–PLLA scaffolds nanocomposites have been prepared by electrospinning as 
fiber scaffolds for rat primary muscle cells [110]. Fluorescent images of each type 
of scaffold reveal that cells are shown to have elongated and grown together to form 
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multinucleated constructs. The cellular growth on the PLLA scaffolds was signifi-
cantly lower than on the PLLA containing 7%, 13%, and 21% gold nanoparticles 
(Figure 6.15). These electrospun gold-based scaffolds can be utilized to create a 
biodegradable, biocompatible, and conductive substrate for skeletal muscle repair. 
Gold/chitosan films can be used in skin tissue engineering since it increases the 
attachment of keratinocytes and promote their growth [111].

Given the disinfecting effect of silver, its corresponding polymer composites have 
found applications in traditional medicines. According to electron microscopy inves-
tigations, the antimicrobial properties are dependent on the silver nanoparticles’ 
size, which generate different interactions with bacteria [112]. Silver nanoparticles 
have the capability to release silver ions in a controlled manner, generating a power-
ful antibacterial activity against a large number of microorganisms [113–115]. The 
nanostructured silver materials present a high surface contact area and thus inhibi-
tory capacity is enhanced [116]. The aggregation problem of the silver nanoparticles 
(favored by its high surface free energy) is solved by embedding them into bio-
degradable polymer matrices [116]. Low amounts of silver nanoparticles produce 
surface morphological changes in the polymer matrix and affect surface nanocom-
posite wettability and roughness. These aspects can influence the bacterial adhesion 
process on the nanocomposite surface. Moreover, silver/collagen composites are 
used in neural tissue engineering. This type of scaffold presents superior functional-
ity in the adsorption to laminin and subsequent regeneration of damaged peripheral 
nerves [117].

Other metal-based nanocomposites for tissue engineering are those prepared from 
titanium (Ti) or aluminum (Al). Titanium-derived materials have found applications 
as vascular stents since they enhance endothelial and vascular smooth muscle cell 
functions [118]. Also, Ti nanoparticles improve compressive strength and osteocon-
ductivity of poly(methyl methacrylate) composite [119], while poly(lactic-co-glycolic 
acid)/Ti scaffolds present increased osteogenic functions [120]. Aluminum compos-
ites present higher flexural and compressive strength, and additionally aluminum’s 
good thermal conductivity enhances the degradation rate of the scaffold [121].

Carbon-based nanocomposites represent one of the most investigated categories 
of biomaterials. There are many types of carbon nanofillers—fullerenes, carbon 

PLLA containing 7% Au PLLa containing 13% Au PLLA containing 21% Au

(c΄)(b́ )(á ) (c)(b)(a)

FIGURE 6.15 SEM images (a–c) of PLLA/gold electrospun nanocomposites and fluores-
cent images (a′–c′) of the cell culture deposited on these scaffolds.

  



127Tissue Engineering Researches on Biodegradable Polymer Nanocomposites

nanotubes (CNTs), carbon nanofibers (CNFs), graphene, nanodiamonds (NDs)—and 
a wide variety of carbon-related forms [122]. The physical and biological properties 
of scaffolds are dependent on the shape and size of the carbon particles. Besides the 
good mechanical properties, the electrical conductivity of the polymer containing 
carbon nanostructures is a useful tool to direct cell growth because they can conduct 
an electrical stimulus in the tissue healing process.

A fullerene is a molecule made entirely of carbon, in the form of a hollow sphere, 
ellipsoid, and many other shapes. Photoluminescent fullerene nanoparticles/PLLA 
nanofibers biocomposites were fabricated by electrospinning method and subse-
quently they were characterized to check their potential utilization in bioimaging. 
The fullerene nanoparticles were introduced in the PLLA uniform nanofibers (with 
diameters ranging from 300 to 600 nm), forming a core–shell structure. The fibrous 
scaffolds presented excellent hydrophilic surface due to the addition of water-sol-
uble fullerene nanoparticles. The suitability of these composite substrates for bio-
imaging was evaluated with human liver carcinoma HepG2 cells. The fullerene 
nanoparticles signal is almost displayed in every cell, implying that the potential of 
fluorescent fullerene nanoparticles/PLLA nanofibers can be used for the pursued 
application [123].

Carbon nanotubes have the potential in providing the needed structural rein-
forcement for biomedical scaffold. To enhance their dispersion in polymer matrix 
and their compatibility in biological fluids, sidewall functionalization has been per-
formed [124]. Nanotubes sustained osteoblast matrix deposition and allowed min-
eralization, cell differentiation, and bone-like tissue forming functions. Neurons 
grown on CNTs coated with bioactive molecules elaborate multiple neurites and 
present extensive branching, making such nanocomposites utilizable as substrates 
for nerve cell growth and as probes of neuronal function at the nanometer scale. 
Considering the fact that CNTs are similar in shape and size to nerve cells, they 
could assist to structurally and functionally reconnect injured neurons. Hippocampal 
neurons grown on nanotubes display a sixfold increase in the frequency of spon-
taneous postsynaptic currents, reflecting the functional synapse formation [125]. 
Therefore, CNTs are considered support devices for bridging and integrating func-
tional neuronal networks. Honeycomb-like matrices of multiwall CNTs (MWCNTs) 
or vertically aligned CNT functionalized with carboxylic acid groups were obtained 
as potential scaffolds for tissue engineering [126]. Mouse fibroblast cells were cul-
tured on the CNT networks, forming a confluent layer with no cytotoxicity effects. 
In vitro cytotoxicity of single-walled CNT (SWNT)/poly(propylene fumarate) (PPF) 
nanocomposites was tested [127]. The results show that almost 100% cell viability 
was observed on the nanocomposites and good cell attachment on their surfaces. 
The nature of the functional group at the CNT surface represents an essential fac-
tor for improving the dispersion of CNTs in polymer matrix and in the mechanism 
of interaction with cells. The sidewall carboxylic functionalized SWNTs exhibited 
a nucleation surface, which is able to produce a biomimetic apatite coating. PLLA/
MWCNT nanocomposites were subjected to alternating current stimulation and the 
osteoblast proliferation on such substrates was analyzed [128]. An increase in osteo-
blast proliferation and extracellular calcium deposition on the nanocomposites was 
noticed comparatively with the control samples.
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Carbon nanofibers are cylindrical or conical structures having diameters that 
range from a few to hundreds nanometers and lengths varying from less than a 
micron to a few millimeters. Scaffolds based on chitosan/CNF composites were 
prepared by precipitation, resulting highly porous materials [129]. The elastic mod-
ulus of the biomaterials is of 28.1 ± 3.3 kPa, being similar to that measured for 
rat myocardium. The scaffolds were seeded with neonatal rat heart cells, without 
electrical stimulation. After 14 days of culture, the scaffold pores throughout the 
construct volume were filled with cells. The metabolic activity of cells in chito-
san/carbon constructs was significantly high. The presence of CNFs also led to 
increased expression of cardiac-specific genes involved in muscle contraction and 
electrical coupling. The obtained biosubstrates improved the properties of cardiac 
tissue constructs, presumably through enhanced transmission of electrical signals 
between the cells [129].

Incorporation of NDs into polymer matrices increases the strength, toughness, 
and thermal stability of the corresponding nanocomposites [130]. The purified NDs 
are constituted of particles with 5 nm average diameter, composed from an inert 
diamond core surrounded by functional groups, such as COOH, OH, and NH2 [130]. 
Multifunctional bone scaffold materials were prepared from PLLA and octadecyl-
amine-functionalized ND (ND-ODA) via solution casting, followed by compression 
molding [131]. Addition of 10 wt.% of ND-ODA resulted in a 280% increase in the 
strain to failure and a 310% increase in fracture energy comparatively to the pure 
PLLA. The biomineralization of the nanocomposite scaffolds was evaluated using 
simulated body fluid (SBF) [132]. The apatite nucleation and growth occurred faster 
on the reinforced PLLA than on neat matrix, recommending these materials for bone 
surgical fixation devices and regenerative medicine.

Graphene is a single-layer 2D material consisting of carbon atoms forming six-
membered rings. The utilization of graphene sheets as nanofillers for composites 
leads to many unique properties [133]. Thermoplastic polyurethane/graphene oxide 
(GO) composite scaffolds were obtained using the thermally induced phase separa-
tion technique. Cell viability on the porous scaffolds was tested via live/dead fluo-
rescent staining and scanning electron microscopy (SEM) observation. SEM images 
revealed that the average pore diameter of the composite scaffolds decreased as the 
amount of GO increased. Additionally, the surface of the biocomposites became 
rougher due to the embedded GO. The compressive modulus of scaffolds was 
increased by almost 200% and 300% with the addition of 5% and 10% GO, respec-
tively, comparatively with the pure matrix. The fibroblast culture tests showed no 
apparent cytotoxicity at low amounts of GO, whereas at high loading of GO, cell 
proliferation on the specimens is delayed [134].

6.4 FUTURE PERSPECTIVES

The future of bionanocomposite scaffolds can be developed in several directions, 
including the synthesis, processing, mechanical properties, biodegradability, bioac-
tivity, and sterilization. The utilization of polymer nanocomposites in tissue engi-
neering enables mimicking of the complex architecture of some tissues. Synthetic or 
natural polymer matrices provide a wide range of mechanical properties and present 
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different biodegradation characteristics, whereas the embedded nanoparticles pro-
vide the indispensable bioactivity. Also, new synthetic biodegradable polymer matri-
ces should be developed, which can be produced in large scale under controlled 
conditions and with predictable and reproducible mechanical properties, degradation 
rate, and microstructure. It must be noted that the literature lacks in investigations 
on multiphase nanocomposite scaffolds. This could be a good solution to improve 
current biomaterials and to develop advanced nanocomposite scaffolds that imitate 
the structural and morphological organization of some tissues at the deepest levels. 
An important aspect that should be addressed in more detail in the design and fabri-
cation of composite scaffolds is the interfacial properties between the filler and the 
matrix phases. It seems that this issue has been less analyzed in the context of bone 
engineering, although great efforts were made in the enhancement of the interfacial 
adhesion in conventional polymer matrix composites. Therefore, the development of 
coupling methodologies that enhance the adhesion of the nanoparticles (particularly 
the ceramic ones) toward the polymer should be explored.

The complex interactions between nanocomposites and bone tissue are still to 
be fully elucidated. From the point of view of their biocompatibility and physical 
properties, there are some disadvantages of polymer nanocomposites, including 
uncertain biocompatibility, component stability, and structural integrity in long-
term service, and the related mechanical strength, especially the fatigue limit under 
periodic external stress. Consequently, the design of bionanocomposites for appli-
cations in bone tissue regeneration must take in consideration the optimization of 
the balance between good mechanical properties, biocompatibility, and controlled 
resorbability. Furthermore, these properties should be maintained during long-term 
service and the evaluation of their time dependence is mandatory. More importantly, 
more effort should be dedicated to apply biodegradable polymer nanocomposites in 
clinical and surgical settings. This could lead to a better understanding of the mecha-
nism of nanocomposite–bone tissue interactions and to optimize the composition, 
structure, and properties of different polymer nanocomposites, in order to finally 
obtain the entire potential of these scaffolds in bone tissue regeneration. Also, the 
investigations should be extended to other tissues than bone, cartilage, ligament, 
skin, vascular tissues, neural tissues, and skeletal muscle.

Building upon a firm background of in  vitro and preliminary in  vivo studies, 
significant progress will be made over the next decade in applying some less studied 
biodegradable nanostructures, such as bacterial cellulose (BC) nanoparticles or cel-
lulose nanowhiskers (CNWs) to tissue engineering. The combination of high stiff-
ness and tensile strength with the highly hydrated (perhaps hydrogel-like) nature of 
BC will garner future interest. Thus, engineering of tensile load-bearing tissues, 
such as skeletal muscle, ligaments, tendons, and indeed blood vessels, could advance 
beyond preliminary in vitro studies. Other fields such as bone and neural tissue engi-
neering may perhaps not progress to the same extent and probably not as far as the 
clinic. It must be noted that there are potential issues in the utilization of BC and cel-
lulose more generally in tissue engineering. The most obvious are in fact two aspects 
of the same problem: the inherent nonanimal origin of cellulose and the lack of true 
biodegradation in  vivo. Many attempts focused on controlling and/or facilitating 
biodegradation in vivo are likely to emerge in the future years and serious long-term 
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in vivo investigations on BC and CNWs will be essential for the development of 
therapeutic applications.

The future development of CNWs in bioapplications is hard to predict, given the 
small number of studies already published. In terms of tissue engineering, how-
ever, it is possible that the high aspect ratio of CNWs will be used to obtain struc-
turally oriented tissues, such as skeletal muscle, tendons, ligaments, and nerves. 
In order to prepare 3D scaffolds that contain CNWs, however, composite materi-
als must be developed. In the shorter term, future studies will be focused on cell 
targeting and delivery of molecules such as drugs and probes using CNWs. For 
instance, the potential functionalization of CNWs with peptide/glycan motifs to 
elicit specific targeting and signaling has not yet been reported. Also, it is likely 
that CNWs having the ability to cross the cell plasma membrane delivering genetic 
material for transfection would be explored. Such applications are to be expected 
in the coming years.
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PCL Poly(ε-caprolactone)
PDLLA Poly(D,L-lactic acid)
PE Polyethylene
PEEK Polyetheretherketone
PEG Polyethylene glycol
PGA Polyglycolic acid
PHB Polyhydroxybutyrate
PHBHV Poly(hydroxybutyrate-co-hydroxyvalerate)
PLA Polylactic acid
PLGA Poly(lactic-co-glycolic) acid
PLLA Poly(L-lactic acid)
PMMA Polymethylmethacrylate
PP Polypropylene
PPF Poly(propylene-co-fumarate)
PS Polysulfone
PTFE Polytetrafluoroethylene
PVA Polyvinyl alcohol
SEVA-C Blend of EVOH with starch
UHMWPE Ultrahigh molecular weight polyethylene

7.1 INTRODUCTION

The fracture of bones due to various traumas or natural aging is a typical type of 
tissue failure. An operative treatment frequently requires implantation of a tempo-
rary or a permanent prosthesis, which still is a challenge for orthopedic surgeons, 
especially in the cases of large bone defects. Fast aging of the population and serious 
drawbacks of natural bone grafts make the situation even worse; therefore, there is 
a high clinical demand for bone substitutes. Unfortunately, a medical application of 
xenografts (e.g., bovine bone) is generally associated with potential viral infections. 
In addition, xenografts have a low osteogenicity and an increased immunogenicity, 
and they usually resorb more rapidly than autogenous bone. Similar limitations are 
also valid for human allografts (i.e., tissue transplantation between individuals of 
the same species but of nonidentical genetic composition), where the concerns about 
potential risks of transmitting tumor cells, a variety of bacterial and viral infections, 
as well as immunological and blood group incompatibility are even stronger [1,2]. 
Moreover, harvesting and conserving allografts (exogenous bones) are additional 
limiting factors. Autografts (endogenous bones) are still the golden standard among 
any substitution materials because they are osteogenic, osteoinductive, osteoconduc-
tive, completely biocompatible, nontoxic, and do not cause any immunological prob-
lems (nonallergic). They contain viable osteogenic cells and bone matrix proteins 
as well as support bone growth. Usually, autografts are well accepted by the body 
and are rapidly integrated into the surrounding bone tissues. Due to these reasons, 
they are used routinely for a long period with good clinical results [2–4]; however, 
it is fair to say on complication cases, those frequently happened in the past [5]. 
Unfortunately, a limited number of donor sites restrict the quantity of autografts har-
vested from the iliac crest or other locations of the patient’s own body. In addition, 
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their medical application is always associated with additional traumas and scars 
resulting from the extraction of a donor tissue during a superfluous surgical opera-
tion, which requires further healing at the donation site and can involve long-term 
postoperative pain. Thus, any types of biologically derived transplants appear to be 
imperfect solutions, mainly due to a restricted quantity of donor tissues, donor-site 
morbidity, as well as potential risks of an immunological incompatibility and disease 
transfer [6–8]. In this light, man-made materials (alloplastic or synthetic bone grafts) 
stand out as a reasonable option because they are easily available and might be pro-
cessed and modified to suit the specific needs of a given application. What is more is 
that there are no concerns about potential infections, immunological incompatibility, 
sterility, and donor-site morbidity. Therefore, investigations on artificial materials for 
bone tissue repair appear to be one of the key subjects in the field of biomaterials 
research for clinical applications [9,10].

Currently, several classes of synthetic bone-grafting biomaterials are available 
for in vivo applications. The examples include natural coral, coral-derived materi-
als, bovine porous demineralized bone, human demineralized bone matrix, bioactive 
glasses, glass-ceramics, and CaPO4 [11,12]. Among them, porous bioceramics made 
of CaPO4 appear to be very prominent due to both excellent biocompatibility and 
bonding ability to living bone in the body. This is directly related to the fact that the 
inorganic material of mammalian calcified tissues, that is, of bone and teeth, consists 
of CaPO4 [13–15]. Due to this reason, other artificial materials are normally encapsu-
lated by fibrous tissue, when implanted in body defects, while CaPO4 are not. Many 
types of CaPO4-based bioceramics with different chemical composition are already 
on the market. Unfortunately, as for any ceramic material, CaPO4 bioceramics alone 
lack the mechanical and elastic properties of the calcified tissues. Scaffolds made 
of CaPO4 suffer only from low elasticity, high brittleness, poor tensile strength, low 
mechanical reliability and fracture toughness, which leads to various concerns about 
their mechanical performance after implantation [16,17]. Besides, in many cases, it is 
difficult to form CaPO4 bioceramics into the desired shapes.

The superior strength and partial elasticity of biological calcified tissues (e.g., 
bones) are due to the presence of bioorganic polymers (mainly, collagen type I fibers) 
rather than to a natural ceramic [mainly, a poorly crystalline ion-substituted cal-
cium-deficient hydroxyapatite (CDHA), often referred to as biological apatite] phase 
[18–21]. The elastic collagen fibers are aligned in bone along the main stress direc-
tions. The biochemical composition of bones is given in Table 7.1 [22].

A decalcified bone is very flexible and can be easily twisted, whereas a bone 
without collagen is very brittle; thus, the inorganic nanosized crystals of biological 
apatite provide hardness and stiffness, while the bioorganic fibers are responsible for 
elasticity and toughness. In bones, both types of materials integrate each other into a 
nanometric scale in such a way that the crystallite size, fibers orientation, short-range 
order between the components, etc., determine their nanostructure and, therefore, 
the function and mechanical properties of the entire composite. From the mechanical 
point of view, bone is a tough material at low strain rates but fractures more like a 
brittle material at high strain rates; generally, it is rather weak in tension and shear, 
particularly along the longitudinal plane. Besides, bone is an anisotropic material 
because its properties are directionally dependent [18–21].
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It remains a great challenge to design the ideal bone graft that emulates nature’s own 
structures or functions. Certainly, the successful design requires an appreciation of the 
bones’ structure. According to expectations, the ideal bone graft should be benign; 
available in a variety of forms and sizes, all with sufficient mechanical properties for 
use in load-bearing sites; form a chemical bond at the bone–implant interface; as well 
as be osteogenic, osteoinductive, osteoconductive, biocompatible, completely biode-
gradable at the expense of bone growth, and moldable to fill and restore bone defects 
[16,23,24]. Further, it should resemble the chemical composition of bones (thus, the 
presence of CaPO4 is mandatory), exhibit contiguous porosity to encourage invasion 
by the live host tissue, as well as possess both viscoelastic and semi-brittle behavior, 
as bones do [25–27]. Moreover, the degradation kinetics of the ideal implant should 
be adjusted to the healing rate of the human tissue with absence of any chemical or 
biological irritation and/or toxicity caused by substances, which are released due to 
corrosion or degradation. Ideally, the combined mechanical strength of the implant 
and the ingrowing bone should remain constant throughout the regenerative process. 
Furthermore, the substitution implant material should not disturb significantly the 
stress environment of the surrounding living tissue [28]. Finally, there is an opinion 
that, in the case of a serious trauma, bone should fracture rather than the implant [16]. 
Good sterilizability, storability, and processability, as well as a relatively low cost, are 
also of great importance to permit a clinical application. Unfortunately, no artificial 
biomaterial is yet available, which embodies all these requirements and unlikely it will 
appear in the nearest future. To date, most of the available biomaterials appear to be 
either predominantly osteogenic or osteoinductive or else purely osteoconductive [1].

Careful consideration of the bone type and mechanical properties are needed to 
design bone substitutes. Indeed, in high load-bearing bones such as femur, the stiff-
ness of the implant needs to be adequate—not too stiff to result in strain shield-
ing, but rigid enough to present stability. However, in relatively low load-bearing 

TABLE 7.1
Biochemical Compositiona of Bones

Inorganic Phases wt.% Bioorganic Phases wt.% 

CaPO4 (biological apatite) ~60 Collagen type I ~20

Water ~9 Non-collagenous proteins: osteocalcin, osteonectin, 
osteopontin, thrombospondin, morphogenetic 
proteins, sialoprotein, serum proteins

~3

Carbonates ~4 Other traces: polysaccharides, lipids, cytokines Balance

Citrates ~0.9 Primary bone cells: osteoblasts, osteocytes, 
osteoclasts

Balance

Sodium ~0.7

Magnesium ~0.5

Other traces: Cl−, F−, K+ 
Sr2+, Pb2+, Zn2+, Cu2+, Fe2+

Balance

Source: Murugan, R. and Ramakrishna, S., Compos. Sci. Technol., 65, 2005, 2385.
a The composition is varied from species to species and from bone to bone.
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applications such as cranial bone repairs, it is more important to have stability and 
the correct 3D shapes for aesthetic reasons. One of the most promising alternatives 
is to apply materials with similar composition and nanostructure to that of bone tis-
sue. Mimicking the structure of calcified tissues and addressing the limitations of the 
individual materials, development of organic–inorganic hybrid biomaterials provides 
excellent possibilities for improving the conventional bone implants. In this sense, 
suitable biocomposites of tailored physical, biological, and mechanical properties 
with the predictable degradation behavior can be prepared combining biologically 
relevant CaPO4 with bioresorbable polymers [29]. As a rule, the general behavior of 
such biocomposites is dependent on nature, structure, and relative contents of the con-
stitutive components, although other parameters such as the preparation conditions 
also determine the properties of the final materials. Currently, CaPO4 is incorporated 
as either a filler or a coating (or both), either into or onto a biodegradable polymer 
matrix, in the form of particles or fibers, are increasingly considered for using as bone 
tissue engineering scaffolds due to their improved physical, biologic, and mechanical 
properties [30–34]. Thus, through the successful combinations of ductile polymer 
matrices with hard and bioactive particulate bioceramic fillers, optimal materials can 
be designed and, ideally, this approach could lead to a superior construction to be 
used as either implants or posterior dental restorative material [29,35,36].

A lint-reinforced plaster was the first composite used in clinical orthopedics as 
an external immobilizer (bandage) in the treatment of bone fracture by Mathijsen in 
1852 [37], followed by Dreesman in 1892 [38]. Great progress in the clinical applica-
tion of various types of composite materials has been achieved since then. Based on 
both experience and the newly gained knowledge, various composite materials with 
tailored mechanical and biological performance can be manufactured and used to 
meet various clinical requirements [39]. However, this chapter presents only a brief 
history and advances in the field of CaPO4/polymer biocomposites and hybrid bio-
materials suitable for biomedical application.

7.2  GENERAL INFORMATION ON COMPOSITES 
AND BIOCOMPOSITES

A composite material (also called a composition material or shortened to composite) 
is a material made from two or more constituent materials with significantly differ-
ent physical or chemical properties that, when combined, produce a material with 
characteristics different from the individual components. The individual components 
remain separate and distinct within the finished structure [40]. Thus, composites are 
always heterogeneous. Furthermore, the phases of any composite retain their identi-
ties and properties, and are bonded, which is why an interface is maintained between 
them. This provides improved specific or synergistic characteristics that are not 
obtainable by any of the original phases alone [41]. Following the point of view of 
some predecessors, we also consider that “for the purpose of this review, composites 
are defined as those having a distinct phase distributed through their bulk, as opposed 
to modular or coated components” [42, p. 1329]. For this reason, with a few important 
exceptions, the structures obtained by soaking of various materials in supersaturated 
solutions containing ions of calcium and orthophosphate (e.g., Refs. [43–46]), those 
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obtained by coating of various materials by CaPO4 (reviewed in Refs. [47–49]), as well 
as CaPO4 coated by other compounds [50–54] have not been considered; however, 
composite coatings have been considered. Occasionally, porous CaPO4 scaffolds 
filled by cells inside the pores [55–58], as well as CaPO4 impregnated by biologically 
active substances [59,60], are also defined as composites and/or hybrids; nevertheless, 
such structures have not been considered either.

Any composite has two major categories of constituent materials: a matrix (or a 
continuous phase) and a dispersed phase (or phases). To create a composite, at least 
one portion of each type is required. General information on the major fabrication 
and processing techniques might be found elsewhere [42,61]. The continuous phase is 
responsible for filling the volume, as well as it surrounds and supports the dispersed 
material(s) by maintaining their relative positions. The dispersed phase(s) is(are) usu-
ally responsible for enhancing one or more properties of the matrix. Most of the 
composites target an enhancement of mechanical properties of the matrix, such as 
stiffness and strength; however, other properties, such as erosion stability, transport 
properties (electrical or thermal), radiopacity, density, or biocompatibility might also 
be of great interest. This synergism produces the properties that are unavailable from 
the individual constituent materials [61,62]. What is more is that by controlling the 
volume fractions and local and global arrangement of the dispersed phase, the prop-
erties and design of composites can be varied and tailored to suit the necessary con-
ditions. For example, in the case of ceramics, the dispersed phase serves to impede 
crack growth. In this case, it acts as reinforcement. A number of methods, including 
deflecting crack tips, forming bridges across crack faces, absorbing energy during 
pullout, and causing a redistribution of stresses in regions adjacent to crack tips, can 
be used to accomplish this [63]. Other factors to be considered in composites are the 
volume fraction and orientation of the dispersed phase(s) and homogeneity of the 
overall composite. For example, higher volume fractions of reinforcement phases 
tend to improve the mechanical properties of the composites, while continuous and 
aligned fibers best prevent crack propagation with the added property of anisotropic 
behavior. From a structural point of view, composites are anisotropic in nature: their 
mechanical properties are different in different directions. Furthermore, the uniform 
distribution of the dispersed phase is also desirable as it imparts consistent properties 
to the composite [40,61,62].

In most cases, three interdependent factors must be considered in designing any 
composite: (1) selection of a suitable matrix and dispersed materials, (2) choice of 
appropriate fabrication and processing methods, and (3) both internal and external 
design of the device itself [42]. Furthermore, any composite must be formed to shape. 
To do this, the matrix material can be added before or after the dispersed material 
has been placed into a mold cavity or onto the mold surface. The matrix material 
experiences a melding event that, depending on the nature of the matrix material, 
can occur in various ways such as chemical polymerization, setting, curing, or solidi-
fication from a melted state. Due to general inhomogeneity, the physical properties 
of many composite materials are not isotropic but rather orthotropic (i.e., there are 
different properties or strengths in different orthogonal directions) [40,61,62].

In order to prepare any type of composite, at least two different materials must 
be mixed. Thus, the phase miscibility phenomenon appears to be of paramount 
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importance [64,65]. Furthermore, the interfacial strength among the phases is a very 
important factor because lack of adhesion among the phases will result in an early 
failure at the interface and thus in a decrease in mechanical properties, especially 
tensile strength. From the chemical point of view, we can distinguish several types 
of the interactions among composite components: materials with strong (covalent, 
coordination, ionic) interactions; those with weak interactions (van der Waals forces, 
hydrogen bonds, hydrophilic–hydrophobic balance), or without chemical interac-
tions among the components [66]. Wetting is also important in bonding or adherence 
of the materials. It depends on the hydrophilicity or polarity of the filler(s) and the 
available polar groups of the matrix.

Biocomposites are defined as nontoxic composites able to interact well with the 
human body in vivo and, ideally, contain one or more component(s) that stimulate(s) 
the healing process and uptake of the implant [67]. Thus, for biocomposites the bio-
logical compatibility appears to be more important than any other type of compat-
ibility [39,68–70]. Interestingly, according to the databases, the first paper with the 
term biocomposite in the title was published in 1987 [71] and the one containing a 
combination of terms biocomposite and HA in the title was published in 1991 [72]. 
Thus, this subject appears to be quite new. The most common properties from the 
bioorganic and inorganic domains to be combined in biocomposites have been sum-
marized in Table 7.2 [23]. For general advantages of the modern CaPO4/polymer 
biocomposites over CaPO4 bioceramics and bioresorbable polymers individually, 
interested readers are advised to get through the “Composite Materials Strategy” 
section of Ref. [29].

7.3 MAJOR CONSTITUENTS

7.3.1 CalCium OrthOphOsphates

The main driving force behind the use of CaPO4 as bone substitute materials is their 
chemical similarity to the mineral component of mammalian bones and teeth [13–15]. 
As a result, in addition to being nontoxic, they are biocompatible, not recognized as 

TABLE 7.2
General Respective Properties from the Bioorganic and Inorganic 
Domains, to Be Combined in Various Composites and Hybrid Materials

Inorganic Bioorganic 

Hardness, brittleness Elasticity, plasticity

High density Low density

Thermal stability Permeability

Hydrophilicity Hydrophobicity

High refractive index Selective complexation

Mixed valence slate (red-ox) Chemical reactivity

Strength Bioactivity

Source: Vallet-Regi, M. and Arcos, D., Curr. Nanosci., 2, 2006, 179.
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foreign materials in the body and, most importantly, both exhibit bioactive behavior 
and integrate into living tissue by the same processes active in remodeling healthy 
bone. This leads to an intimate physicochemical bond between the implants and 
bone, termed osteointegration. More to the point, CaPO4 is also known to support 
osteoblast adhesion and proliferation. Even so, the major limitations of using CaPO4 
as load-bearing biomaterials are their mechanical properties: they are brittle with 
poor fatigue resistance [16,17]. The poor mechanical behavior is even more evident 
for highly porous ceramics and scaffolds because porosity greater than 100 µm is 
considered the requirement for proper vascularization and bone cell colonization 
[73,74]. That is why in biomedical applications, CaPO4 is used primarily as fillers 
and coatings [15].

The complete list of known CaPO4, including their standard abbreviations and 
major properties, is given in Table 7.3, while the detailed information on CaPO4 
might be found in special books and monographs [15,75–78].

7.3.2 pOlymers

Polymers are a class of materials consisting of large molecules, often containing 
many thousands of small units, or monomers, joined together chemically to form 
one giant chain, thus creating very ductile materials. In this respect, polymers are 
comparable with major functional components of the biological environment: lipids, 
proteins, and polysaccharides. They differ from each other in chemical composi-
tion, molecular weight, polydispersity, crystallinity, hydrophobicity, solubility, and 
thermal transitions. Besides, their properties can be fine-tuned over a wide range by 
varying the type of polymer, chain length, as well as by copolymerization or blending 
of two or more polymers [79,80]. Opposite to ceramics, polymers exhibit substantial 
viscoelastic properties and easily can be fabricated into complex structures, such as 
sponge-like sheets, gels, or complex structures with intricate porous networks and 
channels [81]. Being x-ray transparent and nonmagnetic, polymeric materials are 
fully compatible with the modern diagnostic methods such as computed tomography 
and magnetic resonance imaging. Unfortunately, most of them are unable to meet the 
strict demands of the in vivo physiological environment. The main requirements to 
polymers suitable for biomedical applications are that they must be biocompatible, 
not eliciting an excessive or chronic inflammatory response upon implantation, and 
for those that degrade, they breakdown into nontoxic products only. Unfortunately, 
polymers, for the most part, lack rigidity, ductility, and ultimate mechanical proper-
ties required in load-bearing applications. Thus, despite their good biocompatibility, 
many of the polymeric materials are mainly used for soft tissue replacements (such 
as skin, blood vessel, cartilage, ligament replacement, etc.). Moreover, the steriliza-
tion processes (autoclave, ethylene oxide, and 60Co irradiation) may affect the poly-
mer properties [82].

A variety of biocompatible polymers are suitable for biomedical applications 
[83,84]. For example, polyacrylates, poly(acrylonitrile-co-vinylchloride), and 
polylysine have been investigated for cell encapsulation and immunoisolation 
[85–87]. Polyorthoesters and poly(ε-caprolactone)(PCL) have been investigated as 
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TABLE 7.3
Existing Calcium Orthophosphates and Their Major Properties

Ca/P 
Molar 
Ratio Compound Formula 

Solubility 
at 25°C, 
−log(Ks) 

Solubility 
at 25°C, 

g/L 

pH Stability 
Range in 
Aqueous 

Solutions at 
25°C 

0.5 Monocalcium phosphate 
monohydrate (MCPM)

Ca(H2PO4)2 · H2O 1.14 ~18 0.0–2.0

0.5 Monocalcium phosphate 
anhydrous (MCPA or MCP)

Ca(H2PO4)2 1.14 ~17 c

1.0 Dicalcium phosphate 
dihydrate (DCPD), 
mineral brushite

CaHPO4 · 2H2O 6.59 ~0.088 2.0–6.0

1.0 Dicalcium phosphate 
anhydrous (DCPA or DCP), 
mineral monetite

CaHPO4 6.90 ~0.048 c

1.33 Octacalcium phosphate 
(OCP)

Ca8(HPO4)2(PO4)4 · 5H2O 96.6 ~0.0081 5.5–7.0

1.5 α-Tricalcium phosphate 
(α-TCP)

α-Ca3(PO4)2 25.5 ~0.0025 a

1.5 β-Tricalcium phosphate 
(β-TCP)

β-Ca3(PO4)2 28.9 ~0.0005 a

1.2–2.2 Amorphous calcium 
phosphates (ACP)

CaxHy(PO4)z · nH2O, 
n = 3–4.5; 15%–20% H2O

b b ~5–12 d

1.5–1.67 Calcium-deficient 
hydroxyapatite (CDHA or 
Ca-def HA)e

Ca10−x(HPO4)x(PO4)6-

x(OH)2−x (0< x <1)
~85 ~0.0094 6.5–9.5

1.67 Hydroxyapatite (HA, HAp, 
or OHAp)

Ca10(PO4)6(OH)2 116.8 ~0.0003 9.5–12

1.67 Fluorapatite (FA or FAp) Ca10(PO4)6F2 120.0 ~0.0002 7–12
1.67 Oxyapatite (OA, OAp, or 

OXA),f mineral voelckerite
Ca10(PO4)6O ~69 ~0.087 a

2.0 Tetracalcium phosphate 
(TTCP or TetCP), mineral 
hilgenstockite

Ca4(PO4)2O 38–44 ~0.0007 a

Source: Dorozhkin, S.V., Calcium Orthophosphates: Applications in Nature, Biology, and Medicine, 
Pan Stanford, Singapore, 2012.

a These compounds cannot be precipitated from aqueous solutions.
b Cannot be measured precisely. However, the following values were found: 25.7 ± 0.1 (pH = 7.40), 

29.9 ± 0.1 (pH = 6.00), 32.7 ± 0.1 (pH = 5.28). The comparative extent of dissolution in acidic buffer 
is ACP ≫ α-TCP ≫ β-TCP > CDHA ≫ HA > FA.

c Stable at temperatures above 100°C.
d Always metastable.
e Occasionally, it is called “precipitated HA (PHA).”
f Existence of OA remains questionable.
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drug-delivery devices, the latter for long-term sustained release because of their slow 
degradation rates [88]. PCL is a hydrolytic polyester having appropriate resorption 
period and releases nontoxic byproducts upon degradation [89,90]. Polyurethanes 
are in use in the engineering of both hard and soft tissues, as well as in nanomedi-
cine [91]. Polymers considered for orthopedic purposes include polyanhydrides, 
which have also been investigated as delivery devices (due to their rapid and well-
defined surface erosion) for bone augmentation or replacement since they can be 
photopolymerized in situ [88,92,93]. To overcome their poor mechanical proper-
ties, they have been copolymerized with imides or formulated to be crosslinkable 
in situ [93]. Other polymers, such as polyphosphazenes, can have their properties 
(e.g., degradation rate) easily modified by varying the nature of their side groups 
and have been shown to support osteoblast adhesion, which makes them candidates 
for skeletal tissue regeneration [93]. PPF has emerged as a good bone replacement 
material, exhibiting good mechanical properties (comparable to trabecular bone), 
possessing the capability to crosslink in vivo through the C=C bond, and being 
hydrolytically degradable. It has also been examined as a material for drug-delivery 
devices [88,92–95]. Polycarbonates have been suggested as suitable materials to 
make scaffolds for bone replacement and have been modified with tyrosine-derived 
amino acids to render them biodegradable [88,96]. Polydioxanone has also been 
tested for biomedical applications [97]. PMMA is widely used in orthopedics, as 
a bone cement for implant fixation, as well as to repair certain fractures and bone 
defects, for example, osteoporotic vertebral bodies [98,99]. However, PMMA sets 
by a polymerization of toxic monomers, which also evolves significant amounts of 
heat that damages tissues. Moreover, it is neither degradable nor bioactive, does 
not bond chemically to bones, and might generate particulate debris leading to an 
inflammatory foreign body response [92,100]. A number of other nondegradable 
polymers applied in orthopedic surgery include PE in its different modifications 
such as low-density PE, HDPE, and UHMWPE (used as the articular surface of 
total hip replacement implants [101,102]), polyethylene terepthalate, PP, and PTFE, 
which are applied to repair knee ligaments [103]. Polyactive™, a block copoly-
mer of PEG and PBT, was also considered for biomedical application [104–106]. 
Cellulose [107,108] and its esters [109,110] are also popular. Finally yet importantly, 
polyethylene oxide, PHB, and blends thereof have also been tested for biomedical 
applications [29].

Nonetheless, the most popular synthetic polymers used in medicine are the linear 
aliphatic poly(α-hydroxyesters) such as PLA, PGA, and their copolymers—PLGA 
(Table 7.4). These materials have been extensively studied; they appear to be the 
only synthetic and biodegradable polymers with an extensive FDA approval history 
[29,93,111]. They are biocompatible, mostly noninflammatory, as well as degrade 
in  vivo through hydrolysis and possible enzymatic action into products that are 
removed from the body by regular metabolic pathways [88,93,112–116]. Besides, 
they might be used for drug-delivery purposes [117]. Poly(α-hydroxyesters) have 
been investigated as scaffolds for the replacement and regeneration of a variety of 
tissues, cell carriers, controlled delivery devices for drugs or proteins (e.g., growth 
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factors), membranes or films, screws, pins, and plates for orthopedic applica-
tions [88,93,118,119]. Additionally, the degradation rate of PLGA can be adjusted 
by varying the amounts of the two component monomers (Table 7.4), which in 
orthopedic applications can be exploited to create materials that degrade in concert 
with bone ingrowth [115,120]. Furthermore, PLGA is known to support osteoblast 
migration and proliferation [36,93,112,121], which is a necessity for bone tissue 
regeneration. Unfortunately, such polymers on their own, though they reduce the 
effect of stress-shielding, are too weak to be used in load-bearing situations and 
are only recommended in certain clinical indications, such as ankle and elbow 
fractures [161]. In addition, they exhibit bulk degradation, leading to both loss in 
mechanical properties and lowering of the local solution pH that accelerates further 
degradation in an autocatalytic manner. As the body is unable to cope with the 
vast amounts of implant degradation products, this might lead to an inflammatory 
foreign body response. Finally, poly(α-hydroxyesters) do not possess bioactive and 
osteoconductive properties [93,122]. Further details on polymers suitable for bio-
medical applications are available in literature [82,119,123–129], which the inter-
ested readers can check. Good reviews on the synthesis of different biodegradable 
polymers [130], as well as on the experimental trends in polymer composites [131], 
are available elsewhere.

TABLE 7.4
Major Properties of Several FDA-Approved Biodegradable Polymers

Polymer 
Thermal Properties,a 

°C 
Tensile Modulus, 

GРa 
Degradation Time, 

Months 

Polyglycolic acid (PGA) tg = 35–40
tm = 225–230

7.0 6–12 (strength loss 
within 3 weeks)

L-polylactic acid (LPLA) tg = 60–65 2.7 >24

tm = 173–178

D,L-polylactic acid (DLPLA) tg = 55–60 1.9 12–16

Amorphous

85/15 D,L-polylactic-co-
glycolic acid (85/15 DLPLGA)

tg = 50–55
Amorphous

2.0 5–6

75/25 D,L-polylactic-co-
glycolic acid (75/25 DLPLGA)

tg = 50–55
Amorphous

2.0 4–5

65/35 D,L-polylactic-co-
glycolic acid (65/35 DLPLGA)

tg = 45–50
Amorphous

2.0 3–4

50/50 D,L-polylactic-co-
glycolic acid (50/50 DLPLGA)

tg = 45–50
Amorphous

2.0 1–2

poly(ε-caprolactone) (PCL) tg = (–60) – (–65) 0.4 >24

tm = 58–63

Source: Thomas, V. et al., Curr. Nanosci., 2, 2006, 155.
a tg, glass transition temperature; tm, melting point.
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7.4  BIOCOMPOSITES AND HYBRID BIOMATERIALS 
BASED ON CALCIUM ORTHOPHOSPHATES

7.4.1 BiOCOmpOsites with pOlymers

Typically, the polymeric components of biocomposites and hybrid biomaterials 
comprise polymers that have shown good biocompatibility and are routinely used 
in surgical applications. In general, since polymers have low modulus (2–7 GPa, as 
the maximum) as compared to that of bone (3–30 GPa), CaPO4 bioceramics need to 
be loaded at a high weight percent ratio. Besides, general knowledge on composite 
mechanics suggests that any high aspect ratio particles, such as whiskers or fibers, 
significantly improve the modulus at a lower loading. Thus, some attempts have 
already been performed to prepare biocomposites containing whisker-like [132–136] 
or needle-like [137–139] CaPO4, as well as CaPO4 fibers [140].

The history of implantable CaPO4/polymer formulations started in 1981 
( however, a more general topic, “ceramic-plastic material as a bone substitute,” is 
at least 18 years older [141]) from the pioneering study by Prof. William Bonfield 
and colleagues at Queen Mary College, University of London, performed on 
HA/PE blends [142,143]. That initial study introduced a bone-analogue concept, 
when  proposed biocomposites comprised a polymer ductile matrix of PE and a 
ceramic stiff phase of HA, and was substantially extended and developed in further 
investigations by that research group [69,144–154]. More recent studies included 
investigations on the influence of surface topography of HA/PE composites on cell 
proliferation and attachment [155–158]. The material is composed of a particular 
combination of HA particles at a volume loading of ~40% uniformly dispensed 
in an HDPE matrix. The idea was to mimic bones by using a polymeric matrix 
that can develop a considerable anisotropic character through adequate orientation 
techniques reinforced with a bone-like bioceramics that assures both mechanical 
reinforcement and bioactive character of the composite. Following FDA approval 
in 1994, this material became commercially available in 1995 under the trade name 
HAPEX™ (Smith and Nephew, Richards, Tennessee, USA), and to date it has 
been implanted in more than 300,000 patients with successful results. It remains 
the only clinically successful bioactive composite, which was a major step in the 
implant field [17,159]. The major production stages of HAPEX™ include blending, 
compounding, and centrifugal milling. A bulk material or device is then created 
from this powder by compression and injection molding [39]. Besides, HA/HDPE 
biocomposites might be prepared by a hot-rolling technique that facilitated uni-
form dispersion and blending of the reinforcements in the matrix [160]. In addition, 
PP might be used instead of PE [161–163].

A mechanical interlock between both phases of HAPEX™ is formed by the 
shrinkage of HDPE onto the HA particles during cooling [69,70,164]. Both HA 
particle size and their distribution in the HDPE matrix were recognized as impor-
tant parameters affecting the mechanical behavior of HAPEX™. Smaller HA 
particles were found to lead to stiffer composites due to general increasing of inter-
faces between the polymer and the ceramics; furthermore, rigidity of HAPEX™ 
was found to be proportional to HA volume fraction [149]. Furthermore, coupling 

  



151Biocomposites and Hybrid Biomaterials

agents, for example, 3-trimethoxysiyl propylmethacrylate for HA and acrylic acid for 
HDPE, might be used to improve bonding (by both chemical adhesion and mechani-
cal coupling) between HA and HDPE [165,166]. Obviously, other CaPO4 might be 
used instead of HA in biocomposites with PE [167].

Various studies revealed that HAPEX™ attached directly to bones by chemi-
cal bonding (a bioactive fixation), rather than forming fibrous encapsulation 
(a morphological fixation). Initial clinical applications of HAPEX™ came in 
orbital reconstruction [168], but since 1995, the main uses of this composite have 
been in the shafts of middle ear implants for the treatment of conductive hearing 
loss [169,170]. In both applications, HAPEX™ offers the advantage of in situ shap-
ing, so a surgeon can make final alterations to optimize the fit of the prosthesis 
to the bone of a patient, and subsequent activity requires only limited mechanical 
loading with virtually no risk of failure from insufficient tensile strength [69,70]. 
As compared to cortical bones, HA/PE composites have a superior fracture tough-
ness for HA concentrations below ~40% and similar fracture toughness in the 
45%–50% range. Their Young’s modulus is in the range of 1–8 GPa, which is 
quite close to that of bone. Examination of the fracture surfaces has revealed that 
only mechanical bond occurs between HA and PE. Unfortunately, the HA/PE 
composites are not biodegradable, the available surface area of HA is low, and 
the presence of bioinert PE decreases the ability to bond to bones. Furthermore, 
HAPEX™ has been designed with a maximized density to increase its strength, 
but the resulting lack of porosity limits the ingrowth of osteoblasts when the 
implant is placed into the body [16]. Further details on HAPEX™ are available 
elsewhere [69,70]. Except HAPEX™, other types of HA/PE biocomposites are 
also known [171–177].

Both linear and branched PE was used as a matrix, and the biocomposites with 
the former were found to give a higher modulus [172]. The reinforcing mechanisms 
in CaPO4/polymer formulations have yet to be convincingly disclosed. Generally, 
if a poor filler choice is made, the polymeric matrix might be affected by the 
filler through reduction in molecular weight during composite processing, forma-
tion of an immobilized shell of polymer around the particles (transcrystallization, 
surface-induced crystallization, or epitaxial growth) and changes in conformation 
of the polymer due to particle surfaces and interparticle spacing [69,70]. On the 
other hand, the reinforcing effect of CaPO4 particles might depend on the molding 
technique employed: a higher orientation of the polymeric matrix was found to 
result in a higher mechanical performance of the composite [177,178].

Many other blends of CaPO4 with various polymers are possible, including rather 
unusual formulations with dendrimers [179]. Even light-curable CaPO4/polymer 
formulations are known [180]. The list of appropriate CaPO4 is shown in Table 7.3 
(except MCPM and MCPA—both are too acidic and, therefore, are not biocom-
patible [15]; nevertheless, to overcome this drawback, they might be mixed with 
basic compounds, such as HA, TTCP, CaCO3, CaO, etc.) and many biomedically 
suitable polymers have been listed earlier. The combination of CaPO4 and poly-
mers into biocomposites has a twofold purpose. The desirable mechanical proper-
ties of polymers compensate for a poor mechanical behavior of CaPO4 bioceramics, 
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while in turn the desirable bioactive properties of CaPO4 improve those of polymers, 
expanding the possible uses of each material within the body [113–115,181–185]. 
Polymers have been added to CaPO4 in order to improve their mechanical strength 
[113,181], while CaPO4 fillers have been blended with polymers to improve their 
compressive strength and modulus, in addition to increasing their osteoconductive 
properties [115,122,186–189]. In the 1990s, it was established that with an increase 
in the CaPO4 content, both Young’s modulus and bioactivity of the biocomposites 
generally increased, while ductility decreased [16]. However, later investigations 
revealed that the mechanical properties of CaPO4/polymer biocomposites were not 
so straightforward: the strength was found to decrease with increasing CaPO4 con-
tent in such biocomposites [190]. Nevertheless, biocompatibility of such biocom-
posites is enhanced because CaPO4 fillers induce an increased initial flash spread 
of serum proteins compared to the more hydrophobic polymer surfaces [191]. What 
is more is that experimental results of these biocomposites indicated favorable cell–
material interactions with increased cell activities as compared to each polymer 
alone [183]. Furthermore, such formulations can provide a sustained release of cal-
cium and orthophosphate ions into the milieus, which is important for mineralized 
tissue regeneration [182]. Indeed, a combination of two different materials draws 
on the advantages of each one to create a superior biocomposite with respect to the 
materials on their own.

It is logical to assume that a proper biocomposite of CaPO4 (for instance, 
CDHA) with a bioorganic polymer (for instance, collagen) would yield physical, 
chemical, and mechanical properties similar to those of human bones. Different 
ways have already been realized to bring these two components together into 
biocomposites, like mechanical blending, compounding, ball milling, dispersion 
of ceramic fillers into a polymer–solvent solution, melt extrusion of a ceramic/
polymer powder mixture, co-precipitation, and electrochemical co-deposition 
[22,39,192–194]. Three methods for preparing a homogeneous blend of HA with 
PLLA were compared [192]. A dry process consisting in mixing ceramic powder 
and polymer pellets before a compression-molding step was used. The second 
technique was based on the dispersion of ceramic fillers into a polymer–solvent 
solution. The third method was the melt extrusion of a ceramic/polymer pow-
der mixture. Mixing dry powders led to a ceramic particle network around the 
polymer pellets, whereas the solvent and melt methods also produced a homoge-
neous dispersion of HA in the matrix. The main drawback of the solvent cast-
ing method is the risk of potentially toxic organic solvent residues. The melt 
extrusion method was shown to be a good way to prepare homogeneous ceramic/
polymer blends [192].

Besides, there is an in situ formation involving either synthesizing the rein-
forcement inside a preformed matrix material or synthesizing the matrix mate-
rial around the reinforcement [39,195,196]. This is one of the most attractive 
routes since it avoids extensive particle agglomeration. For example, several 
papers have reported the in situ formation technique to produce various compos-
ites of apatites with carbon nanotubes [197–200]. Other examples comprise using 
amino-acid-capped gold nanosized particles as scaffolds to grow CDHA [201] 
and preparation of nanosized HA/polyamide biocomposites [202,203]. In certain 
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cases, a mechano-chemical route [204], emulsions [205–208], freeze-drying 
[209], and freeze-thawing techniques [210] or gel-templated mineralization [211] 
might be applied to produce CaPO4/polymer biocomposites. Various fabrication 
procedures are well described elsewhere [22,39,192], where the interested read-
ers are referred to.

The interfacial bonding between CaPO4 and a polymer is an important issue of 
any biocomposite. Four types of mutual arrangements of nanodimensional particles 
to polymer chains have been classified by Kickelbick (Figure 7.1): (1) inorganic par-
ticles embedded in inorganic polymer, (2) incorporation of particles by bonding to 
the polymer backbone, (3) an interpenetrating network with chemical bonds, and 
(4) an inorganic–organic hybrid polymer [212].

If adhesion among the phases is poor, the mechanical properties of a biocom-
posite suffer. To solve the problem, various approaches have been already intro-
duced. For example, a diisocyanate coupling agent was used to bind PEG/PBT 
(PolyactiveTM) block copolymers to HA filler particles. Using surface-modified HA 
particles as a filler in a PEG/PBT matrix significantly improved the elastic modulus 
and strength of the polymer as compared to the polymers filled with ungrafted HA 
[187,213]. Another group used processing conditions to achieve a better adhesion 
of the filler to the matrix by pressing blends of varying PLLA and HA content 
at different temperatures and pressures [113,114,214,215]. The researchers found 
that maximum compressive strength was achieved at ~15 wt.% of PLLA. By using 
blends with 20 wt.% of PLLA, the authors also established that increasing the 
pressing temperature and pressure improved the mechanical properties. The former 
was explained by the decrease in the viscosity of the PLLA associated with a tem-
perature increase, hence leading to improved wettability of HA particles. The latter 
was explained by increased compaction and penetration of pores at higher pressure, 
in conjunction with a greater fluidity of the polymer at higher temperatures. The 
combination of high pressures and temperatures was found to decrease porosity 
and guarantee a close apposition of a polymer to the particles, thereby improving 
the compressive strength [181] and fracture energy [285] of the biocomposites. The 
PLLA/HA biocomposites scaffolds were found to improve cell survival over plain 
PLLA scaffolds [216].

(1) (2) (3) (4)

FIGURE 7.1 Four types of mutual arrangements of nanosized particles to a polymer chain: 
(1) inorganic particles embedded in an inorganic polymer, (2) incorporation of particles by 
bonding to the polymer backbone, (3) interpenetrating network with chemical bonds, and 
(4) inorganic–organic hybrid polymer. (Reprinted from Kickelbick, G., Prog. Polym. Sci., 28, 
83, 2003. With permission.)
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It is also possible to introduce porosity into CaPO4/polymer biocomposites, 
which is advantageous for most applications as bone substitution material. The 
porosity facilitates migration of osteoblasts from surrounding bones to the implant 
site [115,217,218]. Various material processing strategies to prepare composite 
scaffolds with interconnected porosity comprise thermally induced phase separa-
tion, solvent casting and particle leaching, solid freeform fabrication techniques, 
microsphere sintering and coating [123,219–222]. A supercritical gas foaming 
technique might be used as well [192,223,224].

7.4.1.1 Apatite-Based Formulations
A biological apatite is known to be the major inorganic phase of mammalian 
calcified tissues [13,14]. Consequently, CDHA, HA, carbonateapatite (both with 
and without dopants), and, occasionally, FA have been applied to prepare biocom-
posites with other compounds, usually with the aim to improve bioactivity. For 
example, PS composed with HA can be used as a starting material for long-term 
implants [225–227]. Retrieved in  vivo, HA/PS biocomposite-coated samples 
from rabbit distal femurs demonstrated direct bone apposition to the coatings, 
as compared to the fibrous encapsulation that occurred when uncoated samples 
were used [225]. The resorption time of such biocomposites is a very important 
factor, which depends on polymer’s microstructure and the presence of modifying 
phases [226].

Various apatite-containing biocomposites with PVA [210,228–233] and several 
other polymeric components [234–245] have been already developed. PVA/CDHA 
biocomposite blocks were prepared by the precipitation of CDHA in aqueous solu-
tions of PVA [210]. An artificial cornea consisted of a porous nanosized HA/PVA 
hydrogel skirt and a transparent center of PVA hydrogel has been prepared as well. 
The results displayed good biocompatibility and interlocking between artificial 
cornea and host tissues [229,230]. Greish and Brown developed HA/Ca poly(vinyl 
phosphonate) biocomposites [237–239].

PEEK [132,134,246–253] and HIPS [252] were also applied to create biocom-
posites with HA having a potential for clinical use in load-bearing applications. The 
study on reinforcing PEEK with thermally sprayed HA particles revealed that the 
mechanical properties increased monotonically with the reinforcement concentra-
tion, with a maximum value in the study of ~40% volume fraction of HA particles 
[247–249]. The reported ranges of stiffness within 2.8–16.0 GPa and strength within 
45.5–69 MPa exceeded the lower values for human bone (7–30 GPa and 50–150 
MPa, respectively) [248]. Modeling of the mechanical behavior of HA/PEEK bio-
composites is available elsewhere [250].

Biodegradable poly(α-hydroxyesters) are well established in clinical medi-
cine. Currently, they provide with a good choice when a suitable polymeric filler 
material is sought. For example, HA/PLGA composites were developed, which 
appeared to possess a cellular compatibility suitable for bone tissue regenera-
tion [254–263]. Zhang and Ma seeded highly porous PLLA foams with HA par-
ticles in order to improve the osteoconductivity of polymer scaffolds for bone 
tissue engineering [186]. They pointed out that hydration of the foams prior to 
incubation in simulated body fluid increased the amount of carbonated CDHA 
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material due to an increase in COOH and OH groups on the polymer surface, 
which apparently acted as nucleation sites for apatite. The mechanical proper-
ties of PLA/CaPO4 biocomposites fabricated using different technique, as well 
as the results of in  vitro and in  vivo experiments with them, are available in 
literature [262].

On their own, PGA and PLA are known to degrade to acidic products (glycolic 
and lactic acids, respectively) that both catalyze polymer degradation and cause 
inflammatory reactions of the surrounding tissues [264]. Thus, in biocomposites of 
poly(α-hydroxyesters) with CaPO4, the presence of slightly basic compounds (HA, 
TTCP) to some extent neutralizes the acid molecules, provides with a weak pH-
buffering effect at the polymer surface, and, therefore, more or less compensates 
these drawbacks [122,262,265–267]. However, additives of even more basic chemi-
cals (e.g., CaO, CaCO3) might be necessary [123,266,268,269]. Extensive cell cul-
ture experiments on pH-stabilized composites of PGA and carbonateapatite were 
reported, which were afterward supported by extensive in vitro pHstudies [270]. A 
consequent development of this approach has led to the designing of functionally 
graded composite skull implants consisting of polylactides, carbonateapatite, and 
CaCO3 [271,272]. Besides the pH-buffering effect, inclusion of CaPO4 was found to 
modify both surface and bulk properties of the biodegradable poly(α-hydroxyesters) 
by increasing the hydrophilicity and water absorption of the polymer matrix, thus 
altering the scaffold degradation kinetics. For example, polymer biocomposites filled 
with HA particles were found to hydrolyze homogeneously due to water penetrating 
into interfacial regions [273].

Biocomposites of poly(α-hydroxyesters) with CaPO4 are prepared mainly by 
incorporating the inorganic phase into a polymeric solution, followed by drying 
under vacuum. The resulting solid biocomposites might be shaped using different 
processing techniques. One can also prepare these biocomposites by mixing HA 
particles with L-lactide prior the polymerization [265] or by a combination of slip-
casting technique and hot pressing [274]; however, other production techniques 
are known [262]. Addition of a surfactant (surface-active agent) might be use-
ful to keep the suspension homogeneity [275]. Furthermore, HA/PLA [206,207] 
and HA/PLGA [208] microspheres might be prepared by a microemulsion tech-
nique. More complex carbonated-FA/PLA [276] and PLGA/carbon nanotubes/
HA [277] porous biocomposite scaffolds are also known. An interesting list of 
references, assigned to the different ways of preparing HA/poly(α-hydroxyesters) 
biodegradable composites, might be found in publications by Durucan and Brown 
[30,278,279]. The authors prepared CDHA/PLA and CDHA/PLGA biocompos-
ites by the solvent casting technique with a subsequent hydrolysis of α-TCP to 
CDHA in aqueous solutions. The presence of both polymers was found to inhibit 
α-TCP hydrolysis, if compared with that of single-phase α-TCP; what is more, 
the inhibiting effect of PLA exceeded that of PLGA [30,278,279]. The physi-
cal interactions between CaPO4 and poly(α-hydroxyesters) might be easily seen 
in Figure 7.2 [30]. Another set of good pictures might be found in Ref. [54]. 
Nevertheless, it should not be forgotten that typically non-melt-based routes lead 
to the development of composites with lower mechanical performance and many 
times require the use of toxic solvents and intensive hand labor [125].
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The mechanical properties of poly(α-hydroxyesters) could be substantially 
improved by the addition of CaPO4 [280,281]. CDHA/PLLA biocomposites of 
very high mechanical properties were developed [122] and mini-screws and 
mini-plates made of these composites were manufactured and tested. These 
fixation tools revealed easy handling and shaping according to the implant site 
geometry, total resorbability, good ability to bond directly to the bone tissue 
without interposed fibrous tissue, osteoconductivity, biocompatibility, and high 
stiffness retainable for the period necessary to achieve bone union [273]. The 
initial bending strength of ~280 MPa exceeded that of cortical bone (120–210 
MPa), while the modulus was as high as 12 GPa [122]. The strength could be 
maintained above 200 MPa up to 25 weeks in phosphate-buffered saline solu-
tion. Such biocomposites were obtained from the precipitation of a PLLA/
dichloromethane solution, where small granules of uniformly distributed CDHA 
 microparticles (average size of 3 µm) could be prepared [121]. Porous scaffolds 
of PDLLA and HA have been manufactured as well [224,282,283]. Upon implan-
tation into  rabbit femora, a newly formed bone was observed and biodegradation 
was significantly enhanced if compared to single-phase HA bioceramics. This 
might be due to the local release of lactic acid, which in turn dissolves HA. 
In other studies, PLA and PGA fibers were combined with porous HA scaf-
folds. Such reinforcement did not hinder bone ingrowth into the implants, which 
supported further development of such biocomposites as bone graft substitutes 
[29,30,262,263].

Blends (named SEVA-C) of EVOH with starch filled with 10–30 wt.% HA 
have been fabricated to yield biocomposites with modulus up to ~7 GPa with 
a 30% HA loading [284–288]. The incorporation of bioactive fillers such as 
HA into SEVA-C aimed to assure the bioactive behavior of the composite and 
to provide the necessary stiffness within the typical range of human cortical 

(a) (b)

FIGURE 7.2 SEM micrographs of (a) α-TCP compact and (b) α-TCP/PLGA biocomposite 
(bars = 5 µm). (Reprinted from Durucan C. and Brown P.W., Adv. Eng. Mater., 3, 227, 2001. 
With permission.)
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bone properties. These biocomposites exhibited a strong in vitro bioactivity that 
was supported by the polymer’s water-uptake capability [289]. However, the 
reinforcement of SEVA-C by HA particles was found to affect the rheological 
behavior of the blend. A degradation model of these biocomposites has been 
developed [290].

Higher homologues poly(3-hydroxybutyrate), 3-PHB, and poly(3-hydroxyvaler-
ate) show almost no biodegradation. Nevertheless, biocomposites of these polymers 
with CaPO4 showed good biocompatibility both in vitro and in vivo [291–296]. Both 
bioactivity and mechanical properties of these biocomposites can be tailored by 
varying the volume percentage of CaPO4. Similarly, biocomposites of PHBHV with 
both HA and amorphous carbonated apatite [almost amorphous calcium phosphate 
(ACP)] appeared to have a promising potential for repair and replacement of dam-
aged bones [297–300].

Along this line, PCL is used as a slowly biodegradable but well-biocompatible 
polymer. PCL/HA and PCL/CDHA biocomposites have been already discussed 
as suitable materials for substitution, regeneration, and repair of bone tissues 
[219,301–313]. For example, biocomposites were obtained by the infiltration of 
ε-caprolactone monomer into porous apatite blocks and in  situ polymerization 
[304]. The composites were found to be biodegradable and might be applied as 
cancellous or trabecular bone replacement material or for cartilage regeneration. 
Both mechanical performance and biocompatibility in osteoblast cell culture of 
PCL were shown to be strongly increased when HA was added [314]. Several 
preparation techniques of PCL/HA biocomposites are known. For example, to 
make biocomposite fibers of PCL with nanodimensional HA, the desired amount 
of nanodimensional HA powder was dispersed in a solvent using magnetic stirrer 
followed by ultrasonication for 30 min. Then, PCL was dissolved in this suspen-
sion, followed by the solvent evaporation [315]. The opposite preparation order 
is also possible: PCL was initially dissolved in chloroform at room temperature 
(7%–10% weight/volume); then HA (~10 µm particle size) was suspended in the 
solution, sonicated for 60 s, followed by solvent evaporation [115] or salt-leaching 
[316]. The mechanical properties obtained by this technique were about one-third 
that of trabecular bone. In a comparative study, PCL and biological apatite were 
mixed in the ratio 19:1 in an extruder [317]. At the end of the preparation, the mix-
ture was cooled in an atmosphere of nitrogen. The authors observed that the pres-
ence of biological apatite improved the modulus while concurrently increasing the 
hydrophilicity of the polymeric substrate. Besides, an increase in apatite concen-
tration was found to increase both the modulus and yield stress of the composite, 
which indicated to good interfacial interactions between the biological apatite and 
PCL. It was also observed that the presence of biological apatite stimulated osteo-
blasts attachment to the biomaterial and cell proliferation [317]. In another study, 
a PCL/HA biocomposite was prepared by blending in melt form at 120°C until the 
torque reached equilibrium in the rheometer attached to the blender [318]. Then, 
the sample was compression molded and cut into specimens of appropriate size for 
testing. It was observed that the composite containing 20 wt.% HA had the highest 
strength [318]. However, a direct grafting of PCL on the surface of HA particles 
seems to be the most interesting preparation technique [301]. In another study, HA 
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porous scaffolds were coated by a PCL/HA composite coating [31]. In this system, 
PCL, as a coating component, was able to improve the brittleness and low strength 
of the HA scaffolds, while the particles in the coating were to improve the osteo-
conductivity and bioactivity of the coating layer. More complex formulations, such 
as PDLLA/PCL/HA [319], PLLA/PCL/HA [320], and supramolecular PCL/func-
tionalized HA [321] biocomposites, have been prepared as well. Further details on 
both the PCL/HA biocomposites and the processing methodologies thereof might 
be found elsewhere [219].

The spread of attached human osteoblasts onto PLA and PCL films reinforced 
with CDHA and sintered HA was shown to be higher than that for the polymers 
alone [130]. Moreover, biochemical assays relating cell activity to DNA content 
allowed concluding that cell activity was more intense for the composite films 
[130]. Kim et al. coated porous HA blocks with PCL from dichloromethane solu-
tion and performed drug release studies. The antibiotic tetracycline hydrochloride 
was added into this layer, yielding a bioactive implant with drug release for longer 
than a week [31].

Yoon et al. investigated the highest mechanical and chemical stability of FA by 
preparing FA/collagen biocomposites and studied their effect on osteoblast-like cell 
culture [322]. The researchers found an increased cellular activity in FA composites 
compared to HA composites. This finding was confirmed in another study, by means 
of variations in the fluoride content for FA-HA/PCL composites [323]. An interest-
ing phenomenon of fractal growth of FA/gelatin composite crystals (Figure 7.3) 
was achieved by diffusion of calcium- and orthophosphate + fluoride-solutions 

20 kV x3, 000
10 μm F1 L01

14 mm

FIGURE 7.3 A biomimetically grown aggregate of FA that was crystallized in a gelatin 
matrix. Its shape can be explained and simulated by a fractal growth mechanism (scale bar: 
10 μm). (Reprinted from Busch S. et al., Eur. J. Inorg. Chem., 1643, 1999. With permission.)
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from the opposite sides into a tube filled with a gelatin gel [324–333]. The reasons 
for this phenomenon are not quite clear yet; besides, up to now nothing has yet 
been reported on a possible biomedical application of such very unusual structural 
composites.

7.4.1.2 TCP-Based Formulations
Both α-TCP and β-TCP have higher solubility than HA (Table 7.3). Besides, they 
are faster resorbed in vivo (however, there are some reports about the lack of TCP 
biodegradation after implantation in calvarial defects [334]). Therefore, α-TCP and 
β-TCP were widely used instead of apatites to prepare completely biodegradable 
biocomposites [335–354]. For example, a biodegradable and osteoconductive bio-
composite made of β-TCP particles and gelatin was proposed [342]. This material 
was tested in vivo with good results. It was found to be biocompatible, osteoconduc-
tive, and biodegradable with no need for a second surgical operation to remove the 
device after healing occurred. Both herbal extracts [343] and K2HPO4 [344] might 
be added to this formulation. Another research group prepared biocomposites of 
crosslinked gelatin with β-TCP and found both good biocompatibility and bone for-
mation upon subcutaneous implantation in rats [345]. Yang et  al. [349] extended 
this to porous (porosity ~75%) β-TCP/gelatin biocomposites, which also contained 
BMP-4. Furthermore, cell-compatible and possessive some osteoinductive proper-
ties porous β-TCP/alginate-gelatin hybrid scaffolds were prepared and successfully 
tested in vitro [346]. More to the point, biocomposites of β-TCP with PLLA [339–
341] were prepared. Although β-TCP was able to counter the acidic degradation of 
the polyester to some extent, it did not prevent a pH drop down to ~6. α-TCP/gelatin 
formulations are known as well [352].

Based on the self-reinforcement concept, biocomposites of TCP with poly-
lactides were prepared and studied using conventional mechanical testing [355]. 
Resorbable scaffolds were fabricated from such biocomposites [356]. Chitosan was 
also used as the matrix for the incorporation of β-TCP by a solid/liquid phase 
separation of the polymer solution and subsequent sublimation of the solvent. Due 
to complexation of the functional groups of chitosan with calcium ions of β-TCP, 
these biocomposites had high compressive modulus and strength [357]. PCL/β-
TCP biocomposites were developed in other studies [358–361] and their in vitro 
degradation behavior was systematically monitored by immersion in simulated 
body fluid at 37°C [360]. To extend this topic further, PCL/β-TCP biocomposites 
might be loaded by drugs [361].

An in vitro study with primary rat calvarial osteoblasts showed an increased 
cellular activity in the BMP-loaded samples [349]. Other researchers investigated 
BMP-2-loaded porous β-TCP/gelatin biocomposites (porosity ~95%, average 
pore size 180–200  µm) [362] and confirmed the precious study. Biocomposites 
of β-TCP and glutaraldehyde crosslinked gelatin were manufactured and tested 
in  vitro to measure the material cytotoxicity [345]. The experimental results 
revealed that the amount of glutaraldehyde crosslinking agent should be less than 
8% to decrease the toxicity on the osteoblasts and to avoid inhibition of cellular 
growth caused by the release of residual or uncrosslinked glutaraldehyde. A long-
term implantation study of PDLLA/α-TCP composites in a loaded sheep implant 

  



160 Biodegradable Polymeric Nanocomposites

model showed good results after 12 months but a strong osteolytic reaction after 
24 months. This was ascribed to the almost complete dissolution of α-TCP to this 
time and an adverse reaction of the remaining PDLLA [363].

More complex CaPO4/polymer formulations are known as well. For example, a 
biocomposite consists of three interpenetrating networks: TCP, CDHA, and PLGA 
[364]. First, a porous TCP network was produced by coating a polyurethane foam 
by hydrolysable α-TCP slurry. Then, a CDHA network was derived from self-setting 
CaPO4 formulations filled in the porous TCP network. Finally, the remaining open 
pore network in the CDHA/α-TCP structures was infiltrated with PLGA. This bio-
composite consists of three phases with different degradation behavior. It was pos-
tulated that bone would grow on the fastest degrading network of PLGA, while the 
remaining CaPO4 phases would remain intact thus maintaining their geometry and 
load-bearing capability [364].

7.4.1.3 Formulations Based on Other Calcium Orthophosphates
The number of research publications devoted to formulations based on other 
CaPO4 is substantially lesser than the number of formulations devoted to apatites 
and TCP. Biphasic calcium phosphate (BCP), which is a solid composite of HA 
and β-TCP, appears to be most popular among the remaining CaPO4. For example, 
collagen-coated BCP ceramics was studied and the biocompatibility toward osteo-
blasts was found to increase upon coating with collagen [365]. Another research 
group created porous PDLLA/BCP scaffolds and coated them with a hydrophilic 
PEG/vancomycin composite for both drug-delivery purposes and surface modifi-
cation [366]. More to the point, both PLGA/BCP [367,368] and PLLA/BCP [369] 
biocomposites were fabricated and their cytotoxicity and fibroblast properties were 
found to be acceptable for natural bone tissue reparation, filling, and augmentation 
[370,371]. Besides, PCL/BCP [372] and gelatin/BCP [373,374] biocomposites are 
known as well.

A choice of DCPD-based biocomposites of DCPD, albumin, and duplex DNA 
was prepared by water/oil/water interfacial reaction method [205]. Core–shell type 
DCPD/chitosan biocomposite fibers were prepared by the wet spinning method in 
another study [375]. The energy-dispersive x-ray spectroscopy analysis indicated that 
Ca and P atoms were mainly distributed on the outer layer of the composite fibers; 
however, a little amount of P atoms remained inside the fibers. This indicated that 
the composite fibers formed a unique core–shell structure with the shell of CaPO4 
and the core of chitosan [375]. A similar formulation was prepared for further appli-
cations in self-setting biocomposites [376]. DCPA/ BSA (bovine serum albumin) 
biocomposites were synthesized through the co-precipitation of BSA on the nanodi-
mensional particles of DCPA performed in ethanol [377]. Nanodimensional DCPA 
was synthesized and incorporated into dental resins to form dental biocomposites 
[378–380]. Although this is not to the point, it is interesting to mention that some 
DCPD/polymer composites could be used as proton conductors in battery devices 
[381,382]. Nothing has been reported on their biocompatibility, but, perhaps, the 
improved formulations will be used sometime to fabricate biocompatible batteries 
for implantable electronic devices.
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Various ACP-based biocomposites and hybrid formulations for dental applica-
tions have been developed [383,384]. Besides, several ACP-based formulations 
were investigated as potential biocomposites for bone grafting [300,385–387] and 
drug delivery [388]. ACP/PPF biocomposites were prepared by in situ precipitation 
[386], while PHB/carbonated ACP and PHBHV/carbonated ACP biocomposites 
appeared to be well suited as slowly biodegradable bone substitution material [300]. 
Another example comprises hybrid nanodimensional capsules of ~50–70  nm in 
diameter, which were fabricated by ACP mineralization of shell crosslinked poly-
mer micelles and nanosized cages [387]. These nanosized capsules consisted of a 
continuous ultrathin inorganic surface layer that infiltrated the outer crosslinked 
polymeric domains. They might be used as structurally robust, pH-responsive bio-
compatible hybrid nanostructures for drug delivery, bioimaging, and therapeutic 
applications [387].

7.4.2 injeCtaBle BOne suBstitutes

With the development of minimally invasive surgical methods, for example, per-
cutaneous surgery, directly injectable biomaterials are needed. The challenge is to 
place a biomaterial at the site of surgery by the least possible invasive method. In 
this regard, injectable bone substitutes (IBS) appear to be a convenient alternative 
to solid bone-filling materials. They represent ready-to-use suspensions of CaPO4 
microspheres [389,390], nanosized rods [391], or powder(s) in a liquid carrier phase. 
They look like opaque viscous pastes with rheological properties sufficient to inject 
them into bone defects by means of surgical syringes and needles. Besides, IBS 
could be easily produced in a sterile stage. Their stable composition and mechanical 
properties are suitable for reproducibility of the biological response [383].

IBS requires suitable rheological properties to ensure bonding of the mineral 
phase in situ with good cell permeability. Usually, the necessary level of viscosity is 
created by the addition of water-soluble polymers [392–394]. Therefore, the major-
ity of CaPO4-based IBS formulations might be considered a subgroup of CaPO4/
polymer biocomposites. For example, an IBS was described that involved a silanized 
hydroxyethylcellulose carrier with BCP (HA + β-TCP) [395]. The suspension is liq-
uid at pH within 10–12, but gels quickly at pH <9. Similarly, Bennett et al. showed 
that a polydioxanone-co-glycolide-based biocomposite reinforced with HA or β-TCP 
could be used as an injectable or moldable putty [396]. During the crosslinking reac-
tion following injection, carbon dioxide is released allowing the formation of inter-
connected pores. Furthermore, HA/poly(L-lactide-co-ε-caprolactone) biocomposite 
microparticles were fabricated as an injectable scaffold via the Pickering emulsion 
route in the absence of any molecular surfactants. A stable injectable oil-in-water 
emulsion was obtained using water-dispersed HA nanosized crystals as the particu-
late emulsifier and a dichloromethane solution of poly(L-lactide-co-ε-caprolactone) 
as an oil phase [397].

Daculsi et al. developed viscous IBS biocomposites based on BCP (60% HA + 
40% β-TCP) and 2% aqueous solution of HPMC, which was said to be perfectly 
biocompatible, resorbable, and easily fitted bone defects (due to an initial plasticity) 
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[394–405]. The best ratio BCP/HPMC aqueous solution was found to be at ~65/35 
w/w. To extend this subject further, IBS might be loaded by cells [406,407], radi-
opaque elements [408], or microparticles [409], as well as functionalized by nucleic 
acids [391]. The list of the commercially available CaPO4-based IBS formulations is 
presented in Table 7.5 [410].

The advanced characteristics of IBS come from their good rheological properties 
and biocompatibility and the ease of tissue regeneration. Although the fabrication of 
IBS biocomposites in most cases improved the mechanical properties of the system 
and provided the material with resistance to fluids penetration, these achievements 
were limited by the amount of polymer that can be added to the paste. For instance, 
Mickiewicz et al. reported that after a critical concentration (that depended on the 
type and molecular weight of the polymer, but was always around 10%), the poly-
mer started forming a thick coating on the crystal clusters, preventing them from 
interlocking, originating plastic flow, and, as a consequence, decreasing mechanical 
properties [411]. More to the point, Fujishiro et al. reported a decrease in mechanical 
properties with higher amounts of gel, which was attributed to the formation of pores 
due to the leaching of gelatin in solution [412]. Therefore, it seems that mechanical 
properties, although improved by the addition of polymers, are still a limitation for 
the application of CaPO4-based IBS formulations in load-bearing sites [125]. Further 
details on IBS are available elsewhere [392].

7.5  BIOACTIVITY AND BIODEGRADATION OF CALCIUM 
ORTHOPHOSPHATE-BASED FORMULATIONS

The continuous degradation of an implant causes a gradual load transfer to the healing 
tissue, preventing stress-shielding atrophy, and stimulates the healing and remodeling 
of bones. Some requirements must be fulfilled by the ideal prosthetic biodegradable 
materials, such as biocompatibility, adequate initial strength and stiffness, retention 
of mechanical properties throughout sufficient time to assure its biofunctionality, and 
nontoxicity of the degradation byproducts [125]. Generally speaking, bioactivity (i.e., 
ability of bonding to bones) of biologically relevant CaPO4 reinforced by other mate-
rials is usually lower than that of pure ones [17,413].

In general, both bioactivity and biodegradability of any biocomposite and/or 
hybrid biomaterial are determined by the same properties of the constituents. Both 
processes are very multifactorial because, during implantation, the surface of any 
graft contacts with biological fluids and, shortly afterward, is colonized by cells. 
Much more biology, than chemistry and material science altogether, is involved 
into these very complex processes and many specific details still remain unknown. 
In addition, biodegradation of all components of biocomposites occurs simulta-
neously and the obtained products might influence both the entire process and 
biodegradation of each component. For example, in the case of biocomposites 
prepared from polyesters and TCP, hydrolysis reactions of the ester bonds, acid 
dissociation of the carboxylic end groups, dissolution of TCP, and buffering reac-
tions by the dissolved phosphate ions occur simultaneously [414]. Therefore, to 
simplify the task, biodegradation of the individual components should be consid-
ered independently. An in vitro biodegradation of the biologically relevant CaPO4 
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TABLE 7.5
List of Some Commercial Nonsetting CaPO4 IBS and Pastes with Indication 
of Producer, Product Name, Composition (When Available), and Form

Producer Product Name Composition Form 

ApaTech (UK) Actifuse™ HA, polymer and aqueous solution Pre-mixed

Actifuse™ Shape 
Actifuse™ ABX

Si-substituted CaPO4 and a polymer pre-mixed

Baxter (US) TricOs Τ
TricOs

BCP (60% HA, 40% β-TCP) granules and 
Tissucol (fibrin glue)

To be mixed

Berkeley Advanced 
Biomaterials

Bi-Ostetic Putty Not disclosed Not disclosed

BioForm (US) Calcium hydroxylapatite 
implant

HA powder embedded in a mixture of 
glycerine, water, and carboxymethylcellulose

Pre-mixed

Biomatlante (FR) MBCP Gel® BCP granules (60% HA, 40% β-TCP; 
0.08–0.2 mm) and 2% HPMC

Pre-mixed

Hydr’Os BCP granules (60% HA, 40% β-TCP; 
micro- and nanosized particles) and saline 
solution

Pre-mixed

Degradable 
solutions (CH)

Easy graft™ β-TCP or BCP granules (0.45–l.0 mm) 
coated with 10 μm PLGA, 
N-methyl-2-pyrrolydone

To be mixed

Dentsply (US) Pepgen P-15® flow HA (0.25–0.42 mm), P-15 peptide and 
aqueous Na hyaluronate solution

To be mixed

DePuy Spine (US) Healos® Fx HA (20%–30%) and collagen To be mixed

Fluidinova (P) NanoXIM TCP β-TCP (5% or 15%) and water Pre-mixed

NanoXIM HA HA (5%, 15%, 30% or 40%) and water Pre-mixed

Integra 
LifeSciences (US)

Mozaik Osteoconductive 
Scaffold

β-TCP (80%) and type 1 collagen (20%) To be mixed

Mathys Ltd (CH) Ceros® Putty/cyclOS® 
Putty

β-TCP granules (0.125–0.71 mm; 94%) and 
recombinant Na hyaluronate powder (6%)

To be mixed

Medtronic (US) Mastergraft® BCP (85% HA, 15% β-TCP) and bovine 
collagen

To be mixed

Osartis/ΑΑΡ (GER) Ostim® Nanocrystalline HA (35%) and water (65%) Pre-mixed

Smith & Nephew 
(US)

JAXTCP β-TCP granules and an aqueous solution of 
1.75% carboxymethylcellulose and 10% 
glycerol

To be mixed

Stryker (US) Calstrux™ β-TCP granules and carboxymethylcellulose To be mixed

Teknimed (FR) Nanogel HA (100–200 nm) (30%) and water (70%) Pre-mixed

Therics (US) Therigraft™ Putty β-TCP granules and polymer Pre-mixed

Zimmer (US) Collagraft BCP granules (65% HA, 35% β-TCP; 
0.5–1.0 mm), bovine collagen, and bone 
marrow aspirate

To be mixed

Source: Bohner, M., Eur. Cell Mater, 20, 1, 2010.
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might be described by their chemical dissolution in slightly acidic media (they 
are almost insoluble in alkaline solutions [75–78]), which, in the case of CDHA, 
might be described as a sequence of four successive chemical equations (7.1)–(7.4) 
[415,416]:

 

Ca10−x HPO4( )x PO4( )6−x OH( )2−x + 2 − x( )H+

= Ca10−x HPO4( )x PO4( )6−x H2O( )2−x
(2−x)

 (7.1)

 

Ca10−x HPO4( )x PO4( )6−x H2O( )2−x
2−x( )+

=  3Ca3 PO4( )2 +  1− x( )Ca2+ +  2 − x( )H2O  (7.2)

 
Ca3 PO4( )2 +  2H+ =  Ca2+ +  2CaHPO4  (7.3)

 CaHPO4 +  H+ =  Ca2+ +  H2PO4
−

 (7.4)

Biodegradability of polymers generally depends on the following factors: (1) 
chemical stability of the polymer backbone, (2) hydrophobicity of the monomer, (3) 
morphology of the polymer, (4) initial molecular weight, (5) fabrication processes, 
(6) geometry of the implant, and (7) properties of the scaffold such as porosity and 
pore diameter [219]. A summary on degradation of PLA and PGA, as well as that of 
SEVA-C, is available in literature [Ref. 125, p. 798 and p. 803, respectively], where 
the interested readers are referred to.

Concerning in  vivo studies, biodegradation of HA/PLLA and CDHA/PLLA 
biocomposite rods in subcutis and medullary cavities of rabbits was investigated 
mechanically and histologically; the degradation was found to be faster for the case 
of using uncalcinated CDHA instead of calcinated HA [417]. In a more detailed 
study, new bone formation was detected at 2 weeks after implantation, especially 
for formulations with a high HA content [418]. More to the point, a direct con-
tact between bones and these composites without intervening fibrous tissue was 
detected in this case [418,419]. Both SEVA-C and SEVA-C/HA biocomposites 
were found to exhibit a noncytotoxic behavior [420,421], inducing a satisfactory 
tissue response when implanted, as shown by in vivo studies [421]. Furthermore, 
SEVA-C/HA biocomposites induce a positive response on osteoblast-like cells to 
what concerns cell adhesion and proliferation [420]. An in vivo study on biodeg-
radation of microspheres (PLGA, gelatin, and poly(trimethylene carbonate) were 
used)/CaPO4 biocomposites revealed that they exhibited microsphere degradation 
after 12 weeks of subcutaneous implantation, which was accompanied by compres-
sion strength decreasing [422]. Interestingly, but the amount of CaPO4 in biocom-
posites was found to have a greater effect on the early stages of osteoblast behavior 
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(cell attachment and proliferation) rather than the immediate and late stages (pro-
liferation and differentiation) [423].

Both in vitro (the samples were immersed into 1% trypsin/phosphate-buffered 
saline solution at 37°C) biodegradation and in vivo (implantation of samples into 
the posterolateral lumbar spine of rabbits) biodegradation have been investigated for 
nanosized HA/collagen/PLA biocomposites [424]. The results demonstrated that 
weight loss increased continuously in vitro with a reduction in the mass of ~20% 
after 4 weeks. During the experimental period in  vitro, a relative rate of reduc-
tion in the three components in this material was shown to differ greatly: collagen 
decreased the fastest from 40% by weight to ~20% in the composite; HA content 
increased from 45% to ~60%; while PLA changed little. In vivo, the collagen/HA 
ratio appeared to be slightly higher near the transverse process than in the cen-
tral part of the intertransverse process [424]. Hasegawa et al. [425] performed an 
in  vivo study, spanning over a period of 5–7  years, on high-strength HA/PLLA 
biocomposite rods for the internal fixation of bone fractures. In that work, both 
 uncalcined CDHA and calcined HA were used as reinforcing phases in PLLA 
matrix. Those composites were implanted in the femur of 25 rabbits. It was found 
that the implanted materials were resorbed after 6 years of implantation. The pres-
ence of remodeled bone and trabecular bone bonding was the significant outcome. 
These data clearly demonstrate a biodegradation independence of various compo-
nents of biocomposites.

7.6 CONCLUSION

All types of calcified tissues of humans and mammals appear to possess a com-
plex hierarchical biocomposite structure. Their mechanical properties are outstand-
ing (considering weak constituents from which they are assembled) and far beyond 
those, that can be achieved using the same synthetic materials with present technolo-
gies. This is because biological organisms produce biocomposites that are organized 
in terms of both composition and structure, containing both brittle CaPO4 and duc-
tile bioorganic components in very complex structures, hierarchically organized at 
the nano, micro, and meso levels. Additionally, the calcified tissues are always multi-
functional: for example, bone provides structural support for the body plus blood cell 
formation. The third defining characteristic of biological systems, in contrast with 
current synthetic systems, is their self-healing ability, which is nearly universal in 
nature. These complex structures, which have risen from millions of years of evolu-
tion, inspire materials scientists in the design of novel biomaterials [426].

Obviously, no single-phase biomaterial is able to provide all the essential features 
of bones and/or other calcified tissues and, therefore, there is a great need to engineer 
multiphase biomaterials (biocomposites) with a structure and composition mimick-
ing those of natural bones. The studies summarized in this review have shown that 
the proper combination of a ductile matrix with a brittle, hard, and bioactive CaPO4 
filler offers many advantages for biomedical applications. The desirable properties 
of some components can compensate for a poor mechanical behavior of CaPO4 bio-
ceramics, while in turn the desirable bioactive properties of CaPO4 improve those 
of other phases, thus expanding the possible application of each material within the 
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body [69,70]. However, the reviewed literature clearly indicates that among the pos-
sible types of CaPO4/polymer biocomposites and hybrid biomaterials, only simple, 
complex, and graded ones, as well as fibrous, laminar, and particulate ones, have 
been investigated. Presumably, a future progress in this subject will require concen-
trating efforts on the elaboration and development of both hierarchical and hybrid 
biocomposites. Furthermore, following the modern tendency of tissue engineering, 
a novel generation of CaPO4/polymer biocomposites and hybrid biomaterials should 
also contain a biological living part.

To conclude, the future of the CaPO4/polymer biocomposites and hybrid bioma-
terials is now directly dependent on the formation of multidisciplinary teams com-
posed of experts but primarily experts ready to collaborate in close collaboration 
with others and thus be able to deal efficiently with the complexity of the human 
organism. The physical chemistries of solids, solid surfaces, polymer dispersion, and 
solutions, as well as material–cell interactions are among the phenomena to be tack-
led. Furthermore, much work remains to be done on a long way from a laboratory to 
clinics and the success depends on the effective cooperation of clinicians, chemists, 
biologists, bioengineers, and materials scientists.
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8.1 INTRODUCTION

8.1.1 CanCer: a ThreaT To humans

Cancer is one of the alarmingly increasing diseases in the world and stands second 
among the causes for disease-related deaths after cardiovascular disease. There are 
14.1 million new cancer cases, 8.2 million cancer deaths, and 32.6 million people 
living with cancer worldwide, and the number is increasing every day. Its ever-
increasing mortality rates estimate that 84 million people will die of cancer between 
2005 and 2015 without intervention. More than 70% of the cases present for diag-
nosis and treatment services in the advanced stages of the disease, which has led to 
poor survival and high mortality rates.1

Many factors are implicated in the development and progression of this path-
ological state that broadly includes chemical, physical, and biological agents. All 
these agents, separately or in combination, alter normal cellular functions and thus 
contribute to the disease state. Surgery, radiation, and chemotherapy have been the 
mainstay of treatment for human malignancies for more than 40 years. Each of these 
treatment modules is restricted by its own set of limitations owing to factors includ-
ing location, size, and stage of malignancy present, along with the age and medical 
condition of the patient. Surgery is the best option when the tumor is localized, but 
in advance stages, this option becomes unviable. Chemotherapy and radiotherapy 
are mainly limited by dose-associated side effects. Chemotherapy being a systemic 
approach impacts a wide range of tissues, whereas radiotherapy has comparatively a 
more localized effect.2

As the current anticancer therapies like radiotherapy and chemotherapy are often 
met with the burden of high cost, serious side effects, toxicity, and tumor relapse, 
approaches that are safe, nontoxic, cost-effective, and easily available are desired to 
control and manage tumor growth and progression. Plant-derived natural compounds 
as novel anticancer agents have gained impetus in the recent past. Phytochemicals 
isolated from plants can inhibit the action of various carcinogens or can act as block-
ing agents to activate detoxification, induce antioxidant enzymes, reduce inflam-
matory response, and decrease tumor cell growth by inducing apoptosis and/or cell 
cycle arrest. They can act as suppressing agents to restrain tumor cells from pro-
motion and progression by destroying one or more cell signaling pathways. These 
agents also have the potential to reverse the process of carcinogenesis before prog-
ress to the invasive stage.3,4 Importantly, these phytochemicals of plant origin have 
no or less toxicity, high efficiency, capability of oral administration, and low cost. 
Due to continuous efforts over the years, several anticancer drugs have come out but 
the main problem with these agents is the associated toxicity and the lack of specific-
ity as these agents also kill the surrounding normal cells. Hence, there is a need for 
site-specific delivery of anticancer agents to achieve the highest therapeutic value.

8.1.2 CurCumin: iTs origin, hisTory, and appliCaTions

Although a number of drugs are available for the treatment of cancer nowadays, 
they have limited potential as they are either inefficient in treatment or toxic or very 
expensive. Some of the widely used drugs include cyclophosphamide, doxorubicin, 
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cisplatin, epirubicin, etc. Therefore, to get rid of these disadvantages, the search for 
new types of drugs continues. Curcumin is one such type of phytochemical that is 
able to overcome most of these limitations. Curcumin, a hydrophobic polyphenol, 
is an orange crystalline powder derived from the herb Curcuma longa (commonly 
known as turmeric). The turmeric plant, perennial herb, belonging to the ginger 
family is extensively cultivated in India and Eastern Asia. The rhizome (or root) is 
the most useful part of the plant, which contains most medicinal values; it contains 
2%–5% curcumin. Traditionally, curcumin has a variety of uses: as spice, pigment/
coloring agent in foods and textiles, in cosmetics, and as medicine.5,6 In traditional 
Indian and Chinese medicine, curcumin is used in the treatment of anorexia, cough, 
biliary diseases, diabetic wounds, rheumatism, hepatic disorders, sore throat, and 
sinusitis.7 Its medicinal uses are widely described in Ayurveda. In India, turmeric 
paste in slaked lime is a popular home remedy for the treatment of local inflamma-
tion and wound healing. The pharmacological safety of curcumin is well accepted as 
it has been consumed as a dietary spice at a dose of up to 100 mg per day for centu-
ries.8 In the United States, curcumin is used as a coloring agent in cheese, mustard, 
pickles, ice cream, soups, etc.

Curcumin was first isolated in 1815 by Vogel,9 and then its crystalline form 
was isolated in 1870 by Daube, identified as 1,6-heptadiene-3,5-dione-1,7-bis(4-
hydroxy-3-methoxy phenyl)-(1E,6E) or diferuloylmethane.10 Later on, Lampe in 
1910  confirmed the feruloylmethane skeleton of curcumin.11 Curcumin is insoluble 
in water and ether, but soluble in ethanol, dimethylsulfoxide, and acetone. Its molec-
ular symbol is C21H20O6 and molecular weight is 368.37 g/mole. Chemically, it is a 
bis-α, β- unsaturated β- diketone exhibiting a melting point of 183°C.

Turmeric contains curcumin along with other chemical constituents, commonly 
known as Curcuminoids.12 The major curcuminoids present are demethoxycur-
cumin (curcumin II), bisdemethoxycurcumin (curcumin III), and cyclocurcumin 
(Figure  8.1). The curcuminoid complex is commonly known as Indian saffron, 
 yellow ginger, or kacha haldi. The commercial curcumin contains about 77% cur-
cumin I, 17% curcumin II, and 3% curcumin III as its major components.

Extensive research has been done on the medicinal significance of curcumin. 
It has been found to exhibit antioxidant,13 antiviral,14 antibacterial,15 antifungal,16 
and anti-inflammatory activities,17 among others (Figure 8.2). Subsequently, cur-
cumin has the potential to cure various diseases like asthma, diabetes,18 cataract 
formation,19 neurodegenerative disease like Alzeimer’s,20 arthritis,21 allergies,22 
atherosclerosis,23 etc. Moreover, the most important character found in curcumin 
is its potential in the prevention and treatment of a variety of cancers: blood,24 
skin,25 oral cavity,26 lung,27 pancreas,28 prostate,29 and intestinal tract.30 Another 
promising advantage of curcumin is its minimal side effects in clinical application 
as a drug.31

8.1.3 anTiCanCer poTenTial of CurCumin

Curcumin has been in use for treatment of multiple carcinomas including colon,32 
prostate, head and neck,33 breast, pancreatic, ovarian, lung, liver, and many oth-
ers. The potentialities of curcumin are multidirectional from its proficiency 
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of chemoprevention and anticancer activity by interfering with almost all bio-
chemical pathways. It suppresses proliferation and downregulates different 
transcription factors (NF-κB, AP-1, and Egr-1) and the expression of different 
cancer-inducing genes and their products (COX2, LOX, NOS, MMP-9, uPA, 
TNF, chemokines, cell surface adhesion molecules cyclin D1), including growth 
factor receptors.34 Curcumin has also been reported as a potent antioxidant and 
anti-inflammatory molecule and is shown to be a mediator of chemoresistance 
and radioresistance in almost all stages of cancer through suppression of tumor 
from initiation, promotion, and metastasis.35 The modulatory potential of cur-
cumin on phase I and II xenobiotic metabolizing enzymes, antioxidants, and 
free radical scavenging properties plays a role in the first line of action against 
carcinogenesis through carcinogen bioactivation via the suppression of specific 
cytochrome P450 isozymes and induces the activity or expression of phase II 
carcinogen detoxifying enzymes, which may account for its cancer chemopre-
ventive effects. Cyclin D1 is a proto-oncogene that is overexpressed as a result of 
gene amplification or translocation in many cancers, including breast,36 esopha-
gus,37 lung,38 liver,39 and head and neck.40 Recent findings suggest that curcumin 
downregulates cyclin D1 expression through the activation of both transcrip-
tional and post-transcriptional modifications, which may contribute to the antip-
roliferative effects of curcumin.
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FIGURE 8.1 Structure of curcuminoids: (a) curcumin I, (b) curcumin II, and (c) curcumin III.
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Curcumin is also known to suppress the proliferation of human vascular endothe-
lial cells in vitro41 and to abolish the FGF-2-induced angiogenic response in vivo42 
suggesting that curcumin also performs antiangiogenic activities. Tumor suppressor 
genes p53, PTEN, and RB143–45 regulate the various cellular and molecular pathways 
and prevents cancer formation. Numerous in vivo and in vitro reports showed that 
turmeric and its constituents have a significant role in cancer prevention or inhibition 
by regulating the expression of tumor suppression genes along with other important 
associated genes—egr-1, cmyc, and bcl-XL in B cells.46 The combination of curcumin 
along with drugs plays a very diverse role on the chemosensitization of drugs by 
decreasing the P-glycoprotein function and expression and the promotion of caspase-3 
activation along with decreased IC50 value against different types of cancers. Current 
reports also suggest that curcumin, in combination with radiation, inhibits TNF-α-
mediated NF-κB activity, resulting in bcl-2 protein downregulation, which make it a 
potent radiosensitizer.

8.1.4 shorTComings of CurCumin and Their remedy

In spite of all these qualities of curcumin, different studies on absorption, distribu-
tion, metabolism, and excretion exposed its poor solubility and relatively low bio-
availability. The low bioavailability of curcumin is because of its poor absorption, 
low serum level, limited tissue distribution, rapid metabolism, and rapid elimina-
tion.46 Wahlstrem and Blennow first reported extremely low serum curcumin level 
in the blood plasma of Sprague–Dawley rats.47 Later studies showed that the serum 
level of curcumin in rats and human is not directly comparable. In rats, when cur-
cumin was given orally at a dose of 2 g/kg, a maximum serum concentration of 1.35 ± 
0.23 µg/mL was observed at time 0.8 h, whereas in human the same dose resulted 
in either undetectable or extremely low serum level, that is, 0.006 ± 0.005 µg/mL 
at 1 h.48 The route of administration also impacts the bioavailability of curcumin. 
Works of Yang et al. showed that when 10 mg/kg of curcumin administrated intra-
venously (i.v.) in rats, the maximum serum curcumin level was 0.36 ± 0.05 µg/mL, 
but when a 50-fold higher curcumin dose was given orally, only 0.06 ± 0.01 µg/mL 
maximum serum curcumin level was observed in rats.49 Another limitation associ-
ated with curcumin is its poor tissue distribution. However, this has not yet been 
studied much. Pan et al. administrated curcumin in a mouse model via intraperito-
neal (i.p.) route at a dose of 0.1 g/kg, and after 1 h found a maximum amount of 117 
µg/g curcumin in intestine while 26.9 µg/g in liver, 26.1 µg/g in spleen, 7.5 µg/g in 
kidney, and only a trace amount of 0.4 µg/g in brain tissues.50 Garcea et al. exam-
ined curcumin level in the colorectum and its pharmacodynamics consequences in 
colorectal cancer patients. When 3600 mg of curcumin was given to the patients 
via i.p. route, the concentration of curcumin in normal and malignant colorectal 
tissues were 12.7 ± 5.7 and 7.7 ± 1.8 mmol/g, respectively, and these doses showed 
pharmacological activity in colorectum.51 When patients were given 450–3600 mg 
of curcumin daily for 1 week as dietary intake, no curcumin was found in their 
liver tissues.52 From these results, it was suggested that the pharmacokinetics of 
curcumin observed in tissues when administered intraperitoneally cannot directly 
be compared with those observed after dietary intake. Half-life, that is, systematic 
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elimination or clearance of curcumin from the body, determines its relative biologi-
cal activity. Studies have shown that due to its rapid intestinal and hepatic metabo-
lism, about 60%–70% of an oral dose of curcumin gets eliminated in the feces.50 
As mentioned, although curcumin is extremely safe via oral administration even 
at very high dose (which is not found in case of other drugs), its use is limited 
owing to its poor bioavailability, low solubility, and rapid degradation and metabo-
lism. For these reasons, it is considered as a class II drug in the Biopharmaceutics 
Classification System.53

Consequently, continuous efforts have been made over the past three decades 
to overcome these disadvantages and to increase the efficacy of curcumin. 
Numerous strategies have been formulated to enhance the therapeutic efficiency 
of curcumin. Different types of formulations have been evaluated to gain the full-
est advantages of curcumin. These formulations include adjuvants,54 liposomes,55 
micelles,56 phospholipid complexes,46 and nanoparticles. The schematic repre-
sentations of these formulations are shown in Figure 8.3. The intention behind 
preparing these formulations is primarily to increase the absorption of curcumin 
by tissues.
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FIGURE 8.3 Schematic representation of (a) micelle, (b) liposome, (c) nanoparticle, and 
(d) cyclodextrin.
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8.1.4.1 Adjuvants
Adjuvants are one of the major premises being used to improve the bioavailability of 
curcumin. They can block the metabolic pathways of curcumin and thereby modulate 
its activity. For example, when genistein was combined with curcumin, it showed a 
synergistic inhibitory effect against cellular proliferation of the breast cancer cell line 
MCF-7 induced by estrogenic pesticides.57 This inhibitory effect was superior to indi-
vidual effects of either curcumin or genistein. Similarly, several other adjuvants were 
evaluated in order to improve the bioavalability of curcumin. Shoba et al. reported 
that piperine, in combination with curcumin found to increase serum curcumin level 
and enhance curcumin bioavailability.48 Again, Eugenol and terpenol are two agents 
that in combination with curcumin enhanced skin curcumin absorption.58

8.1.4.2 Liposomes, Micelles, and Phospholipid Complexes
These are other promising novel formulations that can reduce the hydrophobicity of 
curcumin and also can increase the permeability of membrane barriers by interact-
ing with membrane components. Liposomes have the advantages of loading both 
hydrophilic and hydrophobic drugs. Dhule et al. investigated the in vitro and in vivo 
antitumor activity of liposomal curcumin against osteosarcoma cells and demon-
strated that liposomal curcumin exhibits significant anticancer potential on KHOS 
osteosarcoma cell lines and MCF-7 breast cancer cell lines.59 They encapsulated 
curcumin in cyclodextrin followed by second encapsulation within liposomes. The 
induced apoptosis by these liposomal curcumin was further confirmed by in vivo 
studies on xenograft OS mice models. A recent study on solid lipid complex with 
134 nm and 84% encapsulation reported high oral bioavailability in the plasma of 
male Wistar rats. With this formulation, the serum level of curcumin was found to 
be greatly enhanced in comparison to free curcumin.60 Micelles and phospholipid 
complexes can improve the gastrointestinal absorption of natural drugs, resulting in 
higher plasma levels and lower kinetic elimination that in turn result in improved bio-
availability. Pharmacokinetic studies of Ma et al. established that polymeric micellar 
curcumin offered a 60-fold higher biological half-life for curcumin in rats compared 
to curcumin solubilized in a mixture of DMA, poly(ethylene glycol) (PEG), and 
dextrose.61 Methoxypoly(ethyleneglycol)-b-poly(ε-caprolactone-co-p-dioxanone), 
MPEG-P(CL-co-PDO) micelles loaded with curcumin with >95% encapsulation 
efficiency found to inhibit the growth of PC-3 human prostate cancer in a dose-
dependent manner.62 In vivo studies of curcumin–phospholipid complex in Sprague–
Dawley male rats showed significant enhancement in plasma curcumin level along 
with a 1.5-fold increase in curcumin half-life over free curcumin.63

8.1.4.3 Derivatives
Various curcumin derivatives and analogs have been developed in order to enhance 
the metabolic stability and anticancer activity of curcumin. Mosley et al. reviewed 
different studies on the biological activity of curcumin and its derivatives.64 Their 
studies reported a curcumin analogue designated as EF24, which showed increased 
antitumor activity in vitro and in vivo compared to curcumin. The bioavailability 
of this curcumin analogue oral and i.p. was found to be 60% and 35%, respectively. 
Many other groups investigated the effect of curcumin in combination with other 
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promising drugs. For example, curcumin in combination with paclitaxel causes a 
significant reduction in tumor growth when studied in MDA-MB-231 xenograft 
models.65 Another route to improve its bioavailability was to chelate curcumin with 
metals. The presence of two phenolic groups and one active methylene group make 
curcumin an excellent ligand for chelation. Several studies have been conducted 
on the biological activity of curcumin metal chelates. For example, curcumin cop-
per complex,66 curcumin vanadyl complex,67 etc., have shown superior anticancer 
activity than curcumin; curcumin boron complex has a 10-fold in vitro inhibitory 
effect against HIV-1 and HIV-2 protease than curcumin68; curcumin manganese 
complex exhibited more potent neuroprotective activity than curcumin both in vitro 
and in vivo.69 These results suggested their better biological activity over curcumin. 
However, more research is needed to prove they are safe therapeutics.

8.1.4.4 Cyclodextrin
Cyclodextrins (CD) are a family of compounds made up of sugar molecules bound 
together in a ring. They have a hydrophilic outer surface and hydrophobic central 
cavity. Therefore, they are used to enhance the solubility and bioavailability of hydro-
phobic drugs. The hydrophobic cavity thus protects the hydrophobic drug molecule 
from aqueous environments, while the polar outer surface of the CD molecule pro-
vides the solubilizing effect. The commonly used cyclodextrins in pharmaceutical 
applications are α, β, and γ-CD, and their derivatives such as hydroxypropyl-β-CD 
(HPβCD) and methyl β-CD (MβCD). Yadav et al. prepared solid inclusion complexes 
with HPβCD and MβCD complexes by solvent evaporation methods.70 The ability to 
increase the solubility of curcumin by CD is found to increase in the order HPβCD 
> MβCD > γCD > βCD. Curcumin molecules seemed to fit better in HPβCD than 
into the cavities of MβCD, thereby exhibiting similar solubility. The results showed 
at 12  h 97.82% of curcumin was released with HPβCD complex as compared to 
68.75% release with MβCD and 16.12% with the pure drug. They have correlated 
these higher release rates with improved in vivo bioavailability of curcumin–HPβCD 
complexes as compared to curcumin alone while studying rat colitis models. Rahman 
et al. reported the preparation of β-CD–curcumin inclusion complexes and its entrap-
ment within liposomes followed by subsequent assessment of in vitro cytotoxicity 
using model lung and colon cancer cell lines. All the formulations showed preferen-
tial anticancer activity.71

8.1.4.5 Nanoparticles
Nanoparticle-based formulations have caught the attention of researchers recently 
due to their capacity to penetrate membrane barriers because of their small size.72 
Nanoparticles offer various benefits, including membrane penetration, binding and 
stabilization of proteins, and lysosomal escape after endocytosis. Most of the bio-
logical systems and nanomaterials share the same range of sizes that offer better 
interaction between the two (Figure 8.4). Besides this, their prospective for being 
modified for targeting specific organs makes them excellent drug carriers. Targeted 
drug delivery system based on nanoparticles appears to deliver curcumin with bet-
ter permeability, longer circulation, and stronger resistance to metabolic processes. 
Various aspects of nanoparticles in curcumin delivery are discussed next.
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8.2  NANOTECHNOLOGY: AN AUSPICIOUS 
TOOL IN CURCUMIN DELIVERY

Nanotechnology has gained immense popularity in the development of advanced 
therapeutic systems. One of the most active research areas of nanotechnology is 
nanomedicine, where nanotechnology is applied to highly specific medical inter-
ference for the diagnosis, prevention, and treatment of diseases. A nanoparticle is 
a microscopic particle with at least one dimension less than 100 nm. The proper-
ties of the material changes as the percentage of atoms of the material become sig-
nificant. Due to this, nanoparticles show a number of special properties relative to 
larger particles. They have very high surface area to volume ratio and this provides 
a tremendous driving force for diffusion. Nanoparticles can easily enter biological 
membranes, cells, tissues, and organs, which is not possible for larger sized parti-
cles.73 This characteristic optimizes their potential for interaction with biomolecules. 
Hence, the development of nanomaterials has allowed to better understand molecu-
lar biology.

The particle size, shape, and surface of nanoparticles should be essentially manip-
ulated to achieve both passive and active drug targeting through various routes of 
administration. Many important properties of nanoparticles like circulation time, 
targeting, internalization, clearance, etc., depend on their size. Therefore, cellular 
uptake of nanoparticles with different sizes has been extensively studied in recent 
years.74,75 Studies on cellular uptake of different sized polystyrene nanoparticles on 
human colon adenocarcinoma cells showed that particles with 100 nm displayed most 
efficient cellular uptake compared to those with sizes of 50, 200, 500, and 1000 nm.76 
The surface charge of nanoparticles has much importance in their efficacy and path-
ways of uptake since biological systems contain numerous biomolecules with various 
charges. Positively charged nanoparticles showed significant cellular uptake followed 
by negatively charged ones, whereas neutral nanoparticles showed lowest internal-
ization than that of positively and negatively charged nanoparticles. The shape of 
nanoparticles also plays an important role in their affinity to interact with biological 
systems. The effect of nanomaterial shape has been demonstrated in recent studies 
on cellular uptake.77 Nanorods exhibit highest uptake in human cervical cancer cells, 
followed by spheres, cylinders, and cubes. The intracellular uptake efficiency of rod-
shaped and spherical nanoparticles have been investigated on many types of cells.78

Nanostructured biomaterials alter and improve the pharmacokinetic and phar-
macodynamics properties of various types of drugs. Drugs are incorporated into the 
nanoparticles either through physical entrapment, adsorption, or chemical conjuga-
tion, thereby significantly improving the therapeutic index of the drugs compared to 
free drug counterparts. Nanoparticles-based drug delivery systems have potential 
to enhance the safety, solubility, and bioavailability of drugs. They are specially 
designed to absorb or encapsulate a drug and thereby protect them from enzymatic 
degradation, enabling their controlled release and prolonged blood circulation. 
Moreover, these systems provide targeted delivery of the active agents to tissues or 
cells, decreasing their toxicity and hence limiting their nonspecific uptake. In these 
systems, the controlled release of encapsulated drug and the particle degradation 
features can be readily modulated by the choice of matrix components.
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Although numerous strategies have been formulated to enhance the bioavail-
ability of curcumin, only its application in the field of nanotechnology has consid-
erably enhanced its therapeutic effects. Many types of nanoformulations such as 
liposomes,79 micelles,56 solid lipid nanoparticles,80 protiens,81 nanoemulsions,82 
polymeric nanoparticles,83 etc., have been established as curcumin delivery carriers. 
These nanoparticulate drug delivery systems seem to be a promising approach for 
the delivery of curcumin. Among these diverse drug delivery approaches, currently 
significant research effort is being made on curcumin delivery using polymeric 
nanoparticles.

8.3  POLYMER NANOPARTICLES: PROMISING 
MATERIAL IN CURCUMIN DELIVERY

Polymer nanoparticles include polymeric micelles, nanocapsules, and also nano-
spheres. Polymeric micelle possesses a hydrophobic core, which acts as a pool 
for hydrophobic drugs, and a hydrophilic covering that stabilizes the hydropho-
bic core and makes the whole system water soluble. Hence, the aqueous solubil-
ity of curcumin can be increased by encapsulating within polymeric micelle 
system.84 Nanocapsules can be defined as a vesicular system that can encapsulate 
water- soluble drugs in a polymer membrane. On the other hand, nanospheres can 
be defined as a matrix system that is able to distribute drugs uniformly within 
the polymer matrix. Hence, nanospheres are most suitable for incorporating water-
insoluble curcumin. The importance on polymeric nanoparticles lies due to their 
stable structure; tailor-made property, such as size; zeta potential; drug release 
profiles, etc., that can be tuned by altering polymer length, selecting surfactants, 
cross-linking agents, fillers, solvents, etc., during the synthesis process. The func-
tional groups present on the surface of polymeric nanoparticles can also be chemi-
cally modified with targeting ligands to get better therapeutics.85,86 The drug can be 
absorbed to the nanocapsule during the synthesis process or covalently conjugated 
to the surface of the nanoparticles. Once they are at the target site, the drug may 
be released from the  nanoparticle by diffusion, swelling, erosion, degradation, or 
in response to the input of an external energy such as a magnetic field, light, or 
ultrasound. Degradation and drug release kinetic can be specifically controlled by 
different physicochemical properties of polymer: molecular weight, polydispersity 
index, hydrophobicity, and crystallinity.

Polymeric nanoparticles as the carriers of curcumin can boost the drug’s effi-
cacy by targeting definite cells or tissues.87 Subsequently, their toxicity reduces as 
fewer drugs accumulate in healthy tissues, and hence, occasionally, higher doses 
also can be administrated. Polymeric nanoparticle–based systems can provide 
efficient solubilization, stabilization, and controlled delivery of curcumin for can-
cer therapy. The controlled delivery technique is used for the purpose of achieving 
more effective therapies while eliminating the potential for both under- and over-
dosing. It can be defined as a technique in which the drug is made available to a 
specific target at a rate and duration necessary to accomplish an anticipated effect. 
Numerous experiments have been done time to time to develop such systems. 
For example, some controlled release systems have been evaluated in such a way 
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that they can respond to changes in biological environment and deliver the drug 
accordingly. Controlled delivery has become an important factor in designing effi-
cient drug delivery systems. The next generation of controlled delivery systems 
are targeted delivery systems, which allow the transport of drug directly to the site 
of disease under various conditions and thereby treat it deliberately with no side 
effects on the patient’s body. In cancer therapy, both controlled and targeted deliv-
ery of the anticancer agent to the site of action is highly necessary for maximizing 
the killing effect during tumor growth phase and hence to avoid drug exposure to 
healthy tissues, thereby reducing toxicity. It is also necessary to maintain a fixed 
rate of infusion of the drug into the tumor to maximize exposure to dividing cells, 
resulting in tumor regression. Therefore, owing to all the advantages of controlled 
release technique, curcumin-loaded, pH-sensitive, and thermosensitive polymer 
nanoparticles have been prepared for the treatment of various types of cancers.88,89

Both synthetic and natural biodegradable and biocompatible polymers have been 
employed in the preparation of nanoparticle-based drug delivery systems. The most 
explored polymers include poly(ethylene glycol), poly(lactic acid-co-glycolic acid) 
(PLGA), chitosan, dextran, and starch. The polymeric nanoparticle surface can be 
sterically stabilized by grafting, conjugating, or adsorbing hydrophilic polymers to 
its surface, which can reduce hepatic uptake and improve the half-life circulation of 
the nanoparticles.

8.3.1 differenT TeChniques for polymer nanoparTiCle preparaTion

In the case of polymer nanoparticles, the preparation technique plays a key role in 
achieving the desired properties. Properties like size, surface size,  permeability, 
drug encapsulation, drug solubility, drug release, biocompatibility,  toxicity, anti-
genicity, etc., are very much dependent on the polymer structure, that is,  indirectly 
on the preparation methods. These can be accomplished by different techniques. 
Some of these techniques are defined next and schematically  presented in 
Figure 8.5.

8.3.1.1 Nanoprecipitation
Nanoprecipitation is also known as the solvent displacement method. This method 
involves the precipitation of a preformed polymer from an organic solution and the 
diffusion of the organic solvent in the aqueous medium in the presence or absence 
of a surfactant. The polymer is dissolved in a water-miscible solvent with interme-
diate polarity, which is then injected into an aqueous solution containing a stabi-
lizer/surfactant, under stirring condition. Nanoparticles are formed instantaneously 
by rapid solvent diffusion. The remaining solvent is removed from the suspension 
under reduced pressure. This method is basically applicable to poorly soluble drugs. 
Different properties of the nanoparticles like particle size, drug release, and yield 
are found to be effectively organized by amending the preparation parameters. The 
particle size is found to depend on the rate of addition of the organic phase into the 
aqueous phase. As the rate of mixing of the two phases increases, both particle size 
and drug entrapment decrease. Particle size also depends on the polymer concentra-
tion in the organic phase.
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8.3.1.2 Solvent Evaporation
It is the first method and also most frequently used method to prepare polymer 
nanoparticles. It includes initial preparation of polymer solutions in volatile solvent to 
formulate emulsions. The emulsion is then converted into a nanoparticle suspension 
on evaporation of the solvent, which is permitted to diffuse through the  continuous 
phase of the emulsion. Two types of emulsions can be prepared: a single emulsion, 
oil-in-water (o/w), or a double emulsion, (water-in-oil)-in-water (w/o/w). The method 
employs high-speed homogenization or ultrasonication, followed by evaporation 
of the solvent either by continuous magnetic stirring at room temperature or under 
reduced pressure. The nanoparticles are then collected by ultracentrifugation and 
washed with water to remove stabilizer residue or any free drug and finally it is 
lyophilized. Particle size has been found to be controlled by the type and concentra-
tion of the stabilizer, speed of the homogenizer, ultrasonication time, and polymer 
concentration. The nanoparticles PLA,90 PLGA,91 cellulose acetate phthalate, PCL,92 
etc., are formulated by this technique.

8.3.1.3 Salting Out
The salting out method is based on the separation of a water-miscible solvent from 
aqueous solution via a salting out effect. It can be considered as a modification of 
the emulsification- solvent diffusion technique. In this method, polymer and drugs 
are dissolved in a solvent (e.g., acetone), which is subsequently emulsified into an 
aqueous gel containing the salting out agent and a colloidal stabilizer. Electrolytes 
such as magnesium chloride and calcium chloride or non electrolytes like sucrose 
can be used as salting out agents, whereas polyvinylpyrrolidine or hydroxycellulose 
are used as colloidal stabilizers. The resultant oil/water emulsion is then diluted 
with a sufficient volume of water or aqueous solution to increase the diffusion of the 
solvent into the aqueous phase, thus inducing the formation of nanospheres. Here the 
selection of the salting out agent is crucial as it plays an important role in the encap-
sulation efficiency of the drug. Different parameters can be varied such as stirring 
rate, polymer concentration in the organic phase, types of electrolytes, and types of 
stabilizers in the aqueous phase to get the desired properties in the nanoparticles. 
PLA, poly(methacrylic) acid, ethyl cellulose nanosphere with high encapsulation 
efficiency is reported to be prepared by this technique. But this method involves 
limited use of lipophilic drugs and extensive nanoparticle washing steps.

8.3.1.4 Ionic Gelation or Coacervation
The coacervation technique is basically used for the preparation of polymer nanopar-
ticles using any biodegradable hydrophilic polymers, for example, chitosan, gelatin, 
and sodium alginate. Coacervation is defined as the separation of two liquid phases 
in a colloidal system. The phase more concentrated in a colloid component is the 
coacervate and the other phase is the equilibrium solution. Banik et  al. prepared 
isoniazid-loaded chitosan nanoparticles by this method.93 The method involves 
a mixture of two aqueous phases, of which one is the chitosan polymer and the 
drug and the other is poly anion sodium tripolyphosphate. In this technique, neg-
atively charged amino groups of chitosan chains interact with positively charged 
 tripolyphosphate to form coacervate in the nanometer size range. The application of 
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surfactants was found to be useful to control the particle size. Hence, coacervates are 
formed as a result of the electrostatic interaction between two aqueous phases while 
ionic gelation includes the material undergoing transition from liquid to gel due to 
ionic interaction conditions at room temperature.

8.3.1.5 Emulsification
It is one of the fastest techniques for nanoparticle preparation. Based on the applica-
tion of an organic or aqueous continuous phase, the emulsification technique can be 
classified into two categories. The continuous organic phase procedure involves the 
dispersion of monomer into an emulsion or inverse microemulsion, or into a material 
in which the monomer is not soluble. But this procedure uses toxic organic solvents, 
surfactants, and initiators due to which its application has limitations. Lowe et al. 
reported the synthesis of polyacrylamide nanospheres by using this technique.94 In 
the continuous aqueous phase, the monomer is dissolved in the continuous aqueous 
solution. This method does not require any surfactant or emulsifier. The polymeriza-
tion process initiates by using an initiator molecule that might be anionic or a free 
radical. Phase separation and formation of solid particles takes place before or after 
the termination of the reaction. Lescure et al. formulated poly(alkylcyanoacrylate) 
nanoparticles and found that the initiator concentration and pH of the medium influ-
enced different properties of the nanoparticles.95

8.3.2 parameTer and properTy sTudies of nanoparTiCles

The size of nanoparticles plays a very important role in controlling various other 
properties of the nanoparticles including stability, drug loading, drug release, and 
toxicity. Again, surface charge affects stability and surface modification along with 
in  vivo performance of the nanoparticles, for example, cellular uptake, cellular 
target, and cytotoxicity. Generally, positively charged nanoparticles seem to show 
improved efficacy of drug delivery, cellular uptake, and imaging but in contrast lead 
to higher cytotoxicity. Therefore, characterization of the nanoparticles is necessary 
in terms of their size, surface morphology, and surface charge by using scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), dynamic 
light scattering (DLS), zeta potential, etc.

SEM gives information about the surface morphology and size of the nanopar-
ticles. However, it can give only limited information about size. Dry powdered 
nanoparticles should be coated with a conductive metal such as platinum or gold 
for SEM characterization. Information on drug encapsulation, distribution, cross-
linking effect on surface, exfoliation of clay layer inside nanoparticles, etc., can 
be drawn from SEM analysis. TEM gives information about size, shape, and size 
distribution of the nanoparticles. Sample preparation for TEM is more complex 
and time consuming in comparison to SEM. The samples have to be exposed to 
liquid nitrogen. The size distribution can be better analyzed by DLS method. The 
samples are analyzed in solution state for this technique. The size distribution data 
derived from TEM and DLS differ as TEM analyzes the nanoparticles in a dry 
state. Particle size can be accurately analyzed further by atomic force microscopy 
(AFM), which offers ultrahigh resolution in particle size. Furthermore, AFM has 
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the advantage of analyzing nonconducting samples (e.g., biological/polymeric 
nanoparticles), without any specific treatment. It is a very useful technique for ana-
lysing biological particles.

Zeta potential is determined in order to get information about colloidal stability 
and surface charge of the nanoparticles. High zeta potential values, either positive 
or negative, indicate good stability and minimal aggregation of nanoparticles. It also 
provides information about the coating material of the nanoparticles.

Drug loading and drug release are the two basic important properties that signify 
the success of a drug delivery system. High drug loading capacity reduces the quan-
tity of the carrier for administration. Drug can be loaded into the nanoparticles in 
two different ways: either by incorporating it at the time of nanoparticle synthesis 
or by adsorbing the drug after the formation of nanoparticles. The first method has 
been found to be more useful compared to the latter. In the case of the entrapment 
method, many factors, for example, the concentration of polymer, cross-linker, and 
surfactant and the presence of clay particles96–98 play a crucial role in governing 
the drug loading capacity. Drug loading efficiency of nanoparticles is calculated by 
using the following formula:

Loading efficiency % =  (Total amount of drug − free amount of drug) 
× 100/Weight of dry NPs

Drug loading of the nanoparticles can be determined by UV-visible spectroscopy or 
high-performance liquid chromatography (HPLC) after centrifugal ultrafiltration. 
The same techniques are used for the determination of drug release for definite time 
periods. Drug release from nanoparticles depends on various factors like rate of 
diffusion through the nanoparticles matrix, desorption of surface-bound drug mol-
ecules, nanoparticle erosion, etc.

To analyze cytotoxicity of the nanoparticles, various techniques have been fol-
lowed. One of the widely used techniques is MTT assay, which is a colorimetric 
assay for measuring the activity of cellular enzymes that reduce the tetrazolium dye, 
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), to its insol-
uble formazan, giving a purple color. A solubilization solution, usually dimethyl 
sulfoxide, is added to dissolve the insoluble formazan product into a colored solution. 
The absorbance of that colored solution can be quantified by using a spectrophotom-
eter at a certain wavelength. Some of the other tetrazolium dyes are MTS, XTT, and 
WTS. XTS assay is considered superior to MTT assay due to higher sensitivity and 
higher dynamic range. In this technique, the formed formazan dye is water soluble, 
hence does not require the final solubilizing step. WSTs (water-soluble tetrazolium) 
are a series of water-soluble dyes in the MTT assay that give different absorption 
spectra for the formed formazans. This technique can be performed directly (no 
need for the solubilizing step) and it produces a more effective signal than MTT.

Another important parameter of nanoparticles for drug delivery application is 
their cellular uptake. The uptake capacity of the nanoparticles in definite cancer cell 
lines can be evaluated by using either phase contrast, laser scanning confocal, fluo-
rescence microscope, or TEM. Cell uptake (internalization) measures the stability 
of a nanoformulation.
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8.3.3  differenT polymeriC nanoparTiCle 
formulaTions for CurCumin delivery

8.3.3.1 Poly(lactide-co-glycolide)
PLGA polymer nanoparticles have attracted great interest from researchers due 
to their excellent biocompatibility, biodegradability, and mechanical strength.99 
Studies on these PLGA nanoparticles have enhanced therapeutic efficiency against 
metastatic, ovarian, breast, and prostate cancer. Consequently, efforts are being 
made to formulate different types of PLGA nanoparticles for curcumin encapsu-
lation in order to achieve a safe biomedical device. A simple solid-oil-water sol-
vent evaporation method has been used to prepare curcumin-encapsulated PLGA 
nanoparticles.100 The particle size of the nanoparticles can be controlled by vary-
ing the surfactant concentration and sonication time. The nanoprecipitation tech-
nique has also been used to prepare curcumin-loaded PLGA nanoparticles in the 
presence of polyvinylalcohol and ploy-L-lysine as stabilizers.101 This system was 
found to be very stable with enhanced cellular drug uptake and retention capacity 
along with sustained release of curcumin. The nanoparticles have also shown a 
greater inhibitory effect on the growth of metastatic, ovarian, and breast cancer 
cells in comparison to free curcumin. Cetyl trimethylammonium bromide (CTAB) 
or PVA or PEG-5000 was used as stabilizer in emulsion diffusion evaporation 
methods for the preparation of curcumin-loaded PLGA nanoparticles.102 The pre-
pared nanoparticles showed significant cellular uptake, in  vitro bioactivity and 
superior in vivo bioavailability in comparison to native curcumin. These types of 
nanoformulations have high potential in adjuvant therapies for prostate cancer.100 
Works of Anand et al. on PLGA–curcumin nanoparticles showed that curcumin 
serum level in curcumin-loaded nanoparticles almost doubled compared to cur-
cumin alone.103 Excellent in vivo bioavailability was also observed in this study. 
Besides these, the half-life of curcumin–nanoparticles combination was also sig-
nificantly increased than those of curcumin alone, indicating their bioavailability 
in animals. Their noticeable anticancer efficacy was observed in nude mice xeno-
graft model as well.104

To achieve any desired property like increase in drug retention time in blood, 
reduction in nonspecific distribution, or targeting tissues or specific cells, sur-
face functionalization or modification of nanoparticles is necessary. In order to 
gain mucoadhesive property, Grabovac and Bernkop formulated modified PLGA 
nanoparticles with thiolated chitosan.105 Bis(sulfosuccinimidyl)suberate (BS3) has 
been used for surface modification of PLGA nanoparticles to facilitate conjuga-
tion of annexin A2, which turned out to be an efficient target delivery of curcumin 
to annexin A2 positive MDA-MB-231 cancer cells.106 This formulation increased 
the half-life of curcumin from 2.32 to 19.9  min in the cerebral cortex and from 
7.56 to 16.7 min in the hippocampus. Along with these, retention time values of 
the cerebral cortex and the hippocampus were also increased about 2- and 1.8-fold, 
respectively. The curcumin plasma levels were found to be slightly higher with this 
system. Shahani et al. prepared a PLGA nanoparticles–based drug delivery system 
that showed a 10-fold increase in the concentration of curcumin in blood, lungs, and 
brain in comparison to PEG-400-curcumin formulation.104 The system also showed 
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a better curcumin loading capacity. Punfa et al. conjugated anti-P-glycoprotein onto 
PLGA nanoparticles to get better cellular uptake to target on the surface of cervi-
cal cancer cells KB-V1.107 They used modified pluronic F127 as a stabilizer for the 
preparation of curcumin-PLGA-APgp nanoparticles via the nanoprecipitation tech-
nique. Both specific binding and cytotoxicity of the prepared nanoparticles were 
significantly higher than those of curcumin and curcumin-PLGA nanoparticles. 
Overall, studies have shown the potential of PLGA nanoparticles as an attractive 
delivery system for increasing the therapeutic antitumor effect of curcumin while 
minimizing side effects.

8.3.3.2 Polyethylene Glycol
PEG is a well-known synthetic polymer used in many biomedical devices. It is 
recognized as a safe material owing to its hydrophilicity, nontoxicity, biocompat-
ibility, negligible antigenicity, and immunogenicity.108,109 Because of these qualities 
PEG now has been widely used in drug delivery systems to increase the therapeu-
tic efficacy of curcumin. The anticancer activity of PEG-curcumin conjugation has 
been studied on human prostate, colon, esophageal, and pancreatic cancer cells.110 
Works of Kim et al. showed their anticancer action against adipose tissues also.111 
PEG conjugation to curcumin improved the antiadipogenic function of curcumin 
in cultured adipocytes 3T3-L1 cells. PEG improved the water solubility and reten-
tion of curcumin making it a useful delivery device for curcumin in preadipocytes. 
A number of amphiphilic systems have been developed using PEG polymer for drug 
delivery applications. Sahu et  al. prepared a novel polymer amphiphile based on 
methyl poly(ethylene glycol) (mPEG) as the hydrophilic segment and palmitate as 
the hydrophobic segment.112 Palmitate, a hydrophobic, naturally occurring fatty acid 
in animals can be solubilized with curcumin in the core of the formulation while 
hydrophilic PEG helps to prolong the circulation time and biodistribution of cur-
cumin. In vitro experiment with HeLa cell lines showed enzyme mediated degra-
dation and release of encapsulated curcumin from mPEG-PA system (by cleaving 
the ester linkage of mPEG- PA). The nanocarrier showed good cellular uptake and 
cytotoxicity against HeLa cells.113 Poly(caprolactone) is another widely studied syn-
thetic biodegradable polymer in various biomedical applications. It is generally used 
to formulate block copolymer where it constitutes the hydrophobic segment with 
good drug encapsulation efficiency. It is conjugated with methyl PEG to encapsulate 
curcumin within mPEG- PCL nanoparticles for studying their cytotoxicity against 
C6 glioma cell lines.114 The copolymer was prepared via ring opening copolymeriza-
tion technique while the curcumin-loaded nanoparticles were synthesized by a sim-
ple coprecipitation method. The high affinity between curcumin and PCL leads to 
increased encapsulation efficiency and provides better sustained release of curcumin 
from the nanoparticles. Curcumin loaded in nanoparticles showed enhanced cellular 
uptake and cytotoxicity in malignant gloima cells compared to native curcumin. 
These nanoparticles were found effective against human lung cancer also, as evident 
from in vivo evaluation in A549 Xenograft mice models.115 They showed little toxic-
ity to normal tissues including bone marrow, liver, and kidney in therapeutic dose. 
Feng et al. prepared curcumin-loaded PCL-PEG-PCL triblock copolymeric nanopar-
ticles.116 The nanoparticles showed excellent controlled release of the drug, with only 
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55% release after 96  h and also effectively prolonged the retention of  curcumin. 
The in vivo experiments on Wistar rats proved that curcumin-loaded PCL-PEG-PCL 
nanoparticles were suitable candidates for in vivo delivery of curcumin in rats via 
intravenous injection.

8.3.3.3 Chitosan
Chitosan, an abundant cationic polymer obtained by N-deacetylation of chitin, is 
mainly composed of N-acetyl-D-glucosamine and D-glucose amine.117 Because of its 
nontoxicity, biocompatibility, biodegradability, bioadherence, antimicrobial activity, 
etc., chitosan has been widely used in different biomedical applications such as in drug 
delivery, gene therapy, wound dressing, and tissue engineering.118,119 Mucoadhesivity 
of chitosan has been broadly explored due to its capacity to interact with nega-
tively charged mucosal surfaces. Chitosan can facilitate in opening the tight junc-
tions between mucosal cells for enhanced drug absorption.120 Therefore, it is proved 
to be a suitable material for oral drug delivery and has attracted attention in cancer 
therapy as well. Mazzarino et al. prepared curcumin-loaded chitosan nanoparticles 
via nanoprecipitation method to study their mucoadhesive potential on mucin from 
bovine submaxillary glands. These nanoparticles showed excellent loading efficiency 
at 99%.121 In vitro studies on curcumin-encapsulated chitosan nanoparticles showed 
that this nanoformulation was nontoxic to normal cell lines and had worthy cellular 
uptake and anticancer activity on human breast cancer cell lines T47D.122 Kar et al. 
patented a chitosan–curcumin nanoparticle system that was proved to be safe in rat 
and mice studies at a dose of 40 and 4 mg of formulations, respectively, for 14 days.123 
Although chitosan has many favorable qualities for drug delivery applications, it also 
has some drawbacks such as limited solubility, poor initial loading for hydrophobic 
drugs, and burst release characteristics. Therefore, chemical modification of chitosan 
is required to improve polymer processability, solubility, drug release pattern, and 
the ability to interact with other substances. Anitha et al. prepared carboxymethyled 
chitosan (CMC) for improving its solubility at neutral and alkaline pH.124 Curcumin-
loaded CMC nanoparticles were prepared by employing simple ionotropic gelation 
method using TPP (sodium tripolyphosphate). The curcumin-loaded nanoparticle sys-
tem showed significant toxicity against cancer cell lines MCF-7 (breast cancer cell) 
and PC-3 (prostate cancer cell) as compared to normal cell lines L929. The cancer 
cells showed a higher uptake of curcumin-N, O-chitosan nanoparticles than that of 
normal cells, thereby indicating more cellular internalization of curcumin-loaded 
nanoparticles within cancer cells. In another study with the same formulation, FACS 
(fluorescence activated cell sorting) was done to confirm the cellular uptake of the 
nanoparticles by MCF-7 and normal cells.125 Shelma and Sharma have encapsulated 
curcumin within lauryl-sulfated chitosan and studied its oral bioavailability.126 These 
nanoparticles showed enhanced toxicity toward C6 cell lines (fibroblast glioma cell) 
than native curcumin. The pharmacokinetic studies of nanoparticles showed enhanced 
plasma curcumin level, indicating its tremendous pharmacological availability.

A number of amphiphilic systems with chitosan polymer have been synthesized 
for effective curcumin delivery. Dextran sulfate, a biocompatible polyanionic polymer, 
was conjugated with chitosan to get a controlled release and pH-dependent delivery 
system for curcumin delivery.127 This type of nanoparticle can be used for oral delivery 
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of insulin128 and intravenous delivery of anti-angiogenesis peptide.129 The nanoparticles 
showed good stability and did not require any cross-linker. These nanoparticles showed 
good anticancer activity against human breast cancer cells (MCF-7), prostate cancer 
cells (PC-3), and osteosarcoma cells (MG-63). The activity was more prominent in 
MG-63 cells compared to other cell lines.116 In another study, chitosan was modified 
with the naturally occurring anionic polysaccharide, alginate.130 Pluronic F127 has 
been used to enhance the solubility of curcumin, that is, to enhance the encapsulation 
and dispersion of curcumin into the alginate–chitosan nanoparticles. A marked differ-
ence in encapsulation efficiency was found in alginate–chitosan nanoparticles with and 
without PF127. Moreover, these nanoparticles showed considerable cellular internal-
ization and anticancer activity against human cervical cancer cell line, HeLA.

PF127 itself is a vital nontoxic copolymer highly used in drug delivery for its 
capability to increase the solubility of drugs and stabilizing properties. It comprises 
of polyoxyethylene (PEO) unit and polyoxypropylene (PPO); in aqueous solution it 
tends to aggregate into spherical micelle.131 This micellar structure can be used for 
incorporation of both hydrophilic and hydrophobic drugs and prolongation of drug 
release.132,133 But the main problem associated with it is its stability, which can be 
modified by coating with another suitable polymer. From this perspective, chitosan/
PF127 nanoparticles were prepared for curcumin delivery by Le et al. However, the 
cellular uptake of these nanoparticles in HEK293 cells (human embryonic kidney 
cell) was not up to the mark.134 The chitosan cover can protect the active agent from 
hydrolysis, thereby enhancing its circulation, and once targeted, the uptake of the 
nanoparticles can occur through an endocytosis process. The micelle will break 
down by the degradation of the chitosan cover by lysozyme, hence releasing cur-
cumin into the nucleus.

In  vitro drug release studies on curcumin-encapsulated polyelectrolyte complex 
of N-trimethyl chitosan and alginate showed controlled release of curcumin both in 
SGF and SIF medium.135 Chitosan can be used to coat hydrophobic polymers, which 
were unable to form nanoparticles easily. By considering this, Liu et  al. employed 
chitosan to prepare curcumin-loaded polycaprolactone-chitosan nanoparticles using a 
simple nano-coprecipitation technique.136 These nanoparticles have pronounced cellu-
lar uptake and anticancer activity on HeLA cells and OCM-1 cells. Overall, the results 
indicated that the conjugation of hydrophobic PCL nanoparticles with mucoadhesive 
chitosan polymer enhanced drug loading and release, cellular interaction, and in vitro 
anticancer activity of the nanoparticles make them suitable for curcumin delivery.

A number of studies have been done on grafting of different polymers onto chi-
tosan to gain desirable properties in drug delivery applications. PCL was grafted 
onto galactosylated chitosan backbone to prepare curcumin-loaded PCL–chitosan 
nanoparticles to achieve a hepatocyte targeted system.137 PCL played a crucial role 
in enhancing the controlled release of curcumin from the nanoparticles while galac-
tolysation of nanoparticles improved cellular uptake. The cellular uptake study of 
PCL–chitosan nanoparticles with and without galactolysation on the HepG2 cell 
line showed higher uptake of the galactolysed nanoparticles compared to PCL– 
chitosan nanoparticles, which was attributed to the interaction between asialoglyco-
protein (ASGP) receptors on HepG2 cells and the galactose ligands on the surface 
of the nanoparticles. Studies on thermosensitive polymer nanoparticle systems like 
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chitosan grafted with poly(N-isopropylacrylamide) nanoparticles and chitosan-g-
poly(N-vinylcaprolactam) nanoparticles prepared for curcumin delivery have shown 
specific cytotoxicity against MCF-7, KB, and PC-3 cancer cell lines.83,138

8.3.3.4 Guar Gum
Another natural biodegradable polymer applicable in curcumin delivery is guar 
gum. It is a natural polysaccharide composed of two types of glucose: galactose 
and  mannose. The structure contains a straight chain of D mannose units, linked by 
β-(1–4) glycoside linkages and bearing a single D-galactose unit on approximately 
every alternate mannose, joined by an α-(1–6) glycoside linkage. It shows stability 
in solutions in the pH range 5–7 and therefore it has been generally used for colon 
targeted drug delivery. Efforts have been made to improve the solubility and bio-
availability of curcumin by incorporating it within hydrophilic guar gum. Curcumin-
loaded guar gum nanoparticles, prepared by wet granulation method, showed good 
drug release in controlled manner, indicating its future potential.139,140 However, very 
few studies have reported the use of this polymer for delivery of curcumin.

Chahatray et  al. prepared guar gum–blended sodium alginate nanocomposite 
for curcumin delivery. The drug release characteristics of the nanocomposites were 
greatly improved by the incorporation of nanoclay cloisite 30B.141 Clay minerals, 
synthetic or natural, have gained much attention recently in controlled release of 
drugs due to their unique swelling, intercalation, adsorption, and ion exchange prop-
erties. They are nontoxic for transdermal and oral applications. Use of clay in drug 
delivery systems offers intercalation of drugs into the interlayer gallery of clay min-
erals to accomplish controlled release.

8.3.3.5 Magnetic Nanoparticles
The major drawback in most chemotherapeutic approaches to cancer treatment is 
their nonspecificity, hence leading to severe side effects. To overcome this disad-
vantage, magnetic nanoparticles can be used. Magnetic nanoparticles have been 
extensively investigated as the next generation of targeted drug delivery due to 
their capability of functioning both at the cellular and molecular level of biologi-
cal interactions.142,143 Drug-loaded magnetic nanoparticles are being developed to 
be delivered to the tumor site under the influence of external magnetic field. But 
these nanoparticles must be magnetic only under external magnetic field otherwise 
they should be inactive once the magnetic field is removed. Superparamagnetic 
nanoparticles are an example. Magnetite (Fe3O4) is a natural mineral that is widely 
used as superparamagnetic nanoparticles for diverse biological applications like 
MRI, magnetic separation, magnetic drug delivery, etc.144 However, their use is 
limited due to their tendency for aggregation, which can be minimized by engi-
neering the surface of the magnetic nanoparticles by using polymer coating. A 
number of polymers have been explored for coating purposes such as dextran, 
chitosan, starch PEG, etc.145 Yallapu et al. reported a preferential cellular uptake 
of cyclodextrin-PF68-coated iron oxide magnetic nanoparticles in MDA-MB-231 
breast cancer cells.146 Cyclodextrin has the ability to bind to the iron oxide nanopar-
ticle surface with their -OH groups along with inclusion of curcumin through the 
hydrophobic cavity. Further coating with PF68 provides hydrophobic chain to bind 
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hydrophobic cavities of cyclodextrin and the hydrophilic chain provides additional 
hydrophilicity and stability to the particles. Dual coating resulted in a signifi-
cant loading and slow, sustained release of curcumin. Additionally, this formu-
lation exhibited enhanced MRI properties, and its magnetic targeting facilitated 
an enhanced delivery of curcumin to the cancer cells. The unique autoflourescent 
property of curcumin offers opportunities to study its cellular uptake through fluo-
rescence imaging. Tran et al. showed that chitosan-coated magnetic nanoparticles 
exhibited excellent cellular uptake as revealed by florescence microscope.147 Thus, 
magnetic nanoparticles–based systems appear to have substantial potential in deliv-
ering curcumin to specific targets.

8.4 CONCLUSION AND FUTURE SCOPE

Curcumin is one of the most explored natural, plant-derived compounds in the treat-
ment and prevention of cancer. However, curcumin has achieved limited success 
due to its poor bioavailability, rapid metabolism, and elimination. Efforts for devel-
opment of advanced drug delivery systems to utilize this natural compound for its 
chemopreventive potential continue even today. In recent years, the application of 
nanotechnology in facilitating the practice of curcumin in the field of cancer therapy 
has experienced a constant growth. Nanoparticles reduce toxicity and side effects of 
drugs, and also enrich solubility and stability of drugs like curcumin. The importance 
of nanoparticles lies on their prospects for designing and tuning properties, which is 
not possible in other types of therapeutic means. Nanocarriers derived from a variet-
ies of materials—lipid, protein, liposome, gold nanoparticles, polymer nanoparticles, 
iron oxide nanoparticles, etc.—are regulated to deliver the drug in a controlled and 
targeted manner to make them efficient drug delivery systems. Among these materi-
als, polymer (natural or synthetic biodegradable) has been a widespread choice in 
the production of a variety of biomedical devices owing to their biodegradability, 
biocompatibility, and tunable characteristics. The incorporation of clay particles 
inside polymer matrix paves a new method for improving drug release properties 
of such systems. Researches relating to drug delivery formulations based on mag-
netic nanoparticles along with suitable polymer coating for improving biocompat-
ibility, stability in biological environment, high therapeutic drug loading property, 
and intercellular uptake by cancer cells are in progress. These nanoparticles have 
been utilized in MRI, hyperthermia, magnetic targeting, etc. Again, the inclusion of 
targeting ligands such as peptide, folic acid, etc., to these systems is also one of the 
emerging techniques that expand the horizon of drug delivery systems. Along with 
their numerous advantages, nanoparticles are limited in their stability, tendency for 
agglomeration, and cytotoxicity. Consequently, improvement in stability and biocom-
patibility are the main concerns of nanotechnology research. Although oral curcumin 
is believed to be safe, intravenous nanoformulations of curcumin is considered risky 
as it might increase side effects. Hence, the preparation of effective intravenous cur-
cumin is now highlighted as a future challenge. Altogether, these studies specify 
that nanotechnology-based drug delivery formulations hold great promise in cancer 
therapy that may enhance the solubility, bioavailability, and medicinal value, along 
with controlled and targeting delivery of this molecule from Mother Nature.
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9 Plastics of the Future
Innovations for Improvement 
and Sustainability with 
Special Relevance to 
Biomedical Applications

Vinod Pravin Sharma

9.1 INTRODUCTION

Plastics have molded the modern world and transformed the quality of life. There is no 
human activity where plastics do not play a key role, from clothing to shelter, from trans-
portation to communication, and from entertainment to healthcare. Because of their many 
attractive properties such as lightweight, high strength, and ease of processing, plastics 
meet a large share of materials with bewildering array of needs and that too at a compara-
tively lesser cost and causing lesser environmental implications. From practically zero 
during the beginning of the twentieth century, humans today consume more than 150 mil-
lion tons of plastics per year. Plastics possess a unique combination of properties. Plastics 
can be super tough, rigid as well as flexible, transparent as well as opaque, and can allow 
permeation or act as a barrier material. Growing population and material consumption 
have put severe pressure on our natural resources and fragile ecosystems. The material-
istic needs of the present generation are growing and modern plastics offer cost-effective 
alternative sensors and coatings along with polymer reinforcements of varied types and 
composition, for storage of consumer items or energy-based device applications.
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9.2 REGULATORY GUIDELINES/SPECIFICATIONS

Biobased content is the amount of biobased carbon in the material or product as a 
fraction weight (mass) or percent weight (mass) of the total organic carbon in the 
material or product. ASTM Method D6866-05 is the U.S. government–approved 
method for determining the renewable/biobased content of biobased products. 
Biobased materials are organic materials in which the carbon comes from con-
temporary (nonfossil) biological sources. Biodegradable plastics are plastics that 
can decompose into carbon dioxide, methane, water, inorganic compounds, or bio-
mass via microbial assimilation (the enzymatic action of microorganisms). To be 
considered biodegradable, this decomposition has to be measured by standardized 
tests and takes place within a specified period, which varies according to the dis-
posal method chosen. The American Society of Testing and Materials (ASTM) has 
created definitions on what constitutes biodegradability in various disposal envi-
ronments. Plastics that meet ASTM D6400, for instance, can be certified as bio-
degradable and compostable in commercial composting facilities. In Europe, the 
equivalent standardized test criterion is EN 13432. In the United States, there is a 
biodegradability standard for soil (ASTM D5988), a biodegradability test standard 
for marine and freshwater (ASTM D6692 and D6691), one for wastewater treat-
ment facilities (ASTM D5271), and one for anaerobic digestion (ASTM D 5511). 
A number of fossil-fuel-based polymers are certified  biodegradable and composta-
ble. Biodegradability is directly linked to the chemical structure, not to the origin 
of raw materials. What is often less understood is that medical equipment used in 
healthcare settings inside and outside the operating room—such as hemodialysis 
machines, wall mount drug-delivery systems, and probe docking stations—may 
require similar cleaning and disinfection validations. It states that these devices 
may contribute to secondary cross-contamination by the hands of healthcare 
workers or by contact with medical instruments that will subsequently come into 
contact with patients.

Cross-contamination is a growing concern in healthcare settings since infections 
of patients continue to be prevalent. The FDA expects cleaning and disinfection of 
any equipment surfaces—such as adjustment knobs, handles, carts, cables, touch-
screens, monitors, and keyboards—in a patient-care setting that may become contam-
inated with blood-borne pathogens or other potentially hazardous organic materials. 
Reusable devices often have intimate patient contact, become grossly soiled during 
clinical use, and need to be reprocessed before their next use. Doctors/healthcare 
personnel and manufacturers of reusable medical devices are to be apprised that these 
types of devices require cleaning and sterilization processes to be validated before the 
devices. Under the Seventh Framework Programme, ReBioStent (reinforced biore-
sorbable biomaterials for therapeutic drug eluting stents) are being developed in col-
laboration for the production of biodegradable and biocompatible resorbable stents 
using highly innovative, novel, smart, and multifunctional materials to overcome the 
shortcomings of the currently available stents. Stents are being developed by a few 
countries through the functionalization the surface of the stent with antibody frag-
ments that will improve the coating of the stent by endothelial cells. Hypothetically, 
the endothelial cell coating of the stent will prevent restenosis (narrowing of the artery 
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due to the overgrowth of cells), thereby improving the stent performance. The main 
focus is the development of unique polymers with defined mechanical properties, 
biocompatibility, and controlled degradation and aims to prevent common complica-
tions associated with conventional stents such as inflammation, in stent restenosis, 
and thrombosis. In addition, Neurograft is a multinational research project focused 
on functional spinal cord repair and regeneration as well as nanomesh for soft tissue 
replacement in the case of hernia using natural and ecologically sustainable biopoly-
mers and electrospun meshes suitable for soft tissue repair.

9.3  GRAPHENE-BASED POLYMERS FOR 
ELECTRONICS AND DRUG DELIVERY

Nowadays, graphene-based polymers are becoming popular as they serve as a semi-
conductor with a zero bandgap and exceptionally high charge mobility. Electron 
mobilities in graphene may reach values that are more than an order of magnitude 
higher than those encountered in an Si transistor, and thus it opens up the possi-
bility that in the future, graphene may replace silicon as the building block of the 
electronic industry and revolutionize nanoelectronics. Graphene may be produced 
through micro-mechanical exfoliation, epitaxial growth of graphene films, chemi-
cal vapor deposition, unzipping of carbon nanotubes, or reduction of graphene 
oxides although with a few limitations and toxicity concerns. In a few cases, super-
critical carbon dioxide is used besides other green chemistry principles. There is a 
great potential for recombinant biopolymers as they mimic the structure of natural 
proteins and are used for the development of novel bioactive biomaterials with 
desired properties, which help elucidate molecular interactions in biological sys-
tems and elaborate strategies for tissue engineering and drug-delivery purposes. 
The bioinspired recombinant polypeptides represent a highly promising tool in 
biomedical research as they are intrinsic constituents of both cells and their natu-
ral matrices. It may be characterized in terms of morphology, structure, magnetic 
properties, drug release, and magnetic drivability with promising results for bio-
medical applications.

9.4 BIOPLASTICS OR BIOPOLYMERS

Bioplastics are plastics in which 100% of the carbon is derived from renewable agri-
cultural and forestry resources such as corn starch, soybean protein, and cellulose. 
Most of them are starch and cellulose derivatives, PLA, polycaprolactone (PCL), 
polybutylene succinate (PBS), and polyhydoxy butyrate (PHB). Nanoscale fillers 
are layered silicate nanoclays such as montmorillite and kaolinite. Bioplastics are 
not a single class of polymers but a family of products, which can vary significantly 
from one another. They differ from traditional plastics, which are derived from 
fossil fuels or nonrenewable carbon. Not all bioplastics are biodegradable, and not 
all biodegradable plastics are bioplastics. Reflective mulch based on biodegradable 
plastics enhances ripening and health compounds in apple fruit by improving light 
utilization and microclimates through hail net (Overbeck, 2013). Microporous-
structured biopolymer scaffolds support tissue cells, while in situ delivering drug 
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molecules makes them potentially useful for therapeutic tissue engineering (Dori, 
2014). Chitosan has been one of the most popular biopolymers for the development 
of drug-delivery systems for various applications due to its promising properties, 
including high biocompatibility, excellent biodegradability, low toxicity, abundant 
availability, and low production cost. The tailor-made specifications of chitosan-
based PEC drug-delivery systems are readily available in different forms, includ-
ing nanoparticles, microparticles, beads, tablets, gels, films, and membranes.

There are challenges in increasing the compatibility between clays and polymers 
as well as attaining complete dispersion of nanoparticles. New nanostructures may be 
useful to provide active and/or smart properties to packaging systems through anti-
microbial properties, mechanical and thermal properties, oxygen-enhancing ability, 
enzyme immobilization or oxygen levels. This innovative field has advanced toward 
the molecular and nanoscale design of bioactive systems for regenerative medicine, 
drug delivery, and tissue engineering (Santo et al., 2012). Interestingly, cartilage has 
a limited regenerative capacity. The clinical challenge of reconstruction of cartilage 
defects is now being addressed through the application of nanotechnology through 
biomimetic cartilage regenerative scaffolds (Erh Hsuin Lim et al., 2014).

In fact, the complex nature of cell–biomaterial interaction requires preclinical func-
tionality testing by studying specific cell responses to different biomaterial properties 
from morphology and mechanisms to surface characteristics at the molecular level. 
The bioresorbable scaffolds represent a novel approach in coronary stent technology. 
Although they have potential advantages, these novel devices may face challenges as 
well in the coming years during routine clinical practices (Costopoulos et al., 2013).

9.5 SUPER PLASTICS FROM NATURAL FIBERS

Green cars could be made from pineapples and bananas as scientists in Brazil have 
developed a more effective way to use fibers from these and other plants in a new 
generation of automotive plastics that are stronger, lighter, and more eco-friendly than 
plastics now in use (Science News, 2011). They described the work that could lead to 
stronger, lighter, and more sustainable materials for automobiles. Substantial interest 
and progress in 3D printed biopolymers for varied applications in engineering are 
being observed. Three-dimensional printing is the process of making a 3D object 
of virtually any shape from a digital model. It may be used for both prototyping and 
distributed manufacturing with applications in industrial design, automotive indus-
try, aerospace, architecture, medical industries, tissue engineering, and even food. It 
 provides a biomimetic structural environment that facilitates tissue formation and pro-
motes host tissue integration, including soft and hard tissues (Xiaoming et al., 2014).

9.6  SMART PROSTHESES: ELECTRONICS 
RESEARCH AIDS AND ROBOTICS

In our society, it is our social and moral responsibility to be involved in welfare 
activities under corporate social responsibility (CSR), or otherwise, for the physi-
cally challenged human beings. This requirement is due to varied type of inci-
dences or accidents in defense day-to-day activities, congenital disorders, burns, 
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etc., leading to stripping of skin revealing the underlying musculature and skel-
etal structure. Efforts are being taken to prepare artificial human arm or legs using 
polymeric material, namely, polyether ether ketones (PEEK) and using pneumatic 
tubes or biocompatible metallic rods. Increased efforts are needed to improve 
and solve the problems associated with unexploded landmines in some parts of 
the world, which has focused attention on the field of prosthetics and orthotics. 
Greater consciousness about the quality of life of amputees has also promoted 
research efforts to develop a new generation of products. Some of the technolo-
gies being explored for use in advanced prosthesis designs are being drawn from 
disciplines outside of conventional orthotics and prosthetics development.

Flexible electronics have revealed that conventional, silicon-wafer-based fabrication 
techniques can be modified to apply electronics to the heterogeneous topography of 
the skin. Conductive polymer nanocomposites may serve as smart plastics due to their 
high sensitivity to several kinds of external solicitations such as temperature, strain, 
and solvent vapors or liquids. To assess human exposure to engineered nanomaterials 
(ENMs) during the different stages of the life cycle of ENM-containing products, there 
is a need to estimate their quantities when released to the environment together with 
toxicity-related parameters such as their size, morphology, and chemical composition. 
The pulmonary toxic effects induced by inhalation of ENMs are best correlated with 
the surface area rather than the concentration of the  particles. Many in vitro and in vivo 
studies are currently focusing on understanding the toxic effects of ENMs on different 
species (rats, fishes, algae, daphnia, bacteria, among eco-toxicological test models). 
Among these studies, rats as animal models are used for obtaining reference doses.

Sporadic toxicity studies are currently available, which provide complete infor-
mation on experimental conditions, such as nanoparticles characteristics, animal- 
or cell-line-related information, exposure duration and frequency, and exposure 
medium and endpoints observed. These challenges arise due to the following data 
gaps: lack of sufficient empirical data on the composition of biocorona on the surfaces 
of nanomaterials; lack of in vitro data that can be used to predict in vivo effects of 
nanomaterials; and the paucity of descriptors that can specifically be used for nano-
materials. Surface characterization of nanomaterials is generally conducted using 
scanning electron microscopy, transmission electron microscopy, energy dispersive 
x-ray, Brunauer–Emmett–Teller (BET) surface analysis, thermogravimetric analy-
sis, and Fourier transform infrared, near-infrared, and Raman spectroscopy. These 
methods are nowadays used as state-of-the-art technologies, but they are  usually 
complicated, time-consuming, and expensive, thereby making them inappropriate 
for routine monitoring of ENMs in different environmental media.

9.7  PLASTIC-BASED WEARABLE TECHNOLOGICAL 
ADVANCEMENTS FOR HEALTH AND BEAUTY

A range of innovative and intelligent devices are being planned, which may allow 
networking and inter-linkages for the development of specialized cloth that is resis-
tant to dirt, oils, or water droplets. Some devices may provide constant health data, 
have chameleon-like abilities to change colors, and even take photos with a wink. 
Such devices may be customizable and connected to the Internet and/or to other 
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devices via Wi-Fi, Bluetooth, or near-field communication. Molding medical devices 
is a high-end business that has proven more resistant to economic swings and to 
foreign competition than some other plastics markets. Polyetheretherketone (PEEK) 
implants such as suture anchor can be molded better (and perhaps faster) with pres-
surized hot water instead of the usual electrical mold heating. Natural gas contains 
many of the vital raw materials that are used to manufacture plastics and chemicals. 
Many experts predict an enormous increase in the production of those plastics most 
often used in consumer packaging and single-use products. The difficulty of dispers-
ing due to hydrophilic property is overcome by replacing the interlayer clay cations 
with quarternized ammonium or phosphonium cations preferably with long-chain 
alkyls. Novel polymers are being synthesized using bioreactors fed with renewable 
resources from plants or crops such as switchgrass (Panicum virgatum L.) with envi-
ronmentally benign and carbon-neutral source of polymers.

9.8 PORTABLE GAS SENSORS AND OTHER APPLICATIONS

Portable gas sensors can allow searching for explosives, diagnosing medical condi-
tions through a patient’s breath, and deciding whether it’s safe to stay in a mine. 
These devices do all this by identifying and measuring airborne chemicals, and a new, 
more sensitive, smart model is under development at the University of Michigan. 
The smart sensor could detect chemical weapon vapors or indicators of disease better 
than the current design. It also consumes less power, crucial for stretching battery life 
down a mineshaft or in isolated clinics (CHEMEUROPE, n.d.).  Eco-materials are 
also being prepared with the concept of nanotechnology for encapsulation, textiles, 
and other types of medical or surgical treatments for burns, skin replacement, wound 
healings, grafting, etc.

9.9 CONCLUSION

Bioplastics are becoming significantly important mainly due to the scarcity of oil, 
increase in the cost of petroleum-based commodities, and environmental concerns 
with the dumping of nonbiodegradable plastics in landfills with far-reaching impli-
cations on climate change. We have to develop biobased economy from the policy 
concepts of OECD to link renewable biological resources and bioprocesses through 
industry-scale biotechnologies to produce sustainable products, job opportunities, 
and income. Nanocomposites are being developed for making lightweight sensors 
and flexible batteries, making tumors easier to detect through fluorescent and mag-
netic properties combined together during MRI, speeding up the healing process for 
broken bones or orthodontic implants, and manufacturing components with higher 
strength-to-weight ratios. The transitions from microparticles to nanoparticles lead 
to a change in its physical as well as chemical properties. Compartmented nano-
tubes are used to protect drugs from destruction in blood stream, to control delivery 
with well-defined release kinetics, vector targeting properties, or release mechanism 
by external or internal stimuli. Nanofibers provide a scaffold on which cells may 
provide favorable conditions with reinforcing agents for the growth of cells, which 
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may attach to the fibers and grow along them systematically. Degradable polymers 
for use in bioabsorbable stents has great potential in the future with regard to the 
chemical and biochemical functionalities in spite of a few limitations such as brittle 
nature caused by the relatively high glass transition temperature, poor mechanical 
strength, premature reduction in diameter due to degradation, inflammatory reac-
tion, limited efficiency of drug delivery, and limited shelf life. It is anticipated to 
have continual improvements in promising innovative, alternative, packaging mate-
rials or technologies from renewable origin, such as polyethylene terephthalate from 
plants. Interdisciplinary sciences are expected to improve the health and quality of 
life for millions of people by restoring, maintaining, or enhancing tissue and organ 
functions.

Drawing inspiration from the structure of bones and bamboo, a few researchers 
have found that by gradually changing the internal structure of metals, they can 
make stronger, tougher materials that can be customized for a wide variety of appli-
cations, from body armor to automobile parts. In spite of several attempts, there is 
a dearth of information with respect to the cellular response and in-depth toxicity 
analysis of nanoparticles. The researchers are also interested in using the gradient 
structure approach to make materials more resistant to corrosion, wear, and fatigue. 
Nanofibers have applications in electrospinning or template methods ranging from 
tissue engineering to surface modification of implants. Proper handling, treatment, 
and disposal of nanomaterials and plastic biomedical wastes after use is important in 
healthcare control programs. Internationally acceptable standards for management 
and regulation will help protect healthcare workers, patients, and the community. If 
properly designed and applied, waste management can be a relatively effective and 
an efficient compliance-related practice. Rules exist for biomedical waste manage-
ment and handling, but they need to be implemented in true spirits and with holistic 
approach. International guidelines are being reviewed periodically, but there is an 
issue of true implementation in different regions of the globe. The rule makes it man-
datory for the healthcare establishments to segregate, disinfect, and dispose their 
waste in an eco-friendly manner. Any biodegradable plastic mulch that may be even-
tually approved for use must completely biodegrade into carbon dioxide, water, and 
microbial biomass within a reasonable timeframe as per regulatory requirements, 
without forming harmful residues or byproducts.

Biobased or renewable polymers are specially designed material with strategic 
planning and with a view of environmental sustainability from products found in 
nature, such as natural fibers, coconut, jute, pine, bagasse, wheat straw, rice husk, saw 
dust, hemp, and sisal fibers. They are environmentally friendly and, as a contribu-
tion of economic emergence, free from traditional adverse side effects. All research 
involving human subjects should be conducted in accordance with three basic ethi-
cal principles: respect for persons, beneficence, and justice. Biobased polymers are 
attracting increased attention due to environmental concerns and the realization that 
global petroleum resources are finite. Biobased polymers not only replace exist-
ing polymeric products in varied applications but also provide new combinations of 
properties for new applications. We should develop new innovative methods for cost-
effective production, enhanced desired properties to meet the intended demands and 
commercial applications in a convenient manner. Polycaprolactone powders with 
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regulated sizes from 125 to 250 μm are proposed as a reference material for the 
biodegradation test by regulatory agencies. In a few countries, biodegradable mulch 
prepared in compliance with ASTM D 6400, ASTM D 5988-03, etc., is used in 
certified organic production system as it controls weeds, conserves soil moisture, 
increases soil temperature, and improves crop yield and quality with few limitations 
and concern by environmentalists. The cradle-to-grave life of a compostable mate-
rial should meet the intended demand and life cycle as per usage. Although recycling 
may be energetically more favorable than composting for a few materials, it may not 
be practical because of excessive sorting and cleaning requirements.

There is increasing interest in developing biobased polymers and innovative pro-
cess technologies that may reduce the dependence on fossil fuel and divert to sustain-
able material basis. In packaging, the major emphasis is on the development of high 
barrier properties against the diffusion of oxygen, carbon dioxide, flavor compounds, 
and water vapor.
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10 Biomedical Applications 
of Microbial Cellulose 
Nanocomposites

Nazire Deniz Yılmaz

10.1 INTRODUCTION

Microbial cellulose (MC) is a polysaccharide excreted extracellularly by certain bac-
teria. The species Gluconacetobacter xylinus (or Acetobacter xylinum as formerly 
known) is the most extensively studied cellulose-producing bacteria (Czaja et  al., 
2006). MC exhibits some unique features such as impressive mechanical strength, 
crystallinity (Blaker et al., 2010), water-holding capacity, purity, and in situ moldabil-
ity, which are superior to those of plant cellulose (Klemm et al., 2001). MC  presents 
an ultrafine nanofibril network (Wan et al., 2006). These characteristics render MC, 
which has been traditionally used in food industry and recently in the  production 
of reinforced paper, valuable for biomedical applications (Shah et  al., 2013). 
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Its applications in artificial blood vessels, temporary skin substitutes, wound dress-
ings (Shah et al., 2013), and scaffolds for tissue engineering of cartilage and bone have 
been reported. In vitro and in vivo studies have showed that MC is biocompatible. It 
has been studied as replacement in blood vessels in rats (Grande et al., 2009) and pigs 
(Bäckdahl et al., 2011). MC has the potential to be used in biodegradable nanocom-
posites. Different composites of MC have been studied. The component other than 
MC is determined based on the composite application, including vascular graft or 
bone regeneration and based on the properties required to be imparted to MC, such as 
biological activity or antimicrobicity (Shah et al., 2013).

This chapter investigates MC as a component of biomedical nanocomposites. 
Section 10.2 discusses the properties of MC, as well as the production, modifica-
tion, and storage methods. Section 10.3 covers MC composite production methods 
and components incorporated in MC nanobiocomposites. Section 10.4 reviews the 
fields of biomedical applications of MC composites. This chapter concludes with 
Section 10.5.

10.2  MC: PROPERTIES; PRODUCTION, MODIFICATION, 
AND STORAGE METHODS

10.2.1 ProPerties of MC

MC is a polysaccharide that is excreted extracellularly by certain bacteria. Of these 
bacteria, the species Gluconacetobacter xylinus (or Acetobacter xylinum as formerly 
known) is the most extensively studied cellulose producing bacteria since its cellu-
lose production rate justifies commercial interest (Czaja et al., 2006). A.  xylinum, 
which is a simple Gram-negative bacterium, synthesizes a good amount of high 
quality cellulose in the form of twisted ribbons of microfibrillar bundles (Czaja 
et al., 2006).

MC exhibits some unique features that are superior compared to plant cellulose 
(Klemm et al., 2001), such as impressive mechanical strength, crystallinity (about 
90%) (Blaker et al., 2010), water-holding capacity (around 1000%), purity, and mold-
ability in situ. MC possess an ultrafine nanofibril network structure presenting diam-
eters ranging from 35 to 90 nm (Wan et al., 2006) and its Young’s modulus, in the 
order of 114 GPa, is comparable to that of glass and aramid fibers (Blaker et al., 2010). 
MC also possesses much higher mechanical properties compared to other natural 
biodegradable polymers, including collagen, chitosan, chitin, and gelatin (Wan et al., 
2007). However, MC fibers show certain similarity to collagen fibers; thus, they are 
suitable for collagen-mimicking scaffold applications (Blaker et al., 2010). Unlike 
plant cellulose, MC is free from lignin and other impurities. Cost-efficient produc-
tion is another positive attribute of MC (Svensson et  al., 2005). Characterization 
efforts of MC are listed in Table 10.1.

The water-retention capacity of never-dried MC is in the order of 1000% com-
pared to that of cotton at 60%. After drying, the water-retention capacity of MC 
decreases drastically to the level of plant cellulose. Thus, freeze drying is a more via-
ble way of MC storage, where the pore structure is maintained (Klemm et al., 2001).
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TABLE 10.1
List of Characterization Methods Applied on MC

Characteristic Testing Method References 

Mechanical 
properties

Radial strength and elongation in 
Krebs solution

Backdahl et al. (2006)

Radial strength and elongation Klemm et al. (2001)

Tensile strength and elongation 
in distilled water

Million et al. (2008)

Radial and axial strength and 
elongation

Putra et al. (2008)

Wet and dry tensile strength Zhang and Luo (2011)

Compression strength in wet 
state

Svensson et al. (2005)

Laminate strength Peel test (modified ASTM D 
903-93)

Charpentier et al. (2006)

Chemical analysis X-ray photoelectron 
spectroscopy

Charpentier et al. (2006), Huang et al. (2010), 
Pertile et al. (2010), Zimmermann et al. (2011)

Fourier transformed infrared 
spectroscopy

Hong et al. (2006), Grande et al. (2009), Wan 
et al. (2006), Wan et al. (2007), Zhang and 
Luo (2011)

Inductively coupled plasma 
atomic emission spectrometry

Wan et al. (2006)

Electron spectroscopy for 
chemical analysis

Svensson et al. (2005)

Cell attachment In vitro: Alamar Blue AssayTM 
(smooth muscle cells)

Backdahl et al. (2006)

Cell proliferation In vitro: Alamar Blue AssayTM 
(smooth muscle cells)

Backdahl et al. (2006)

Phase-contrast microscopy Svensson et al. (2005)

Cell adhesion and 
proliferation

Colorimetric MTS assay 
(HMEC-1, N1E-115, and 3T3 
cells)

Pertile et al. (2010)

Cell migration In vitro migration chamber and 
attractant

Backdahl et al. (2006)

Cell morphology Laser scanning confocal 
microscopy

Backdahl et al. (2006), (2011), Svensson 
et al. (2005)

Morphology Scanning electron microscopy Backdahl et al. (2006), Grande et al. (2009), 
Hong et al. (2006), Huang et al. (2010), 
Pertile et al. (2010), Wan et al. (2006, 2007), 
Svensson et al. (2005)

Transmission electron 
microscopy

Wan et al. (2007), Svensson et al. (2005)

Energy-dispersive spectroscopy Hong et al. (2006), Wan et al. (2006), Backdahl 
et al. (2011), Blaker et al. (2010), Backdahl 
et al. (2006), Zimmermann et al. (2011)

Focused ion beam analysis Backdahl et al. (2011)

(Continued)
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The degradation of MC has not been fully investigated for in vitro or in vivo set-
ting. However, other cellulose-based materials present limited degradation in the 
human body in contrast to that in soil (Wippermann et  al., 2009). The idea of a 
completely degradable material for a tissue engineering scaffold sounds theoretically 
ideal. However, there are practical problems in the transportation of degradation 
products to avoid adverse effects on cell proliferation and induction of inflammatory 
reactions. The optimization and synchronization of the degradation duration and 
maintenance of necessary mechanical performance are also difficult (Wippermann 
et al., 2009).

TABLE 10.1 (Continued)
List of Characterization Methods Applied on MC

Characteristic Testing Method References 

Atomic force microscopy Grande et al. (2009)

Energy-dispersive x-ray 
spectroscopy

Wan et al. (2007)

Crystallinity, 
crystal size

X-ray diffraction Hong et al. (2006), Grande et al. (2009), 
Huang et al. (2010), Grande et al. (2009), 
Wan et al. (2006, 2007), Zimmermann et al. 
(2011)

Pore size, fiber 
orientation, fiber 
diameter

Scanning electron microscopy—
image analysis

Grande et al. (2009)

Fibril orientation Birefringence-polarized light 
microscopy

Putra et al. (2008)

Surface area 
determination

Brunauer–Emmet–Teller model Blaker et al. (2010)

Thermal analysis Thermogravimetric analysis Grande et al. (2009), Svensson et al. (2005)

Differential scanning calorimetry Huang et al. (2010)

Porosity 
determination

Mass–volume calculation Blaker et al. (2010)

Hydrophillicity Contact angle measurement Charpentier et al. (2006), Pertile et al. (2010)

Water-holding capacity Huang et al. (2010)

Rehydration ratio Huang et al. (2010)

Roughness Image processing Klemm et al. (2001)

Rheology Small amplitude oscillatory test Huang et al. (2010)

Biocompatibility Animal model (pig) Backdahl et al. (2011), Wippermann et al. 
(2009)

Animal model (rat) Klemm et al. (2001)

Biocompatibility Seeding of HEK cells Grande et al. (2009)

Seeding of osteoprogenitor cells Zimmermann et al. (2011)

Fluorescence microscopy Zimmermann et al. (2011)

Histochemical 
analysis

Haematoxylin-Pertex Backdahl et al. (2011)
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10.2.2 MC ProduCtion Methods

During the biosynthesis of MC, the bacteria secrete single, linear β-1,4-glucan 
chains through a row of pores located on their outer membrane. First, the β-1,4-
glucan chains form subfibrils that consist of 10–15 nascent β-1,4-glucan chains, then 
microfibrils, and finally microfibril bundles comprising a loosely wound ribbon, 
which consists of around 1000 individual glucan chains (Czaja et al., 2006).

G. xylinus prefers an environment with sufficient oxygen and nutrients as well 
as a place to attach to. O2 is necessary for MC synthesis, and increase in O2 supply 
boosts MC production. Rise in oxygen concentration also enhances mechanical per-
formance of MC (Backdahl et al., 2011).

Glucose, sucrose, fructose, and mannitol have been used as carbon sources for 
MC production (Shah et al., 2013). One culture medium widely used for G. xyli-
nus is the Hestrine–Schramm medium. This medium is composed of 0.5 wt.% 
bacto- peptone, 0.5 wt.% yeast extract, 0.27 wt.% disodium hydrogen phosphate 
(Na2HPO4), 0.115 wt.% citric acid, and 2 wt.% D(+) glucose (Putra et  al., 2008; 
Pourramezan et al., 2009).

MC can be synthesized in static and agitated cultures (Bäckdahl et al., 2011). In 
static cultures, MC is produced at the air–culture medium interface as an assembly 
of nanofibers that form a pellicle. The pellicle grows and increases its thickness until 
all cells are entrapped in the pellicle and lose contact with the oxygen in the air (Shah 
et al., 2013). The type of cellulose produced this way is cellulose I, which consists of 
parallel β-1,4 glucan chains (Huang et al., 2010). The pellicle has a dense surface side 
formed on the culture medium–air interface and a gelatinous layer on the opposite 
side (Backdahl et al., 2006). The downside of production in static cultures is its low 
production rate (Shah et al., 2013).

The second route for MC production is in agitated cultures. The produced MC is 
in the form of cellulose II, which consists of antiparallel β-1,4 glucan chains. This 
type of cellulose is similar to that formed by the mercerization of cellulose I (Huang 
et al., 2010). The degree of polymerization, crystallinity, and mechanical strength is 
lower during synthesis in agitated cultures compared to static media (Bäckdahl et al., 
2011). However, the production rate increases substantially due to increased access 
to oxygen (Shah et al., 2013). In this method, particles of sizes ranging from 10 μm 
to 1 mm and shapes such as spherical, ellipsoidal, or fibrous are generated instead of 
pellicles (Bäckdahl et al., 2011).

MC can be molded into the desired shape during synthesis. For example, Backdahl 
et al. (2011) produced a tubular MC using a vertical bioreactor. The bioreactor had 
a silicon tubing inside that acted as a template and membrane for the delivery of 
oxygen.

Numerous efforts have been made to enhance MC production by using different 
MC-producing bacteria strains, carbon sources, alternative inexpensive sources, and 
supplementary materials (Shah et al., 2013). Klemm et al. (2001) compared cellulose 
production rate of several A. xylinum strains. Among the studied strains, the most 
productive one was AX5 followed by AATCC 53582 after 8 cultivation days. MC 
production methods are given in Table 10.2.
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TABLE 10.2
List of Production Parameters of MC

Bacteria Strain Media 
Temperature/

pH Duration 
MC Pellicle 

Width References 

Acetobacter 
xylinum subsp. 
sucrofermentas 
BPR2001 
(ATCCXXXX)

Corn steep liquid 
media

30°C 3 days 3 mm Backdahl 
et al. (2006)

A. xylinum subsp. 
sucrofermentas 
BPR2001, trade 
number 700178

Corn steep liquid 
media, Verticular 
reactor including 
silicon tubing

30°C 4 days, 
6 days, 
9 days

N.S. Backdahl 
et al. (2011)

N.S. CHAOKOH® 
coconut gel in syrup

N.S. N.S. N.S. Blaker et al. 
(2010)

Acetobacter 
xylinum X-2

0.3 wt.% green tea 
powder (analytical 
grade) and 5 wt.% 
sucrose (analytical 
grade)

pH 4.5 7 days N.S. Hong et al. 
(2006)

Gluconacetobacter 
saccharivorans 
(LMG 1582) 
isolated from a 
Kombucha tea mat

1.0% (w/v) 
D-glucose, 1.5% 
(w/v) peptone, 
0.8% (w/v) yeast 
extract, and 0.3% 
(v/v) glacial acetic 
acid

30 C, pH 3.5 
(HCl)

21 days N.S. Grande et al. 
(2009)

Gluconacetobacter 
xylinum 
(BCRC12335),

1. Mannitol broth 
medium containing 
25 g/L mannitol, 
5 g/L yeast extract, 
and 3 g/L peptone

1. 30°C
2. 30°C

1.24 h
2.14 day

N.S. Huang et al. 
(2010)

2. Modified coconut 
juice media, 
containing 0.2% 
acetic acid, 10 Brix 
soluble solid 
content adjusted 
with sucrose

A. xylinum AX5 Hestrin–Schramm 
medium— static, 
d-glucose 
(dextrose)

28°C 10–14 days N.S. Klemm et al. 
(2001)

(Continued)
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10.2.3 MC ModifiCation Methods

The usefulness of implants is based on the interactions between the biomaterial and 
tissues (Pertile et al., 2010). Porosity, pore size, interconnectivity, and topography, 
especially in the nanoscale, are critical parameters that determine the attachment, 
proliferation, and migration of cells (Blaker et al., 2010). In case the materials do not 
have the necessary bioactivity, surface-modification methods are applied to enhance 
biocompatibility. Using these methods, properties such as wettability, topography, 
chemistry, surface charge, and the presence and intensity of hydrophobic/hydro-
philic functional groups are altered.

Plasma treatment is one of the surface-modification methods. Pertile et al. (2010) 
reported higher roughness of MC after nitrogen plasma along with better adhesion 
and growth of HMEC-1 and N1E-115 cells. However, time-specific effectiveness of 
the surface modification should also be evaluated.

TABLE 10.2 (Continued)
List of Production Parameters of MC

Bacteria Strain Media 
Temperature/

pH Duration 
MC Pellicle 

Width References 

A. xylinum ATCC 
53582

Hestrin–Schramm 
medium—static 
culture

30°C, pH 5 4 days N.S. Pertile et al. 
(2010)

A. xylinum ATCC 
53582

Hestrin–Schramm 
medium—static 
culture

28°C, pH 6 7 days N.S. Putra et al. 
(2008)

Acetobacter 
xylinum X-2

Static culture 
containing 0.3% 
(w/w) green tea 
powder and 5% 
(w/w) sucrose

pH 4.5 7 days N.S. Wan et al., 
2006, Wan 
et al. (2007)

A. xylinum Hestrin–Schramm 
medium

N.S. 10 days 0.6–1 mm 
(thickness), 
3.0–3.7 mm 
internal 
diameter

Wippermann 
et al. (2009)

Acetobacter 
xylinum subsp. 
sucrofermentas 
BPR2001, trade 
number 700178™

Fructose media with 
an addition of corn 
steep liquid (CSL)

30°C 2 days N.S. Zimmermann 
et al. (2011)

G. xylinus (ATCC 
10245)

10 g/L Bactopeptone, 
10 g/L yeast extract, 
4 mm KH2PO4, 
6 mm K2HPO4, and 
20 g/L d-glucose 
dissolved in DI 
water.

30°C, pH 
5.1–5.2

7 days N.S. Svensson 
et al. (2005)
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10.2.4 storage of MC

After the completion of MC synthesis, it is purified: the bacteria are removed from 
the cellulose generally via alkalization (Bäckdahl et al., 2011). After purification, 
MC may be kept in distilled or deionized (DI) water (Hong et al., 2006; Putra et al., 
2008). In order to lengthen the shelf life of MC, drying can be applied. Nevertheless, 
drying drastically decreases the water-holding capacity because of high crystallin-
ity (Huang et al., 2010). So, freeze drying may be preferred for MC storage (Klemm 
et al., 2001). MC purification and storage methods are given in Table 10.3.

10.3 BIOMEDICAL NANOCOMPOSITES OF MC

10.3.1 MC CoMPosite ProduCtion Methods

MC composite production methods may be classified into three groups: in  situ, 
ex situ, and from dissolved MC solution. In the first method, the reinforcing material 
is added to the culture during MC synthesis. Then it gets trapped inside the MC fibril 
network and forms a composite. MC composites, including aloe vera and poly-3-hy-
droxybutyrate, have been produced by this method. The difficulty with this method 
is that particles remain suspended in the culture only for a limited time. After they 
move down, they cannot be entrapped by the MC pellicle that forms on the liquid–air 
interface (Shah et al., 2013). This problem can be solved by increasing the viscos-
ity of the culture medium (Grande et  al., 2009) or by using an agitated medium. 
However, it is not possible to produce MC pellicles or sheets by using agitated cul-
tures. Another drawback of the in situ composite production is that it is not suitable 
for incorporation of antibacterial agents such as Ag, ZnO, and TiO2 in an in  situ 
production due to their toxic effects on MC-producing bacteria (Shah et al., 2013).

In ex situ production, the already synthesized MC is impregnated with the rein-
forcing material. Different materials, including antibacterial agents, can penetrate 
and get engrossed in the MC network through physical absorbance and H bonds 
with the OH groups of MC. Using this method, MC composites of chitosan, gela-
tin, HAp, and Ag nanoparticles were produced. The difficulty reported with this 
method is that the reinforcing material should be in the sub-micron size to be able 
to enter into the MC fibril network, and it should be hydrophilic to combine with 
MC. Additionally, depending on the structural arrangement of the MC network, 
a homogeneous distribution of the reinforcement materials may not be provided 
(Shah et al., 2013).

In the last method, powdered MC is dissolved in a solvent and then the reinforcing 
material is added. The composite solution is then dried and a composite is produced. 
This method provides better control of the composition and improved homogeneous 
distribution. The solvents to dissolve MC include N-methyl morpholine N-oxide, ionic 
liquids, ZnCl2(3H2O), NaOH and LiOH/urea/thiourea. This method has not been 
extensively tried for MC composite production (Shah et al., 2013). One trial is that of 
Zhang and Luo (2011). They dissolved MC and alginate in separate Li/urea/thiourea 
solutions and then blended them to produce bicomponent fibers through the wet spin-
ning method. Table 10.4 lists the production methods of MC composites.
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TABLE 10.3
List of Some MC Purification and Storage Methods Reported 
in the Literature

1st Step 2nd Step 3rd Step Storage References 

0.1 M NaOH at 
60°C for 4 h

Boiled in 
MilliporeTM water

Steam sterilized (1 bar, 
120°C) for 20 min

Kept refrigerated 
until use

Backdahl 
et al. (2006)

Soaked in DI 
for 24 h and 
filtered

Stirred in methanol 
and filtered (three 
times)

Stirred in dimethylacedamide 
and filtered (three times)

N.S. Charpentier 
et al. (2006)

Soaked in DI at 
90°C for 2 h

Boiled in a 0.5 M 
NaOH solution 
for 15 min

Washed with DI for several 
times and soaked in 1 wt.% 
NaOH for 2 days. Then 
pellicles were rinsed with 
DI to pH 7

Stored in DI at 
room temperature

Hong et al. 
(2006)

Boiled in 1.0 M 
NaOH at 70°C 
for 90 min

Rinsed repetitively 
in DI

Water was removed by either 
freeze drying, solvent 
exchange, or hot pressing

N.S. Grande et al. 
(2009)

Boiled in 0.5 N 
NaOH for 
10 min

Immersed in 0.5 N 
NaOH for 24 h at 
room temperature

Rinsed with DI to neutral pH Freeze dried and 
placed in a 
desiccator to keep 
the moisture 
content below 2%

Huang et al. 
(2010)

Boiled in 0.1 N 
NaOH

N.S. N.S. N.S. Klemm et al. 
(2001)

2% sodium 
dodecyl sulfate 
(SDS) for 12 h 
at 60°C

Washed with 
distilled water 
until complete 
removal of SDS

Immersed in a 4% NaOH 
solution—gently shaken—
for 90 min at 60°C

After neutralization, 
the pellicles were 
autoclaved in 
distilled water and 
lyophilized

Pertile et al. 
(2010)

Soaked in a 
large amount 
of distilled 
water for 
1 day

Autoclaved in a 
1% (w/v) aqueous 
solution of NaOH 
at 121°C for 
20 min

Washed several times with 
distilled water followed by 
(1) soaking in distilled water 
for a long period of time to 
reach pH 7

Stored in distilled 
water at room 
temperature prior 
to use.

Putra et al. 
(2008)

Immersed in 
deionized 
water at 90°C 
for 2 h

Boiled in a 0.5 M 
aqueous solution 
of NaOH for 
15 min

Washed with DI several 
times and soaked in 1% 
NaOH for 2 days. Finally, 
the BC pellicles were 
washed free of alkali

MC composites are 
freeze dried

Wan et al., 
(2006), Wan 
et al. (2007)

Boiled in 0.1 M 
NaOH at 60°C 
for 4 h

Steam sterilized 
(1 bar, 120°C) 
for 20 min

N.S. Stored in Ringer’s 
solution

Wippermann 
et al. (2009)

Soaked in 0.1 
M NaOH 
60°C for 4 h

Repeatedly rinsed 
in Millipore™ 
water

Steam sterilized by 
autoclaving for 20 min 
(120°C, 1 bar)

Stored in DI water 
and refrigerated

Zimmermann 
et al. (2011)

4% SDS 
(Fisher) in DI 
at 70°C for 3 h

4% NaOH in DI at 
70°C for 90 min

Rinsed with DI to pH = 7 Stored in DI at 
room temperature

Svensson 
et al. (2005)
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TABLE 10.4
Components and Production Methods of MC Composites Reported 
in Literature

Component 1 Component 2 Composite Production Method References 

Bacterial 
cellulose 
nanowhiskers

Poly(D,L-lactide),
Solvent (dimethyle-
carbonate or 
chloroform)

Ice-microsphere templating 
technique with thermally induced 
phase separation, ultrasonication

Blaker et al. (2010)

Cellulon TM PETG 6763 
copolyester, PCTG 
DN004 coplyester

Plasma and UV/ozone treatment of 
polyester and impregnation

Charpentier et al. 
(2006)

MC CaCl2, HAp CaCl2-treated BC was rinsed with 
DI and soaked in a 1.5 × SBF 
solution at 37°C for 7 or14 days

Hong et al. (2006)

MC Calcium-deficient 
HAp powder, CMC

Calcium-deficient HAp 
nanoparticles were prepared by a 
wet chemical precipitation 
method using solutions of 
calcium nitrate and di-ammonium 
phosphate salts. HAp was added 
to CMC solution. Precultivated 
MC was added

Grande et al. 
(2009)

MC Tween 80 The second component was added 
into MC culture medium

Huang et al. (2010)

MC Urea The second component was added 
into MC culture medium

Huang et al. (2010)

MC CMC The second component was added 
into MC culture medium

Huang et al. (2010)

MC Fluorescent brightener The second component was added 
into MC culture medium

Huang et al. (2010)

MC Hydroxypropylmethyl 
cellulose

The second component was added 
into MC culture medium

Huang et al. (2010)

MC Polyvinyl alcohol 
(PVA)

PVA was added to the MC 
suspension. The composite was 
low-temperature thermal 
crosslinked under strain to obtain 
anisotropy

Millon et al. (2008)

MC HAp MC pellicle was phosphorylated, 
then immersed in a CaCl2 
solution at 37°C for 3 days. Then 
the CaCl2-treated and 
phosphorylated BC samples were 
immersed in a 1.5 SBF at 37°C 
for 7 or 14 days

Wan et al. (2006)

(Continued)
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10.3.2 CoMPonents of MC CoMPosites

MC has the potential to be used in biodegradable nanocomposites. Different com-
posites of MC have been studied. The component other than MC is determined based 
on the composite application and on the properties required to be imparted to MC, 
such as biological activity or antimicrobicity (Shah et al., 2013). Components that are 
incorporated in MC composites are given in Table 10.4.

Composites of MC with collagen or chitosan presented valuable properties for 
wound dressing and other biomedical applications. MC-carboxymethylcellulose 
(CMC) composites showed increased metal ion adsorption capacity (Grande et al., 
2009). Huang et al. (2010) produced composites of MC-hydroxypropylmethyl cellu-
lose and MC-CMC, which have improved water-holding capacity after drying com-
pared to that of neat MC. MC- HAp composites have been investigated for potential 
use in bone tissue engineering (Grande et al., 2009). Silver nanoparticles have been 
incorporated in MC to impart antimicrobial property. Some other components stud-
ied in MC composites include gelatin, polyethylene glycol, and aloe vera gel (Shah 
et al., 2013).

TABLE 10.4 (Continued)
Components and Production Methods of MC Composites Reported 
in Literature

Component 1 Component 2 Composite Production Method References 

MC HAp Phosphorylated or 
unphosphorylated MC pellicle 
was immersed in a CaCl2 solution 
at 37°C for 3 days. Then the MC 
samples were immersed in 1.5 
SBF at 37°C for 7 or 14 days

Wan et al., (2007)

BC Alginate MC and alginate was dissolved in 
different Li/urea/thiourea 
solutions. The MC solution was 
frozen and then let to thaw before 
mixing of two solutions. The 
mixture was filtered and degassed

Zhang and Luo 
(2011)

MC Calcium-deficient 
HAp, CMC

CMC was added to a CaCl2 
solution. MC samples were 
placed in this solution for 24 h at 
room temperature. The MC 
samples were then placed in a 
CaCl2 solution for 24 h at room. 
Finally, the MC samples were 
rinsed with DI water. The charged 
MC samples were immersed in 
SBF at 37°C

Zimmermann et al. 
(2011)
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The biomedical performance of MC can be enhanced by making its composites 
with bioactive polymers, nanomaterials, and alike. These materials endow antibacte-
rial, antiviral, antifungal, biocompatible, and wound-healing properties to MC (Shah 
et al., 2013).

MC composites of chitin have been produced by in situ and ex situ methods to 
utilize certain properties of chitin, including absorption of wound exudates, wound-
healing effects, tissue engineering scaffolds, drug delivery, antimicrobial, antifun-
gal, and antiviral properties. MC composites showed enhanced cell adhesion and 
proliferation (Shah et al., 2013).

Collagen possesses high biodegradability, low antigenicity, and cell-binding 
properties, and its weak mechanical strength may be supported by a combination 
with MC (Shah et al., 2013). MC-gelatin composites have been developed for tissue 
engineering applications. MC nanocomposites with enhanced mechanical proper-
ties were developed ex situ by soaking MC in polyacrilamide and gelatin solutions 
(Grande et al., 2009). Alginate and aloe vera are other biopolymers combined with 
MC. MC-Ag nanocomposites show antibacterial properties that are advantageous for 
wound-dressing applications. MC composites with metallic oxides such as TiO2 also 
present antibacterial properties (Shah et al., 2013).

Nonaggregated ferromagnetic materials can be incorporated in MC for targeted 
drug-delivery applications (Shah et  al., 2013). MC-Au nanocomposites have been 
developed for usage in biosensors and enzyme immobilization processes (Zhang 
et al., 2010).

Impregnation of MC with clay particles, including montmorrilonite, resulted in 
immense increase in mechanical strength, enhanced skin protection, cleansing and 
antibacterial activity, immobilization of cell toxins produced by various bacteria, 
and excellent wound-healing and blood-clotting capabilities (Shah et al., 2013).

Blaker et al. (2010) produced MC composites with polylactic acid (PLA) where 
PLA acted as the matrix. The toughness of PLA, which is a brittle polymer, was 
increased with the addition of MC. MC-polyvinyl alcohol (PVA) composites have 
been investigated for blood vessel replacement (Grande et al., 2009).

10.4 BIOMEDICAL MC COMPOSITE APPLICATIONS

10.4.1 artifiCial Blood Vessels

Artificial blood vessels present an alternative solution to reconstructive problems 
related with vascular diseases by forming small-caliber tissue-engineered vascu-
lar grafts. With today’s technology, large arteries can be replaced with synthetic 
polyester or expanded-polytetraflourethylene (ePTFE) grafts. However, these mate-
rials are not suitable for replacement of blood vessels with diameters lower than 
6 mm because of the risk of thrombosis formation and occlusion due to the lack of 
compliance between the graft and the adjacent native vessels (Millon et al., 2008). 
Therefore, it is necessary to develop new materials that are suitable for these small 
blood vessels (Backdahl et al., 2006).

To reduce the risk of thrombogenicity, Charpentier et al. (2006) impregnated a 
woven polyester vascular prosthesis in MC to form an impermeable luminal layer 
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to prevent clot formation. They pretreated the polyester with UV/ozone plasma to 
improve the attachment of MC.

Cardiovascular tissues include an important amount of the structural proteins 
elastin and collagen. Here, elastin gives the initial elasticity, whereas the collagen 
fibers, which have a certain amount of slack, contribute to the arterial wall tension 
as the vessel is further stretched. Thus, the aortic tissue has a nonlinear exponential 
and viscoelastic mechanical behavior. Besides, the tensile characteristics of cardio-
vascular tissue, similar to other soft tissues, are anisotropic, with a higher stiffness 
in the circumferential, compared to that in the axial, direction (Millon et al., 2008).

Backdahl et al. (2006), who studied MC as a potential scaffold for artificial blood 
vessels, measured the mechanical properties of MC in Krebs solution and com-
pared it with that of porcine carotid arteries and ePTFE grafts. The MC pellicle was 
reported to have an asymmetric nanofibrillar network structure similar to collagen. 
The stress–strain behavior of MC was more similar to that of carotid artery com-
pared to that of ePTFE, which might be due to the similar nanofibrillar architecture. 
However, the strength, elongation, and Young’s modulus values of MC were lower 
than those of porcine carotid artery. Smooth muscle cells attached to and prolifer-
ated on the MC pellicle, though slower than the polystyrene reference surface, and 
no difference in proliferation was reported to be between the compact and porous 
sides of MC. Cell migration was observed in the porous side but not in the compact 
side. However, use of platelet-derived growth factor (PDGF-BB) culture enhanced 
migration in both sides (Backdahl et al, 2006). The luminal side of the engineered 
vessel tube was suggested to be the compact side in order for enhanced endothelial 
cell attachment. This mimics the smooth, dense surface of the basal membrane of a 
vessel. Meanwhile, the outer side of the tube, which is porous, may improve integra-
tion with the host tissue (Backdahl et al, 2006).

Millon et al. (2008) developed a PVA-MC nanocomposite material that mimics 
the anisotropic exponential stress–strain behavior of the cardiovascular tissue. In 
order to impart anisotropy, they subjected the composites to certain levels of strain. 
They obtained a close match between the stress–strain relationship of porcine aorta 
and that of anisotropic PVA-MC nanocomposite hydrogel. The stiffness of the nano-
composite increases with the increase in thermal crosslinking cycles under strain. 
The stiffness and anisotropy increases until the strain ratio applied during crosslink-
ing increases to 75%. Incorporation of MC into PVA also increases the stiffness and 
the anisotropy of the polymer.

As can be expected, the tubular shape is advantageous for vascular replacement. 
Backdahl et al (2011) applied an MC graft synthesized in the shape of a 6 mm diam-
eter tube as an infrarenal aortic bypass for a pig (see Figure 10.1). They reported no 
problems associated with mechanical performance and thrombosis.

Klemm et al. (2001) used MC for artificial blood vessels for microsurgery of rat 
carotid artery with an inner diameter of 1 mm. They reported 100% patency with no 
signs of coagulation. Four weeks after surgery, the inner surface of MC tube was cov-
ered with endogene cells. Similarly, Wippermann et al. (2009) developed MC tubes 
and used them to replace carotid arteries of pigs and obtained 87.5% patency rate.

Putra et  al. (2008) produced MC tubes with the desired length, inner diam-
eter, thickness, and fibril orientation parallel to the tube axis by culturing MC in 
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oxygen-permeable silicone tubes with inner diameters smaller than 8 mm. Fibril ori-
entation increases with the decrease in tube diameter below 8 mm. Above 8 mm, no 
orientation was obtained. No difference in the orientation was found if the tube was 
held horizontally or vertically. Strength and modulus are higher in the axial direc-
tion, whereas elongation is higher in the radial direction. The MC tube was proposed 
to be used as a microvessel or soft tissue material.

10.4.2 Wound healing

Wound-healing systems should provide a suitable environment for epidermal 
regeneration by forming a barrier against infection and fluid loss (Czaja et  al., 
2006). The distinctive nanofibrillar structure of never-dried MC makes it a prom-
ising matrix for wound healing (Figure 10.2). Thanks to its nanoporous structure, 
MC not only allows the transfer of antibiotics or other medicines into the wound, 
but also serves as a barrier against any external infection. The effective hydration 
and absorption activity of MC provides the necessary moisture balance for the 
healing period (Czaja et al., 2006).

MC has already found commercial applications under the trade names Biofill, 
Xcells, Bioprocess (burns and ulcers), and Gengiflex (periodontal diseases) in 
terms of wound healing. Compared to conventional wound-healing materials, 
the following advantages have been reported for MC: shorter healing duration, 
reduced contamination, decreased treatment cost, eliminated pain symptoms, 

FIGURE 10.1 A 6 mm BC graft as an infrarenal aortic bypass for a pig. (From Mat. Sci. 
Eng. C, 31, Bäckdahl, H., Risberg, B., and Gatenholm, P., Observations on bacterial cellulose 
tube formation for application as vascular graft, 14–21, Copyright 2011, with permission from 
Elsevier.)
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enhanced absorption of wound exudates, improved prevention of excessive fluid 
loss, and easiness of wound inspection due to the transparency of MC (Czaja 
et al., 2006).

MC-chitin and MC-gelatin composites have been used for wound-healing appli-
cations (Shah et  al., 2013). MC-collagen and MC-chitosan composites present 
enhanced properties for wound-dressing applications (Grande et al., 2009).

10.4.3 Bone tissue engineering

Bone is a natural composite where HAp mineral crystals reinforce a collagen matrix 
(Zimmermann et al., 2011). Thus, HAp-collagen nanocomposites have been exten-
sively investigated for bone tissue engineering. Compared to collagen, MC possesses 
substantially greater strength and modulus and eliminates the risk of cross-infection 
(Wan et al., 2006).

Among organic polymers, which include silk fibroin and chitosan besides collagen, 
MC is one of the most recent studied ones for bone applications (Hong et al., 2006). 
However, MC itself is not feasible for a bone-healing scaffold as the osteoprogenitor 
cells do not adhere to its surface. This situation can be enhanced by using MC– 
calcium-deficient HAp composites (Zimmermann et  al., 2011). Osteoconductivity 
and bioactivity of HAp and high strength of MC render MC–HAp composites ideal 
for bone tissue engineering (Wan et al., 2006).

FIGURE 10.2 The never-dried microbial cellulose membrane. (From Biomaterials, 27, 
Czaja, W., Krystynowicza, A., Bielecki, S., and Brown Jr., R.M., Microbial cellulose—The 
natural power to heal wounds, 145–151, Copyright 2006,  with permission from Elsevier.)
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Hong et al. (2006) synthesized MC–HAp, shown in Figure 10.3, in a biomimetic 
route. First, they immersed MC in CaCl2 solution and then decanted MC in simu-
lated body fluid (SBF) to induce HAp growth.

Wan et al. (2006) used phosphorylation as a means of surface modification of MC 
to boost calcium phosphate formation. They observed no change in fiber morphol-
ogy upon phosphorylation. They immersed the phosphorylated and CaCl2-treated 
MC in SBF to obtain MC–HAp composites. HAp crystals formed on MC fibrils 
with a crystallite size of 37–43 nm and crystallinity degree of 0.56%–0.79%. The 
crystallite size and crystallinity rate increased with the increase in the duration of 
immersion in SBF. After 14 days of immersion in SBF, MC became fully covered by 
HAp crystals (Figure 10.4). When HAp crystal formation on unphosphorylated MC 
was investigated by Wan et al. (2007), very little amount of HAp was found to have 
formed on MC.

Grande et al. (2009) produced MC–calcium-deficient HAp nanocomposites in a 
static culture in the presence of a mineral phase. CMC was added to suspend HAp 
by controlling the viscosity of the MC culture. The presence of CMC decreased the 
average diameter of MC fibers from nearly 120 to 60 nm, whereas the average pore 
size increased from 0.520 to 0.770 μm. The biocompatibility testing of MC–HAp 
resulted in 97% viability. The viability of MC increased with the presence of CMC, 
which was attributed to the change in the fiber diameter and pore size as well as the 
addition of HAp, as it forms direct chemical bonds with tissues. The crystallinity 
of HAp and the crystallite size of MC decreased in the composites compared to 
their pure forms. Grande et al. (2009) stated that further research was necessary to 
improve the adhesion of cells to MC–HAp nanocomposite scaffolds.

1µm×10,00020 kV

FIGURE 10.3 MC–hydroxyapetite composite. (From Mater. Lett., 60, Hong, L., Wang, 
Y.L., Jia, S.R., Huang, Y., Gao, C., and Wan, Y.Z., Hydroxyapatite/bacterial cellulose com-
posites synthesized via a biomimetic route, 1710–1713, Copyright 2006, with permission 
from Elsevier.)
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10.4.4 Cartilage

Articular cartilage consists of a small number of chondrocyte cells in an extracel-
lular matrix, which mainly includes water, collagen type II, and proteoglycans. The 
main purposes of articular cartilage are to cover the ends of bones in joints to reduce 
friction during movement and to distribute load (Svensson et al., 2005).

The regenerative capacity of damaged cartilage is limited. Thus, tissue engineer-
ing has the potential to provide a scaffold for the repair and regeneration of damaged 
cartilage. Until today, a variety of natural polymers such as collagen, alginate, hyal-
uronic acid, fibrin glue, and chitosan as well as synthetic polymers such as PLA, poly-
glycolic acid, PVA, polyhydroxyethylmethacrylate, and poly(N-isopropylacrylamide) 
have been studied as scaffold materials for articular cartilages (Svensson et al., 2005).

Among such studies, Svensson et al. (2005) investigated MC as a potential car-
tilage scaffold. They studied the effect of phosphorylation and sulfonation. They 
found that phosphorylation and sulfonation increased the compression strength 
while decreasing tensile strength and elasticity modulus. They found MC to support 
adherence, growth, and migration of chondrocyte cells.

10.4.5 nerVe

Klemm et al. (2001) used MC tube as a protective layer on sected sciatic nerves of rats. 
They found better regeneration compared to uncovered sected nerves. Tubular shape 
has been reported to be advantageous for nerve regeneration (Bäckdahl et al., 2011).

20 kV ×5000 5μm 14/JUL/05

FIGURE 10.4 MC–HAp composite. (From Compo. Sci. Technol., 66, Wan, Y.Z., Hong, L., 
Jia, S.R., Huang, Y., Zhu, Y., Wang, Y.L., and Jiang, H.J., Synthesis and characterization of 
hydroxyapatite–bacterial cellulose nanocomposites, 1825–1832, Copyright 2006, with per-
mission from Elsevier.)
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10.4.6 MiCrosurgiCal training

Klemm et al. (2001) have reported that the use of MC tubes during microsurgical 
training presents a more close-to-reality model compared to rubber membranes and 
plastic tubes and is advantageous in terms of animal protection by reducing the num-
ber of necessary experimental animals.

10.5 CONCLUSION

MC is a polysaccharide excreted extracellularly by certain bacteria, with the species 
Gluconacetobacter xylinus to be the most extensively studied one. MC exhibits some 
unique features such as impressive mechanical strength, crystallinity, water-holding 
capacity, purity, and in  situ moldability, which are superior to those of plant cel-
lulose. MC presents an ultrafine nanofibril network structure. These characteristics 
render MC valuable for biomedical applications. Its applications in artificial blood 
vessels, temporary skin substitutes, wound dressings in deep wounds or burns, scaf-
folds for tissue engineering of cartilage and bone have been reported. In vitro and 
in vivo studies showed that MC is biocompatible. It has been studied as replacement 
in blood vessels in rats and pigs. MC has the potential to be used in biodegradable 
nanocomposites. Different composites of MC have been studied. Composites of MC 
with collagen or chitosan presented valuable properties for wound dressing and other 
biomedical applications. MC-CMC composites showed increased metal ion adsorp-
tion capacity. MC–hydroxyapetite composites have been investigated for potential 
use in bone tissue engineering. Silver nanoparticles have been incorporated in MC 
to impart antimicrobial property. Some other components studied in MC composites 
include gelatin, polyethylene glycol, and aloe vera gel.

MC composite production methods may be classified in three groups: in  situ, 
ex  situ, and from dissolved MC solution. While the last method provides better 
control of the composition and improved homogeneous distribution together with 
a wider spectrum of component materials in terms of chemistry and dimensions, it 
is the least studied method. Further research pertaining composite production from 
dissolved MC solutions may provide promise for more sophisticated biomedical 
composites. In vivo applications of MC composites are also limited to a few studies 
in contrast to the fact that patency rates higher than 85% were reported. More in vivo 
studies may provide a better determination of the applicability of MC composites in 
tissue engineering and other biomedical applications.
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ion concentrations, 6
nanocomposite materials, 4–5
nanosized HAp, 7–9
osteoconduction mechanism, 4, 6
requirements, 3

Cancer, 190; see also Curcumin
Carbon nanotubes (CNTs)

bionanocomposites, 100–101
conventional/stimuli-responsive hydrogels, 41
graphene, 223
reinforcement, 85, 127

Carboxymethylcellulose (CMC), 241, 246
Chitosan

amphiphilic systems, 208–209
biomedical applications, 208
β-TCP, 159
BMP-2, 57
coating purposes, 210
Garcinia mangostana, 59
in vitro drug release studies, 209–210
LbL assembly, 37
PEO, 65
PF127, 209
scaffolds, 128
TAT, 44

Cinnamaldehyde (CA), 65
CMC, see Carboxymethylcellulose (CMC)
CNTs, see Carbon nanotubes (CNTs)
Coacervation method, 203–204
Coaxial electrospinning

vs. blend electrospinning, 61
BS nanofiber, 62
different coaxial capillary channels, 61
feed rates, 62
fibro-porous wound dressing, 62
PCL nanofibers, 62–63
proteins, 63–64
shell fluids, 62–63
shell polymer, 61
Tet–PVA/SPI/ZrO2 nanofibrous 

membrane, 62
viscosity ratio, 61, 62

Composite material
biocomposites, 145
continuous phase, 144
definition, 143
dispersed phase, 144
interfacial strength, 145
matrix material, 144
mechanical properties, 144
phase miscibility, 144–145
structural analysis, 144

Conductive polymer composites (CPCs), 99, 225
Corporate social responsibility (CSR), 224–225
Curcumin, 59

adjuvants, 196
administration, 194–195
anticancer agent, 191–192, 194
chemical composition, 191
controlled delivery (see Polymer 

nanoparticles)
curcuminoids, 191–192
cyclodextrin, 195, 197
derivatives, 196–197
dosage level, 191, 195
drug targeting, 199–200
history, 191
liposomes, 195–196
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medicinal significance, 191, 193
micelles, 195–196
nanoparticles, 197–198
phospholipid complex, 196

D

Dicalcium phosphate dihydrate (DCPD), 
9, 160

Docetaxel (Dtxl), 43–44
Drug-delivery systems

electrospinning
blend encapsulation, 58–61
coaxial encapsulation (see Coaxial 

electrospinning)
emulsion electrospinning, 64–65
matrix-type structure, 58
nonwoven mats, 58
reservoir-type structure, 58

starch graft copolymers, 79, 85–86
Dtxl, see Docetaxel (Dtxl)

E

ECM, see Extracellular matrix (ECM)
ECs, see Endothelial cells (ECs)
eGR, see Expanded graphite (eGR)
Electrospinning, 114–116

drug-delivery systems
blend encapsulation, 58–61
coaxial encapsulation (see Coaxial 

electrospinning)
emulsion electrospinning, 64–65
matrix-type structure, 58
nonwoven mats, 58
reservoir-type structure, 58

principles
components, 50
configurations, 51
parameters, 52
polymer flow rate, 52
Sessile and pendant droplets, 50
suboptimal field strength, 51–52
Taylor’s cone, 50

tissue engineering
bone tissue regeneration, 57
cardiovascular, 56–57
cell compatibility, 54
ECM, 52–53
grounded needle and positively charged 

collector, 54–55
growth factors, 55–56
natural polymers, 54
PHB blends, 53–54
polyhydroxyalkanoates, 53
techniques, 53
water bath electrospinning, 54

Emulsification, 204
Endothelial cells (ECs), 57, 79, 222–223, 243
Engineered nanomaterials (ENMs), 225
Environmental scanning electron microscopy 

(ESEM), 82
Expanded graphite (eGR), 99
Extracellular matrix (ECM)

BNC scaffolds, 40
degradation, 26
physiological functions, 3
structure and biological functions, 115
tissue engineering, 52–53

F

Flexible electronics, 225
Freeze extraction, 114–115
Fused deposition modeling, 110, 117–118

G

Garcinia mangostana (GM), 59
Gas foaming method, 53, 113, 154
Gluconacetobacter xylinus, see Microbial 

cellulose (MC)
Graphene oxide (GO), 99, 128, 223
Guar gum, 210

H

HAp, see Hydroxyapatite (HAp)
HAPEX™

coupling agents, 150–151
in situ shaping, 151
mechanical interlock, 150
mechanical properties, 151
orbital reconstruction, 151
production stages, 150

HES, see Hydroxyethyl starch (HES)
High impact polystyrene (HIPS), 154
High-performance liquid chromatography 

(HPLC), 205
Hydroxyapatite (HAp)

biomedical applications, 6
BNCs, 39
calcium ions, 7
cellular processes, 12
collagen nanocomposites, 245–247
factors, 17
high surface activity, 6
infrared spectroscopy and thermogravimetric 

analysis, 25–26
metabolic functions, 4
phases, 23
PHB matrix, 25
PLA, 99–100
PLLA films, 100

  



254 Index

polymeric systems, 7
preparation methods, 8–9
SBF solution, 19
starch, 77
tiny biominerals, 4
ultrafine structure, 6

Hydroxyethyl starch (HES), 74, 76

I

Injectable bone substitutes (IBS), 161–162
Ionic gelation method, 203–204

L

Layer-by-layer (LbL) assembly, 37, 44
Layer distance of dodecyl sulfate-modified LDH 

(LDH-DS), 102
Layered double hydroxide (LDH), 101–102

M

Magnetic nanoparticles, 210–211
Mesoporous silica nanoparticles (MSNs), 

58–59
Microbial cellulose (MC)

articular cartilage system, 247
artificial blood vessels, 242–244
biomedical applications, 231–232
bone tissue engineering, 245–247
carboxymethylcellulose, 241
characteristics, 231–232, 234
degradation capacity, 234
ex situ production, 238, 240–242
ferromagnetic materials, 242
gelatin composites, 242
in situ production, 238, 240–242
metal composites, 242
microsurgical training, 248
nerve regeneration, 247
plasma treatment, 237
polylactic acid, 242
polyvinyl alcohol, 242
production methods, 235–237
storage methods, 238–239
water-retention capacity, 232
wound-healing systems, 244–245

Microsphere sintering, 116–117
MSNs, see Mesoporous silica 

nanoparticles (MSNs)
Multi walled carbon nanotubes (MWCNT)

alternating current stimulation, 127
bionanocomposites, 100–101
tissue scaffolds/bone-regenerating 

treatments, 85, 127

N

Nanoprecipitation method, 201–202, 206, 208
Nanosized drug-delivery systems (NDDS)

environmental stimuli, 41–42
reduced adverse effects, 40
surface plasmon resonance effect, 40–41
therapeutic properties, 40

Nerve regeneration process, 247
Nonfused deposition modeling, 110, 118
Nonsolvent-induced phase separation (NIPS) 

method, 113, 116

O

Oxidized starch (OS)
in vivo studies, 196
production, 74, 76
PVA, 76

P

Paclitaxel (PTX), 43–44
Particulate leaching, 110, 112–113
PCL, see Polycaprolactone (PCL)
PEEK, see Polyetherether ketones (PEEK)
PEG, see Poly(ethylene glycol) (PEG)
PEO, see Poly(ethylene oxide) (PEO)
PGA, see Poly(glycolic acid) (PGA)
PHB, see Poly(hydroxybutyrate) (PHB)
PLA, see Poly(lactic acid) (PLA)
Plastics

ASTM, 222
biobased carbon, 222
bioplastics/biopolymers, 223–224
cross-contamination, 222–223
CSR, 224–225
flexible electronics, 225
graphene, 223
health and beauty, 225–226
natural fibers, 224
physically challenged human beings, 

224–225
portable gas sensors, 226
sporadic toxicity studies, 225

PLGA, see Poly(lactic-co-glycolic acid) 
(PLGA)

Polarized optical microscopy (POM), 
101–102

Polycaprolactone (PCL)
coating component, 158
coaxial electrospinning, 62–63
core–shell structure, 62
mechanical properties, 14
nontoxic byproducts, 148
phase separation, 55
resorption period, 148

  



255Index

Polyetherether ketones (PEEK), 
225–226

Poly(ethylene glycol) (PEG), 43–44, 63, 196, 
207–208

Poly(ethylene oxide) (PEO), 64–65, 209
Poly(glycolic acid) (PGA)

apatite-containing biocomposites, 
155–156

degradation rate, 26–27
mechanical properties, 14
tissue engineering applications, 12–14

Polyhedral oligomeric silsesquioxanes (POSS), 
97, 102–103

Poly(hydroxybutyrate) (PHB)
cellular processes, 12
crystallization, 23
electrospinning, 53–54
low molecular weight, 14–15
mechanical properties, 25
SBF solution, 19–20
surface roughness, 22

Poly(α-hydroxyesters), 148–149, 154–156
Poly(lactic acid) (PLA)

apatite-containing biocomposites, 
155–156

bioactivity, 16
bionanocomposites

clays, 98
CNTs, 100–101
graphene, 99
HAp, 25–26, 99–100
LDH, 101–102
POSS, 102–103
silicates, 97–98

degradation, 26–27
growth factors and antibiotics, 14
mechanical properties, 14
tissue engineering applications, 12–14

Poly(lactic-co-glycolic acid) (PLGA)
biomineralization, 23
blend encapsulation, 58–61
degradation rates, 27
mechanical properties, 14
polymer blending, 148–149
polymer nanoparticles, 206–207
tissue engineering applications, 12–14

Polymer blending
ACP formulation, 161
apatite (see Apatite-containing 

biocomposites)
BCP and DCPD, 160
biocompatibility, 146
vs. ceramics, 146
interfacial bonding, 153
nondegradable, 148
PCL, 146, 148
PLGA, 148–149

PLLA, 152–153, 164–165
polycarbonates, 148
polyphosphazenes, 148
polyurethanes, 148
porosity, 154
PPF and PMMA, 148
properties, 146
TCP formulation, 159–160

Polymer nanoparticles
cellular uptake, 205
chitosan, 208–210
coacervation method, 203–204
controlled release, 200–201
emulsification, 204
guar gum, 210
magnetic nanoparticles, 210–211
microscopic analysis, 204
MTT and HPLC, 205
nanoprecipitation, 201–202
PEG, 207–208
PLGA, 206–207
salting out method, 203
solvent evaporation, 203
targeted delivery, 201
zeta potential, 205

Polymethylmethacrylate (PMMA), 148
Poly(propylene fumarate) (PPF), 39, 127, 

148, 161
Polyvinyl alcohol (PVA)

alginate, 37
apatite, 154
blend composition, 54
BTE, 39
microbial cellulose, 242–243, 247
microemulsions, 64
starch, 76, 79–80
therapeutic application, 41

POM, see Polarized optical 
microscopy (POM)

Portable gas sensors, 226
POSS, see Polyhedral oligomeric silsesquioxanes 

(POSS)
POSS-modified montmorillonite 

(POSS-MMT), 103
PPF, see Poly(propylene fumarate) (PPF)
PTX, see Paclitaxel (PTX)
PVA, see Polyvinyl alcohol (PVA)
Pyrolysis-gas chromatography/mass spectroscopy 

(Py-GC/MS), 101

Q

Quantum dots (QDs), 44

R

Rapid prototyping (RP), 78, 85, 116
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S

Salting out method, 203
SBF solution, see Simulated body fluid (SBF) 

solution
SCA, see Starch/cellulose acetate (SCA)
SEVA-C, see Starch/ethylene vinyl alcohol 

(SEVA-C)
Shape deposition manufacturing, 117
Simulated body fluid (SBF) solution, 19, 128, 

154–155, 159
Solvent casting technique, 23, 78, 110, 

112–113, 155
Solvent evaporation method, 36, 112, 157, 203
SPCL composites, see Starch–polycaprolactone 

(SPCL) composites
Starch

biocompatibility, 76–78
biomedical applications

bacterial strains, 86–87
bone cements, 78
bone tissue engineering scaffolds, 

78, 85
drug-delivery systems, 85–86
ECs, 79
green cornstarch composites, 79
hydrogels, 79–80, 86
in vivo endosseous response, 79
long-chain fatty acids, 86
MWCNT, 85
pharmaceutical applications, 86
PVA, 79–80
silver nanowires, 86
SPCL, 78–79
starch graft copolymers, 79

gelatinization, 74
modification, 74, 76
nanocomposites

reinforcement, 83–84
starch matrix, 80–82

native starch, 73–75
Starch-blend hydrogels, 79–80
Starch/cellulose acetate (SCA), 77
Starch/ethylene vinyl alcohol (SEVA-C), 77–78, 

156–157, 164
Starch–polycaprolactone (SPCL) composites, 

78–79, 85
Stereolithography, 120
Superparamagnetic iron oxide nanoparticles 

(SPION), 41–44

T

Tansactivator protein (TAT), 44
TCP, see Tissue-culture polystyrene (TCP)

Theranostics
luminescent property, 44
magnetic response, 44
QDs, 44
SPION and Dtxl/PTX, 43–44
therapeutic and diagnostic functions, 43

Thermogravimetric analysis (TGA), 59, 
101, 225

Tissue-culture polystyrene (TCP)
CaP bioceramics, 3, 12, 16
IBS, 161
polymer formulations, 159–160

Tissue engineering
advanced mechanism, 114–116

fused deposition modeling, 117–118
LCP texture transfer, 120–122
microsphere sintering, 116–117
nonfused deposition modeling, 118
RP procedure, 116
selective laser sintering, 119–120
shape deposition manufacturing, 117
stereolithography, 120
3D printing procedure, 118–119

bacterial cellulose nanoparticles, 129
bionanocomposite design

bidimensional structures, 112
design requirements, 111
in situ polymerization, 112
material classification, 111
mechanical properties, 111, 128–129
melt mixing method, 112
natural-based materials, 111
solution method, 112
surface features, 111
synthetic materials, 111
template synthesis, 112
tridimensional structures, 112

carbon nanocomposites
carbon nanofibers, 128
carbon nanotubes, 127
cellulose nanowhiskers, 129–130
fullerene nanoparticles, 127
graphene and graphene oxide, 128
nanodiamonds, 128

coral nanocomposites, 125
electrospinning

bone tissue regeneration, 57
cardiovascular, 56–57
cell compatibility, 54
ECM, 52–53
grounded needle and positively charged 

collector, 54–55
growth factors, 55–56
natural polymers, 54
PHB blends, 53–54
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polyhydroxyalkanoates, 53
techniques, 53
water bath electrospinning, 54

hydroxyapatite nanocomposites
biocompatibility, 122
compressive modulus, 123
grafted nanoparticles, 124–125
osteoconductive properties, 122
percentage porosity, 123
surface topography, 122–123

metal nanocomposites, 125–126
traditional mechanism

freeze extraction procedure, 114–115
gas foaming method, 113
melt molding procedure, 114
phase separation process, 113–114
solvent casting and particulate leaching, 

112–113

W

Water bath electrospinning, 54
Wound-healing systems, 59, 244–245
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