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Preface

During the last few decades, there has been an escalating demand for clean,
pollution-free environment and high urgency for minimising fossil fuel. It has led to
an increasing demand for the development of high-performance cultured products
from biological and renewable resources. Functional biopolymers and their
respective composites as well as various other materials are one of the most suitable
alternates to fulfil such alarming urgency. Biopolymers refer to the class of poly-
mers having biological origin. These may be linear or cross-linked combinations
of their respective monomer units. Biopolymers are generally classified into several
categories depending on several factors such as (a) degradability (b) polymer
backbone (c) monomers, etc. Biodegradable polymers are typical type of polymers
which degrade or break down after their intended purpose and form by-products
like environmental gases (CO2, N2), water, biomass and inorganic and organic salts.
Non-biodegradable polymers are the substances that do not break down to a natural,
environmental safe condition over time by biological processes. Depending on
monomer, units like monosaccharide, amino acids, nucleotides, natural biopolymer
are commonly classified into polysaccharides, proteins and nucleic acids.
Biopolymers are currently being used as substitute to traditional synthetic materials
because they are more sustainable, renewable and more importantly eco-friendly in
nature. Furthermore, the functional materials prepared using biopolymers exhibit
suitable properties such as high mechanical resistance, thermogravimetric, oxygen
barrier, biodegradation and chemical resistance to name a few. In reality, there is
not a single material which can achieve wide range of properties for which design
of composites, in particular with biopolymers, is an attempt for substantial
improvement of properties. The biopolymers can also be functionalised for better
compatibility during preparation of composites and other materials.

In this book, different types of biopolymers and their functional materials are
presented along with some critical issues, advantages and disadvantages. The prime
aim and focus of this book is to present recent advances in the synthesis, processing
and applications of Functional Biopolymers as new innovative sustainable mate-
rials. It reflects the recent theoretical advances and experimental results and open
new avenues for researchers as well as readers working in the field of polymers and
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sustainable materials. Different topics covered in this book include but are not
limited to: Structural Analysis of Functional Biopolymers Based Materials;
Nano-optical Biosensors; Functionalization of Tamarind Gum For Drug Delivery;
Biopolymer Composite Materials With Antimicrobial Effects; Functional
Biocomposites of Calcium Phosphate-Chitosan And Its Derivatives; Surface
Properties Of Thermoplastic Starch Materials Reinforced With Natural Fillers;
Functional Biopolymer Composites; Cellulose-Enabled Polylactic Acid
(PLA) Nanocomposites; Epoxidized Vegetable Oils For Thermosetting Resins;
Philosophical Study on Composites; Smart Materials For Biomedical Applications
and Emulgels for Drug Delivery.

We express our sincere thanks to all the authors, who have contributed their
extensive experience through their work for the success of this book. We would
also like to thank Dr. Susheel Kalia (Series Editor) along with publisher for
invaluable help in the organisation of the editing process.

Vijay Kumar Thakur, Ph.D.
Cranfield University, Cranfield, UK

Manju Kumari Thakur, M.Sc., M.Phil., Ph.D.
Himachal Pradesh University, Shimla, India
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Chapter 1
Nano-optical Biosensors for Assessment
of Food Contaminants

M.S. Attia, Ahmed E.M. Mekky, Ziya Ahmed Khan
and M.S.A. Abdel-Mottaleb

Abstract In the last decades, the optical biosensors have great attention, especially,
when the biosensor is inserted into a good host such as tetraethoxyorthosilicate
(TEOS) polymer and molecular imprinted polymer with no interference. This
method gives a transparent nano-optical biosensor with new optical properties to
increase the impact of the proposed analytical method which has wide linear range
and very low detection limit. In this chapter, the transparent nano-optical sensor is
inserted into TEOS polymer and imprinted template in molecular imprinted
nanopolymer for the determination of different food contaminants such as different
bacteria (Salmonella, Staphylococcus aureus and Campylobacter), Aflatoxin pro-
duced by different Aspergillus flavus and Aspergillus parasiticus species of fungi and
E. coli bacteria. The nano-optical biosensors were used for the determination of food
contaminants in different food samples with a high-performance analytical method.

1 Introduction

The biosensor has many advantages over other types of sensor and is exploited
profitably mainly by the medical and pharmaceutical sector. The biosensors are used
for sensing the main important targets such as glucose in diabetics patients, toxicity of
some foods, and food-borne pathogens including E. coli, Salmonella, and aflatoxin
(Thusu 2014a, b). Two types of biosensors include (1) sophisticated, rapid,
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very sensitive with a high accurate measurement machines in the laboratory for the
complex biological interactions and components and (2) new prototype devices for
use by nonspecialists for in situ or home monitoring. A new approach in which the
molecular imprinted polymer (MIP) with nanotechnology is introduced in the last
decades (Turiel andMartin-Esteban 2010). This approach depends on the selection of
functional monomers to self-assemble around a target analyte. This chapter, concerns
by the determination of different food contaminants such as different bacteria
(Salmonella, Staphylococcus aureus and Campylobacter), Aflatoxin produced by
different Aspergillus flavus andAspergillus parasiticus species of fungi and E. coli
bacteria by using dopped nano-optical sensors in tetraethylorthosilicate (TEOS)
polymer prepared by the sol–gel method and molecular imprinted nanopolymer.

1.1 Characteristics of Optical Biosensor

Selectivity: The biosensor must have a high selectivity for the analyte and have little
interference with moieties that have a chemical structure similar to that of the
analyte.

Sensitivity: The biosensor should be able to measure the analyte many times by
the same accuracy in small time intervals.

Linearity of response: It should have a wide linear range similar to the con-
centration range over which the target analysis is to be measured.

Reproducibility of signal response: Repeating the sample concentration mea-
surements gives the same results.

Quick response time and recovery time: The time required for the biosensor to
respond to the selected analyte. This time should be quick enough so that real-time
monitoring can take place in an efficient manner. The recovery time of the sensor
should be as small as possible for reusability of the biosensor system.

Stability and operating life: The biosensors should be stable in different media
such as biochemical and environmental conditions (Thakur and Ragavan 2010).

1.2 Biosensor Components

A biosensor is a molecular device that converts a biological response into a
detectable measurable signal. A biosensor is formed from three components: the
sensor material such as; metal, glass, polymer, or even paper, onto which a
bioreceptor is coupled. The bioreceptor, such as antibodies, enzymes, nucleic acid
aptamers or single-stranded DNA, cellular structures/cells, biomimetic, and bacte-
riophage (phage) (Velusamy et al. 2010), is coupled with the sensor through dif-
ferent immobilizing techniques which may be physical or chemical.

2 M.S. Attia et al.



1.3 Sensor Materials

The nanostructure biomaterials are used in the last decades in the development of
many devices, including sensor technology with unique capabilities for data col-
lection, processing, and recognition with minimal false positive counts. Carbon
nanotubes (CNT’s) are conducting, act as electrodes, and generate electrochemi-
luminescence (ECL) in aqueous solutions (Vaseashta and Dimova-Malinovska
2005). Therefore, the sensor surface is formed from metal, polymer, glass-doped
nanomaterial which has a similar dimension to biomolecules like proteins and
DNA.

1.4 Sensor Designs

The technique used for the physical or chemical fixation of bioreceptor which can
be cells, organelles, enzymes, or other proteins (e.g., monoclonal antibodies) onto a
solid support, or into a solid matrix or retained by a membrane, is used in order to
increase their stability. The methods used can be physical retention or chemical
binding.

1.4.1 Physical Adsorption Method

This method depends on the adsorption of the enzyme or other biological materials
on solid support, for example, alumina, charcoal, clay, cellulose, kaolin, silica gel,
glass, collagen, carbon pellets, and advanced material such as carbon nanotubes
(CNTs). A simple procedure is when microbial cells are immobilized by simple
absorption by placing the cells on a porous cellulose membrane, generating pastes
when enzymes or tissue are mixed with graphite powder and liquid paraffin.

1.4.2 Physical Entrapment Method

The biomaterial and transducer are contacted by inert membranes. These mem-
branes include cellulose acetate (dialysis membrane); polycarbonate (Nucleopore),
synthetic non-permselective material; Collagen, a natural protein; PTFE: polyte-
trafluoroethylene (trade name Teflon) and is a synthetic polymer selectively per-
meable to gases. Nafion, (a Dupont material), is biocompatible and shown to be
stable in cell culture and the human body. Polymeric gels can be used and prepared
in a solution containing the biomaterial.

1 Nano-optical Biosensors for Assessment of Food Contaminants 3



1.5 Transducing Element

The transducing element gives a measurable signal that is proportional to the
concentration of the analyte/bioreceptor. Three types of the transducers are avail-
able, they are optical, electrochemical, and mass based.

1.5.1 Optical Transducers

Optical transducers can be subdivided into light absorption, fluorescence/
phosphorescence, reflectance, refractive index, and bio/chemiluminescence. In
fluorescence, the method of determination depends on the preparation of transparent
host doped with the biosensor for sensing the metabolites produced from the dif-
ferent food contaminants such as; Salmonella, E. coli and aflatoxin. In reflectance,
three methods are used such as surface plasmon resonance (SPR) (Biacore 2014),
total internal reflection fluorescence (TIFR), and attenuated total reflectance (ATR).

1.5.2 Fiber Optic Biosensors

Fiber optic biosensors FOBS (Leung et al. 2007) have many applications in food
quality and safety (Narsaiah et al. 2012) such as detection of Salmonella, E. coli and
Listeria in food. FOBS based on the type of interactions with an analyte, can be
divided into two groups: affinity and catalytic. According to their mode of action,
optical biosensors have been subdivided into five subgroups: (a) plain fluorometric
sensors; (b) direct and indirect indicator-mediated chemical sensors; (c) direct
enzymatic biosensors; (d) indicator-mediated enzymatic biosensors; and (e) affinity
biosensors.

1.5.3 Electrochemical Transduction Methods

It is subdivided as the measurement of amperometric (current), impedimetric
(impedance), potentiometric (potential) and conductometric for the determination of
food contaminants. The amperometric sensors are better than potentiometric devi-
ces in which it has a wide linear range. Most of the work has been done on
amperometric and potentiometric biosensors with little work being devoted to
conductometric biosensors (Adley and Ryan 2014). Modern electrochemical tech-
niques have low detection limits (10−7–10−9 mol/L or 30 ppb) for gaseous com-
pounds (Yang et al. 2012). A range of detector components (antibody, DNA) has
been used in the detection of Campylobacter spp. using both ampermometric and
impedimetric transducers (Yang et al. 2013). Electrochemical enzyme-based
biosensors have dominated the market in the food (Zhai et al. 2013).

4 M.S. Attia et al.



1.5.4 Mass-Based Transducers

In which the change in the mass is used to detect the food contaminants. The two
main types of mass-based sensors are (1) bulk wave (BW) or quartz crystal
microbalance (QCM) and (2) surface acoustic wave (SAW).

A QCM is a real mass sensor belonging to a wider class of inertial mass sensors
(Mecea 2006).

Acoustic wave sensors (AWS) monitor the change in oscillation frequency when
the device responds to the input stimulus. AWS is divided into: (1) flexural plate
wave resonators (FPW); (2) bulk acoustic wave resonators (BAW);
(3) shear-horizontal acoustic plate mode resonators (SAW); and (4) surface acoustic
wave resonators (SAW). The important application of SAW is used for monitoring
humidity in food packaging system (Reyes et al. 2013).

2 Methods of Preparations

2.1 Sol–Gel Process

The sol–gel is a wet chemical technique used for the synthesis of new porous
nanomaterials with well-defined structures and complex shapes. It is well known
that this technique is relatively simple and through a pre-orientation of the network,
the distribution of the components in molecules can be easily controlled.

For a long time, sol–gel techniques have been used for the fabrication of both
glassy and ceramic materials (Dislich 1971a; Yan and Row 2006; Chiodini et al.
1999; Marzolin et al. 1998). The polycondensation reactions of the obtained gel
material undergo a two-phase system containing both liquid phase and solid phase.
These two phases have morphologies range from discrete particles (colloid) to
continuous polymer networks. With the evaporation of some amount of solvents, a
gel-like property of the colloid solution was obtained (Klein and Garvey 1980;
Brinker et al. 1982). Generally, two types of reactions are used to obtain the
material by sol–gel technique; (i) acid-catalyzed sol formation, in which there is a
formation of an open continuous network of low-density polymers that exhibit
certain advantages with regard to physical properties in the formation of
high-performance glass and glass/ceramic components in two and three dimensions
(Allman III 1983), (ii) base-catalyzed sol formation, in which the particles are
allowed to grow till sufficient size to become colloids (Allman III and Onoda Jr
1984; Sakka and Kamiya 1982) (Fig. 1).

In both the types of reactions, the inorganic network containing a liquid phase
(gel) was formed. The gel is obtained due to the formation of metal oxide by
connecting the metal center with oxo (M-O-M) or hydroxo (M-OH-M) bridges,
which undergoes transition to give metal-oxo or metal-hydroxo polymer in
solution.

1 Nano-optical Biosensors for Assessment of Food Contaminants 5



2.1.1 Mechanism of Sol–Gel Formation

The well-known precursors are the alkoxides(Si(OR)4), e.g., tetramethylorthosili-
cate (TMOS), Si(OCH3)4 or tetraethyl orthosilicate (TEOS) Si(OC2H5)4 in the sol–
gel formation. The alkoxides are used as ideal chemical precursors for sol–gel
synthesis due to its reaction with water easily. Si atoms undergo hydrolysis to form
a hydroxytriethylorthosilicate or a hydroxytrimethylorthosilicate. The reaction is
called hydrolysis because a hydroxyl ion becomes attached to the silicon atom as
follows:

Si OC2H5ð Þ4 þH2O ! HO�Si OC2H5ð Þ3 þC2H5�OH

An excess of water or hydrolysis catalyst, such as acetic acid or hydrochloric
acid, is used for the complete hydrolysis of the reaction.

Fig. 1 Schematic diagram for different stages and pathways in sol–gel technology
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Si OC2H5ð Þ4 þ 2H2O ! SiO2 þ 4C2H5�OH

On partial hydrolysis reaction, the intermediate species such as, [(O C2H5)2–Si-
(OH)2] or [(O C2H5)3–Si-(OH)] or siloxane [Si–O–Si] may obtain.

ðO C2H5Þ3�Si�OHþHO�Si�ðO C2H5Þ3
! O C2H5ð Þ3Si�O�Si O C2H5ð Þ3

� �þH2O

or

O C2H5ð Þ3�Si�O�C2H5 þHO�Si� O C2H5ð Þ3
! O C2H5ð Þ3Si�O�Si O C2H5ð Þ3

� �þC2H5�OH

Thus, polymerization is associated with the formation of a one-, two-, or
three-dimensional network of siloxane [Si–O–Si] bonds accompanied by the pro-
duction of H2O and C2H5-OH species (Fig. 2).

In the presence of a catalyst, water or ethyl alcohol may be obtained. A branched
polymer was obtained because a completed hydrolyzed monomer Si(OH)4 is
tetrafunctional (can branch or bond in four different directions). However, under
certain conditions, e.g., low water concentration or incomplete hydrolysisa, partial
branching will occur because less than four groups of the OC2H5 or OH groups
(ligands) will be capable of condensation. The mechanisms of hydrolysis and
condensation and the factors that control the structure toward linear or branched
structures are the most critical issues of sol–gel science and technology (Dislich

Fig. 2 Mechanism of the condensation of TEOS in sol gel process

1 Nano-optical Biosensors for Assessment of Food Contaminants 7



1971b; Matijevic 1986; Brinker and Mukherjee 1981; Sakka and Kamiya 1980;
Yoldas 1979; Prochazka and Klug 1983; Ikesue et al. 1995; Ikesue 2002).

2.1.2 Preparation of Nano-optical Sensor Doped in TEOS

In the preparation of the nano-optical sensor doped in sol–gel, the following three
steps were carried out:

(i) The optical sensor was dissolved in ethanol in 25 mL flask.
(ii) The sol matrix was prepared as follows: a mixture consisting of

tetraethoxysilane (TEOS), ethanol and water in 1:5:1 molar ratio was
refluxed for 1 h to give the precursor sol solution in the presence of a few
drops of diluted HCl solution as catalyst.

(iii) Finally, an appropriate amount of the sensor and the precursor solution were
mixed and stirred together for 15 min until the mixture become homoge-
neous. The developed complex-dispersed sol solution was cast into a poly-
styrene cup with diameters (3, 0.2, 0.8 cm) and kept at 25 °C in the air for
2 weeks. The produced cast was heated at 100–500 °C for 24 h to give
solidified and transparent composite sample (Attia et al. 2010, 2012a, b; Attia
and Aboaly 2010; Attia 2010) (Fig. 3).

The above-reported method suffers from some disadvantage in which the
cracking has taken place for the product and cast optical sensor, which is converted
into small species. Some modification was introduced to the method in which the
sol after reflux was transferred into the deep freezer at zero temperature to expel the

Fig. 3 Synthesis of the nano-optical sensor doped in sol gel matrix
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trapped gases and decreasing the cracking process of the optical sensor (Fig. 4)
(Attia et al. 2014a, b).

2.1.3 Hybrid Nanomaterials

Hybrid materials, which have unique properties, are obtained by combining with
the rigidity and high thermal stability of the inorganic material and the flexibility,
ductility, and process ability of the organic polymers. The optical transparency,
mechanical properties, thermal and weathering resistance of the polymer materials
are used as a host for biosensor applications (Zou et al. 2008). The high mechanical
strength, permeability, thermal and chemical stability, a relatively low refractive
index and a high surface area of the silica nanoparticles (SiNPs) leading to
improved properties of the incorporated optical sensor in SiNPs polymer films
enhance the mechanical properties and also reduce its thermal degradation at high
temperature. Its insulation properties also improve and protect the sensor from the
surrounding chemical interaction as well as preventing the quenching of the
emission intensity of the sensor occurred by the surrounding environment such as
hydroxyl solvents (Ray and Okamoto 2003).

The synthesis of transparent SiNPs as a hybrid polymer is carried out by sol–gel
method either by basic or acidic catalysis (Shang et al. 2002; Zhang et al. 2013).
Silica–polymer hybrid thin film materials can be obtained by simply mixing organic
and inorganic components; however, it is usually difficult to obtain a homogeneous
polymer mixture of silica and organic material due to the formation of SiNP
aggregates that strongly affect the properties of the hybrid material.

Fig. 4 Synthesis of the thin film nano-optical sensor doped in sol–gel matrix

1 Nano-optical Biosensors for Assessment of Food Contaminants 9



2.1.4 Preparation of Poly Aniline–Ag–Cu Nanocomposite Thin Film
by Sol–Gel Method

The nanocomposite of polyaniline (PANI) and metals were prepared by the
oxidative polymerization of aniline and the reduction process of metal compound in
the presence of nitric acid and PVA. 2.5 g of PVA was completely dissolved in
40 mL deionized water and stirred on the hot plate at 80–90 °C. 0.5 g of silver
nitrate and copper acetate was dissolved in deionized water and was added drop by
drop into PVA solution by using a pipette. Magnetic stirring continued until the
solution becomes a brownish yellow viscous liquid. 1.25 mL of aniline was added
to the solution followed by 1.0 mol/L nitric acid (HNO3) (Huda et al. 2014).

2.1.5 Preparation of Optical Sensor ZnO Nano-rods for Assessment
of Salmonella

A preliminary processed by ultrasound in acetone and dried in a nitrogen flow of
ZnO nano-rods was performed before the grown nano-rods of a powder-like
structure. The ZnO nano-rods formed a layer on the substrate, which was further
annealed at 300 °C in the air for 1 h (Roman et al. 2014).

2.2 Molecular Imprinting Nanomaterial Polymer

Molecular imprinted polymers (MIPs) are biomimetic nanomaterials. The MIP
offers unique opportunities. In this technique, polymer network is formed which
acts as synthetic receptors. The imprinted polymers then can selectively bind to the
organic molecules for desired application (Yan and Row 2006). The molecular
imprinted materials have high mechanical and chemical stability. It is easy to
prepare with low manufacturing cost and can be reused (He et al. 2007; Menaker
et al. 2009; Mayes and Whitcombe 2005; Cai et al. 2010; Yongqin et al. 2013).
The MIP materials have specific interaction sites and cavities within the polymer
structure. These cavities can be fabricated in both charged and neutral states for
analytes/templates.

The combination of nanotechnology with the molecularly imprinted technique
gives molecularly imprinted nanomaterials that exhibit enhanced sensitivity and
selectivity, which may eventually lead to the development of more suitable matrices
for desired applications (Malitesta et al. 2012). The imprinted materials with
nanoscale dimensions have a greater impact on nanoscience and technology.
A wide range of imprinted nanomaterial morphologies, including nanocapsules,
nanospheres, nanoshells, nanocrystals, nanoclusters, nanofibers, nano-rods, and
nanoparticles has been developed (Abhilash 2010; Gültekin et al. 2012; Wang et al.
2012). The shape and size of the imprinted nanomaterial depend on the conditions
and methodology for synthesis. A large number of imprinted nanomaterials have
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already been developed, such as imprinted nanoparticles (Imp-NPs) (Poma et al.
2013), imprinted nanocomposites (Imp-NCs) (Matsui et al. 2009) and imprinted
hybrid materials (Lakshmi et al. 2009) for a number of applications such as sep-
aration science (Cheong et al. 2013a; Li et al. 2012a), molecular recognition (Guan
et al. 2008), chemical sensing of different analytes (Li et al. 2012b) clinical diag-
nostics (Cai et al. 2010; Piletsky et al. 2006), drug delivery (Cunliffe et al. 2005),
solid-phase extraction (Fuchs et al. 2012), synthesis and catalysis (Alexander et al.
2003), environmental analysis (Pichon and Chapuis-Hugon 2008), enantioselective
recognition (Cheong et al. 2013b), and, most importantly, chemical sensing
(Mujahid et al. 2010). The ease of preparing imprinted nanomaterials and straight
forward compliance also plays a decisive role in achieving greater success as
compared to other receptors (Tokonami et al. 2009). The interactions and the
compatibility between the template and monomers in a typical polymer matrix play
an important role (Esfandyari-Manesh et al. 2011). A number of methods are used
to prepare the imprinted nanomaterials, including bulk, suspension, multistep
swelling, mini-emulsion, and core–shell and precipitation polymerizations (Kryscio
and Peppas 2012).

2.2.1 Approach of Molecular Imprinted Polymer Formation

For the synthesis of molecular imprinting polymer, generally, two approaches have
been proposed on the basis of covalent and non-covalent interactions between the
templates (Fig. 5) and functional monomers (Fig. 6). In all the cases, the functional
monomers have been chosen to interact with the functional groups of the imprinted
molecule. The special binding sites are formed by covalent or, more commonly,
non-covalent interaction between the functional group of imprint template, initiator
(Fig. 7) and the monomer, followed by a cross-linked copolymerization in the
presence of a cross-linker (Fig. 8) (Yan and Row 2006). The non-covalent approach
has been used more extensively due to the following reasons: (1) non-covalent
protocol is easily conducted, avoiding the tedious synthesis of pre-polymerization
complex, (2) removal of the template is generally much easier, usually accom-
plished by continuous extraction, and (3) a greater variety of functionality can be
introduced into the MIP binding site using non-covalent methods.

NH2

O

N
H

NH2

O

N
H

HO
NH2

OH

2-amino-N,3-diphenylpropanamide 2-amino-3-(4-hydroxyphenyl)-N-phenylpropanamide 2-amino-3-phenylpropan-1-ol

Fig. 5 Some examples on the used template in MIP technology
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Covalent Approach

In the covalent approach, a polymerizable molecule is covalently coupled with the
imprinted molecule. After the copolymerization with a cross-linker, a chemical
method is used to separate the imprint molecule from the highly cross-linked
polymer. The first MIP was obtained by using specific sugar or amino acid
derivatives, which contained a polymerizable function such as vinylphenylboronate
by covalent imprinting method (Malitesta et al. 2012; Poma et al. 2013). The
selectivity of MIP for analyte depends on the ratios of cross-linker, the functional
monomer, and template. The releasing of the template from MIP is carried out by
the reversible covalent interactions in which the acid hydrolysis procedure is used
to cleave the covalent bonds between the template and the functional monomer.

COOH COOHCOOH

CF3

N
N

N

N

OH

O

O

CONH2

OH
S

O O

NH

O

acrylic acid

methacrylic acid

1-vinyl-1H-imidazole 4-vinylpyridine2-vinylpyridine

2-acrylamido-2-methylpropane-1-sulfonic acid 2-hydroxyethyl methacrylate

acrylamide

2-(trifluoromethyl)acrylic acid

Fig. 6 Some examples on the used monomers in MIP technology
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(E)-3,3'-(diazene-1,2-diyl)bis(3-cyanobutanoic acid)

Fig. 7 Some examples on the used initiators in MIP technology
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Non-covalent Approach

The frequently used method to prepare MIP is the non-covalent approach due to its
simplicity. In this approach, the template and functional monomer form a complex
through non-covalent intermolecular interactions. The special binding sites are
formed by the self-assembly between the template and monomer, followed by a
cross-linked copolymerization (Matsui et al. 2009; Lakshmi et al. 2009). The
imprint molecules interact, during both the imprinting procedure and the rebinding,
with the polymer via non-covalent interactions, e.g., ionic, hydrophobic and
hydrogen bonding (Fig. 9). The drawback of the non-covalent approach is set by
the peculiar molecular recognition conditions. Due to the random nature of complex
formation which may lead to different orientations of the two species and therefore
different types of imprinted cavities. The formation of interactions between
monomers and the template is more stabilized in hydrophobic environment over
polar environment. Some restrictions in the covalent binding between the monomer
and the polymer, such as some molecules characterized by a single interacting
group such as an isolated carboxyl, generally give imprinted polymers with very
limited molecular recognition properties. The non-covalent methods are important
for two reasons: the methodology is far easier than covalent methods, and it pro-
duces higher affinity binding sites versus covalent methods. The increased number
of binding interactions with the polymer binding site may account for greater
accuracy of the site, and thus impart greater affinity and selectivity to the site. The
trends in binding and selectivity in non-covalently imprinted polymers are
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Fig. 8 Some examples on the used cross-linkers in MIP technology
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explained best by incorporating multiple functional monomers for the highest
affinity binding sites.

2.3 Molecular Imprinted Nanomaterials

2.3.1 Imprinted Nanoparticles (Imp-NPs)

Imp-NPs are prepared by various methods such as precipitation, mini- and
micro-emulsion, core–shell, and free radical polymerization (Cheong et al. 2013a).
The precipitation in which the monomer, template, and initiator are completely
soluble in the presence of the cross-linker upon the reaction begins, the polymer is
formed as precipitated material.

2.3.2 Imprinted Nanospheres

The imprinted nanosphere is prepared by precipitation polymerization which is
used for the recognition of desired species (Li et al. 2012c). Imp-NPs were prepared
by dilution of pre-polymerization mixtures, during optimizing a number of
parameters, such as the template to monomer ratio, the functional monomer to
cross-linker ratios, the type, and amount of the cross-linking monomer, the con-
centration of salts for buffers and the pH (He et al. 2007; Piletsky et al. 2006;
Tokonami et al. 2009).

Fig. 9 Schematic diagram for non-covalent approach for synthesis of MIP
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2.3.3 Imprinted Nanoshells

Emulsion/suspension polymerization has also been used for the preparation of
Imp-NPs in which the mechanical agitation is used to mix a monomer, initiator,
cross-linker, and template in more than one liquid phase by using the free radical
polymerization mechanism (Alexander et al. 2003; Pichon and Chapuis-Hugon
2008; Mujahid et al. 2010). In some studies, the imprinted cavities were formed in
an ethylene glycol dimethacrylate (EDGMA) shell for the recognition of choles-
terol. Ma and co-authors synthesized a more selective core–shell Imp-NPs for
b-estradiol on silica (Abhilash 2010). The fabrication of bovine hemoglobin protein
Imp-NPs with a magnetic polystyrene core is performed by multistep core–shell
polymerization mechanism with 3-aminophenylboronic acid as the monomer and
sol–gel process (Gültekin et al. 2012; Wang et al. 2012; Esfandyari-Manesh et al.
2011; Takeda and Kobayashi 2005).

2.3.4 Imprinted Nanofibers

Nanofibers are nanostructures with diameters in the nanometer range. They have
been resourcefully used in sensing applications. Piperno and co-authors (Michael
et al. 1995) immobilized polymer nanofibers in Imp-NPs for an amino acid
derivative and used them in a fluorescence-based sensor for dansyl-L-phenylalanine
detection. An Imp-nanofiber membrane was synthesized using N-
a-benzyloxycarbonyl-D-glutamic acid (Z-D-Glu) or N-a-benzyloxycarbonyl-L-glu-
tamic acid (Z-L-Glu) as imprint molecules for sensing amino acid derivatives.
Cellulose acetate was also used to synthesize Imp-nanofiber membranes by the
electrospray method for the same analytes.

3 Application of Nano-optical Biosensor
for Determination of Food Contaminants

3.1 Plasmonic Nano-biosensors for Detection of E. coli
Bacteria

Biosensors work on the principle of refractive index changes induced by chemicals
applied on the nanopatterned surface and measurement of LSPR wavelength shifts
caused by this difference in refractive index change. Fabrications are done with
E-Beam Lithography (EBL) which allows more precise control in fabrication in
terms of shape, size, and periodicity compared to the other nanopatterning tech-
niques. The first step of fabrication is the preparation of sapphire samples for EBL
lithography. Preparation starts with spin coating the sensor with E-line resist at
4000 rpm for 40 s, baking the surface at 110 °C for 2 min, and then coating the
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surface with aqua-save since the sample is to be introduced into E-line device
(http://www.nanotechnology.bilkent.edu.tr/eng/photonic).

3.2 PANI–Ag–Cu Nanocomposite Thin Films Based
Impedimetric Microbial Sensor for Detection of E. coli
Bacteria

PANI–Ag–Cu nanocomposite thin films were prepared by sol–gel method and
deposited on the glass substrate using the spin coating technique. Polyaniline was
synthesized by chemical oxidative polymerization of aniline monomer in the
presence of nitric acid. The films were characterized using XRD, FTIR, and UV–
visible spectroscopy. The performance of the sensor was conducted using elec-
trochemical impedance spectroscopy to obtain the change in impedance of the
sensor film before and after incubation with E. coli bacteria in water. The peaks in
the XRD pattern confirm the presence of Ag and Cu nanoparticles in face-centered
cubic structure.

Impedance analysis indicates that the change in impedance of the films decreases
with the presence of E. coli. The sensitivity on E. coli increases for the sample with
high concentration of Cu (Huda et al. 2014).

3.3 A Nanoporous Membrane-Based Impedimetric
Immunosensor for Label-Free Detection of Pathogenic
Bacteria in Whole Milk

A nanoporous membrane-based impedimetric immunosensor was used for the
label-free detection of bacterial pathogens in whole milk. A simple and rapid
method to modify a commercially available alumina nanoporous membrane with
hyaluronic acid (HA) effectively reduced the non-specific binding of biomolecules
and other cells, and permitted successful immobilization of antibodies. Escherichia
coli O157:H7, one of the most harmful food-borne pathogenic bacteria, was tested
as a model pathogen in this study (Joung et al. 2013).

3.4 A Micro-fluidic Nano-biosensor for the Detection
of Pathogenic Salmonella

Quantum dot nanoparticles were used to detect Salmonella cells. For selective
detection of Salmonella, anti-Salmonella polyclonal antibodies were covalently
immobilized onto the quantum dot surface. To separate and concentrate the cells
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from the sample, super paramagnetic particles and a microfluidic chip were used.
A portable fluorometer was developed to measure the fluorescence signal from the
quantum dot nanoparticles attached to Salmonella in the samples. The sensitivity
for detection of pathogenic Salmonella was evaluated using serially diluted
Salmonella The detection limit of the sensor was 103 CFU/mL Salmonella in both
borate buffer and food extract (Giyoung et al. 2015).

3.5 DNA Functionalized Direct Electrodeposited Gold
Nano-aggregates for Efficient Detection of Salmonella
typhi

The electrochemical DNA biosensor for the detection of Salmonella typhi in urine
and blood samples was fabricated by direct electrodeposition of gold
nano-aggregates (GNAs). Salmonella typhi (S. typhi) specific 5′-amine modified
single-stranded DNA (ssDNA, NH2-(C6)-5′CGTGCGCGACGCCCGCCGCC3′)
was covalently immobilized on to GNAs-ITO (indium tin oxide) electrode. The
detection of S. typhi from urine and blood samples using fabricated
ssDNA-GNA-ITO bio-electrode showed promising results and have the potential to
be used as a sensor for real patient samples (Anu et al. 2015).

3.6 Nano-gold Sensor for Detection of Salmonella
spp. in Foods

A polymerase chain reaction and a novel method using DNA-gold nanoparticles
conjugates for specificity and high sensitivity detection of Salmonella spp. was
reported.

The technology utilizes gold nanoparticles derivatized with thiol modified
oligonucleotides that are designed to bind complementary DNA targets. The
hybridization between the target (inv A of Salmonella) and nanoparticle probes
creates links between the nanoparticles resulting in the formation of nanoparticle
aggregates and color shift that can be used for Salmonella detection in foods.
Probes and primers for target DNA (inv A gene of Salmonella) were designed and
ordered (Patel et al. 2006).

3.7 Carbon Nanotube Immunosensor for Salmonella

Rapid and easy detection of food-borne bacteria such as Salmonella would be a
useful tool for protecting public health. An ideal sensor technology would be small
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and cheap enough to enable automated detection of food-borne disease at multiple
locations along the product chain, from harvest and transportation to point-of-use in
the kitchen. Biosensors that combine biological elements for target recognition with
an all-electronic, nano-enabled readout element are promising candidates for use as
very large sensor arrays that could assist medical diagnosis or other analysis
through the simultaneous quantification of hundreds of biological and/or
biomolecular targets using a single small-volume sample. Therefore, the investi-
gation of the carbon nanotube-based immunosensor to detect Salmonella was
applied (Khamis et al. 2011).

3.8 Application of Room Temperature Photoluminescence
from ZnO Nano-rods for Salmonella Detection

ZnO nano-rods grown by gaseous disperse synthesis were used to determine the
Salmonella. This is performed by the two emission bands emitted from ZnO
nano-rods at 376 and 520 nm. A bio-sensitive layer is prepared by immobilization
of Anti-Salmonella antibodies (Ab) from liquid solutions on the ZnO surface. After
further reaction with Salmonella antigens (Ag), the PL intensity is found to decrease
proportional to antigen concentrations in the range of 1000–1,000,000 cell/mL
(Roman et al. 2014).

3.9 Real-Time and Sensitive Detection of Salmonella
typhimurium Using an Automated Quartz Crystal
Micro Balance (QCM) Instrument with Nanoparticles
Amplification

A rapid and real-time detection of Salmonella typhimurium was performed by
quartz crystal microbalance (QCM) instrument with a microfluidic system. The
QCMA-1.0 bare gold sensor chip which contains two sensing array was modified
by covalently immobilizing the monoclonal capture antibody on the active spot and
a mouse IgG antibody on the control spot using a conventional amine coupling
chemistry (EDC-NHS). The binding of the Salmonella cells onto the immobilized
anti-Salmonella antibody alters the sensor frequency which was correlated to cells
concentration in the buffer samples. Salmonella cells were detected using direct,
sandwich, and sandwich assay with antibody conjugated gold nanoparticles
(Faridah et al. 2013).
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3.10 Universal Biomolecular Signal Transduction-Based
Nano-electronic Bio-detection System

The development of rapid and ultrasensitive detection technologies are a long-
standing goal for researchers in the bio-detection fields. Nanowire field-effect
transistor (nano-FET) devices have shown great promise in label-free and ultra-
sensitive detection of biological agents. However, critical application problems in
using this technology have not been addressed, particularly the difficulties of FET
sensing surface modification for various targets and lower detection specificity in
real biological samples. A novel molecular signal transduction system reported
herein overcomes such problems. With this system, various complicated
biomolecular interactions are “translated” into simple signal molecules with uni-
versal sequences (Wusi et al. 2008).

3.11 Highly Sensitive SERS-Based Immunoassay
of Aflatoxin B1 Using Silica-Encapsulated Hollow
Gold Nanoparticles

Aflatoxin B1 (AFB1) is carcinogenic contaminant in foods. Because of its potential
toxicity, it is considered as an extremely hazardous compound to the human ner-
vous system. AFB1 is used as a biochemical marker to evaluate the degree of food
spoilage. In this study, a novel surface-enhanced Raman scattering (SERS) based
immunoassay platform using silica-encapsulated hollow gold nanoparticles
(SEHGNs) and magnetic beads was developed for highly sensitive detection of
AFB1. Quantitative analysis of AFB1 was performed by monitoring the intensity
change of the characteristic peaks of Raman reporter molecules. The limit of
detection (LOD) of AFB1, determined by this SERS-based immunoassay, was
determined to be 0.1 ng/mL (Juhui et al. 2015).

3.12 A Simple and Rapid Optical Biosensor for Detection
of Aflatoxin B1 Based on Competitive Dispersion
of Gold Nano-rods

A one-step and label-free gold nano-rods optical biosensor is used for the assess-
ment of aflatoxin B1 (AFB1). In this research, gold nano-rods (GNRs) were
employed as a sensing platform, which showed high stability under high ionic
strength conditions without the addition of any stabilizing agent. The developed
method could effectively reduce false results caused by undesirable aggregation,
which is a big problem for spherical gold nanoparticles. The absorption intensity of
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UV-vis spectra served as the sensing indicator, with dynamic light scattering
(DLS) measurement as another sensing tool with a linear range from 0.5 to
20 ng/mL. And the limit of detection (LOD) was 0.16 ng/mL, indicating an
excellent sensitivity with absorbance result (Xia et al. 2013).
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Chapter 2
Functionalization of Tamarind Gum
for Drug Delivery

Amit Kumar Nayak and Dilipkumar Pal

Abstract Tamarind gum is a plant polysaccharide extracted from seed endosperm
of the plant, Tamarindus indica Linn. (Family: Fabaceae). It is a neutral, nonionic,
and branched polysaccharide having water solubility, hydrophilic, gel-forming, and
mucoadhesive properties. In addition, tamarind gum is biodegradable, biocompat-
ible, noncarcinogenic, and nonirritant. Tamarind gum is employed as a potential
biopolymer in the fields of pharmaceutical, cosmetic, and food applications. In the
recent years, it is widely tested and employed in various drug delivery applications
as effective pharmaceutical excipients. Tamarind gum is being exploited in the
formulation of oral, colon, ocular, buccal, and nasal drug delivery systems. Though
tamarind gum is extensively used in various drug delivery formulations, it has some
potential drawbacks such as unpleasant odor, dull color, poor solubility in water,
tendency of fast degradability in aqueous environment. To overcome these
restrictions, tamarind gum has been functionally derivatized through chemical
treatment with a variety of functional groups such as carboxymethyl, acetal,
hydroxyl alkyl, thiol, polymer grafting, etc. Recently, various functionally deriva-
tized tamarind gums hold a great promise as potential pharmaceutical excipients in
different kinds of improved drug delivery systems mainly because of its improved
stability (lower degradability). These functionally derivatized tamarind gums hold
enhanced mechanical behavior as well as competence in prolonged
period-controlling drug releases. The present chapter contends with a broad review
of different kinds of functionalizations of tamarind gum for their use in the
development of various improved drug delivery systems. The first part includes
sources, compositions, properties and uses of tamarind gum. Then, the latter part
contains a comprehensive review of different functionalizations of tamarind gum in
drug delivery.
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1 Introduction

Day by day, the medicinal and biomedical uses of various plant-derived materials
are gaining significance over synthetic materials because of large availability in
nature, eco-friendly renewable, and sustainable extraction facility with lower cost
(Nayak et al. 2010, 2012; Pal and Mitra 2010; Pal et al. 2012). Among these
materials, plant-derived natural gums have recently established their worth as
biopolymers due to their biosafety, biodegradability, and inexpensive sustainable
productions from the natural resources (Hasnain et al. 2010; Avachat et al. 2011;
Nayak et al. 2015; Nayak and Pal 2012). Plant-derived gums are those natural
polysaccharides, which contain manifold sugar units interconnected to compose
macromolecular structures with a broad range of physiological characteristics
(Nayak and Pal 2012, 2016). Gums are actually pathological byproducts of plants.
Gums contain some salts (sodium, potassium, calcium, magnesium, etc.) of com-
plex materials (Nayak and Pal 2016). Almost all natural gums are able to form gels
(i.e., three-dimensional molecular networks). Gel strength of gums depends on
several issues of the gum characteristics like molecular structure, concentration,
ionic strength, pH, temperature, etc. (Jani et al. 2009; Rana et al. 2011). The natural
gums exhibit swelling capacity as a result of the trap of larger water volume
in-between the branches as well as chains (Nayak and Pal 2016). The majority of
natural gums is metabolized by intestinal microflora and finally, is able to degrade
the simpler sugar components (Rana et al. 2011; Prajapati et al. 2013). Moreover,
intestinal enzymes are able to cleave these gums at the specific sites (Rana et al.
2011).

Recently, various plant-derived natural gums are being investigated and
employed in the different kinds of drug delivery systems on account of their diverse
characteristics (Jani et al. 2009; Prajapati et al. 2013). Most of these gums are
biodegradable, biocompatible, and also safe enough for oral consumption (Prajapati
et al. 2013). Unfortunately, there are several potential drawbacks with the use of
plant-derived native gums in biomedical as well as pharmaceutical applications.
These drawbacks include pH responsive solubility, uncontrolled hydration rate,
viscosity decrease after longer storage, chances of microbial contaminations, etc.
(Rana et al. 2011). To overcome these above-said drawbacks of plant-derived
native gums, various kinds of functionalizations of different plant-derived native
gums through chemical modifications like carboxymethylation (Pal et al. 2011; Das
et al. 2014), carbamoylethylation (Sharma et al. 2004), cyanoethylation (Goyal
et al. 2008), thiolation (Sharma and Ahuja 2011), graft modification (Mishra et al.
2006; Pandey et al. 2014), etc., are being researched by various groups. These
functionalized natural gums not only limit various weaknesses of native gums but
also make possible the utilization prospects as improved drug delivery excipients.
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Amongst a variety of plant-derived polysaccharides, tamarind gum is promising
biopolymer (Pal and Nayak 2015; Nayak 2016). It is extracted from tamarind seed
endosperm and often, it is also called as tamarind kernel gum. Food and Drug
Administration (FDA) has recognized this plant polysaccharide as a generally
regarded safe (GRAS) substance in their GRAS Notice (2014). Therefore, it should
be considered as safe for oral consumption. It is widely utilized as polymer in
various applications such as pharmaceutical, cosmetic, food, chemical engineering,
paper, textile, etc. (Pal and Nayak 2015; Nayak 2016). In the recent years, tamarind
gum is being researched and exploited as valuable excipients in a variety of dosage
systems for improved drug deliveries (Manchanda et al. 2014; Pal and Nayak 2015;
Nayak 2016). Currently, the properties of tamarind gum have been improved
through functionally modifications by chemical derivatization with different func-
tional groups such as carboxymethyl, acetal, hydroxyl alkyl, thiol, etc. (Goyal et al.
2007, 2008; Kaur et al. 2012a, b). Additionally, grafting modifications of tamarind
gum are also helpful to improve various potential polymer properties of tamarind
gum (Manchanda et al. 2014). On the basis of the above discussion, the present
chapter contends with a broad review of different kinds of functionalizations of
tamarind gum for their use in the development of various improved drug delivery
systems. The first part includes sources, compositions, properties, and uses of
tamarind gum. Then, the latter part contains a comprehensive review of different
functionalizations of tamarind gum in drug delivery.

2 Tamarind Gum: Sources, Composition, Properties,
and Uses

2.1 Sources

Tamarind gum is a plant polysaccharide extracted from seed endosperm of the
plant, Tamarindus indica Linn. (commonly known as ‘Indian date’; ‘Imli’, in Hindi;
Family: Fabaceae) seeds (Pal and Nayak 2012). The extraction procedure of
tamarind gum was first reported by Rao et al. (1946) and they extracted it from
tamarind seed kernel powder. Rao and Srivastava (1973) and then Nandi (1975)
further modified this extraction procedure to extract tamarind gum on the laboratory
scales. In general, chemical and enzymatic procedures of tamarind gum extraction
are employed. In chemical extraction procedure, tamarind seed kernel powder is
generally soaked in the boiled water and then filtered to separate the extracted
mucilage. The collected filtered mucilage material is put into the equal volume of
ethanol or acetone to obtain precipitate gum. The extracted precipitate is then dried
as tamarind gum (Nayak and Pal 2011). The enzymatic extraction procedure
includes mixing up of tamarind seed kernel powder with ethanol and following
reaction with the protease (an enzyme). Subsequent to the enzymatic treatment by
protease, it is centrifuged. The supernatant is collected and treated with ethanol to
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obtain precipitation of tamarind gum. The extracted precipitate is then dried as
tamarind gum (Tattiyakul et al. 2010).

2.2 Composition

Tamarind gum is a neutral, non-charged and branch-structured polysaccharide
(Nayak 2016). It is composed of (1 ! 4)-b-D-glucan backbone-substituted with
side chains of a-D-xylopyranose and b-D-galactopyranosyl (1 ! 2)-a-D-xylopyr-
anose linked (1 ! 6) to glucose residues, where 55.4% of glucose, 28.4% of xylose
and 16.2% of galactose units are present corresponding to a molar ratio of
2.8:2.25:1.0 (i.e., glucose:xylose:galactose) (Nayak and Pal 2011; Pal and Nayak
2015). Therefore, it is regarded as galactoxyloglucan (Nayak 2016). In the tamarind
gum structure, glucose residues (80%) are substituted by xylose residues (1–6
linked) along with partly substituted by p-1–2 galactose residues (Lang et al. 1992;
Manchanda et al. 2014). The molecular structure of tamarind gum is presented in
Fig. 1. It is already reported that the molecular weight of tamarind gum is 2.5–
6.5 � 105 (Zhang et al. 2008; Pal and Nayak 2015).

2.3 Properties and Uses

Tamarind gum is an aqueous soluble and hydrophilic polysaccharide (Nayak 2016).
It swells in aqueous solutions to produce mucilaginous gels, which usually confirms
characteristic rheological behavior of non-Newtonian and pseudoplastic nature

Fig. 1 Chemical structure of tamarind gum
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(Joseph et al. 2012; Pal and Nayak 2015). The high degree substitution of glucan
chains in the tamarind gum structure generates stiff as well as extended confor-
mation with the aqueous volume occupancy in larger amounts in aqueous solutions.
The native form of tamarind gum also demonstrates a tendency of self-aggregation
in the aqueous solutions (Pal and Nayak 2015). The tamarind gum self-aggregates
comprise lateral assemblies of single polysaccharidic strands, which can be expli-
cated by the so-called Kuhn’s model (Gupta et al. 2010; Nayak 2016). Tamarind
gum is not soluble in the cold water, in general, and easily soluble in the warm
water to produce highly viscous mucilaginous gels with broad pH tolerance along
with adhesivity (Rao and Srivastava 1973). Like other natural gums, it is not
soluble in methanol, ethanol, acetone, and ether (Joseph et al. 2012). It is stable in
acidic pH. Tamarind gum can also forms gels in acidic as well as neutral pH. It
possesses the ability to produce highly viscous gels with sugars (Gupta et al. 2010).
Tamarind gum has been found as a biodegradable, biocompatible, noncarcinogenic,
non-irritant polymer (Khanna et al. 1987; Avachat et al. 2011). It has also been
illustrated as bioadhesive as well as mucomimetic biopolymer. Tamarind gum has
also revealed anti-inflammatory, hepatoprotective, and antidiabetic nature (Samal
and Dangi 2014). It also possesses film forming property with high flexibility and
good tensile strength, high drug holding capacity, and high thermal stability (Pal
and Nayak 2015). Like other xyloglucans, tamarind gum is not digested by the
influence of human digestive enzymes. It may be considered as part of the dietary
fiber fraction of the diet. However, it is fermented by means of intestinal microbiota
(Hartemink et al. 1996). Even after degradation of the carbohydrate polymeric
backbone of tamarind gum, several polysaccharide strains representing numerous
species are capable to ferment into oligosaccharides (Nayak 2016).

Tamarind gum has already found its potential applications in the fields of food,
pharmaceutical and cosmetic science (Pal and Nayak 2015; Nayak 2016). Recent
years, tamarind gum is widely studied and also employed as one of the emerging
plant-derived natural polysaccharides as pharmaceutical excipients (such as,
thickener, suspending agent, emulsifier, gelling agent, binder, release modifier, etc.)
in various drug delivery applications (Deveswaran et al. 2009; Gupta et al. 2010;
Pal and Nayak 2015; Nayak 2016). Tamarind gum is employed as useful excipient
in the formula of matrix tablets for numerous drugs (Chanda et al. 2008;
Chandramouli et al. 2012). It is also exploited in the development of oral (Pal and
Nayak 2012; Nayak et al. 2014a; Nayak 2016), buccal (Bangle et al. 2011; Avachat
et al. 2013), colon (Mishra and Khandare 2011), nasal (Datta and Bandyopadhyay
2006), and ocular (Mehra et al. 2010) drug deliveries. Furthermore, tamarind gum
finds its utilization as mucoadhesive biopolymers in the formulation of different
bio-mucoadhesive drug delivery systems (Datta and Bandyopadhyay 2006; Bangle
et al. 2011; Avachat et al. 2013; Pal and Nayak 2015; Nayak 2016). Tamarind gum
has been exploited for the preparation of various multiple-unit sustained drug
releasing carriers, such as spheroids, beads, microparticles, etc., for oral adminis-
tration (Kulkarni et al. 2005; Nayak and Pal 2011, 2013; Nayak et al. 2013, 2014a,
b; Pal and Nayak 2012; Jana et al. 2013; Bera et al. 2015).
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3 Rationality of Tamarind Gum Functionalization

Though tamarind gum is extensively used in various biomedical applications
including its wide application ranges in pharmaceutical formulations as excipients,
it has some potential drawbacks (Manchanda et al. 2014; Pal and Nayak 2015;
Nayak 2016). Native tamarind gum possesses unpleasant odor and dull color, (Kaur
et al. 2012a; Meenakshi and Ahuja 2015). It also exhibits its poor solubility in water
(Kaur et al. 2012a). Additionally, tamarind gum usually displays the presence of
water insoluble components and possesses tendency of fast degradability in aqueous
environment (Meenakshi and Ahuja 2015). To overcome these restrictions,
tamarind gum has been functionalized by chemical modifications through incor-
porating a variety of functional groups (i.e., modifications of various functional
groups of polymer structure) like carboxymethyl, acetal, hydroxyl alkyl, thiol, etc.
(Goyal et al. 2008; Kaur et al. 2012a, b). Besides these, tamarind gum is also
modified through polymer grafting (Manchanda et al. 2014). The functional
derivatization of tamarind gum with functional groups interrupts the native
tamarind gum structure organization, and thus, revealing the hydration of carbo-
hydrate networks (Lang et al. 1992; Kaur et al. 2012b). These properties help to
achieve high viscosity and low degradability. These functional derivatizations of
tamarind gum also improve the self-life of it (Rana et al. 2011). In recent times,
various functionally derivatized tamarind gum holds a great promise as potential
pharmaceutical excipients in different kinds of improved drug delivery systems
mainly because of its improved stability (lower degradability) (Rana et al. 2011;
Kaur et al. 2012a; Meenakshi and Ahuja 2015).

4 Carboxymethylated Tamarind Gum in Drug Delivery

4.1 Carboxymethylation

Carboxymethylated gums are those modified gums, which are synthesized from the
native gum through functional modification by the chemical means of attaching
pendant carboxylic acid groups (–COOH) to the native gum structures (Togru and
Arsian 2003; Olusola et al. 2014; Rana et al. 2011). Recently, in the polymer
research, carboxymethyl modifications (i.e., carboxymethylation) of gums are an
extensively studied conversion because of its technical simplicity low cost of
chemical reagents and wide applications (Parvathy et al. 2005). Carboxymethylation
of gums leads to add a variety of promising characteristics (Togru and Arsian 2003;
Olusola et al. 2014). Generally, carboxymethylated gums exhibit to enhance
hydrophilicity in addition to clarity of solutions as compared to that of the native
gums (Rana et al. 2011). These potential characteristics improvement of the native
gummakes them more soluble in aqueous medium. In general, native gums are made
carboxymethylated through the conventional method by Williamson’s etherification
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reaction using monochloroacetic acid and sodium hydroxide in the aqueous milieu at
higher temperature (Khalil et al. 1990). TheWilliamson’s etherification reaction may
direct to the nonspecific degradation via b elimination and/or peeling reaction ini-
tiated at decreasing sugar units because of highly alkaline pH environment, which
sequentially decreases the molecular weight of the derivatized gum (Parvathy et al.
2005). Various natural gums are already carboxymethylated through this method
(Maity and Sa 2014a, b).

Carboxymethyl tamarind gum is the carboxylic derivative of tamarind gum. The
introduction of carboxymethyl group into the tamarind gum enables an anionic
nature to it (Goyal et al. 2007). Carboxymethylation of tamarind gum makes it
comparatively microbial as well as enzymatic resistant than the native gum
(Manchanda et al. 2015). Carboxymethyl tamarind gum possesses higher viscosity
and lower degradability in aqueous environments (Goyal et al. 2007). It also has the
capacity to produce higher swelling in aqueous environments (Manchanda et al.
2015; Meenakshi and Ahuja 2015).

4.2 Carboxymethylated Tamarind Gum Matrix Tablets
for Sustained Drug Delivery

In an investigation, Manchanda et al. (2015) reported the matrix-forming potential
of carboxymethyl tamarind gum to develop and optimize sustained drug releasing
matrix tablets. They have chosen glipizide (an effective oral antidiabetic; BCS
class-II drug; short biological half-life of about 3.5 h) to assess the sustained drug
releasing matrix-forming potential of carboxymethyl tamarind gum. In this study,
Manchanda et al. (2015) synthesized carboxymethyl tamarind gum via car-
boxymethylation technique, where conventional carboxymethylation method using
strong sodium hydroxide and monochloroacetic under heterogeneous reaction
conditions was followed.

The synthesized product of carboxymethyl tamarind gum was found
brownish-white in color. The melting point of it was found as 252–256 °C. The
synthesized carboxymethyl tamarind gum was found soluble in water. The pH and
viscosity of synthesized carboxymethyl tamarind gum solution (1% w/v) were 6.9
and 1225–1715 cps (at various shear rates), respectively. The carboxymethyl
tamarind gum was characterized for its micromeritic characteristics, viz., bulk
density, tapped density, angle of repose, Hausner’s ratio, and Carr’s index. In
micromeritic evaluation of the synthesized carboxymethyl tamarind gum, bulk
density of 0.60 g/cm3, tapped density of 0.80 g/cm3, angle of repose of 18.6°,
Hausner’s ratio of 1.15, and Carr’s index of 32.0°. 17% of loss on drying were
measured.

Utilizing the synthesized carboxymethyl tamarind gum, matrix tablets of glip-
izide (an oral antidiabetic drug) were formulated via direct compression technique.
For the formulation optimization of these matrix tablets of glipizide, a 32 full
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factorial optimization design with two independent variables and three dependent
variables was employed to optimize drug release profile using response surface
methodology. Concentration of carboxymethyl tamarind gum and type of diluent
(here lactose, starch and microcrystalline cellulose) were analyzed as independent
variables in the 32 full factorial design. The dependent variables (responses)
selected were percent of glipizide release at 4, 8 h and swelling index. From the
results, the response surface plots related with independent variables and dependent
variables were developed to select the optimum formulation. To prepare matrix
tablets of glipizide using the synthesized carboxymethylated tamarind gum, gran-
ules were prepared. The granules were characterized for their micromeritic prop-
erties and the angle of repose was found as 23°–31°, which indicates satisfactory
flow behavior of these prepared granules. The drug contents, average weights,
weight variations, friabilities, and harnesses of all these glipizide matrix tablets
were assessed. The uniform drug content in these matrix tablets was observed as it
was within 95 ± 2%. The average weight and weight variation were within the
pharmacopoeial limit. The range hardnesses and friabilities were 6.5–7.1 kg/cm2

and 0.24–0.65%, respectively. The results of hardness and friability indicated
suitable mechanical strength, which are helpful for good handling of these prepared
matrix tablets.

The Fourier transform infrared spectroscopy (FTIR) and differential scanning
calorimetry (DSC) analyses confirmed the absence of drug (glipizide)-polymer
(carboxymethylated tamarind gum) interaction within these matrix tablets.
Scanning electron microscopy (SEM) analyses revealed comparatively rougher
surface of carboxymethylated tamarind gum than native tamarind gum.

The swelling behavior of these carboxymethylated tamarind gum matrix tablets
of glipizide was evaluated in phosphate buffer medium, pH 7.4. Swelling indices
were found to be increased with the concentrations of carboxymethylated tamarind
gum using microcrystalline cellulose as diluent. These matrix tablets were also
assessed for in vitro glipizide-releasing pattern in phosphate buffer medium, pH 7.4.
In vitro glipizide-releasing pattern was observed inversely proportional to the
carboxymethylated tamarind gum concentrations and depends on type of diluents.
The in vitro glipizide-releasing from all these tablets suggested sustained drug
releasing pattern over 20 h. The drug release also followed the kinetic model of
zero-order and mechanism of non-Fickian drug release (anomalous release).

4.3 Carboxymethylated Tamarind Gum Nanoparticles
for Ocular Drug Delivery

Biopolymeric nanoparticles made of carboxymethylated tamarind gum for ocular
drug delivery were formulated by Kaur et al. (2012a). They have utilized com-
mercial carboxymethylated tamarind gum to prepare ocular nanoparticles of
tropicamide (an anti-muscarinic drug). In this study, interactions between anionic
carboxymethylated tamarind gum and divalent Ca2+-ions were employed to prepare
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ionotropically gelled nanoparticulate carriers made of carboxymethylated tamarind
gum. On the basis of this mechanism, tropicamide loaded carboxymethylated
tamarind gum nanoparticles were formulated via ionotropic gelation using Ca2+-
ions as ionic cross-linker ion as well as dioctyl sulfosuccinate as stabilizing agent.
The formulation of these nanoparticles of tropicamide was optimized through
employing three levels and two factors based central composite design.
Carboxymethylated tamarind gum concentrations and calcium chloride (as
cross-linker) concentrations were chosen as independent factors. Encapsulation
efficiency and particle size were analyzed as responses (dependable factors). The
preliminary trial study containing 13 experimental run suggested that the concen-
trations of carboxymethylated tamarind gum and Ca2+-ions influenced the particle
sizes of the carboxymethylated tamarind gum nanoparticles loaded with tropi-
camide. This occurrence can be infer that the anionic carboxymethylated tamarind
gum concentration possessed more pronounced effect than the ionotropic
cross-linker (calcium chloride) concentration on the particle size of these
ionotropically gelled carboxymethylated tamarind gum nanoparticles containing
tropicamide. An increment in carboxymethylated tamarind gum concentration was
found to increase the particle sizes of these nanoparticles. This occurrence can be
explained by insufficient interaction of cross-linker with polymer used. This
occurrence can also be explained by the fact that the increased polymer concen-
trations enhanced the viscosity of the solution. It was also found that the increase in
drug encapsulation of these nanoparticles with the declining polymer concentrations
and raising concentration of cross-linker can be due to the high cross-linking at the
raising concentration of cross-linker. The increasing polymer (here car-
boxymethylated tamarind gum) concentration resulted in declining of drug
encapsulation in these nanoparticles, which was more pronounced at the higher
cross-linking concentration of calcium chloride during nanoparticles preparation.

The optimal calculated values of these two investigated factors were estimated as
0.10% w/v of carboxymethylated tamarind gum concentration and 0.11% w/v
calcium chloride to formulate optimized carboxymethylated tamarind gum
nanoparticles containing tropicamide. The optimized formulation of tropicamide
loaded carboxymethylated tamarind gum nanoparticles showed particle size of
339 nm and drug encapsulation efficiency of 15.57%.

The ionotropic interaction between anionic carboxymethylated tamarind gum
and divalent Ca2+-ions was demonstrated by FTIR spectroscopy. Optimized
tropicamide loaded nanoparticles were characterized via transmission electron
microscopy (TEM) analysis. The TEM microphotograph of the optimized
nanoparticles revealed the ovoid morphological shape (Fig. 2) and particle sizes
were found within the range of 2–40 nm.

Ex vivo corneal permeation of the optimized tropicamide loaded nanoparticles
was evaluated using isolated goat cornea by the modified Franz diffusion cell. The
result of the corneal permeation of the optimized nanoparticles was compared with
the result of corneal permeation of conventional tropicamide aqueous solution. No
significant difference between the percentages of corneal tropicamide permeation
from these two ocular formulations (optimized tropicamide loaded nanoparticles
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and conventional tropicamide aqueous solution) was observed. Ex vivo mucoad-
hesivity of these carboxymethylated tamarind gum nanoparticles was judged
through measuring the adsorbed mucin amounts by the tested nanoparticles within
24 h. 87.67% of absorbed mucin was estimated by the mucin glycoprotein assay of
nanosuspension containing optimized tropicamide loaded carboxymethylated
tamarind gum nanoparticles. Being an anionic polymer, carboxymethylated
tamarind gum contains –COOH groups, which could form hydrogen bonds with the
oligosaccharide chains of mucin. Mucin adsorption by tropicamide loaded opti-
mized carboxymethylated tamarind gum clearly indicated excellent mucoadhesivity
of these nanoparticulate carriers for ocular delivery of tropicamide.

Ex vivo ocular tolerance of these optimized carboxymethylated tamarind gum
nanoparticles containing tropicamide was assessed using hen’s egg test on the
chorioallantoic membrane (CAM) of chicken eggs. The results of this ex vivo
ocular tolerance study indicated that these optimized tropicamide loaded nanopar-
ticles were nonirritant and excellent ocular tolerability. The results of ex vivo
corneal tropicamide permeations, ex vivo mucoadhesion as well as ex vivo ocular

Fig. 2 TEM microphotograph of tropicamide loaded carboxymethylated tamarind gum nanopar-
ticles (Kaur et al. 2012a, b). Copyright ©2011 with permission from Elsevier B.V.

34 A.K. Nayak and D. Pal



tolerance studies clearly demonstrated the suitability of these optimized tropicamide
loaded carboxymethylated tamarind gum nanoparticles as an effective ocular drug
delivery carrier.

4.4 Carboxymethylated Tamarind Gum Spheroids
for Controlled Drug Delivery

In a research, Gowda et al. (2014) designed controlled drug releasing spheroids
composed of carboxymethylated tamarind gum. They utilized commercial car-
boxymethylated tamarind gum to formulate these controlled drug releasing spher-
oids. The commercial carboxymethylated tamarind gum was characterized for pH
and viscosity. The pH of 1% w/v solution of carboxymethylated tamarind gum was
found as 4.50 ± 0.29. This value was considered as advantageous to be used to
develop drug releasing carriers as this would not cause any chances of gastroin-
testinal irritation when consumed orally. 38 cps viscosity in distilled water, 40 cps
viscosity in pH 1.2 buffer, and 45 cps viscosity in pH 7.2 buffer were measured for
1% w/v solution of carboxymethylated tamarind gum.

Gowda et al. (2014) employed extrusion/spheronization technique for the
preparation of these carboxymethylated tamarind gum spheroids to investigate the
influence of compression of prepared spheroids into the matrix tablets for controlled
drug release. In this work, lornoxicam (a NSAID) was used as model drug. Owing
to undersized biological half-life of lornoxicam (approximately 3–5 h) and to
restrict the chances of the gastrointestinal disturbances, it should be beneficial to be
used through controlled releasing carriers for oral use. In these formulations of
carboxymethylated tamarind gum, spheroids containing lornoxicam and micro-
crystalline cellulose were utilized as spheronization enhancer. For the different
formulations, lornoxicam loaded spheroids were prepared through maintaining
different ratios of microcrystalline cellulose:carboxymethylated tamarind gum:
lornoxicam (drug), such as, 72.5:2.5:2.5% w/w (BD-1), 70:5:25% w/w (BD-2),
67.5:7.5:25% w/w (BD-3), 65:10:25% w/w (BD-4), 62.5:12.5:25% w/w (BD-5),
and 60:10:25% w/w (BD-6). From the optimization study, Gowda et al. (2014)
identified the optimal formula of process variable settings for optimized spheroids,
which were prepared at 6000 rpm for 5–15 min of time durations.

The narrow range of spheroids size distribution was seen, when spheroids were
formed using carboxymethylated tamarind gum of 2.5–15.0% w/w concentrations.
In case of spheroids made of above 15% w/w of carboxymethylated tamarind gum,
the extrusion mass cohesiveness was found to be augmented and this might have
resulted due to the fact of greater resistance to stream through the extruder die
utilized. An extrusion of the wetted mass through wetted die was noticed with the
water level rising. This resulted tacky extrudates for the further processing were
attained when carboxymethylated tamarind gum concentration in the preparation of
spheroids was less than 15% w/w. From the preliminary trial studies, it was noticed
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that the resistance of extrudate amounts at higher concentration of carboxymethy-
lated tamarind gum (more than 15% w/w) to round up by the spheronizer device
was found to be comparatively greater. The level of carboxymethylated tamarind
gum concentrations was selected less than 15% w/w in the carboxymethylated
tamarind gum spheroids containing lornoxicam prepared. From the results of the
preliminary trial experimentation, it was observed that spheroids production was
sufficient with the maximum percentage yield and acceptable level of sphericity,
when spheronization time of 15 min and spheronization speed of 1600 rpm were
employed.

Various micromeritic characteristics such as mean particle sizes, angles of
repose, trapped densities, granule densities, Carr’s indices, and friability values of
different batches of lornoxicam loaded carboxymethylated tamarind gum spheroids
were measured. The results indicated any significant differences among various
batches of carboxymethylated tamarind gum spheroids. Mean particle sizes of these
lornoxicam loaded carboxymethylated tamarind gum spheroids were measured as
1125 ± 0.56 to 1345 ± 0.23 lm. The friability values of these spheroids were
measured within the range of 0.43 ± 0.08 to 0.53 ± 0.07%, which indicated that
the friability values of all the batches were within the compendia limits. The angles
of repose of these spheroids were measured within the range of 23.45°–26.30°,
suggesting good quality of flow properties of these lornoxicam loaded car-
boxymethylated tamarind gum spheroids.

The SEM analyses of these lornoxicam loaded carboxymethylated tamarind gum
spheroids demonstrated spherical shaped morphology with smooth surface. The
smooth surface morphology of these spheroids might have influenced the results of
the friability and angle of response. These spheroids were also subjected to the DSC
analyses and the DSC results indicated that the decomposition temperature of the
encapsulated drug, lornoxicam (i.e., 218.74 °C) was almost same, even when it was
processed with the carboxymethylated tamarind gum and other excipients to pre-
pare these spheroids. This phenomenon may be explained by the fact that there was
absence of interactions between lornoxicam and excipients used in the preparation
of lornoxicam loaded carboxymethylated tamarind gum spheroids. These results
indicated that lornoxicam was in stable form within these formulated car-
boxymethylated tamarind gum spheroids.

Drug loadings (%) among all these of lornoxicam loaded carboxymethylated
tamarind gum spheroids were within the range of 19.59 ± 1.12–22.30 ± 0.39%.
The highest drug loading was observed for the spheroids of formulation BD-1
(22.30 ± 0.39%). Drug entrapment efficiencies were measured within the range
in-between 91.42 ± 1.12 and 96.04 ± 0.20%. The highest entrapment efficiency
was found for the spheroids formulation BD-3 among all the spheroids prepared.

The optimized formulation of lornoxicam loaded carboxymethylated tamarind
gum spheroids was compressed with mixing 20% Avicel® PH 200 as filler and 10%
w/w anhydrous lactose. Actually, prior to the compression, slugs were prepared
using prepared spheroids, Avicel® PH 200 and anhydrous lactose. Then, slugs of
prepared spheroids, Avicel® PH 200, and anhydrous lactose were passed through
the Multimilli screen (0.5″). The granules were sieved through sieve #40. The
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ultimate granules were processed through blending with 1% of magnesium stearate
and then compressed for 1 min with various fixed loads of 5–12.5 tons by using a
hydraulic press (containing 12.7 mm die with flat faced punches). The weight
variations, hardness, and friability of these prepared compressed matrices were
assessed. Hardness and friability of these compressed matrixes were found within
pharmacopoeial limits. Therefore, it was seen that hardness and friability were
found to be increased with the increasing of compression forces.

For the in vitro dissolution study, lornoxicam loaded spheroids made of car-
boxymethylated tamarind gum were capsulated within hard gelatin capsules. The
in vitro dissolution was performed using freshly prepared dissolution media of
phosphate buffer, pH 7.2 at the temperature of 37 ± 1 °C, and paddle-speed of
50 rpm. In in vitro dissolution, it was observed that the increasing car-
boxymethylated tamarind gum concentration level from 2.5 to 15% directed a
significant decrease in drug releases from these lornoxicam loaded car-
boxymethylated tamarind gum spheroids. It was also observed that lornoxicam
loaded spheroids BD-1, BD-2, and BD-3 made of carboxymethylated tamarind gum
in concentration of 2.5, 5 and 7.5% w/w released 97.20 ± 1.50, 79.35 ± 1.70, and
66.89 ± 1.40%, respectively, at the end of 7 h of in vitro dissolution study,
demonstrating polymer (here carboxymethylated tamarind gum) concentration was
insufficient to sustain the drug release. In contrast, lornoxicam release from BD-4
spheroids made of 10% carboxymethylated tamarind gum was found significantly
sufficient in comparison with other formulation batches of spheroids. The formu-
lation BD-4 was found to release drug of 98.13 ± 0.90% at 12 h. The sustained
drug release could be because of high concentration of carboxymethylated tamarind
gum. This occurrence could be a characteristic sign of slower penetration of dis-
solution media into the matrix. The formulation BD-5 and BD-6 containing 12.50%
w/w and 15% w/w carboxymethylated tamarind gum exhibited insufficient release
of drug due to high carboxymethylated tamarind gum concentration. The sustained
drug releases from these spheroids were following in order of
BD-6 > BD-5 > BD-4 > BD-3 > BD-2 > BD-1. Among all these formulations,
spheroids BD-4 composed of 10% w/w carboxymethylated tamarind gum were
identified as optimized formulation on the basis of its physicochemical as well as
release characteristics. The drug release from spheroids BD-4 showed zero-order
kinetic model, which is an indicative of controlled release. In the stability study, it
was found that these spheroids were found to be stable enough over 60 days.

4.5 Carboxymethylated Tamarind Gum-Chitosan
Interpolymeric Complexation-Based Film Coating
for Colon Drug Delivery

Kaur et al. (2010) developed chitosan (deacetylated chitin, cationic natural poly-
mer)-carboxymethylated tamarind gum interpolymer complexation film for the
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better delivery of budesonide (a second generation glucocorticoids) in the colon. In
designing of such an improved colon drug delivery system, they have planned to
coat uncoated budesonide tablets of 25 mg average weight, which contained 3 mg
of budesonide. These tablets were formulated through weight granulation procedure
using Eudrajit L100-55 or chitosan-carboxymethylated tamarind gum inter poly-
meric complex as binder.

Average weight of uncoated core tablets was calculated as 24.67 ± 1.10 mg and
this result was within the USP tolerance limit. Axial as well as radial diameters of
uncoated core tablets were within 1.75–1.80 and 3.98–4.02 mm, respectively.
Hardness of these uncoated tablets was measured 4.50 ± 0.50 kg/cm2 and friability
was measured within the range, 0.36–0.46% w/w. The uncoated budesonide tablets
formulated with 10% w/w Eudrajit L100-55 or chitosan-carboxymethylated
tamarind gum inter polymeric complex as binders demonstrated to show cracking
of the tablet matrix in-between 30 min, when exposed to 0.1 M HCl.
27.20 ± 1.25 mg was measured as average weight of the coated matrix tablets and
it was within the official limit. 2.02–2.08 and 4.01–4.15 mm were measured as the
axial and radial diameter of these coated tablets. Though, these coated tablets
displayed swelling as these showed any cracking following the contact of these
matrix tablets to 0.1 M HCl for a period of 2 h.

The formation of interpolymeric complex between cationic chitosan and anionic
carboxymethylated tamarind gum was confirmed by FTIR spectroscopy. Actually,
carboxymethylated tamarind gum possesses negative ionic charge because of the
presence of –COOH groups through the carboxymethylation; while owing to the
presence of NH3

+ groups, chitosan possesses positive charge. The processing of
both the polymers of opposite charges (negative charged carboxymethylated
tamarind gum and positive charged chitosan) undergone a spontaneous, which
results in a solid mass due to interpolymeric complexation. Kaur et al. (2010)
studied viscosity of chitosan-carboxymethylated tamarind gum mixture solution to
investigate the stoichiometric complexation between the two oppositely charged
polymers. They found to decrease as the proportion of chitosan in the
chitosan-carboxymethylated tamarind gum mixture decreased. The minimum vis-
cosity of the supernatant of the chitosan-carboxymethylated tamarind gum was
obtained through reacting cationic chitosan with anionic carboxymethylated
tamarind gum in the ratio of 2:3, which indicated minimum reaction.

Chitosan-carboxymethylated tamarind gum inter polymeric complex films were
evaluated for swelling in acidic buffer (pH 1.2) for 2 h and in alkaline buffer (pH
7.4) for 22 h. Kaur et al. (2010) found considerably low swelling of interpolymeric
complex films in the alkaline pH. The swelling of interpolymeric complex films
exhibited a decreasing of limiting value, when carboxymethylated tamarind gum
concentration was found decreasing in the chitosan-carboxymethylated tamarind
gum interpolymeric complex to 60% w/w. In addition, with the increasing con-
centration of carboxymethylated tamarind gum, swelling index was found to be
increased. The interpolymeric complex films composed of 30:70 ratio of
chitosan-carboxymethylated tamarind gum exhibited an enhanced swelling pattern
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in comparison with those, which were composed with chitosan-carboxymethylated
tamarind gum in a ratio of 40:60.

The in vitro releasing of drug from formulated tablets was assessed in different
pH 1.2 for 2 h, pH 7.4 for 3 h, and pH 6.8 for 19 h. The uncoated budesonide
tablets containing Eudrgit L100-55 as binding agent exhibited the release of 24%
drug (budesonide) in the acidic pH (1.2) within 2 h. The residual amount of
budesonide was found to be released speedily from these uncoated tablets in
alkaline pH (7.4) within 4 h. The tablets coated with chitosan:carboxymethylated
tamarind gum ratio of 60:40 released budesonide of 6% in the acidic pH (1.2) and
furthermore, release of 21% budesonide was detected in the alkaline pH (7.4). The
uncoated budesonide matrix tablets containing 40:60 or 50:50 ratio of
chitosan-carboxymethylated tamarind gum as binder were found to have released
50 and 52% of budesonide, respectively on the acidic pH. Furthermore, these
tablets were found to be released 72 and 75% of budesonide, respectively, in the pH
7.4. These results suggested that the chitosan-carboxymethylated tamarind gum,
when employed alone as a binding agent, was unable to sustain the release of
budesonide in acidic pH (stomach pH). In addition, the matrix tablets containing
50:50 ratio of chitosan:carboxymethylated tamarind gum employing as binding
agent and when these matrix tablets were coated using the same solution, it was
found to release 9% of budesonide in the alkaline pH of 7.4 (intestinal pH). These
chitosan-carboxymethylated tamarind gum interpolymeric complex based matrix
tablets were found to release 28% of budesonide in the alkaline pH of 6.8 within
24 h. The total releases of budesonide in pH 6.8 after 24 h, which was found to be
released in pH 6.8 after 24 h, were 16%.

In vitro release of budesonide from tablets containing chitosan-
carboxymethylated tamarind gum interpolymeric complex or Eudragit L100-55
was used as binding agent on the chronological exposure to the dissolution media
containing rat cecal content or chitosanase enzyme of a variety of pH-range (1.2,
7.4 and 6.8),. The budesonide release was significantly (p < 0.05) amplified in the
rat cecal content containing dissolution media in comparison with that of the dis-
solution media lacking rat cecal content. The releases of budesonide in rat cecal
contents after 24 h from these chitosan-carboxymethylated tamarind gum matrix
tablets containing Eudragit L100-55 as binding agent were improved to 99, 70 and
59%, from 84, 36 and 25%, respectively, when these uncoated tablets were coated
with chitosan-carboxymethylated tamarind gum using 40:60, 50:50 and 60:40 ratio.
The ultimate contact of these budesonide matrix tablets containing chitosan:car-
boxymethylated tamarind gum of 50:50 as binding agent, which were also coated
using the same solution released budesonide of 74% to the release medium con-
taining rat cecal contents. However, in the release medium absenting rat cecal
content, it was found to release budesonide of 30%. Increment in the in vitro release
of budesonide in the release medium containing rat cecal contents revealed the
susceptibility of interpolymeric complex (composed of chitosan and car-
boxymethylated tamarind gum) to the polysaccharides present in the colon. The
absolute budesonide release was not evidenced even after a period of 24 h from the
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coated matrix tablets coated with chitosan:carboxymethylated tamarind gum in a
ratio of 40:60 or 50:50. The presence of enzyme, chitosanase improved the
budesonide release amount from these coated interpolymeric complex matrix
tablets. It was also observed that the ultimate contact of these matrix tablets coated
using chitosan and carboxymethylated tamarind gum ratio of 40:60 or 50:50 in the
dissolution medium containing chitosanase for a period of 19 h augmented the
in vitro budesonide release amount from these coated matrix tablets containing
Eudragit L100-55 as binding agent to 92.43 and 83.25%, respectively, in the release
medium containing rat cecal contents. However, in the release medium absenting
rat cecal content, it was found to release budesonide of 70.50 and 59.80%,
respectively. Release kinetic of budesonide was found to be following zero-order
kinetic model as well as transport mechanism of super case-II in each release media
studied including release media containing chitosanase and rat cecal content. These
results suggested resistance of the interpolymeric complex between chitosan and
carboxymethylated tamarind gum in the release media of different pH studied. As
per the results, the in vitro budesonide release occurred because of slower erosion of
the polymeric matrix. The budesonide matrix tablets coated with 40:60 and 50:50
ratio of chitosan:carboxymethylated tamarind gum containing Eudragit L100-55 or
chitosan:carboxymethylated tamarind gum as binder were observed to show
physical as well as chemical stability on storage at relative humidity of 75% and
temperature of 40 °C. Any kinds of color changes as well as weight of these tablets
were not observed.

In the pharmacokinetic study in the Sprague-Dawley rats, the uncoated budes-
onide matrix tablets containing Eudragit L100-55 were found incapable to retard
the release of budesonide, in vivo. The in vivo plasma concentration of budesonide
was observed to augment rapidly after oral administration of uncoated matrix
tablets. 1091.99 ng/ml of tmax was attained within 2 h. The period to attain Cmax

after oral administration of uncoated matrix tablets was observed to delay to 8 h for
the coated tablets. The in vivo results clearly suggested the incapability of the
interpolymeric complex films to resist the budesonide release in the gastric pH.
Nevertheless, the in vivo plasma concentration in rats orally administered with the
coated matrix tablets of 50:50 and 40:60 ratio of chitosan:carboxymethylated
tamarind gum augmented progressively after a time period of 4 h and after 8 h, it
was found turned down. These results suggested the proneness of the polymers
employed (chitosan and carboxymethylated tamarind gum) to degrade the matrix by
the polysaccharidases present in the colon. Histopathology of rat colon after oral
administration of the chitosan-carboxymethylated tamarind gum interpolymeric
complex film coated tablets exhibited a significant decrease (p < 0.05) in the
TNBS-induced ulcerative colitis in comparison to that after the oral administration
of the uncoated matrix tablets. From this study, it was found that the matrix tablets
coated with chitosan and carboxymethylated tamarind gum in a ratio of 40:60 can
be envisioned to recommend a great deal of guarantee in colonic delivery of drugs.
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4.6 Carboxymethylated Tamarind Gum-Poly Vinyl Alcohol
Cryogels for Sustained Drug Release

In a research, Meenakshi and Ahuja (2015) prepared and characterized composite
cryogels of carboxymethylated tamarind gum-poly vinyl alcohol employing freeze–
thaw treatment. Metronidazole (an imidazole derivative and antibacterial agent)
widely used in bacterial vaginosis and periodontotis was investigated as model drug
in this study. Metronidazole-loaded carboxymethylated tamarind gum-poly vinyl
alcohol cryogels were optimized using three factors and three levels central com-
posite design employing the concentration of carboxymethylated tamarind gum,
concentration of poly vinyl alcohol and freeze–thaw cycle numbers as the factors
(independable variables); whereas in vitro drug release rate was estimated as the
response (dependable variable). The optimization analysis by response surface
methodology showed the combined influence of concentrations of carboxymethy-
lated tamarind gum as well as poly vinyl alcohol on the in vitro release of
metronidazole from these cryogels. At the lower levels of carboxymethylated
tamarind gum on increase of poly vinyl alcohol concentration, the percentage
metronidazole release was found decreased, which can be explained by the fact of
cryogel formation with higher cross-linking density. With the increasing concen-
tration of carboxymethylated tamarind gum, the release of metronidazole was found
to be increased. However, the effect of carboxymethylated tamarind gum concen-
tration was found to be comparatively more prominent at the higher levels of poly
vinyl alcohol. At the medium as well as lower levels of poly vinyl alcohol,
increased concentration of carboxymethylated tamarind gum resulted increment
followed by fall in the in vitro drug release rate. The enhancement in car-
boxymethylated tamarind gum concentration resulted in higher percentage in drug
release. In contrast, this increased the contact of these newly synthesized cryogels to
freeze–thaw cycles from medium to lower levels, which decreased the drug
releasing rate. The optimized calculated parameters were poly vinyl alcohol con-
centration of 8.45%, carboxymethylated tamarind gum concentration of 6.00 w/v
and freeze–thaw cycles of 4 and this showed percent drug release of 75.77%
(optimization predicted value was 79.77%; percent prediction error of 4.93%).

In vitro swelling behavior of optimized carboxymethylated tamarind gum-poly
vinyl alcohol composite cryogel was carried out in phosphate buffer solution (pH
6.8) for 24 h. Swelling patterns of different prepared cryogels demonstrate devia-
tions of swelling rates. Nevertheless, any significant model explaining link
in-between the swelling behaviors, freeze–thaw cycling as well as concentration of
polymers employed to prepare cryogels might not be found. The swelling patterns
of optimized carboxymethylated tamarind gum-poly vinyl alcohol cryogels also
indicated an early rapid drug release rate and slower rate towards an equilibrium
swelling.

The optimized carboxymethylated tamarind gum-poly vinyl alcohol cryogels
was characterized by means of SEM, FTIR, DSC, and XRD analyses. The SEM
photographs revealed that the carboxymethylated tamarind gum particles were of
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polyhedral shaped with straiated surface. The newly synthesized composite cryogel
particles made of carboxymethylated tamarind gum-poly vinyl alcohol appeared as
amorphous flakes with a granular as well as porous surface (Fig. 3). FTIR, XRD,
and DSC analyses indicated the chemical interactions between carboxymethylated
tamarind gum and poly vinyl alcohol in the synthesized cryogel structure. In
addition, DSC analysis revealed higher thermal stability of these carboxymethy-
lated tamarind gum-poly vinyl alcohol cryogels.

Fig. 3 SEM photograph showing a shape and b surface of carboxymethylated tamarind gum,
c shape and d surface of poly vinyl alcohol, e shape and f surface of carboxymethylated tamarind
gum-poly vinyl alcohol composite cryogel (Meenakshi and Ahuja 2015). Copyright ©2014 with
permission from Elsevier B.V.
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5 Thiolated Tamarind Gum in Drug Delivery

5.1 Thiolation

Mucoadhesion of naturally derived polysaccharide through derivatization with thiol
functional group containing reagents has been employed to enhance the
bio-mucoadhesive as well as cohesive characteristics of various polymers (Sharma
and Ahuja 2011). Thiolated polymers (commonly called as thiomers) are consid-
ered as latest generation of biomucoadhesive polymers, which mimic the natural
mechanism of secreted mucus glycoprotein through covalently fixing on the mucus
layer by means of disulfide bonds (Bernkop-Schnürch et al. 2003; Bahulkar et al.
2015). Thiol (–SH) side chains of different polymers can interact with the
sulfur-rich subdomains of mucus glycoprotein bonding through disulfide bonds
in-between the mucus layer and mucoadhesive polymers (Sharma and Ahuja 2011).
These thiolated polysaccharides structure stronger covalent bonds (S–S disulfide
bonds) via appearing in contact with mucus glycoproteins (Bernkop-Schnürch et al.
2003). This improved mucoadhesion facilitates localization of dosage systems at
the drug targeting site (Sharma and Ahuja 2011; Bahulkar et al. 2015). In addition,
the disulfide bonds enhance the stability of matrices through delaying disintegration
and erosion by increasing swelling behaviors (Bahulkar et al. 2015). Apart from the
mucoadhesivity addition, thiolation of polysaccharides imparts enhancement of oral
mpermeation of proteins and peptides (Bernkop-Schnürch et al. 2003), inhibition of
efflux proteins, enzymes (Bernkop-Schnürch et al. 2001), and exhibits in situ gel-
ling properties (Krauand et al. 2003). Thiolation or thiol modification of numerous
natural polymers such as karaya gum (Bahulkar et al. 2015), alginate (Martinez
et al. 2011), pectin (Sharma and Ahuja 2011), xyloglucan (Mahajan et al. 2013;
Sonawane et al. 2014), gellan gum, etc., has been profitably researched.

5.2 Thiolated Tamarind Gum in Mucoadhesive Drug
Delivery

Kaur et al. (2012a, b) synthesized and characterized thiolated tamarind gum. The
thiol functionalized tamarind gum was synthesized through esterification by using
thioglycolic acid with hydrochloric acid, where esterification of hydroxyl (–OH)
groups of galacoxylan moiety of tamarind gum with the carboxylic (–COOH)
groups of thioglycolic acid occur. Through the repeated washings using methanol,
the unreacted acid was removed. The determination of thiol (–SH) group substi-
tution on the synthesized thiolated tamarind gum was done through thiol groups
quantifications by means of the Ellman’s method. Thiolated tamarind gum was
estimated 104.50 mM of thiol groups/gram through the Ellman’s method.
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The thiol functionalized tamarind gum was found as off white colored and also
found soluble in water. Thiolated tamarind gum was characterized via infrared
(IR) and DSC analyses. Both the instrumental analyses (IR and DSC) confirmed the
thiol functionalization on the tamarind gum. The IR spectra of thiolated gum dis-
played the characteristic peak of thiol (–SH) groups (2586.54 cm−1) and hydroxyl
(–OH) groups (3367.71 cm−1). The DSC thermal curve showed a broad endotherm
at 81.87 °C (heat of infusion, 22.85 J/g) followed by a fairly sharp endotherm at
145.38 °C (heat of fusion, 75.88 J/g). Thiolated tamarind gum was also charac-
terized by XRD and the X-ray diffractogram of thiolated tamarind gum showed a
typical pattern of diffraction, which was similar to the native tamarind gum with the
absence of sharp peaks with greater intensity demonstrating a higher crystallinity
degree due to thiolation. SEM analyses of thiolated tamarind gum displayed a
polyhedral morphology. The surface morphology of thiolated tamarind gum
revealed a rougher surface of thiolated tamarind gum compared to native tamarind
gum (Fig. 4).

Compacts (13 mm diameter) of thiolated tamarind gum (200 mg) and native
tamarind gum (200 mg) were prepared via direct compression technique. Compacts
were assessed for the mucoadhesive potential and compared. The maximum forces
of the detachment of thiolated tamarind gum compacts and native tamarind gum
compacts from mucin-coated model membrane were measured as
4062.50 ± 845.15 and 592.90 ± 161.48 mN, respectively. These results indicated
improved mucoadhesion of thiolated tamarind gum as compared to the native
tamarind gum (6.85 fold greater).

On the basis of the mucoadhesive results, mucoadhesive gels of metronidazole (as
a model drug) composed native and thiolated tamarind gum. These 1% w/v
metronidazole mucoadhesive gels were prepared by employing Carbopol 974 P as a
gelling agent. The viscosities of these gels were determined by Brookfield vis-
cometer. Viscosities of these gels were in order of: native tamarind
gum > Metrogyl® > thiolated tamarind gum (Fig. 5). Biomucoadhesive strengths of
these prepared and marketed gels were also compared to marketed gel of metron-
idazole (Metrogyl®). Mucoadhesive strengths of these gels were estimated by
modified physical balance using fresh chicken intestinal membrane from the gel
surface and maximum mucoadhesivity was measured for the mucoadhesive gels of
metronidazole-containing thiolated tamarind gum as mucoadhesive agent. The
mucoadhesive strengths of these mucoadhesive gels were in order of: thiolated
tamarind gum > native tamarind gum > Metrogyl®. The adhesiveness and hardness
of these gels were measured in the order of: native tamarind
gum > Metrogyl® > thiolated tamarind gum. The cohesiveness of these mucoad-
hesive gels was found in the order of: thiolated tamarind gum > tamarind
gum > Metrogyl®. Among these, mucoadhesive gels of thiolated tamarind gum
exerted highest cohesiveness, least values of hardness and adhesiveness.

In vitro drug releases from these mucoadhesive gels containing metronidazole
(made of thiolated tamarind gum and native tamarind gum) were compared with
marketed metronidazole gel (Metrogyl®). From the in vitro metronidazole releasing
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pattern, it was seen that the marketed gel provided the slowest metronidazole
release, followed by thiolated tamarind gum; whereas the fastest metronidazole
release was measured from the metronidazole gel containing native tamarind gum
as mucoadhesive agent (Fig. 6). These gels were found dependent upon the dif-
fusion of metronidazole from the viscous gel matrix. Native tamarind gum and
marketed gel formulations of metronidazole followed first-order kinetic model of
drug releasing, while thiolated tamarind gum-based mucoadhesive gel formulation
of metronidazole followed best fit Higuchi’s square root kinetic model. The in vitro

Fig. 4 SEM images of a native tamarind gum and b thiolated tamarind gum (Kaur et al. 2012a,
b). Copyright ©2012 with permission from Elsevier Ltd.
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metronidazole release from the thiolated tamarind gum-based mucoadhesive gels of
metronidazole was found to follow diffusion-based drug release mechanism.

6 Graft-Modified Tamarind Gum in Drug Delivery

6.1 Graft Modification

Grafting of polymers is an effectual method for the modification of characteristics
of various natural polymers as well as synthetic polymers (Singha et al. 2008;
Thakur and Thakur 2015; Thakur et al. 2016). The modification of natural poly-
meric substances through graft copolymerization proffers opportunities to tailor
their physical as well as chemical characteristics, to functionalize polymeric
structures for imparting advantageous characteristics onto these and also uniting the
benefits of both synthetic and natural polymers (Wang and Wang 2013; Thakur
et al. 2012, 2013a, b, c, d, 2014a, b; Thakur and Singha 2011). Therefore, grafting
copolymerization is currently considered as an effectual procedure for the
enhancement of the compatibility in-between natural and synthetic polymers to
synthesize new polymeric materials with improved hybrid properties (Bhattacharya
and Mishra 2004; Bhattacharya and Ray 2009). Grafting of polymers entails the
attachment of polymeric chains, typically a monomer, to the backbone polymeric
structure (Thakur et al. 2014a; Thakur and Thakur 2015). Important methods

Fig. 5 Rheological profile of various mucoadhesive gels (Kaur et al. 2012a, b). Copyright ©2012
with permission from Elsevier Ltd.
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employed for the polymer grafting are conventional radical grafting, macro-
monomer radical grafting, high-energy initiation grafting, microwave-assisted
grafting, radiation initiation grafting, electron beam initiated grafting, atom transfer
radical grafting, etc. (Bhattacharya and Mishra 2004; Bhattacharya and Ray 2009;
Wang and Wang 2013; Thakur and Thakur 2015). Recent years, using graft
copolymerization methods, synthetic grafts have been introduced in numerous
polysaccharides like cellulose (Thakur et al. 2013a), alginate (Sand et al. 2010),
chitosan (Prashanth and Tharanathan 2003), xanthan gum (Pandey et al. 2001), guar
gum (Pandey et al. 2014, 2015), amylopectin (Sarkar et al. 2013; Ahuja et al. 2014),
gum tragacanth (Masoumi and Ghaemy 2014; Hemmati and Ghaemy 2016; Singh
et al. 2016), tamarind gum (Ahuja et al. 2013; Ghosh and Pal 2013; Meenakshi
et al. 2014), gum acacia (Tiwari and Singh 2008), gellan gum (Vijan et al. 2012;
Nandi et al. 2015), okra gum (Mishra and Pal 2007; Mishra et al. 2008), cashew
gum (Guilherme et al. 2005), gum ghatti (Rani et al. 2012; Mittal et al. 2014, 2015),
psyllium polysaccharide (Singh et al. 2008), bael gum (Setia and Kumar 2014), etc.

Fig. 6 In vitro release profile of metronidazole from various mucoadhesive gels (Kaur et al.
2012a, b). Copyright ©2012 with permission from Elsevier Ltd.
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6.2 Tamarind Gum-g-Polyacrylamide as Matrix
for Controlled Release of Drug

Ghosh and Pal (2013) investigated pH dependent hydrogels of graft-modified
tamarind gum as matrix-forming material for controlling of drug release. The
graft-modified tamarind gum was chemically synthesized by means of grafting with
polyacrylamide chains on the tamarind gum backbone in the microwave irradiation
and presence of a reaction initiator (i.e., ceric ammonium nitrate). The graft
copolymerization mechanism is based on the fact, where the microwave energy is
being absorbed by the polysaccharidic structure and produces free radicals. Free
radicals are usually recombined with each other via the steps of initiation, propa-
gation, and termination to synthesize grafted copolymer of tamarind gum. Different
graft copolymers of tamarind gum and polymethacrylamide were synthesized as a
result of altering reaction constraints and optimized copolymerization with the
respect of percent grafting (%), intrinsic viscosity, and radius of gyration.

The synthesized tamarind gum-g-polyacrylamide was evaluated for the
matrix-forming materials for controlled release using aspirin (a NSAID, widely
used in various pain relief man agent). To prepare tamarind gum-g-polyacrylamide
matrix tablets of aspirin, guar gum was employed as binder in the ratios of 10:1:0.3.
The prepared tablet matrix was characterized by FTIR and SEM analyses. FTIR
results clearly indicated nonexistence of any kinds of chemical interaction(s)
in-between aspirin and the tamarind gum-g-polyacrylamide matrix, recommending
aspirin-tamarind gum-g-polyacrylamide matrix compatibility in the matrix tablets.
SEM analyses revealed morphological changes, indicating physical (but, not
chemical) interaction in-between aspirin and the tablet matrix (Fig. 7).

The swelling behavior of these tamarind gum-g-polyacrylamide matrix tablets of
aspirin was measured at 37 °C in buffer solutions of different pH (1.2, 6.8 and 7.4)
for 24 h. On contact with the buffer solutions, dry polymeric matrices of the tablets
(tamarind gum-g-polyacrylamide) might be hydrated, swelled and then, formed a
gel-like barrier layer, which delayed in vitro releasing of drug from the grafted
matrices. It was also seen that the swelling pattern of tablet matrices was found

Fig. 7 SEM photographs of a tamarind gum-g-polyacrylamide 6, b aspirin, and c tablet (Ghosh
and Pal 2013). Copyright ©2013 with permission from Elsevier B.V.
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higher with the increment in percent grafting. The matrix erosion rate was found
lower with the increment in percent grafting. This occurrence can be characterized
by the fact that the larger hydrodynamic volume should be occupied by higher
molecular weight polymeric chains due to hydration. Since the polymeric chains of
the swelled matrices became more hydrated, it experienced simultaneous swelling
of tablet matrices, drug dissolution and also, drug diffusion into the bulk swelling
medium. After attaining the equilibrium swelling, ionic strengths of the polymeric
matrices were amplified. This produces lesser rate of erosion of the polymeric
matrices and this phenomenon maintains the delayed drug release or controlled
drug release from the drug releasing matrices. In view of the fact that, with the
enhancement in the equilibrium swelling of the tablet matrices, the ionic strengths
of the matrices raise and this occurs in declining of the rate of erosion similar to the
lesser drug releasing rate from the matrices.

In vitro drug release behavior of these synthesized tamarind gum-g-
polyacrylamide matrix tablets of aspirin was evaluated using dissolution appara-
tus USP in 900 ml of the buffer solutions of different pH (1.2, 6.8 and 7.4)
maintained at 37 °C and 100 rpm. The drug (here aspirin) was found to be released
completely from these matrix tablets after 24 h. In this research, it was detected that
the rate of in vitro aspirin release from the newly synthesized tamarind
gum-g-polyacrylamide based matrix tablets was low in the acidic pH but found to
be released in much higher rate in the neutral as well as alkaline pHs. This was also
observed that higher percent grafting lowered the rate of aspirin releases (con-
trolled). It was also seen that with the increasing of percent grafting, swelling of
matrices was found to be increased; whereas the erosion of tablet matrices and the
release rate of aspirin were found decreased. The aspirin release rate from these
tamarind gum-g-polyacrylamide based matrix tablets containing aspirin followed
zero-order kinetic model and non-Fickian diffusion mechanism (Fig. 8), recom-
mending the controlled release of aspirin. These types of grated tamarind gum
based hydrogel tablets can be useful for the lesser gastrointestinal tract targeted
drug delivery through oral administration.

Fig. 8 Cumulative in vitro drug release profiles of tamarind gum-g-polyacrylamide based matrix
tablets containing aspirin at a pH 1.2, b pH 6.8, and c pH 7.4. (Ghosh and Pal 2013). Copyright
©2013 with permission from Elsevier B.V.
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6.3 Tamarind Gum-g-Poly(N-Vinyl-2-Pyrrolidon)
in Mucoadhesive Drug Delivery

Ahuja et al. (2013) synthesized graft copolymers of tamarind gum with N-
vinyl-2-pyrrolidone through microwave assisted graft copolymerization technique
using ammonium persulfate as initiator and evaluated the synthesized graft
copolymers of tamarind gum for the use as mucoadhesive polymers in the
mucoadhesive drug delivery. In this research, the tamarind gum was isolated from
tamarind kernel powder. Aqueous solutions containing 10% w/v native tamarind
gum, 1% w/v N-vinyl-2-pyrrolidone and 10 mM/mL were irradiated using a
microwoven at 20–60% microwave power for 60–150 s to prepare different batches
of graft copolymers of tamarind gum. The process of graft copolymerization was
statistically optimized by means of central composite design (2 factors and 3
levels), where microirradiation exposure time and microwave power were evaluated
as independent factors and grafting efficiencies were analyzed as dependent
responses. The statistical optimization-based response surface methodology indi-
cated a mutual influence of microwave power and exposure time on percent grafting
efficiency. It was also noticed that maximum grafting of N-vinyl-2-pyrrolidone on
the tamarind gum took place at the lower microwave power for a longer time or at
higher microwave power for a smaller period of exposing. At the elevated micro-
wave power exposure for an exposure time of longer period resulted in lesser
grafting efficiency, which appeared to be due to hydrolysis or degradation of the
polymeric backbone. The optimal parameters were obtained 20% microwave power
and 132 s microwave exposure time. The optimized batch of tamarind gum-g-poly
(N-vinyl-2-pyrrolidon) has a maximum percent of grafting efficiency of 51.60%
(where the predicted value was −56.86%).

These graft copolymers of tamarind gum and N-vinyl-2-pyrrolidone were also
characterized using SEM, FTIR, XRD, and DSC analyses. These characterization
analyses confirmed the formation of tamarind gum-g-poly(N-vinyl-2-pyrrolidon).
The tamarind gum-g-poly(N-vinyl-2-pyrrolidon) was also assessed for biomu-
coadhesive application through the preparation of buccal patches containing
metronidazole. Weight variation, thickness, assay, and friability of these
metronidazole-containing buccal patches were assessed. The buccal patches were
found of uniform weight (average) and uniform drug contents. The thickness of
these patches was found within the range, 1.02–1.12 mm. The friability of the
buccal patches was of less than 2%. The in vitro metronidazole release from these
buccal patches composed of tamarind gum-g-poly(N-vinyl-2-pyrrolidon) was also
tested. Almost similar drug releasing pattern was observed from these patches.
These buccal patches exhibited drug release (less than 80%) and good ex vivo
mucoadhesion time with chicken pouch membrane over a period of 9.3 h.
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7 Conclusion

Though tamarind gum offers a great alternative to the other natural polysaccharides,
it is imperative to understand the effect of introduction of suitable functional groups
on its chemical structure for the better end applications in different areas. Tamarind
gum is a plant-derived biocompatible polysaccharide, which is cheap and easily
available in the nature. Various functionalized tamarind gum materials like car-
boxymethylated tamarind gum, thiolated tamarind gum, graft copolymerized
tamarind gum, etc., have been explored as improved biomaterial for the formulation
of effective drug delivery devices to achieve the desired drug releasing profiles
because of their favorable physicochemical, biological, and mechanical properties.
Several research works for the different types and patterns drug delivery applica-
tions employing various functionalized tamarind gum demonstrate the significant
usefulness of the functional modifications of tamarind gum. The current chapter
focuses on the different functionalized tamarind gum materials as prospective
biopolymers in the formulation of effective drug delivery systems, which should be
supportive for the drug delivery researchers.
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Chapter 3
Biopolymer Composite Materials
with Antimicrobial Effects Applied
to the Food Industry

Kelvia Álvarez, Vera A. Alvarez and Tomy J. Gutiérrez

Abstract Over the past decade, there has been a marked increase in consumer
demand for healthy foods that are convenient, safe, with a longer useful life, and
packaged using eco-materials. This has prompted both scientists and the food
industry to investigate new strategies for food processing, handling, and packaging.
In particular, films and coatings made from biodegradable and edible composite
materials with antimicrobial effects, either due to intrinsic characteristics or through
the incorporation of traditional or natural antimicrobial composites have been
developed. These materials have proved to be a novel alternative to extend the
shelf-life of foods, while maintaining their physical, chemical, and sensory prop-
erties and, most importantly, ensuring food safety. They also serve as a barrier
against moisture loss from foods and the entry of oxygen. In addition, they can
convey different bioactive compounds, some of which have an antimicrobial effect
on important pathogenic microorganisms, thus ensuring food safety. All of this with
an advantageous cost–benefit ratio. In this chapter, we review various
biopolymer-based antimicrobial composites incorporated in films and coatings and
their effects on different food matrices. Finally, factors that should be considered
when developing composite materials with antimicrobial effects, as well as toxi-
cological aspects and the regulatory status of these materials are discussed.
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1 Introduction

Lifestyle and diet changes driven by the patterns of modern society have led to a
greater acquisition by consumers of ready-to-eat products. These foods should
provide adequate nutritional values for the proper functioning of the body and be
microbiologically safe. The packaging should also be practical and, when dis-
carded, friendly to the environment (Cagri et al. 2004). Such points have proved to
be a challenge for the food and polymer industries, both technologically (devel-
opment of new strategies for processing, handling, and packaging) and logistically
(management, marketing, and appropriate delivery systems). This is largely because
ready-to-eat foods require greater manipulation during processing, and are therefore
more susceptible to attack by deteriorative and pathogenic microorganisms. This
could lead to potential public health problems if they are not adequately processed,
handled, and distributed (Beuchat 1996; Díaz-Cinco et al. 2005). Proper treatment,
packaging, and storage are thus required to prevent contamination of these products
and increase their useful life (Cagri et al. 2004).

The food industry has traditionally implemented several strategies to ensure food
safety, namely cooling, dehydration, acidification, packaging in a modified atmo-
sphere, fermentation, and/or the use of antimicrobials. This with the aim to control
the growth of microorganisms in foods such as sausages, sliced cheeses,
ready-to-cook meat products, and fresh-cut fruit and vegetables (Davidson et al.
2013). New preservation techniques are, however, being studied and successfully
applied to these products. One of these is the use of edible coatings and films based
on biodegradable polymers with added antimicrobial substances (Wang et al. 2016).

Of course, it must be said that a wide variety of packaging materials of inedible
origins, such as polypropylene and polyethylene films, are already available to the
food industry. However, although these materials do protect food from environ-
mental pollution, they are non-biodegradable and thus not environmentally friendly
(Michalska-Pożoga et al. 2016; Thakur et al. 2014c). Because of this, packaging
materials made with edible films and coatings derived from proteins, lipids, and
polysaccharides are being studied and applied to food products. These biodegrad-
able and environmentally friendly materials have been shown to act as barriers
against water vapor, gases, and volatile compounds. They also serve as carriers of
antimicrobial substances, antioxidants, flavorings, and vitamins, which can increase
the quality, safety, functionality, and useful life of foodstuffs (Gennadios et al.
1997; Cagri et al. 2004; Lin and Zhao 2007; Rojas-Graü et al. 2009).

Two fundamental procedures have been used to control the behavior of
microorganisms in food through the application of films: 1—the incorporation of
antimicrobial agents into the polymeric matrix and 2—the generation of bioactive
polymeric matrices on the surface of foods, which hinder the growth of
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microorganisms (Silvera-Almitrán et al. 2012). As regards the first of these,
numerous traditional and natural antimicrobials have been incorporated into films,
including benzoates, propionates, sorbates, parabens, acidifying agents (acetic acid,
lactic acid, etc.), curing salts (sodium chloride and sodium nitrite), natural agents
(essential oils, lysozyme, liquid smoke), and bacteriocins (Cagri et al. 2004;
Raybaudi-Massilia and Mosqueda-Melgar 2012). For example, amino groups on
the C2 of films prepared from chitosan act on the biological capabilities of
microorganisms. This affects their metabolic processes, thus restricting their growth
(Silvera-Almitrán et al. 2012). In this chapter, we focus on edible films and coatings
derived from proteins, lipids, and polysaccharides, either with antimicrobial sub-
stances added or with their own intrinsic antimicrobial activity, applied to
ready-to-eat foods.

2 Antimicrobial Agents Incorporated into Edible Films
and Coatings

Food antimicrobials are chemical compounds or substances that may retard the
growth of microbials or cause their death when they are incorporated into a food
matrix (Davidson and Zivanovic 2003). The main targets for these antimicrobials
are toxin-producing pathogenic microorganisms, microorganisms that cause
infections, and deteriorative microorganisms whose metabolic end products pro-
duce undesirable odors and flavors, problems with texture and the discoloration of
the product (Davidson et al. 2013).

The grouping of antimicrobials into specific types is not easy, since some of
those are considered as traditional and/or synthetics can also be found naturally in
foods. Nevertheless, they are currently classified by some authors as traditional and
naturals (naturally occurring compounds), while taking into account certain con-
siderations (Raybaudi-Massilia et al. 2009; Davidson et al. 2013) as follows.

Antimicrobials are called traditional when they: (1) have been used for many
years, (2) have been tested in many countries as food antimicrobials, and (3) have
been produced by chemical synthesis. This classification does not imply that a
traditional or synthetic preservative is any less effective from a microbiological
point of view than one of natural origin, or vice versa.

Nonetheless, natural antimicrobial agents derived from plants, animals, micro-
bial, and inorganic nanoparticles are preferred nowadays by consumers, due to their
active promotion as “non-harmful” additives to the organism, and thus “healthier”
than nonnatural or synthetic chemical substances. Table 1 shows some traditional
and natural antimicrobial agents, which have been added to food packaging
materials in order to obtain functional biopolymers with antimicrobial activity.

In addition, the incorporation of antimicrobial agents such as organic acids,
bacteriocins, enzymes, plant extracts, and polysaccharides into edible films and
coatings, has proven to be a novel alternative to retard or inhibit the growth of
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bacteria, yeasts, and molds in a wide range of foods. The resulting improvement in
food quality and safety has meant that the application of these agents is becoming
ever more common (Table 2). Figure 1 summarizes the possible mechanisms of
action of antimicrobial agents used in the development of functional biopolymers.

2.1 Traditional Antimicrobial Agents

Organic acids are the most traditional and commonly used preservation agents in
the food industry. Some of these, for example, citric, malic, lauric, propionic,
tartaric, benzoic, sorbic and lactic acid, have been incorporated into edible films and
coatings, either indirectly or in salt form. Their spectrum of antimicrobial action is
very wide, and results from a direct decrease in the pH of the substrate or growth
medium due to an increase in the proton concentration. This alters the permeability
of the cell membrane due to interactions between the membrane proteins and
phospholipids, thus affecting its functioning (Davidson et al. 2013). Furthermore,
the non-dissociated forms of weak organic acids can penetrate the lipidic bilayer of
the cell membrane of microorganisms more easily. Once inside, the acid molecule is
forcibly dissociated into anions and protons due to the near-neutral pH in the cell
cytoplasm. This leads to cell inactivation by damage to cell signaling, active
transport mechanisms, and genetic material (Stratford and Eklund 2003).

Fig. 1 Mechanisms of action of functional biopolymers from the incorporation of antimicrobial
agents
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2.2 Natural Antimicrobial Agents

Depending on their origin, natural antimicrobials may be classified as vegetable,
animal, microbial, or inorganic.

2.2.1 Agents of Vegetable Origin

Vegetable antimicrobials are those compounds naturally present in different plant
parts, such as stems, bark, roots, flowers, and fruits, which have an inhibitory or
bactericidal effect on microorganisms. Among the compounds in this group that
have been applied to biopolymer-based edible films and coatings are essential oils,
spices, and other extracts.

Essential Oils

Essential oils are aromatic oily liquids derived from plant parts (flowers, seeds,
leaves, twigs, grass, wood, fruits, and roots). They consist of a complex mixture of
compounds such as terpenes, alcohols, ketones, phenols, acid, aldehydes, and esters
(Burt 2004; Ayala-Zavala et al. 2005) that can be obtained by fermentation,
extraction, or distillation. Essential oils and their components have been used since
ancient times as flavorings in food. However, some of them, for example, those
extracted from oregano, cinnamon, clove, lemongrass, palmarosa, thyme, savory,
pepper and garlic, and some of their active compounds, such as carvacrol, cin-
namaldehydes, eugenol, citral, geraniol, and thymol, have recently been incorpo-
rated as antimicrobial agents into biopolymer-based edible films and coatings
(Oussalah et al. 2004, 2006a; Pranoto et al. 2005a; Raybaudi-Massiilia et al. 2008a,
b; Rojas-Graü et al. 2009). There is no one mechanism of action of essential oils on
microorganisms, as they consist of multiple chemical compounds that act on dif-
ferent targets on and within microbial cells (Burt 2004). Nychas et al. (2003), Burt
(2004) and Oussalah et al. (2006b) indicate that essential oils can cause degradation
of the cell wall, damage to the cytoplasmic membrane and membrane proteins, the
output of cell content, coagulation of the cytoplasm, and a decrease in the proton
motive force. Nychas et al. (2003) suggest that the mode of action of essential oils is
dependent on their concentration, such that low concentrations inhibit enzymes
associated with energy production, while high concentrations can cause the pre-
cipitation of proteins.

Vanillin

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is a phenolic aldehyde present in
vanilla beans. It has been used in edible coatings both as a flavoring and an
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antimicrobial agent (Rojas-Graü et al. 2007). Vanillin is effective against
Gram-positive and Gram-negative microorganisms, yeasts, and molds (Walton
et al. 2003), but is most active against this last and non-lactic Gram-positive bac-
teria (Davidson et al. 2013). According to scientific studies, the inhibitory and
bactericidal activity of vanillin lies mainly in its ability to negatively affect the
integrity of the microorganism cytoplasmic membrane. This results in the loss of
ions, thus unbalancing pH homeostasis and inhibiting respiratory activity
(Fitzgerald et al. 2004).

Green Tea, Grapefruit, and Grape Seed Extracts

Green tea (GTE), grape seed (GS), and grapefruit seed (GFS) extracts have also
been added to edible coatings in order to obtain composite biopolymers, due to the
fact that they contain high concentrations of phenolic compounds. Polyphenols,
particularly flavonoids such as catechins, are the most abundant compounds in GTE
(Almajano et al. 2008) and many of its antimicrobial and antioxidant properties
have been attributed to catechin fractions such as epicatechin (EC), epigallocatechin
(EGC), epigallocatechin gallate (EGCg), epicatechin gallate (ECg), catechin gallate
(Cg), and gallocatechin gallate (GCg) (Frei and Higdon 2003). Taylor et al. (2005)
note that studies conducted in the past 20 years have shown that polyphenolic
catechins in green tea, particularly EGCg and ECg, can inhibit microbial growth in
a wide range of Gram-positive and Gram-negative microorganisms. Shimamura
et al. (2007) showed that the antimicrobial activity of these two catechins can be
attributed mainly to the galloyl fraction (g), which is absent in EC and EGC. These
authors also reported that EGCg can be directly linked to the precipitation of the
peptidoglycan layer in microorganisms, thus interfering with their biosynthesis.
Gram-positive bacteria are more sensitive to this action than Gram-negative bac-
teria, due to the presence of an outer membrane in the latter that serves as a barrier
to antibacterials. The physiological function of the outer membrane of
Gram-negative bacteria, and the low affinity between the polysaccharides contained
within it and EGCg limit the linking of EGCg to the peptidoglycan layer, thus
protecting them from antimicrobial activity (Shimamura et al. 2007).

GS and GFS are also rich sources of monomeric phenolic compounds such as
the catechins EC and ECg, procyanidin dimer, trimer, and tetramer, which can act
as antiviral and anti-mutagenic agents (Saito et al. 1998). GS and GFS are effective
mainly against Gram-positive bacteria, with gallic acid the main active component
(Jayaprakasha et al. 2003). The mechanisms of antimicrobial action proposed for
GS and GFS, are that the fractions containing phenolic components and pro-
cyanidins may act on cell membrane proteins, producing the loss of K+, glutamic
acid, and intracellular RNA, among others, as well as altering the fatty acid com-
position of the membrane (Rozes and Peres 1998; Heggers et al. 2002).
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2.2.2 Agents of Animal Origin

Among the antimicrobials incorporated into edible films and coatings originating
from animals are enzymes such as lysozyme and ovotransferin, as well as the
polysaccharide, chitosan.

Enzymes

Lysozyme (peptidoglycan N-acetylmuramoyl hydrolase EC3.2.1.17) is an enzyme
found in mammalian milk, tears and other secretions, bird eggs, insects, and fish.
This enzyme catalyzes the hydrolysis of the glycosidic a-1, 4 bond between N-
acetylmuramic acid and N-acetylglucosamine found in the peptidoglycan layer of
bacterial cell walls (Davidson et al. 2013). Lysozyme is more effective against
Gram-positive bacteria than Gram-negative bacteria, probably because in the for-
mer the peptidoglycan layer of the cell wall is more exposed. It is currently clas-
sified as a traditional antimicrobial and has been approved by several countries for
its use in foods (Davidson et al. 2013).

Another enzyme, ovotransferrin (commonly known as “conalbumin”) is the
second most important protein in egg white. It is a glycoprotein belonging to the
transferrin family, linked to iron, which transports and sequesters iron ions (Fe+3)
(Ko et al. 2008). Ovotransferrin inhibits several Gram-positive and Gram-negative
bacteria and yeasts including: Escherichia coli, Pseudomonas spp., Streptococcus
mutans, Staphylococcus aureus, Bacillus cereus, Salmonella enteritidis, and
Candida, although it is most effective in Gram-positve bacteria (Ko et al. 2008;
Davidson et al. 2013). The mechanism of ovotransferrin antimicrobial action is not
yet fully understood, but it was thought to have the ability to bind to Fe+3, since this
is the principal mechanism of action of ovotransferrin. More recent studies have,
however, shown that its antimicrobial action is through a direct interaction with the
bacterial surface. This produces an increase in the permeability of the outer
membrane of Gram-negative bacteria, which can subsequently cause damage to the
biological functions of the cytoplasmic membrane (Ibrahim et al. 2000).

Chitosan

Another type of antimicrobial of animal origin used in biopolymeric coatings and
films is chitosan, a linear binary heteropolysaccharide composed of N-acet-
ylglucosamine and glucosamine associated with the b-(1, 4) link (Thakur and
Thakur 2014; Thakur and Voicu 2016). Chitosan is obtained commercially by the
deacetylation of chitin, an abundant constituent of fungi and the exoskeletons of
crustaceans and insects (Pranoto et al. 2005b; Sebti et al. 2005). This compound
could potentially be used in a wide range of applications due to its biodegradability,
biocompatibility, antimicrobial activity, nontoxicity, and versatile physical and
chemical properties (Dutta et al. 2009). The mechanisms of the antimicrobial action
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of chitin, chitosan, and their derivatives are still largely unknown. However, studies
done by Liu et al. (2004) showed that chitosan increases the permeability of both
the outer and inner membranes of bacterial cells to break point, with the subsequent
leakage of cytoplasmic content. The authors attributed this damage or bactericidal
effect to the electrostatic interaction between the positively charged amino groups
(NH3

þ ) of the chitosan and the negatively charged phosphoryl groups (PO3
�) of

the phospholipidic components of the cell membrane.

2.2.3 Agents of Microbial Origin

Among the antimicrobial compounds of microbial origin incorporated into
biopolymer composites (Thakur et al. 2014a, b) are bacteriocins such as nisin,
pediocin, and enterocin.

Bacteriocins are peptides or proteins produced by different microorganisms that
have an inhibitory or bactericidal effect on other microorganisms. Bacteriocins
produced by lactic acid bacteria are separated into two main groups: lactacins and
lactocins (produced by Lactobacillus spp.), and lysine (produced by Lactococcus
lactis) and pediocins (produced by Pedicoccus acidilactici) (Marugg 1991;
Davidson and Zivanovic 2003). Another group of commonly studied bacteriocins
are enterocins, which are produced by species in the genus Enterococcus. Of these
bacteriocins, the most studied and applied has been nisin, a small heat stable 34
amino acid peptide. Nisin shows bactericidal activity against Gram-positive bacteria
and their spores, but is ineffective against Gram-negative bacteria (Helander and
Mattila-Sandholm 2000). The low antimicrobial effectiveness of nisin against
Gram-negative bacteria is due to the fact that they have a protective outer mem-
brane covering both the cytoplasmic membrane and the peptidoglycan layer which
is also thinner. The inner surface of this outer membrane contains phosphoglyc-
erides, and the outer surface lipopolysaccharide molecules (LPS). These together
create a hydrophilic surface (Nikaido 1996) that acts as a barrier against the pen-
etration of hydrophobic and macromolecular substances. Nisin is a hydrophobic
macromolecule and is thus unable to traverse the outer membranes of
Gram-negative bacteria, which means it cannot reach its site of action (Helander
and Mattila-Sandholm 2000).

On the other hand, the mechanism of action of lysine involves its interaction
with precursors of peptidoglycan and the formation of transient pores in the
cytoplasmic membrane of the target organism (Abee et al. 1994). This leads to a
decrease in proton motive force and a loss of cell ions, amino acids, and ATP
(Crandall and Montville 1998). Lysine can also interfere in the biosynthesis of cell
walls, however, some researchers have suggested that this may simply be a con-
sequence of energy loss and the depolarization of the membrane resulting from pore
formation and the onset of autolysis (Thomas et al. 2000).

Pediocins and enterocins have not been well characterized, and their mode of
action on microorganisms is still not at all clear. Their antimicrobial nature has been
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demonstrated, however, with strong activity reported against pathogenic microor-
ganisms (Sobrino-López and Martín-Belloso 2008; Santiago-Silva et al. 2009).
Bhunia et al. (1991) indicated that pediocin initially causes the loss of viability of
sensitive cells when it binds to nonspecific receptors (probably lipoteichoic acids).
Once these nonspecific sites are saturated, the pediocin molecules bind to specific
receptors, leading to changes in membrane integrity. This causes the cells to lose
potassium ions and other small molecules, as well as lowering their ability to
multiply. In some strains, the cell membrane may also lose its structural integrity
and undergo lysis. In resistant Gram-positive bacteria, the specific receptors are
absent or are not available for bonding, and in Gram-negative bacteria both non-
specific and pediocin-specific receptors are absent. As regards enterocins, Krämer
and Brandis (1975) indicated that they may inhibit DNA, RNA, and protein syn-
thesis, as well as preventing the accumulation of isoleucine, and causing the exit of
already accumulated isoleucine. These effects on biochemical processes may
indicate an obstruction of the energy supply and an alteration in membrane
permeability.

2.2.4 Agents of Inorganic Origin

Inorganic antimicrobial agents, such as zinc oxide, titanium oxide, and silver, have
been frequently incorporated as nanoparticles (NPs) in biopolymer-based matrices
with the purpose of inhibiting the microbial growth of different pathogenic and
deteriorative microorganisms (Table 3). In addition, NPs have helped to improve
the physicochemical and mechanical properties of these matrices, which in recent
years has generated the development of functional biopolymers that can be used as
food packaging materials. Nevertheless, the migration of these NPs toward food is a
key point in determining their antimicrobial efficacy. In addition, NPs have been
subject of discussion due to their potentially counterproductive effects on the health
of consumers (Llorens et al. 2012). Because of this, the food and polymer industries
have been cautious over the use of these types of antimicrobial agents.

3 Factors to Consider in the Choice of Antimicrobials
for Obtaining Functional Biopolymers

Antimicrobial effectiveness depends on several factors related to the food itself,
storage conditions, handling, and the type of microorganism to be controlled. The
preservation of food is best achieved when the following aspects are known and
taken into account: microorganisms to be inhibited, type of antimicrobial and its
concentration, temperature and time of storage, food pH, buffering capacity, and the
presence of other agents that may affect its useful life (Davidson et al. 2013).
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According to Gould (1989), the factors affecting antimicrobial activity may be
classified into microbial, intrinsic, extrinsic, and processing. Microbial factors
influence inherent resistance (vegetative cells vs. spores, differences between
strains), start number and growth rate, interaction with other microorganisms
(competition, antagonism), cell composition (Gram reaction), cell status (lesions),
and the ability to form films. Intrinsic factors are those associated with the food
itself such as nutrients, pH, buffering capacity, oxide-reduction potential, and water
activity. Extrinsic factors include storage time, temperature, atmosphere and relative
humidity. Finally, processing factors affecting antimicrobial activity are food
composition, the replacement of native microflora, changes in microbial popula-
tions, and changes in the microstructure of foods.

Table 3 Functional biopolymers made from inorganic nanocomposites with antimicrobial effects

Inorganic
nanocomposites

Microorganisms
inhibited

References

Zinc oxide Escherichia coli
O157:H7

Becheri et al. (2008), Liu et al. (2009), Rahman et al.
(2013), El Saeed et al. (2015), Shankar et al. (2015)

Titanium oxide Diaporthe
actinidiae,
Escherichia coli,
Listeria
monocytogenes,
Penicillium
expansum,
Pseudomonas
aeruginosa,
Salmonella
choleraesuis,
Stayphylococcus
aureus, and
Vibrio
parahaemolyticus

Wist et al. (2002), Chawengkijwanich and Hayata
(2008), Lan et al. (2013), Ammendolia et al. (2014),
Othman et al. (2014), Bogdan et al. (2015)

Silver Bacillus
megaterium,
Bacillus subtilis,
E. coli,
Janthinobacterium
lividum,
Klebsiella
pneumonia,
M. smegmatis,
P. aeruginosa,
P. aeruginosa,
S. aureus,
S. epidermidis,
S. flexneri, and
S. typhi

Sondi and Salopek-Sondi (2004), Sharma et al. (2009),
Valodkar et al. (2010), Yoksan and Chirachanchai
(2010), Božanić et al. (2011), Dallas et al. (2011),
Mohanty et al. (2012), Raji et al. (2012), Wang et al.
(2013), Kahrilas et al. (2014), Salunke et al. (2014),
Taheri et al. (2014), Franci et al. (2015), Ibrahim
(2015), Latif et al. (2015)
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4 Determination of Antimicrobial Activity

The principal method used to evaluate the antimicrobial activity of films derived
from composite biopolymers is the disk diffusion method. This method, one could
say, is an adaptation of the method developed by Davidson and Parish (1989) used
to determine the antimicrobial activity of chemical agents including antibiotics. The
disk diffusion method consists in cutting approximately 1 cm2 discs from the films
to be evaluated and placing them on the surface of solidified agar (previously
inoculated with specific microorganisms) contained in Petri dishes. The petri dishes
with the disks and inoculated agar are then incubated at the optimum growth
temperature for microorganisms for a set time, after which the areas or zones of
inhibition caused by the action exerted by the antimicrobial agents are measured.
Padgett et al. (1998), Cagri et al. (2001), Cha et al. (2002), Rojas-Graü et al. (2006),
Seydim and Sarikus (2006) and Rosales-Oballos et al. (2012) all used this method
and found that it was useful to evaluate antimicrobial activity at different concen-
trations of antimicrobials, since this enabled researchers to pinpoint the optimum
concentration for each one, based on the measurement of the zone of inhibition of
microorganism growth around the discs.

As a general rule, the antimicrobial activity of coatings and films based on
functional polymers can be determined by two methods: dilution and the disk
diffusion method.

4.1 Dilution Method

This method consists in placing different concentrations of the antimicrobial in a
liquid or solid medium, which is then inoculated with the microorganism under
study. For example, Rojas-Graü et al. (2007) evaluated the antimicrobial activity of
an edible film-forming solution prepared from alginate and apple puree against
E. coli O157:H7. The solution also contained oregano, cinnamon, and lemon grass
essential oils and/or their active components: carvacrol, cinnamaldehyde, and citral.
Film-forming solutions containing one or more of the essential oils or their active
components were diluted with saline solution at pH 3.3, and placed in microplate
wells which were then were inoculated with E. coli O157:H7. The concentration of
each compound capable of reducing the population of the microorganism to 50%,
denominated bactericidal activity 50 (BA50), was then determined.

4.2 Disk Diffusion Method

The disk diffusion method consists in placing discs of the films containing different
concentrations of the antimicrobial substance to be evaluated on agar plates
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previously inoculated with the microorganism to be studied (Fig. 2). Padgett et al.
(1998), Cagri et al. (2001), Cha et al. (2002), Seydim and Sarikus (2006) and
Rojas-Graü et al. (2006) all used this method and found that it was useful to
evaluate antimicrobial activity at different concentrations of antimicrobials, since
this enabled researchers to pinpoint the optimum concentration for each one, based
on the detection and measurement of the zone of inhibition of microorganism
growth around the discs.

5 Edible Films and Coatings with Antimicrobial Effects
Applied to Foodstuffs

The main purpose of food packaging is to preserve the quality and safety of foods,
from the time of manufacture to the moment of consumption. Thus, packaging
materials must act as a barrier to the passage of food contaminating agents. The
best-known packaging materials that meet this objective are polyethylene or
copolymer-based materials, which have been used by the food industry for over
60 years (Cutter 2006). Nonetheless, one of the limitations of these materials is that
they are not biodegradable, which means that they represent a source of

Fig. 2 Representation of the disk diffusion method from functional biopolymers
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environmental pollution. This has motivated scientists to develop packaging
materials made from biodegradable substances that may also be edible, thus
reducing environmental pollution while ensuring that the packaging meets the
principal objective of food protection.

A novel alternative to traditional packaging materials has been the use of edible
films, which can provide barrier properties and limit the passage of oxygen, thus
preventing the contamination and deterioration of foodstuffs. The growth of
microorganisms can be inhibited by simply suppressing oxygen entry, although
films may also be prepared from matrices with antimicrobial properties such as
chitosan. In addition, these functional biopolymers can serve as carriers of
antimicrobial substances of either natural or synthetic origin (Rojas-Graü et al.
2009). One of the advantages of incorporating antimicrobial agents into
biopolymer-based films is the reduction in the rate of diffusion of these compounds
from foods, thus guaranteeing their action over a longer period of time on the
surface of the food, where the greatest contamination usually occurs (Cagri et al.
2004).

5.1 Meat Products

The contamination of meat products usually starts from their external surface due to
the microbial load coming from improper handling, processing machinery, and
packaging. Antimicrobial films can prevent the contamination of meat and meat
products during refrigerated storage, but can also be used to inhibit microbial
growth on the surface of processed fresh products, consequently extending their
useful life (Cagri et al. 2004).

According to the literature, antimicrobial films applied to meat products have
been developed mainly from polysaccharides (alginate, cellulose, methylcellulose,
and hydroxypropylmethylcellulose) and proteins (zein, caseinate, whey, soy, and
gelatin) (Thakur et al. 2016; Thakur and Kessler 2014a, b; Voicu et al. 2016;
Corobea et al 2016).

Oussalah et al. (2004) evaluated the antimicrobial effects of edible films prepared
from milk protein containing oregano essential oil (1%) and/or pepper essential oil
(1%) against E. coli O157:H7 and Pseudomonas spp. inoculated on beef steaks
stored for 7 days at 4 °C. These authors found that the films containing oregano
essential oil were the most effective, with a reduction in microbial populations of
about 1 log cycle compared to control samples and films containing pepper essential
oil. Oussalah et al (2006a) also determined the effect of alginate-based films con-
taining 1% oregano, cinnamon, or savory (Satureja spp.) essential oils on popu-
lations of Salmonella typhimurium or E. coli O157:H7 inoculated into beef filets
stored for 5 days at 4 °C. The authors reported that the films containing oregano or
cinnamon essential oils were most effective against S. typhimurium (causing a
decrease in the population of about 1 log cycle), while films made with oregano
essential oil were the most effective against E. coli O157:H7 (population decreased
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by 1.97 log cycles). Millette et al. (2007) evaluated the antimicrobial effect of an
alginate-based film incorporating two different amounts of nisin (500 and 1000 IU)
to control the growth of S. aureus inoculated onto beef steaks stored for 14 days at
4 °C. After 7 days, reductions in microorganism populations of 0.91 and
1.86 CFU/cm2 on the beef steaks covered with the films containing 500 or
1000 IU/mL of nisin, respectively, were observed. Studies done by Zinoviadou
et al. (2010) on fresh beef covered with films made from whey protein isolate
containing either sodium lactate (NaL) or e-polylysine (e-PL), showed a reduction
in the growth rate of total native flora and a total inhibition in the growth of lactic
acid bacteria when a concentration of 0.75% of e-PL was added to the films. In
addition, the growth of the total flora and Pseudomonas spp. was significantly
inhibited with the addition of 2% NaL. Ouattara et al. (2002) achieved a slight
reduction (by 0.5 log cycles) in the total counts of microorganisms naturally present
in ground beef during the first 4 days of storage at 4 °C, after covering with a film
prepared from a mixture of proteins (calcium caseinate and soy protein isolate) and
3% powdered thyme, sage, and rosemary. Nevertheless, populations of Brochothrix
thermosphacta, Staphylococcus spp., lactic acid bacteria, coliforms, enterobacteri-
aceae, and Pseudomonas were not significantly affected by the use of this antimi-
crobial film.

On the other hand, Seol et al. (2009) were able to reduce populations of total
microorganisms and E. coli by 1.8 and 2.7 CFU/g, respectively, in chicken breast
covered by a zein-based film containing EDTA (5 mM) and ovotransferrin (25 mg),
stored for 7 days at 5 °C. Similarly, Janes et al. (2002) found that populations of
Listeria monocytogenes decreased by 1.69 or 2.03 log cycles in ready-to-eat
chicken stored for 8 days at 4 °C, by incorporating either nisin (1000 UI/g), or
nisin (1000 UI/g)—calcium propionate (1%), respectively, into a zein-based film
used to cover the chicken. In addition, the antimicrobial effect of nisin alone in the
edible film was intensified (by up to 2.59 log reductions) when the storage tem-
perature was increased to 8 °C.

In other studies, Hong et al. (2009) covered pork loin with a film based on a
gelatin/red algae agarose mixture containing grapefruit seed extract (0.08%) or
green tea extract (2.8%). The antimicrobial action of the film inhibited the growth of
E. coli O157:H7 and reduced populations of L. monocytogenes by about 1 log cycle
after 7 days of storage at 4 °C. Similarly, Kang et al. (2007) evaluated the effect of
an edible coating prepared from pectin containing green tea powder (0.5%) on the
quality of pork burgers packaged in air or under vacuum and stored for 14 days at
10 °C. The authors reported that the initial population of total aerobic microor-
ganisms (104 CFU/mg) declined to undetectable levels after 7 days under vacuum
conditions. However, under normal atmosphere (air) it rose to 105 CFU/mg, and
after 7 days at 10 °C reached 108 CFU/mg.

Dawson et al. (2007) evaluated the antimicrobial effectiveness of soy
protein-based films containing lauric acid (8%) and nisin (400 IU/g), against L.
monocytogenes inoculated into turkey mortadella. The L. moncytogenes population
was successfully reduced by 1 log cycle after 21 days at 4 °C. An even greater
antimicrobial effect was observed by Santiago-Silva et al. (2009) who showed that
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pediocin (25% or 50%) incorporated into an emulsion for cellulose-based films lead
to a reduction in the populations of the pathogens Listeria and Salmonella inocu-
lated into ham slices. These antimicrobial films were, however, more effective
against Listeria than Salmonella: 50% pediocin reduced Listeria populations by 2
log cycles but Salmonella populations by only 0.5 log cycles compared to the
control. Similarly, Gadang et al. (2008) found that populations of L. monoytogenes
and E. coli O157:H7 inoculated into Frankfurt-type sausages stored at 4 °C for
28 days, decreased by 2 log cycles and populations of S. typhimurium by 1 log
cycle when covered with edible films prepared from whey protein containing a
combination of nisin (6,000 UI/g), malic acid (1%), and grape seed extract (0.5%),
plus EDTA (1.6 mg/mL) for S. typhimurium and E. coli O157:H7. Similar results
were reported by Theivendran et al. (2006) who evaluated the bactericidal effect of
nisin (10,000 IU/g) combined with grape seed extract (1%) or green tea extract
(1%) against L. monocytogenes inoculated into Frankfurt-type sausages submerged
in film-forming solutions prepared from soy protein. These authors observed a
decrease the population of L. monocytogenes by more than 2 log cycles after
28 days of storage at 4 or 10 °C. Similarly, Franklin et al. (2004) achieved a
reduction in populations of L. monocytogenes in hot dog-type sausage stored for
28 days at 4 °C by more than 2 log cycles using 2,500 IU/mL of nisin, and the
same result at a lower concentration with films made from
methylcellulose/hydroxypropylmethylcellulose. Finally, Marcos et al. (2008)
achieved a bacteriostatic effect against L. monocytogenes inoculated into cooked
ham during the first 8 days at 1 °C, after incorporating enterocins A and B into
alginate-based films.

5.2 Fishery Products

Films applied to fishery products have been developed mainly using gelatin, either
alone or in combination with chitosan. Gelatin has been widely studied for its
ability to form films and its capacity to protect food from dehydration, light and
oxygen when used as an external cover. It is also one of the first materials proposed
as a carrier of bioactive compounds (Gómez-Guillén et al. 2009). The most
abundant sources of gelatin are the skin and bones of pigs and cattle. However, in
recent years gelatin extracted from fish has become an important alternative.

López-Caballero et al. (2005) evaluated the preservative effect of a coating made
from a mixture of chitosan and fish (Lepidohombus boscii) skin gelatin on cod
burgers. These researchers found that the coating protected the burgers from
microbial spoilage when they were refrigerated and stored for 8 or 11 days,
reporting microorganism counts about 2 log cycles lower than those of control
samples. The coatings were especially effective against Gram-negative bacteria
such as Enterobacteriaceae and Pseudomonas spp. In addition, Gómez-Estaca et al.
(2007) showed that gelatin/chitosan-based edible films containing rosemary and
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oregano extract lead to a decrease in the total counts of aerobic and sulfide-reducing
bacteria from 2 to 3 log cycles on cold-smoked sardines after 16 days at 5 °C.

In the same way, Datta et al. (2008) reported that coatings derived from calcium
alginate with incorporated oyster lysozyme or hen egg lysozyme applied to smoked
ham was effective in reducing levels of inoculated Salmonella var. Anatum (about
2.2 log cycles) and L. monocytogenes (about 2.7 log cycles).

5.3 Cheese

Fresh cheeses may suffer deterioration through the action of Gram-negative psy-
chrotrophic bacteria (Pseudomonas, Flavobacterium, and Alcaligenes), coliforms,
yeasts, and molds that reach them as postprocessing contaminats. The spoilage of
ripened cheeses, however, is generally due to the surface growth of molds and
yeasts, particularly if they are exposed to oxygen. Furthermore, the use of a slow
growing starter culture can allow the development of pathogenic microorganisms
such as Staphylococcus, Salmonella, Listeria, and enteropathogenic E. coli, which
may either come from raw milk or postprocessing contamination.

A novel alternative to avoid this deterioration, and thus both extend the useful
life of cheeses and ensure the safety of these products, is the use of antimicrobial
films. Cao-Hoang et al. (2010) demonstrated that the application of sodium
caseinate-based films, with the addition of sorbitol as a plasticizer and nisin
(1,000 IU/cm2) as an antimicrobial, reduced a population of Listeria innocua
inoculated onto the surface of ripened cheese by 1.1 log cycles after a storage
period of 7 days at 4 °C.

5.4 Fruits and Vegetables

Edible coatings with antimicrobial agents have gained importance as a new tech-
nology to reduce the deleterious effects produced during the storage of processed
and whole fruits and fresh-cut vegetables. These effects are more severe in the
latter, as the cut damages the cell structure of the tissues. This causes the cell
constituents to leak out, resulting in changes to the color and texture, and shortening
useful microbiological life. In these situations, edible coatings and films can
function as carriers of different preservation agents such as antioxidants, antimi-
crobials, and textural and nutritional preservatives, as well as vitamins and minerals
that counteract the effects of pathogenic and deteriorative microorganisms.

Valencia-Chamorro et al. (2009) studied the antifungal effect of hydroxypropyl
methylcellulose-based coatings containing different mixtures of potassium sorbate
(2%), sodium benzoate (2.5%) and sodium propionate (0.5%) on the postharvest
conservation of whole “Valencia” oranges. The authors observed that the coatings
significantly reduced the effects caused by strains of Penicillium digitatum and
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Penicillium italicum inoculated onto the surface of oranges stored at 20 °C. In
addition they showed that edible coatings with potassium sorbate combined with
sodium propionate were the most effective after a storage period of 60 days at 5 °C.
Park et al. (2005) evaluated the antifungal effects of coatings prepared from chi-
tosan (2%) and hydroxypropyl methylcellulose (1%) with or without added
potassium sorbate (0.3%) on fresh strawberries inoculated with strains of
Cladosporium sp. or Rhizopus sp. and stored for 23 days at 5 °C. The authors
reported that the incorporation of potassium sorbate had no significant additive
effect against the inoculated molds compared to the chitosan coatings alone.
However, all the coatings studied decreased total aerobic and coliform counts.

Caillet et al. (2006) found that carrots inoculated with L. innocua (103 CFU/g)
and covered with an antimicrobial coating prepared from a combination of calcium
caseinate, whey protein isolate, carboxymethylcellulose, and pectin containing
trans-cinnamaldehyde (0.025%) showed a slight reduction (0.5 log cycles) in the
population of the microorganism after 21 days at 4 °C.

Rojas-Graü et al. (2007) evaluated the antimicrobial effect of lemongrass (1 and
1.5%), oregano (0.1 and 0.5%), and vanillin (0.3 and 0.6%) essential oils incor-
porated into film-forming solutions made from alginate and apple puree on native
flora (psychrophilic aerobic, molds, and yeasts) and L. innocua inoculated into
fresh-cut apples. They found that all the antimicrobials studied significantly
inhibited the native flora during 21 days of storage at 4 °C. The lemongrass and
oregano essential oils exerted a greater antimicrobial effect than the vanillin on L.
innocua, however, producing a reduction in its population of up to 4 log cycles.
Likewise, Raybaudi-Massilia et al. (2008a) covered fresh melon pieces inoculated
with S. enteritidis with alginate-based edible coatings containing malic acid, either
alone or combined with cinnamon leaf, palamarosa, and lemongrass essential oils at
0.3 and 0.7%, or their active components (eugenol, geraniol, and citral) at 0.5%.
The coatings significantly reduced the populations of S. enteritidis by about 3–5 log
cycles and inhibited the growth of native flora after storage for more than 21 days at
5 °C. Raybaudi-Massilia et al. (2008b) obtained similar results for fresh apple
pieces inoculated with E. coli O157:H7, this time coated with alginate-based films
containing malic acid, and/or cinnamon bark, clove and lemongrass essential oils at
0.3 and 0.7%, or their active components (cinnamaldehyde, eugenol, and citral) at
0.5%. In this case, the authors achieved population reductions of more than 4 log
cycles after 30 days of refrigerated storage. The growth of the native flora was also
inhibited for over more than 30 days of storage at 5 °C.

Chien et al. (2007) evaluated the effects of edible coatings derived from chitosan
(0.5, 1 and 2%) on the growth of native flora for fresh-cut mango stored for 7 days
at 6 °C. Populations, expressed as the total count of microorganisms, were inhibited
in samples coated with different concentrations of chitosan (5.53, 5.41,
5.30 CFU/g) compared to the control (6.41 CFU/g). Nevertheless, a greater effec-
tiveness of chitosan-based coatings was observed by González-Aguilar et al.
(2009), who found that populations of mesophilic aerobics on fresh-cut papayas,
covered with low molecular weight (2%) and medium molecular weight (1 and 2%)
chitosan coatings, decreased from 2.8 CFU/g to undetectable levels after 14 days
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storage at 5 °C. These authors also reported that the growth of molds and yeasts
was inhibited on coated papayas compared to the controls. These differences in the
effectiveness of chitosan-based coatings may be due mainly to the type of fruit
studied and the initial microbial load.

Finally, Sangsuwan et al. (2008) evaluated the effectiveness of
chitosan/methylcellulose coatings. These authors observed that populations of
inoculated E. coli in coated fresh-cut melon pieces (5.18 UFC/piece) significantly
decreased during storage to undetectable levels, while populations of
Saccharomyces cerevisiae only slightly decreased in coated fresh-cut melons, but
significantly decreased in coated fresh-cut pineapples, compared to the controls.
These authors also found that the addition of vanillin to the
chitosan/methylcellulose coatings increased their effectiveness against both the
inoculated microorganisms.

6 Impacts on Sensory Attributes

Edible films and coatings are generally consumed while still in place. It is thus
important that the incorporation of compounds such as antimicrobials, antioxidants,
and nutraceuticals does not affect consumer acceptance (Rojas-Graü et al. 2009).
However, some authors have indicated that adding antimicrobial agents to edible
coatings could affect the sensory attributes of food, especially when plant essential
oils are used (Burt 2004). For example, Rojas-Graü et al. (2007) observed that the
sensory attributes of fresh-cut apples were negatively affected when covered with a
coating prepared from alginate-apple puree containing 0.1% (v/v) of oregano
essential oil. Similarly, Raybaudi-Massilia et al. (2008a, b) found that fresh-cut
apple and melon pieces wrapped in coatings derived from alginate and containing
cinnamon, lemongrass, palmarosa, and nail essential oils at 0.7% affected sensory
attributes such as texture, color, and flavor. In order to reduce these effects, it is thus
recommended that essencial oils be used only at very low concentrations and
possibly in combination with alternative preservatives. Nevertheless,
Raybaudi-Massilia et al. (2008a) reported that the addition of 0.3% (v/v) of pal-
marosa essential oil to alginate-based films coating fresh-cut melon pieces actually
turned out to be promising, since this combination was well accepted by the pan-
elists, despite being perceived by them.

In another study, Eswaranandam et al. (2006) found that antimicrobial coatings
derived from soy protein containing the organic acids malic and lactic acid at 2.6%
(w/v) did not affect the sensory properties of fresh-cut melon.

Rojas-Graü et al. (2007) evaluated the sensory quality of fresh-cut apples cov-
ered with an alginate-apple puree film containing vanillin at 0.3% (w/w), finding
that the taste of the coated product was acceptable to the panelists. In contrast,
Walton et al. (2003) noted that a limitation of vanillin, despite being a GRAS
substance, is the strong flavor it imparts when used at the minimum inhibitory
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concentrations (>0.2%) required in some foods. These variations in the results
reported by researchers are probably influenced by the type of food coated.

The effects of other antimicrobial composites such as chitosan, used as a base for
the formulation of antimicrobial coatings, has also been evaluated as regards their
sensory attributes. For example, the sensory qualities of fresh strawberries covered
with chitosan (0.6%) were not significantly affected after 7 days storage at 2 °C
(Han et al. 2005). Similarly, Chien et al. (2007) reported that the sensory attributes
of fresh-cut mango coated with 0.5, 1, and 2% chitosan did not vary significantly
after 3 days of storage at 6 °C, but were significantly altered after 7 days for the
mangos coated with 1 and 2% chitosan.

7 Toxicological Aspects of Composite Biopolymers
with Antimicrobial Effects

Most scientific studies focusing on the development of functional biopolymers
made from natural fillers with antimicrobial effects have been undertaken, funda-
mentally, for their application in the food industry. Nonetheless, there is still a great
vacuum in relation to the toxicological characteristics of these materials. The
application of antimicrobial agents derived from inorganic nanocomposites in food
has been particularly questioned, since they can penetrate the intestinal wall, with
smaller particles tending to spread more quickly through the mucus layer than
larger particles. The rate of diffusion also depends on the charge of the particle;
anionic particles have been shown to traverse the epithelial surface more easily,
while cationic particles remain trapped in the mucus (Szentkuti 1997). In addition,
ligand binding or coating with surfactants can affect the transcellular absorption of
particles in the gastrointestinal tract (Russell-Jones et al. 1999; Hoet et al. 2004).
Furthermore, if encapsulated particles or NPs are protected or sterically hindered,
this can facilitate or inhibit their entry into the bloodstream, resulting in an either
homogeneous or heterogeneous distribution in the human body (Gabor et al. 2004).

Once nano-encapsulated or NP antimicrobials pass through the gastrointestinal
epithelium and into the bloodstream, they may interact with various components of
the blood, such as plasmatic proteins, coagulation factors, platelets, and red and
white blood cells (Nemmar et al. 2002). These interactions can have a substantial
effect on the distribution and excretion of NPs (Dobrovolskaia 2007). For example,
the hydrophobic surfaces of nanospheres are highly susceptible to opsonization and
depuration by the reticulo-endothelial system, resulting in the kidnapping of par-
ticles within organs such as the liver and spleen (Letchford and Burt 2007).

Borm and Kreyling (2004), Oberdorster et al. (2005a), Nel et al. (2006), Powers
et al. (2006), Hagens et al. (2007) and Oberdorster et al. (2007a, b) have observed
that the functionalities of NPs, e.g., particle size, size distribution, potential
agglomeration and surface charge, can change in different biological matrices, and
that this depends on compounds that are present in the matrix and thermodynamic
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conditions. Interactions between the matrix and the NP’s can also change as a result
of dilution. In practice this means that the appearance of a NP can be expected to
change following sample processing (e.g., freeze-thaw cycles, heating, dilution). It
has, therefore, so far not been possible to establish a single parameter that describes
the possible toxicity of an antimicrobial compound, in particular depending on the
amount employed (SCENIHR 2007). Several authors have indicated that toxicity
tests will have to be undertaken on a case-by-case basis using different
dose-describing parameters (Oberdorster et al. 2005b; Thomas and Sayre 2005;
Powers et al. 2006). In order to give an idea of the magnitude of the studies that
need to be carried out to determine the toxicity of an antimicrobial packaging
material, some toxicological aspects are discussed in Table 4.

Table 4 Toxicological studies in functional biopolymers made from inorganic nanocomposites

Toxicology
study

Effect of inorganic nanocomposites References

In vitro
toxicity

NPs may trigger the release of
reactive species and thereby cause
oxidative stress and subsequent
inflammation through interaction
with the reticulo-endothelial system

Nel et al. (2006), Donaldson et al.
(2007), Donaldson and Seaton
(2007), Oberdorster et al. (2007b)

Toxicokinetics There are experimental data so far
suggesting that the characteristics of
NPs (e.g., size, surface charge,
functionalized groups) can influence
the absorption, distribution,
metabolism, and excretion (ADME)
of NPs present in food. However,
not much is known about the
relationship between these
physicochemical characteristics and
the behavior of NPs in the body

Jani et al. (1990), Ballou et al.
(2004), Florence (2005), Roszek
et al. (2005), des Rieux et al.
(2006), Singh et al. (2006), Hagens
et al. (2007)

Neurotoxicity Several studies have indicated that
NPs can pass the blood–brain
barrier following systemic
availability of PNs. Nevertheless, it
is not clear if this is a generic effect
of all NPs or only a subgroup. This
highlights the need of kinetic
studies, and increased attention
toxicologists to neurotoxicity in
their search for possible effects on
target tissues. Therefore, this fact is
highly relevant for its consideration

Hillyer and Albrecht (2001), Borm
et al. (2006), Silva (2007)

(continued)
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Table 4 (continued)

Toxicology
study

Effect of inorganic nanocomposites References

Acute toxicity In the past decade, the toxicological
results made orally have noted that
depending on the particle size (e.g.,
copper, selenium, zinc, and zinc
oxide and titanium dioxide NPs),
the matrix in which this content and
the chemical composition of the
NPs, the acute toxicity may occur at
higher doses

Jia et al. (2005), Zhang et al.
(2005), Chen et al. (2006), Wang
et al. (2006, 2007, 2008)

Long term
toxicity

Nowadays there is no data on the
toxicity after chronic or acute low
dose oral exposure. Although
inorganic nanocomposites can have
effects on the immune and
inflammatory and cardiovascular
system, including may provoke
oxidative stress and/or activation of
pro-inflammatory cytokines in the
liver, lungs, brain, and heart. There
could also be effects on the
cardiovascular system, which in
turn may have pro-thrombotic
effects and adverse effects on the
cardiac function (acute myocardial
infarction and adverse effects on
heart rate). Furthermore, they
possibly may produce genotoxicity,
carcinogenesis, and teratogenicity,
but no data on these latter points
that are still available

Wang et al. (2006, 2007, 2008)

Reprotoxicity Another aspect to consider and that
cannot be excluded is the transfer of
NPs through the placenta, including
excretion via breast milk, which
could lead to embryotoxicity as a
result of exposure to NPs. Data
addressing the distribution of NPs to
the reproductive cells is currently
unavailable. Besides, there are no
clear data showing the distribution
of PNs in the fetus. This leads to the
recommendation that reprotoxicity
needs to be carefully considered
when there is evidence that NPs
pass into the placenta

Fujimoto et al. (2005), Tran et al.
(2005)

(continued)
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8 Regulatory Status

Edible films and coatings can be classified, according to European and American
regulations, as food products, food ingredients, and substances in contact with food,
or food packaging materials (ED 1995, 1998; USFDA 2006a, b). Nevertheless,
because films and coatings constitute an integral part of the edible portion of food
they should be subject to the same regulations as those governing food ingredients
(Guilbert and Gontard 1995). The main government agencies responsible for
dealing with issues related to food additives are the U.S. Food and Drug
Administration (USFDA), the European Committee for Standardization (CEN),
Codex Alimentarius, the Food and Agriculture Organization (FAO) of the United
Nations and the World Health Organization (WHO) (Raju and Bawa 2006).

The USFDA states that any compound to be included in a formulation should be
“Generally Recognized as Safe” (GRAS) or regulated as a food additive and used
within specific limits (USFDA 2006a, b, 2009, 2010). In Europe, the ingredients
that may be incorporated into film-forming solutions are recognized primarily as
food additives and are named in the list of additives for general purposes, although
pectins, beeswax, polysorbates, fatty acids, lecithin, and arabic and karaya gums,
are mentioned separately as coating applications (ED 1995). In any case, the use of

Table 4 (continued)

Toxicology
study

Effect of inorganic nanocomposites References

Allergenicity
(or
sensitization)

Even for conventional chemicals
little is known on the induction of
food allergy and the type of
exposure required inducing such
responses. In the case of NPs, this
becomes extra prominent for two
reasons. First of all, it is the possible
adjuvant activity of NPs that
introduces additional uncertainty.
And second, because of the actively
charged surfaces of NPs it can
absorb biomolecules as they pass
through the GI tract. This might
result in changed exposure of the
cellular lining of the intestine. In
addition, the surface properties, e.g.,
coatings are important determinants
for the active uptake of
encapsulates, but might also be a
reason for concern. For example,
lectins used for coatings are highly
immunogenic, can be cytotoxic or
induce inflammatory responses and
gastrointestinal irritation

Govers et al. (1994), Borm and
Kreyling (2004), Gabor et al.
(2004), des Rieux et al. (2006),
Hong et al. (2006), Kabanov
(2006), Dobrovolskaia (2007)
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these film-forming substances is permitted as long as the principle of quantum satis
is respected. Recently, the CEN introduced specific purity criteria for food additives
(ED 2008).

Due to the fact that edible films and coatings may have ingredients with a
functional effect, the inclusion of these compounds should be mentioned on the
label. In Europe, the use of food additives should always be labeled on the pack-
aging according to their category, for example, antioxidants, preservatives, color-
ings, among others. In the corresponding regulations of most countries, chemical
substances added as antimicrobials are considered as food additives if their main
purpose is the extension of the useful life of the food (Table 5). However, each
country has its own regulations and lists of approved additives (ED 1995, 1998,
2008; USFDA 2006a, b, 2009).

Another important point within the regulatory status is the presence of allergens.
Many edible films and coatings are made from ingredients that could cause allergic
reactions.

Among the substances identified as allergens, those derived from milk, soy-
beans, marine foods (fish, shellfish, crustaceans, etc.), peanuts, walnuts, and wheat
are the most important. Several edible films and coatings are composed of milk
proteins (whey, casein), wheat protein (gluten), soy protein, and peanut protein. The
presence of a known allergen incorporated into an edible film and/or food coating
should thus be very clearly labeled (Franssen and Knochta 2003).

Table 5 Regulatory status of the main antimicrobials incorporated into edible films and coatings
to obtain functional biopolymers

Antimicrobial agent Regulatory
status

Amount permitted References

Chitosan GRAS, GRN
73, GRN 170

GMP USFDA
(2010)

Essential oils of plants and
their active compounds
(carvacrol, cinnamon,
cinnamaldehyde, citral,
cinnamic acid, citric acid,
clove, eugenol, garlic,
geraniol, lemon, lime,
lemongrass, mandarin,
oregano, palmorosa)

GRAS,
21 CFR
182.10,
21 CFR
182.20,
21 CFR
184.1317,
21 CFR
182.60,
21 CFR
184.1257

GMP USFDA
(2010)

Grape seed extract CAS-RN
085594-37-2,
21 CFR
182.20

GMP USFDA
(2009)

(continued)
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Table 5 (continued)

Antimicrobial agent Regulatory
status

Amount permitted References

Grapefruit seed extract CAS-RN
090045-43-5

GMP USFDA
(2009)

Green tea extract GRN 259 GMP, up to 540 mg/per
portion in juice

USFDA
(2006a, b)

Lysozyme GRAS,
GRN 64,
E-1105

GMP,
� 5.5 mg/kg in
Frankfurt-type sausages,
� 4.4 mg/kg in chicken
and beef products

Losso et al.
(2000),
USFDA
(2006a, b,
2010)

Nisin GRAS,
GRN 65,
21 CFR
184.1538,
E-234,
A565,
Codex
standard A-8

GMP,
� 6.9 mg/kg in
Frankfurt-type sausages,
5.5–12.5 mg/kg in chicken
and beef products

USFDA
(2010),
FSANZ
(2007)

Vanillin GRAS,
21 CFR
182.60

GMP USFDA
(2010)

Organic acids (acetic,
lactic, malic, propionic,
benzoic, and their salts)

GRAS,
21 CFR
184.1005,
21 CFR
184.1021,
21 CFR
184.1221,
21 CFR
184.1069,
21 CFR
182.3640

GMP Doores
(1993)

Inorganic nanocomposites
(zinc oxide, titanium oxide
silver)

EU
No. 10/2011

In Europe, the legislation
currently applies an overall
migration limit of 10 mg
constituent per dm2 surface
area to all substances that
can migrate from food
contact materials up to
foodstuffs. For a liter cubic
packaging containing 1 kg
of food, this equates to a

EU
No. 10/2011,
Silvestre et al.
(2011)

(continued)
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Hen egg proteins such as ovotransferrin (Gal d 3) and lysozyme (Gal d 4), which
reside in the egg white fraction and are used as antimicrobials in edible films, have
traditionally been involved in the development of food allergies. However, clinical
reactions to ovotransferrin and lysozyme have rarely been reported. Nonetheless, a
hypersensitive reaction mediated by immunoglobulin E (IgE) may occur in people
allergic to these enzymes (Pérez-Calderón et al. 2007). Thus, to make the use of
lysozyme and ovotransferin safe, their presence should be clearly identified on the
product label (USDA 2010).

9 Conclusions and Future Perspectives

It has been amply demonstrated that films and coatings with antimicrobial prop-
erties can be developed as novel alternative packaging materials that ensure the
safety of different food types, including meat, fish, fruits, vegetables, and dairy
products such as cheese, as well as extending their useful life. Nonetheless, for
these materials to be successfully applied the following aspects should be taken into
account: food composition, identification of the active component for forming the
film or coating, the antimicrobial to use, the type and number of microorganisms to
control, and the intrinsic, extrinsic, and processing factors that may affect the
product characteristics. In addition, antimicrobial agents should be incorporated in
moderate amounts in order to prevent their negative impact on the sensory char-
acteristics of foods, thus ensuring consumer acceptance.

In the future we expect that materials currently underutilized or discarded by the
food industry, such as vegetable waste, plants, and crustacean shells, among others,
will be used to obtain base materials such as cellulose and chitosan for the for-
mulation of films and coatings, thus producing biodegradable materials that aid
environmental conservation.

Table 5 (continued)

Antimicrobial agent Regulatory
status

Amount permitted References

migration of 60 mg of
substance per kg of food.
However, with the
exception of a few
materials (specifically
listed in Annex 1 of the
legislation) nanomaterial
risk assessment has to be
performed on a
case-by-case basis

GRAS generally recognized as safe, GRN GRAS news according to USFDA, A Application
according to FSANZ, 21 CFR: title 21 code of regulations of the United States, E code number of
food additives in the European Union, CAS-RN chemical abstract service-registration number,
GMP according to good manufacturing practices
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In recent years there have been a number of research studies on naturally
occurring compounds such as plant extracts that show functional and antimicrobial
properties when tested in vitro against pathogenic microorganisms of importance in
foods, such as L. monocytogenes, E. coli O157:H7, Salmonella spp., S. aureus
among others. Nevertheless, their direct application in foods or as components of
films and coatings has not been fully investigated. For this reason, we expect to see
the continuing emergence of new proposals for the formulation of packaging
materials including natural antimicrobial agents.
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Chapter 4
Functional Biocomposites of Calcium
Phosphate–Chitosan and Its Derivatives
for Hard Tissue Regeneration Short
Review

L. Pighinelli, D. Wawro, M.F. Guimarães, R.L. Paz, G. Zanin,
M. Kmiec, M.F. Tedesco, M. Silva and O.V. Reis

Abstract This short review presents an actual innovation in functional biopoly-
mers related with a research and developments in chitosan/calcium phosphate
composites studies. It is a promising biomaterial to face new problems and chal-
lenges in the field of materials science, biology, and medicine, related with mus-
culoskeletal tissues, bones, and cartilage which are under extensive investigation in
regenerative medicine and advanced biomaterials research. A growing number of
cases requiring medical devices, which is related with many factor such as bone
fractures, defects, or diseases in addition to other various problems which need to
be cured, make the scientist research and develop a great number of biodegradable
and bioresorbable biocomposites. New developments in this interdisciplinary and
multidisciplinary field related with new materials, new methods possibly, will
increase in the near future the feasibility to design a new biocomposite tailored for
specific patients and disease treatment. The global socioeconomic situation of the
modern world has raised the interest in renewable materials to use in regenerative
medicine. The generation of functional biocomposites from chitosan and calcium
phosphates is derived from two or more different organic and inorganic materials,
keeping the main characteristics of both materials like bioactivity and biodegrad-
ability and biocompatibility of the physiological environment of the human tissues.
The chemical characteristics of the micro- and nano-chitosan and ceramic formation
between nano-B-TCP/HAp complex showed any secondary products formation in
the biocomposite, with a good stability of the nano-ceramic formation in the chi-
tosan salt solutions. This research showed also a new method of preparations
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nanoparticles of the commercial calcium phosphates founded in micro-size in
chitosan solution. These materials can be used in future for medical applications as
a base for scaffolds production in regenerative medicine and for drug delivery.

Keywords Biocomposites � Micro- and nano-chitosan � Nano-ceramic
Functional biomaterial

1 Introduction

In the last 20 years, research and development of different biomaterials are created
to improve cell adhesion, proliferation, and/or differentiation, and have been
broadly explored for regenerative medicine and tissue engineering (Voicu et al.
2016; Trache et al. 2017; Corobea et al. 2016). Biomaterial is a multi- and inter-
disciplinary fields that have been increasing significantly in medicine, biology,
chemistry, and materials science (Huipin et al. 2001; Maachou et al. 2008).

In this field, relevant results have been developed by different types of bioma-
terials from chitosan and its derivatives, basically because this polysaccharide has
suitable properties, very important to develop biomaterials like nontoxicity, bio-
compatibility, biodegradability and high porosity for cell penetration and diffusion
of nutrients, osteoconductive, resorbable, and osteoinductive (Thakur and Thakur
2014; Thakur and Voicu 2016).

Human skeleton provides support for the soft tissues and organs and gives shape
to the body, providing also an excellent network between all physiological envi-
ronmental of the human body. Many problems are related with hard tissue rising
from bone fractures, imperfections, or diseases. The composition of the bones takes
place with 69% calcium phosphate (mainly hydroxyapatite), 21% collagen, 9%
water, and 1% other constituents. It is a natural functional biocomposite, with a
complex hierarchical micro- and nanostructure very difficult to imitate providing
superior mechanical properties to bones to support all the body and extra daily
forces (Huipin et al. 2001; Maachou et al. 2008; Clayton et al. 2006; Cancedda et al.
2003).

The process to develop new biomaterials to use as an artificial bone is classified
as surface-active materials [hydroxyapatite (HAp)], resorbable materials [b-tri-
calcium phosphate (b-TCP)], also with very important characteristics such as
bioactive and biodegradable material in this research (chitosan and its derivatives)
(Fathi et al. 2008; Rho et al. 1998; Sathirakul et al. 1995). The composition and
production of functional biomaterials composed of ceramic and polymers have a
reasonable approach, and same advantages and drawbacks need to be considered
and more clear per example: the biointeraction between the organic and inorganic
parts with the human tissues, associated with the mechanical properties of polymers
and ceramics, is considered producing composite materials that have a reasonable
approach (Maachou et al. 2008; Pighinelli and Kucharska 2013).
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The development of biomaterials in general has been used for several applica-
tions in the medical area, such as joint replacements, bone plates, bone cement,
artificial ligaments and tendons, dental implants for tooth fixation, blood vessel
prostheses, heart valves, artificial tissue, contact lenses, and breast implants (Huipin
et al. 2001; Qun and Ajun 2006; Thakur et al. 2016). In the future, biomaterials are
expected to enhance the regeneration of natural tissues, thereby promoting the
restoration of structural, functional, metabolic, and biochemical behavior as well as
biomechanical performance (Huipin et al. 2001; Maachou et al. 2008; Muzzarelli
1993).

The design of novel, inexpensive, biocompatible materials is crucial to the
improvement of the living conditions and welfare of the population in view of the
increasing number of people who need implants. Most of scaffolds can be classified
based on their component materials: natural scaffolds, synthetic scaffolds, and
mineral-based scaffolds.

Natural scaffolds, natural materials such as collagen, alginate, silk, cellulose,
chitin, and chitosan, provide desirable properties very important to design bioma-
terials to use in regenerative medicine such as biodegradability, biocompatibility,
and bioactivity, and stimulate new tissue growth (Huipin et al. 2001; Maachou et al.
2008; Muzzarelli 1995).

Synthetic scaffolds came from synthetic source biomaterials like polyglycolide
(PGA), polylactides (PLA), polycaprolactone (PCL), and polydioxanone
(PDS) (Maachou et al. 2008).

Mineral-based scaffolds, the apatite family such hydroxyapatite (HAp) and tri-
calcium phosphate (TCP), are the most used mineral to prepare biomaterials to
replicate the calcium phosphate found in the extracellular matrix of normal bone,
providing a high bioactivity and biocompatibility working as a substrate for bone
formation (Maachou et al. 2008; Clayton et al. 2006; Pighinelli et al. 2012).

Chitin–chitosan is a family of nitrogen containing polysaccharide-based
biopolymers derived from a range of natural resources, i.e., exoskeletons of crus-
taceans, insects, and cell walls of fungi. The structure of chitin and chitosan is very
similar composed by N-acetyl-glucosamine and glucosamine repeating units. The
difference is the number of those two repeating units. Conveniently, the structure
with glucosamine units until 50% is chitin and over 50% is chitosan. Several
methodologies have been utilized for the preparation of new bioactive, biocom-
patible materials with osteoconductivity, osteoinductivity, and chitosan, and its
derivatives have received a great attention in the field of materials science and tissue
engineering. Additionally, the cationic character of the amino substitutions of
glucosamine residues also allows for electrostatic bindings with several negatively
charged molecules such as fats, lipids, and proteins (Maachou et al. 2008; Clayton
et al. 2006; Cancedda et al. 2003; Puttipipatkhachorn et al. 2001; Pospieszny and
Folkman 2004).

Some of the recent researches showed how the surface-active biomaterials such
calcium phosphates bind to the bone through the apatite layer formation; the speed
of the layer formation correlates with bioactivity, correlated with the interaction of
amino groups from chitosan and phosphate ions, from the calcium phosphates using
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the calcium as a crosslinking agent to reinforce the biomaterial and increase the
interaction with the human tissues. It is assumed that the velocity of layer formation
correlates with bioactivity (Pighinelli and Kucharska 2013; Qun and Ajun 2006;
Muzzarelli 1993; Jue-Yeon et al. 2002: Muzzarelli 2009).

The apatite family is the major inorganic materials currently in use in recon-
structive and regenerative medicine; the most used members this family are
hydroxyapatite (HAp) with lower absorption and b-tricalcium phosphate (b-TCP)
that is faster absorption compared with Hap. They are considered bioceramics and
started to be used in early 1980s to now (Pighinelli and Kucharska 2013). On the
other hand, both ceramics show a number of drawbacks that reduce their clinical
performance such the low biodegradation of HAp in physiological (Qun and Ajun
2006), and the b-TCP shows fast release of Ca2+ and PO4

3− ions when exposed to
physiological fluids, the B-TCP contact with bone directly, suggesting mainly
mechanical bonding (Muzzarelli 1995; Snel and McClure 2004, Qun and Ajun
2006, Muzzarelli 2011).

Natural or synthetic tricalcium phosphate (b-TCP), Ca3(PO4)2 and hydroxyap-
atite (HAp), Ca10(PO4)6(OH)2, are inorganic compounds with a high potential for
bio-applications. This research is used to develop biocomposites made of
nano-b-TCP and HAp, so-called nano-biphasic calcium phosphates ceramic or
nano-ceramic, combining the bioactivity of HAp and the fast bioresorbability of
b-TCP (Muzzarelli 1993, 1995; Dorozhkin 2009). The biological performance is
related with dissolution control and the rate of the mixture. The appropriate blend is
related with gradually dissolution of the apatites in the physiological environment
controlling the Ca2+ and PO4

3− ions release inducing and increasing the
biodegradation, biocompatibility, and bioactivity properties (Qun and Ajun 2006;
Muzzarelli 1993; Rinaudo 2006; Pighinelli and Kucharska 2014). Figure 1 showed
the schematic illustration of the interaction mechanism between chitosan and
calcium/phosphate ions.

Fig. 1 Schematic illustration
of the mechanism between
chitosan and
calcium/phosphate ions [30]
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2 Bones

The bone behaves like a composite material. Aging is a more general deteriorative
process associated with side effects of the time, quality of life, disease, and so on,
which increase affects reducing the biochemical and biomechanical properties of
bone in a number of ways.

Natural bone is an inorganic–organic composite consisting mainly of nanohy-
droxyapatite and collagen fibers. Hydroxyapatite (HA), Ca10(PO4)6(OH)2, is a
major CaP mineral found in native bone. Hybridization of HA with different
biopolymeric matrices like chitosan has been obtained by the sol–gel route com-
bining the advantages of both organic and inorganic properties showing a good
support bone regeneration and tissue stimulation (Fathi et al. 2008).

Fractures in the natural bones increase rapidly with age (Zioupos 2001). This is
partly due to extra osseous factors such as the impaired reflexes of the elderly.

The bone changes can be divided into quantity effects such as bone mass loss
and porosity related with age, gender, and other side effects; the quality effects are
related with changes in the chemical composition and physical factors such as
fractures diseases of the bones (Barbosa et al. 2005; Wang 2006; Qiaoling et al.
2004; Cyster et al. 2005; Porter et al. 2006).

One of the most important mechanical properties of the natural bones is the
toughness that is directly related with age, and is defined in terms of the amount of
energy absorbed by the bone required for fracture. The problem to absorb this
external energy is related with the form of diffusion crack or “pre-fracture”
(Muzzarelli 1978; Qiaoling et al. 2004; Zioupos 2001; Hutmacher 2000).

The mechanical properties of natural bones are shown in Table 1. The properties
change when the tissue maturity is increased (age-dependent), its related with many
factors such as demineralization, intrinsic fractures, changes in the structure of the
bones caused by diseases, fractures, and defects which are directed related with
mechanical properties (Niekraszewicz et al. 1998, 2004).

Table 1 The mechanical
properties of human compact
bone [5]

Properties Test direction

Parallel Normal

Tensile strength (MPa) 124–174 49

Compressive strength
(MPa)

170–193 133

Bending strength (MPa) 160 –

Shear strength (MPa) 54 –

Young’s modulus (GPa) 17.0–18.9 11.5

Work of fracture (J/m2) 6000 (low strain rate) –

98 (high strain rate)

Ultimate tensile strain 0.014–0.031 0.007

Ultimate compressive strain 0.0185–0.026 0.028

Yield tensile strain 0.007 0.004

Yield compressive strain 0.010 0.011
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Bone is a very difficult natural structure to imitate, because of many material
structures, length scales, properties, and process of growing tissue related with a
great interaction perform of diverse mechanical, biological, and chemical functions
(Niekraszewicz et al. 2004; Struszczyk 2006).

Many factors are important in the mechanical properties studies such scale,
porosity, morphology and concentration of inorganic and organic parts, quality of
life, age, and diseases. The mass and strength of bones in normal individuals is
ultimately determined by the need to resist the loads and deformations resulting
from the normal activities.

The literature of bones shows a great number of publications making a strong
relationship between mechanical properties and the component phases, and the
structural relationship (Fathi et al. 2008; Rho et al. 1998; Struszczyk 2003):

(1) the macrostructure: cortical bones; (2) the microstructure (from 10 to
500 mm): Haversian systems (the osteon, or Haversian system, is the fundamental
functional unit of much compact bone. Osteons, roughly cylindrical structures that
are typically several millimeters long and around 0.2 mm in diameter, are present in
many of the bones of most mammals, birds, reptiles, and amphibians), single tra-
beculae; (3) the sub-microstructure (1–10 mm): lamellae; (4) the nanostructure
(from a few hundred nanometers to 1 mm): fibrillar collagen and embedded min-
eral; and (5) the subnanostructure (below a few hundred nanometers): molecular
structure of constituent elements such as mineral, collagen, and non-collagenous
organic proteins.

3 Chitosan

Polysaccharides such as chitosan and its derivatives biomaterials have a bio-
chemical significance not encountered in other polysaccharides, natural polymers,
promoting a new tissue formation, vascularization, and a continuous supply of
chito-oligomers that stimulating the regeneration instead of cicatrization and ori-
entation of collagen fibrils incorporated into the extracellular matrix components
(Sathirakul et al. 1995; Muzzarelli 2009; Snel and McClure 2004; Kong et al.
2006).

A great number of articles show the use of polysaccharide such as chitosans
(poly(b-(1,4)-2-amino-2-deoxy-D-glucopiranose)) as safe biopolymer to develop
biomaterials; the main reason is related with the biostimulation properties,
increasing the speed of reconstruction, cell adhesion, cells reproduction, nutrient
flow, and vascularization of damage tissues (Puttipipatkhachorn et al. 2001).

Every year many articles related with chitin and chitosan and its derivatives are
published providing a great knowledge of use of chitosan and its derivatives for
variety of applications in different fields such as water treatment, agribusiness, food
industry, pharmaceutical, cosmetics, textile, and more. The main reason for that is
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the low toxicity and allergenicity, natural biodegradable, bioactive, and biocom-
patible (Muzzarelli 2009; Pramanik et al. 2009; Puttipipatkhachorn et al. 2001;
Pospieszny and Folkman 2004; Snel and McClure 2004; Muzzarelli 2001;
Klinkaewnarong 2009).

Chitosan is a glucose-based unbranched polysaccharide derived from the
N-deacetylation of chitin. The most of the reactions happen at the C-2 carbon by the
presence of amino groups and the structure of this copolymer is a combination of
glucosamine and N-acetylglucosamine. The chitosan polymer is positively charged
and solubilized by protonation at environmental pH values of <6 in place.

The most important parameters of chitosan are the degree of acetylation which
vary from (>50 to 95%) that is directly related with the degree of crystallinity, and
the molecular weight range from 10,000 to 2 million Dalton. Both parameters have
effects in the characteristic of the hydrogen bonding and ionic strength in this
biopolymer, affecting its structure, process, and properties like hydrophilic char-
acteristics that can retain water in its structure, solubility, degradability, biocom-
patibility, reactivity, viscosity, and mechanical properties (Pighinelli and Kucharska
2013).

Chitosan is insoluble at neutral and alkaline pH, but forms water-soluble salts
with inorganic and organic acids, the most common including phosphoric, sulfuric,
hydrochloric, acetic, and lactic acids protonating the amino groups of the polymer.
One of the most promising derivatives of chitosan is the nano-chitosan (NCh) and
microcrystalline chitosan (MCCh) because of their significantly different physico-
chemical properties and inner surface formation increasing the amorphous part
making the polymer more reactive (Pighinelli and Kucharska 2013; Qun and Ajun
2006; Jue-Yeon et al. 2002; Wang 2006).

Chemical modification as derivatives of chitosan provides and promotes new
properties such as biological activities related with the primary amino groups that
provide a mechanism for side-group attachment with a variety of inorganic and
organic elements, substances, and tissues (Muzzarelli 1993, 1995; Pospieszny and
Folkman 2004; Qiaoling et al. 2004). It behaves as a pseudo-plastic material
exhibiting a decrease in viscosity with increasing rates of shear, directed dependent
of temperature and degree of deacetylation, which have influence in physiochem-
ical, mechanical, and biological properties such as wound-healing properties,
enzymatically degradation by chitinase, chitosanase, and pectinase. Table 2 shows
the chitosan and its derivatives used in regenerative medicine and tissue
engineering.

A common sense in the literature about the higher degree of deacetylation
produces a lower rate of degradation and average molecular weight demonstrated
the highest level of activity (Pighinelli et al. 2012; Puttipipatkhachorn et al. 2001;
Jue-Yeon et al. 2002).

Tissue regeneration is related with cellular interactions using the same cell to
repair the tissue and promote the new cells formation, different than healing that use
fibroblast cells to promote the tissue repair living marks after this process
(Muzzarelli 2009; Snel and McClure 2004; Cyster et al. 2005).
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Table 3 compares the characteristic and properties of the different natural
biopolymers with great potential to use in regenerative medicine and tissue
engineering.

Chitosan is a copolymer containing acetamino and primary amino groups, which
can be protonated to produce polyammonium salts, the pH for the amino groups
present in chitosan is between 6.0 and 7.0, and they can be protonated in very dilute
acids or even close to neutral conditions, rending a cationic nature to this
biopolymer (Dorozhkin 2009; Rinaudo 2006).

Table 2 Chitosan and its derivatives used in regenerative medicine and tissue engineering
[16, 17]

Artificial skin

Surgical sutures

Artificial blood vessels

Controlled drug release

Contact lens

Eye humor fluid

Bandages, sponges

Burn dressings

Blood cholesterol control

Anti-inflammatory

Tumor inhibition

Antiviral

Dental plaque inhibition

Bone healing treatment

Wound-healing accelerator

Hemostatic

Antibacterial

Antifungal

Weight loss effect

Table 3 Characteristics and properties of the different natural biopolymers used in regenerative
medicine, tissue engineering [18]

Chitosan Hydrophilic surface, biocompatible, bioactive, and biodegradable,
bactericidal/bacteriostatic activity. Low mechanical properties. Promote a
high ionic and hydrogen bonds. Easy to process. Variety of structures

Silk fibroin Slow degradability, versatility in processing, great mechanical properties.
Lower biocompatibility, good bioactivity, and biodegradable

Alginate Easy to crosslinking. Lower mechanical properties. Difficulties to sterilize.
Variety of structures

Starch Inexpensive. In vivo degradation has not been fully assessed yet

Bacterial
cellulose

High purity, variety of Structures, good mechanical properties, and
biocompatibility
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The primary amine group (NH2) of chitosan is protonated, so there is a strong
electrostatic interaction in inter/intra-molecules; it is obvious that the ionic strength
and pH value of chitosan solution have an effect on this interaction (Dorozhkin
2009; Xianmiao et al. 2009; Zioupos 2001).

While the ionic strength increases, the counter-ions would screen the protonated
amine group and make the molecule contracted. Strong intra-molecular hydrogen
bonding was formed in solution because of the large number of OH and acetyl
groups on the chitosan molecular chains (Dorozhkin 2009; Rinaudo 2006; Porter
et al. 2006).

The chitosan and its derivatives like microcrystalline chitosan (MCCh) have
excellent biostimulation properties providing a new cell formation which facilitates
regeneration with a small scar forming and vascularization (Pighinelli and
Kucharska 2014; Brugnerotto et al. 2001).

Instead of biomedical application, chitosan and its derivatives have other
applications such as water treatment, cosmetics, pharmaceutical, food additives, and
paper industry (Snel and McClure 2004; Muzzarelli 2011; Dorozhkin 2009).

Chitosan is a promising biomaterial as a base for tissue engineering and scaffold
devices and as modification tools for currently medical devices improving tissue
regeneration efficacy. Also, it can expand the feasibility of combinative strategy of
controlled drug release concept and tissue engineered and tissue formation in
reconstructive therapy in the different medical areas (Dorozhkin 2009; Rinaudo
2006; Pighinelli and Kucharska 2014; Hutmacher 2000).

4 Medical Applications for Chitosan

The medical application is one of the most exciting research areas of the materials
science. Many products were developed in recent years to improve the quality of
life and well-being of the people that needs to use, such as catheters, heart valves,
pacemakers, breast implants, fracture fixation plates, nails and screws in orthope-
dics, dental filling materials, and orthodontic wires, as well as total joint replace-
ment prostheses.

Chitosan and its derivatives provide great properties such as nontoxicity, water
solubility, high swelling, stability to pH variations, biodegradable, and bioactive.
On the other hand, it had shown some weak points of chitosan and its derivatives
that limited the usage of this material such as low mechanical properties, temper-
ature and chemical instability, microbial, and enzymatic degradation (Muzzarelli
1993).

The world interest to use chitosan for medical applications is related with several
properties such great bioactivity, biodegradability, biocompatibility, antibacterial,
antifungal and antiviral activity, high adhesivity, film-fibber forming, no toxicity,
and high miscibility (Barbosa et al. 2005; Muzzarelli 1978).

The development of new biomaterials for regenerative medicine and tissue
engineering in different forms such injectable, films, fibers, powders, and sponge is
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directed related with the place to use; different places have different properties and
responses (Niekraszewicz et al. 1998; Struszczyk 2003, 2006).

There are few limitations in those days to produce and design biomaterials using
chitosan as a substrate as follows (Muzzarelli 1978; Niekraszewicz et al. 2004; Vert
et al. 1992):

Standardization to select the raw material and the process to obtain reproducible
products;

– the cost of production and the biopolymer manufacture.

5 Micro- and Nanocrystalline Chitosan (MCCH and NCh)

Different biomaterials for regenerative medicine and tissue engineering using chi-
tosan derivatives are elaborated in different forms in combination with other bio-
materials. The microcrystalline chitosan (MCCh) and nano-chitosan (NCh) is a
modification of the structure of the original chitosan but keep the main properties of
the original material. The method to obtain the microcrystalline chitosan is
aminoglucose macromolecule aggregation method increasing the amorphous part
and reducing the size of the crystal.

Microcrystalline chitosan is often used to prepare biodegradable biomaterials
used in wound dressing and drug delivery. The application of the microcrystalline
form of this biopolymer reduces the size of the chitosan crystals with a great
increase of the amorphous part improving the hydrophilic character resulting in an
inner surface formation, resistance to pH variation, prolongation of biodegradation,
and increase the antimicrobial activity. It is very helpful to produce effective,
simple, and inexpensive wound dressings. Moreover, chitosan is well-known as a
substance which indicates the absence of risk of transferring animal pathogen onto
humans (Pighinelli and Kucharska 2013; Qun and Ajun 2006; Muzzarelli 1993,
1995; Oktay 2004).

Struszczyk HM 2003 showed the effects of acids used during coagulation of
MCCh and NCh and no significant changes in DD and Mv were notified, besides
that an improvement in water retention value (WRW) was noticed.

Due to its properties in hard tissue regeneration as a resorbability and
re-mineralization, the MCCh and NCh complex with TCP was also mixed with
HAp to make biphasic calcium phosphate ceramics (tricalcium
phosphate/hydroxyapatite ceramic), including the properties of the MCCh and NCh
in the complex as a biocompatibility and biodegradability, the composites complex
with different rates were prepared. The biodegradability and dissolution of calcium
phosphate biomaterials is beneficial to bone formation realizing Ca2

++ and phos-
phate ions that have been considered as the origin of bioactivity encouraging a new
bone formation (Pighinelli et al. 2012; Pighinelli and Kucharska 2014; Struszczyk
2003).
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In hard tissue regeneration, enzymatic degradability associated with scaffold
structure similar to extracellular matrix with glucosamine groups and calcium
phosphates makes both material composites very attractive biopolymer for hard
tissue repair (Pighinelli and Kucharska 2014; Muzzarelli 1995).

6 Calcium Phosphate (HAp, B-TCP)

Mineral material such as hydroxyapatite (HAp) is one of the main bone filler
materials, which has been widely used to manufacture various bone repairing
scaffolds.

The apatite family materials had been incorporated into a wide of biomedical
materials and devices for regenerative medicine and tissue engineering such as
dental application, orthopedic implants, bone defects, fracture treatment,
cranio-maxillofacial reconstruction, otolaryngology, ophthalmology, and spinal
surgery (Huipin et al. 2001; Dorozhkin 2009; Kong et al. 2006).

The apatite families such as hydroxyapatite and tricalcium phosphate are very
compatible with the physiological environment and have proven excellent bio-
compatibility and bioactivity in bone replacement and new tissue formation.
Enabling rates of resorption/replacement could present a favorable
micro-environment for protein adhesion, osteoconductive, and osteoinductive. The
HAp is founded in natural bone than another calcium phosphate like b-TCP;
however, the resorption of HAp is extremely low compared with that of b-TCP
(Dorozhkin 2009; Pramanik et al. 2009; Jue-Yeon et al. 2002).

The biodegradation of apatite family has same characteristics such as physical
and chemical methods to obtain biologics (Dorozhkin 2009; Kong et al. 2006;
Misiek et al. 1984).

Surface-active materials bind to bone through an apatite layer improving the
bioactivity and promoting a new tissue grow. It has not been made clear whether the
apatite layer can be formed only under the influence of the bone tissue (Dorozhkin
2009; Kong et al. 2006). Table 4 shows the most usage of calcium phosphate in
medical area.

Table 4 Calcium phosphates of biomedical application [19]

CaP Compositional formula Acronym

Amorphous calcium phosphate Ca3(PO4)2�3H2O
a ACP

Mono calcium phosphate Ca(H2PO4)2 MCP

Dicalcium phosphate anhydrous CaHPO4 DCPA

Dicalcium phosphate dihydrate CaHPO4�2 H2O DCPD

Tricalcium phosphate Ca3(PO4)2 TCP

Octacalcium phosphate Ca8H2(PO4)6 3H2O OCP

Hydroxyapatite Ca10(PO4)2(OH)2 HAP
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The bioactivity and performance of ceramic composites need to be controlled
especially by the speed of dissolution phases in the physiological environment,
releasing Ca2+ and PO4

3− ions; the interaction between apatite layer and the tissues
is related with the ratio between the compounds mixed, crystalline, and amorphous
part. Figure 1 shows a schematic interaction between chitosan and calcium/
phosphate ions (Klinkaewnarong 2009).

The calcium phosphate such as HAp or b-TCP that remains during dissolution
works as a template for the newly formed bone tissue (Huipin et al. 2001; Fathi
et al. 2008; Pighinelli and Kucharska 2014; Muzzarelli 2011).

7 Infrared Spectroscopy Fourier Transformation (FTIR)
of the Commercial Calcium Phosphate Powders

Infrared Spectroscopy Fourier Transformation (FTIR) is mostly used to identify the
functional groups through their characteristic chemical bonds and each connection
type to verify the presence of functional characteristic groups of b-TCP, HAp. The
mostly used infrared analysis works in the range of 500–4000 cm−1 and the res-
olution of 4.0 cm−1.

Figure 2 shows the infrared spectroscopy Fourier transformation identified in the
b-TCP and HAp; the main characteristic functional groups are orthophosphate
(PO4

−3), hydroxyl (OH)−, and phosphate (HPO4
−2); the latter one, in trace amount,

shows the characteristics of commercial calcium phosphates material. The presence
of carbonate group, in traces, showed in the commercial b-TCP and HAp indicates
that CaO and Ca(0H)2 are commonly used to find the ideal stoichiometric relation
between Ca/P (1:1.67), and the samples were prepared in atmospheric conditions
with the presence of carbon dioxide and air.

Fig. 2 FTIR spectrum of the commercial HAp and b-TCP
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The FTIR results of the commercial b-TCP showed the absence of band at 740
(cm−1), indicating that the only material is b-TCP and not a mixture of a-TCP,
which shows also traces of a small amount of CO3

−2 in 1428 cm−1, presenting a
broad band in 900–1200 cm−1; the peak at 724 cm−1 is a characteristic of the
symmetric mode (P–O–P) assigned to distortion of P–O. The peak at 1211 cm−1 is
characteristic of a nondegenerate deformation of hydrogen groups—OPO3, –H,
O–PO3, and common ions HPO4

−2 (Dorozhkin 2009; Pighinelli and Kucharska
2014; Shinn-Jyh 2006; Rinaudo 2006; Majeti and Kumar 2000).

The infrared spectroscopy Fourier transformation results of the commercial HAp
is shown in Fig. 2, a characteristic peak of 839 (cm1) that corresponds to defor-
mation modes of phosphate groups (O–P–H) bonds. In bands 3570 and 3464 cm−1,
the OH− group peak is also observed indicating one of the main characteristics of
the calcium phosphates, the water absorption. The bands 1040 and 1093 (cm−1)
represent the asymmetric stretch modes, respectively, the P–O bonds of phosphate
groups (Dorozhkin 2009; Pighinelli and Kucharska 2014; Ratajska et al. 2008;
Bodek 2002; Wawro et al. 2011).

8 Morphology and Determination of Particles Size
in Commercial HAp and b-TCP Powders

The morphology studies were directed by scanning electron microscopy [(SEM)—
FEI Quanta 200, USA], to determine the morphology of the commercial HAp and
b-TCP in the form of powder. Figure 3a, b illustrates b-TCP and HAp, respectively.

Fig. 3 The b-TCP and HAp, respectively
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The morphologies of the calcium phosphates particles have one big difference:
difference in shape; the b-TCP particles are more spherical than HAp powder. In
both cases, the calcium phosphate particles showed great ability to agglomeration
and cluster formation, that is, characteristics of the apatite family, taking place in a
heterogeneous charge distribution on the surfaces, plus a great ability for water
adsorption.

The literature showed that the performance of biomaterials made with calcium
phosphates depends on the particles size and shape (aspect relation). There is a
common sense in the literature about the shape showing that more round shape has
a better performance in dissolution process, biocompatibility, biodegradability,
bioactivity, and mechanical properties, but about the size of particles, still in dis-
cussion and more studies are needed to relate what is a better size of calcium
phosphate particles for a biomaterial performance; same literature indicates that
particle size around 50 to 150 micrometers has a better performance even in
mechanical properties.

In the case of technique used to measure the particle size of the commercial
calcium phosphate, it was directed by laser particles sizer by Sympatec Hellos
H1330, type BF (sympatec GmbH, Clausthal, Germany). The analysis was per-
formed in collaboration Thuringian Institute of Textile and Plastics Research,
Rudolstadt, Germany.

The distribution covers only a narrow part, for instance 2–5 µm; then the
deviation is lower than 10%. However, the measurement itself is very precise. The
measurement of the powders used in this research had procedure of three times for
each sample and receives deviations of results lower than 2%; the samples of both
powders had a range from 0.5 to 50 µm. The analysis showed that a b-TCP grain
size fits in the range of 4.48.0–12.78 lm and grain size of HAp fits mainly in the
range of 3.16–8.81 lm. The particle size distributions of HAp and b-TCP are
shown in Fig. 4a, b, respectively.

The measurements of particles size by laser particles size gave a specified sur-
face area covered by each powder: HAp is 3.41 e+04 cm2/g and b-TCP is 2.53
e+04 cm2/g. Also, it was found that around 10% of the calcium phosphate particles
(HAp and b-TCP) were nano-size (Rinaudo 2006; Muzzarelli 1978; Sarkar et al.
2007). The research and development of biomaterials or functional biocomposites
are related with so many factors that are directed related with performance of the
materials involved in the tissue regeneration; the factors involved are as follows:
preparation of suspension, mechanical properties, calcium and phosphate ions in the
physiological environmental, particles size, shape, particles distribution, and ratio
of inorganic parts in the polymer matrix (Rinaudo 2006; Muzzarelli 1978; Sarkar
et al. 2007).
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9 Preparation of Chitosan Solutions Containing b-TCP,
HAp, and HAp/b-TCP

The preparation of hydrochloric chitosan/b-TCP complex solution was prepared
according to a method elaborated in the Institute of Biopolymers and Chemical
Fibers, Poland (Snel and McClure 2004; Dorozhkin 2009) (Table 5).

The quantitative and qualitative compositions of biocomposite are shown in
Table 6. The chitosan solutions were to elaborate a qualitative and quantitative
composition of chitosan/b-TCP complex with HAp to obtain a homogenous
hydrochloric chitosan solution with nano-ceramic shown in Table 6.

Fig. 4 a Grain size and distribution of synthetic HAp powder. b Grain size and distribution of
synthetic b-TCP power
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The determination of particles size and zeta potential of hydrochloric chitosan
solution with nano-ceramic was measured using a ZETASIZER 2000 (Malvern
Instruments) apparatus.

The hydrochloric acid was used to dissolve the apatites family, the b-TCP and
HAp; however just the small amount of calcium phosphate was used to obtain a
homogenous complex chitosan solution that is used to prepare chitosan salt mod-
ified with nano-ceramic. Figure 5 shows a step-by-step dissolution process of the 2
wt% of the initial chitosan, including 2 wt% of microparticles of b-TCP dissolved
in 0.9 wt% of hydrochloric acid. This process reduced the b-TCP particles size from
micro- to nano-size, resulting in a clear solution of hydrochloric chitosan salt
modified with b-TCP nanoparticles and this solution is called as solution B.

The literature shows that hydroxyapatite is less soluble than b-TCP; it was very
clear in the preparation of the solution C when only a small amount 0.5 wt% of
HAp was added in the chitosan (2 wt%) solution dissolved with 0.9 wt% of
hydrochloric acid; the final solution was an opalescent suspension (Fig. 6).

Figure 7 shows the range of particle sizes of the calcium phosphates in the
solutions and the stability of the solution by zeta potential. The blend of chitosan
solutions contains two parts of the solution B (with b-TCP) and one part of the
solution C (with HAp), that is, 2:1 of solution B and solution C, respectively,
provided adequate conditions for the total dissolution of HAp, increasing the ionic
bond between a negative surface charge of the b-TCP and a positive surface charge
of the HAp, creating a clear and homogenous solution and all calcium phosphates in
nanoparticles, the size of the nanoparticles within the range of 12.8–58.0 nm with
great stability of the blend compared with the solutions B and C.

Table 5 Particles size of commercial HAp and b-TCP

Powders HAp b-TCP

Particles size (90%), (lm) 8.81 12.78

Particles size (50%), (lm) 3.16 4.48

Particles size (10%), (lm) 0.97 1.35

Superficial area (cm2/g) 3.41 e+04 2.53 e+04

Table 6 The formulation characteristic of hydrochloric chitosan solutions

Symbol of samples Chitosan (%) B-TCP (%) HAp (%) HCl (%)

Solution B 2 2.0 0 0.9

Solution C 2 0 0.5 0.9

Blend B/C
2:1 ratio

2 2.0 0.5 0.9

Dry polymer content 2.0%
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Fig. 5 Particle size distribution of b-TCP in chitosan solution in hydrochloric acid

Fig. 6 HAp particles in chitosan hydrochloric solution (solution C)

Fig. 7 The HAp/b-TCP blend in chitosan (solution B/C)
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10 Calcium Phosphate–Chitosan Biocomposites
in Multifilament Fibers Form

This part of the chapter describes a method for preparing chitosan fibers modified
with HAp/b-TCP nanoparticles. The properties of the spinning solutions and the
wet spinning process were included here as well. Chitosan fibers modified with
nanoparticles of HAp/b-TCP were characterized by a level of tenacity and calcium
content and showed one hundred times higher than that of regular chitosan fibers.

One of the most common biocomposities is with inorganic/organic parts that are
biomaterials widely used in regenerative medicine and tissue engineering. The
biomaterial studies are multidisciplinary field and many characteristics needs to be
considered in a fabrication of biocomposites such a structure of the polymer, shape,
place to use, porosity and surface properties, texture, rigidity, bioactivity, and
biodegradability process because all characteristics have more or less inflammatory
response to also the type of injury, location of the injury, and health of the patient
(Pighinelli and Kucharska 2013; Dorozhkin 2009; Strobin et al. 2007; Heineman
et al. 2009).

Polymer–hydroxyapatite blends have been reported to be easily prepared and
handled during surgery because they are easy to mold plastic material being more
easily applied than pure hydroxyapatite powder or granules. Major disadvantages of
those biodegradable systems are their considerably inferior mechanical strength,
when compared to natural bone. This limits their application to low load-bearing
parts of the human skeleton (Pighinelli and Kucharska 2014; Niekraszewicz et al.
1998, 2004; Klinkaewnarong 2009). Figure 8 shows the hydrogen bonds between
chitosan and hydroxyapatite (–hydrogen bonds) (Xianmiao et al. 2009). The bio-
materials discipline is founded on the knowledge of the synergistic interface of
material science, biology, chemistry, medicine, and mechanical science and
requires the input of comprehension from all these areas so that implanted
biomaterials.

The main characteristic of biomaterials when compared with other materials is
their ability to remain in a biological environment without damaging the sur-
roundings health tissues (Wang 2006; Heineman et al. 2010).

The aim of the use of these biocomposites has two characteristics to improve the
tissue regeneration (Dorozhkin 2009; Tuzlakoglu et al. 2004):

Fig. 8 Hydrogen bonds between chitosan and hydroxyapatite (–hydrogen bonds) [34]
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1. give support permissive for nutrient flow, cell migration, adhesion, and growth
increasing the regeneration;

2. vehicle for controlled release of drugs.

The biological response and structural configuration of ceramic composites with
natural polymers including calcium phosphate–chitosan biocomposites are related
with the size and morphology of the pores to fabricated scaffold (Cyster et al. 2005;
Xianmiao et al. 2009; Zioupos 2001). The challenge to create a new generation of
implantable biomaterials is to develop a suitable bone scaffold with sufficient
porosity and mechanical strength to allow cell adhesion, migration, growth
resulting in good integration, and regeneration (Klinkaewnarong 2009; Xianmiao
et al. 2009).

Figure 9 shows the schema of the most important interaction between chitosan
and hydroxyapatite and interaction between Ca(II) of hydroxyapatite and –NH2 of
chitosan (Xianmiao et al. 2009).

The research and development of biomaterials and biocomposites for regener-
ative medicine and tissue engineering is still very promising field of studies, and
every person during the life will be in contact with biomaterials to replace and/or
restore the damage tissue and/or organs or in a part of treatment of several diseases.
Making pressure on health and welfare systems of our countries starts rise up even
further. Aging, diseases, fractures, and defects are also related with musculoskeletal
disorder, when combined with other skeletal complications such demineralization,

Fig. 9 Interaction between Ca(II) of hydroxyapatite and –NH2 of chitosan (–coordination bonds)
[34]
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contribute and improve the research and developments of biocomposites for tissue
engineering and regenerative medicine.

Biomaterials containing bioactive bioceramics and polymers should serve two
purposes: (a) Increase the bioactivity promoting the new cells and (b) reinforce the
scaffolds. The most common strategy used to obtain those biomaterials are

(1) Incorporating bioceramic particles in the scaffold through a variety of
techniques;

(2) Coating a polymer scaffold with a thin layer of apatite through biomimetic
processes;

(3) Preparing a complex polymer/calcium phosphate.

One of the manufacturing processes to produce 3D interconnected porous
scaffolds is freeze-drying method which is used for final stage to produce the porous
structure in polymer/calcium phosphate composites, but same factors need to be
considered such as polymer solution concentration, ratio of inorganic/organic parts.
The porous type and size can be changed in the freeze-drying method. Same
parameters such as pressure, temperature, and time play very important roles in
forming the scaffolds of desired porous structures (pore geometry, pore size and
size distribution, pore interconnectivity, thickness of pore walls, etc.) and hence the
mechanical performance (Wang 2006; Qiaoling et al. 2004; Tuzlakoglu and Reis
2007).

Biocomposite materials are designed to increase the relationship between
strength and toughness reflecting the balance between the rates of new bone
deposition, bone resorption, and bone formation with two major characteristics,
biodegradable and biocompatible (Porter et al. 2006).

The inorganic part of the biocomposite, usually made from apatite family (cal-
cium phosphate), and the organic part (polymers) are ductile but may not have
enough mechanical properties to withstand the load.

Definitions given by Vert are as follows (Brugnerotto et al. 2001).
Biodegradables are solid polymeric materials which break down due to

macromolecular degradation by biological elements with dispersion in vivo but no
proof for the elimination from the body.

Bioresorbable are solid polymeric materials which show bulk degradation and
further resorb in vivo, i.e., polymers which are eliminated through natural
pathways.

Bioresorption/Bioerosion is thus a concept which reflects total elimination of the
initial foreign material with no residual side elects.

A biocomposite material including hydroxyapatite [Ca10(PO4)6(OH)2; HAp and
b-TCP (Ca3(Po4)2)] with chitosan improves the biocompatibility between hard and
soft tissue integrations and allows to increase initial fast spread of serum proteins
compared to the more hydrophobic polymer surface; they have been introduced
clinically for applications such as spinal fusions, bone tumors, fractures, and in the
replacement of failed or loose joint prostheses (Zioupos 2001; Porter et al. 2006;
Hutmacher 2000).
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Natural bones are organized into 3-D structures in the body. The
three-dimensional (3-D) structure provides the necessary support for cells adhesion,
proliferation, diffusion of nutrients, and gas exchange (Brugnerotto et al. 2001; Lian
et al. 2007).

Micro- and nano-chitosan fibers can be made by electrospinning (Huipin et al.
2001), pseudo-dry-spun fibers (Maachou et al. 2008) or wet spinning,
multi-filaments fibers (Clayton et al. 2006; Cancedda et al. 2003). Chitosan fibers
are widely used to prepare biomaterials for many applications, because it is easy to
get different shapes. This research was based by to use a simple wet spinning
process from a polymer solution to obtain multifilament chitosan fibers. Wet
spinning from a solution of the polymer enables modifications by adding various
functional substances to the solution, notably nanoparticles including pharmaceu-
tical drugs for different diseases: carbon nanotubes (CNT) (Fathi et al. 2008; Rho
et al. 1998; Sathirakul et al. 1995), nanosilver (Pighinelli and Kucharska 2013),
calcium phosphates (Qun and Ajun 2006), calcium sulphite (Muzzarelli 1993), and
a number of other polymers such as proteins and keratin proteins (Muzzarelli 1995;
Pighinelli et al. 2012).

Chitosan lends itself to be used in biomaterials, thanks to properties such as its
biodegradability, biosorption, and ability to accelerate wound healing.

To confer functionality upon chitosan fibers, they are frequently coated with
other biomaterials such as collagen or calcium phosphates (Puttipipatkhachorn et al.
2001; Pospieszny and Folkman 2004; Jue-Yeon et al. 2002; Muzzarelli 2009; Snel
and McClure 2004). Following coating, they are used to reinforce composite
implants containing hydroxyapatites (HAp) (Muzzarelli 2011). Calcium phosphates
are known for their compatibility, osteoconductivity, and easy absorption by the
human body, which makes them suitable for the preparation of composite dental
implants (Dorozhkin 2009) and in combination with chitosan and artificial bones
(Rinaudo 2006; Pighinelli and Kucharska 2014).

Multifilament chitosan fibers are used in many fields of applications such as
tissue engineering, culture medium for cell growth, subtract for drug delivery, to
construct a substrate. Adding calcium phosphates like HAp or b-TCP can be used
for many medical applications such as artificial bones, cement, cartilage, and glues
for hard tissue engineering (Clayton et al. 2006; Puttipipatkhachorn et al. 2001;
Pospieszny and Folkman 2004; Jue-Yeon et al. 2002; Rinaudo 2006; Pighinelli and
Kucharska 2014; Barbosa et al. 2005; Muzzarelli 1978).

Calcium phosphate is very difficult to dissolve in chitosan solutions. The dis-
solution depends basically on the acid used to dissolve the primer chitosan, also the
crystallinity grade of the chitosan and the calcium phosphate. Beta chitosan and
amorphous calcium phosphates dissolve faster and easier compared with the high
crystallinity raw material and also the dissolving conditions and process.

Apatite family have different dissolving properties such as HAp and b-TCP,
related with dissolution process involved. Materials like hydrochloric and nitric
acids show in the literature the best acids to dissolve apatite’s family. The most
favorable ratio between calcium and phosphorus is 1.67 (Niekraszewicz et al. 2004;
Murugan and Ramakrishna 2004; Niekraszewicz et al. 1998).
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The preparation of novel chitosan fibers containing calcium phosphates
nanoparticles for medical use by the wet spinning process has many influences such
as spinning conditions, mechanical properties, ratio of HAp/b-TCp, morphology,
fishing agent for the multifilament fibers, and stability of the chitosan solution
modified with nano-calcium phosphate.

11 Preparation of Chitosan Solutions Modified
with HAp/b-TCP Nanoparticles to Prepare
Multifilament Fibers by Wet Spinning

The preparation of chitosan solutions starts dissolving 5.16 wt% of chitosan in 3 wt
% of the acetic acid. This aqueous solution, called solution A (code Chit-58),
showed a solution clear and optically pure. Another solution was prepared dis-
solving 2 wt% of chitosan in 0.9 wt% of hydrochloric acid containing 2 wt% of
b-TCP solution B (code MCT-6) presents b-TCP nanoparticles and also appear
clear and optically pure.

The preparation of the solution C (code MCT-7) takes place dissolving 2 wt% of
chitosan in 0.4 wt% of acetic acid, adding 0.5 wt% of HAp. The acetic acid did not
dissolve HAp and was easy to see not clear solution like solution B. Hydroxyapatite
is less soluble than b-TCP. This was apparent in the course of preparing solution C
(code MCT-7) the solution appeared as an opalescent suspension showing a neg-
ative influence the quality of the prepared calcium-containing fibers (Table 7).

The solutions B and C were blended admixing in the ratio 2:1 to obtain solution
(code MCT-11). Notice during the blending of the HAp and b-TCP particle con-
taining chitosan solutions, the HAp particles dissolved immediately improving the
solubility of HAp in the final chitosan solution providing adequate conditions for
the complete dissolution of HAp, making the solution easier for wet spinning
process. The solution (code MCT-11) was clear, homogenous, and stable chitosan
solution and suitable for wet spinning process. Table 8, presents the qualitative and
quantitative composition of the chitosan solutions.

Table 7 Selected parameters of chitosan solutions containing HAp, b-TCP, and HAp/b-TCP

Chitosan solution Range of
particles size
(nm)

Size of fraction with
highest content (nm)

Percentage of
volume (%)

Potential
zeta (mV)

Solution B 28.9–164.9 65.2 11.5 43.0 ± 2.3

Solution C 417.3–1495 745.4 34.2 45.3 ± 2.3

Blend of solution
B/C 2:1 ratio

12.8–58 22.9 19 52.9 ± 4.0
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It was noticed that the presence of the chitosan acetate solution contains HAp
particles (code MCT-7) with microparticles not suitable for wet spinning process
showing a negative influence on the quality of the prepared calcium-containing
fibers. Same problems were observed like decrease of the acid concentration and the
dynamic viscosity of the final solution resulted by the calcium phosphates addition.

The solution (code MCT-8) was a blend mixing the solutions B and C in the
ratio of 1:1; notice that blend did not dissolve HAp and founded agglomerations
and cluster formation in the solution (MCT-8) with a size of 1500 nm that is present
in the spinning solution provoking a negative influence of the mechanical properties
and the spinning process of the fibers.

Analyzing the particles size of the solution MCT-11 showed that mixing process
of the chitosan solutions had a beneficial effect by limiting the size of the calcium
phosphate nanoparticles within the range of 12.8–58.0 nm with a great stability of
the solutions.

Table 7 and Fig. 10 present the particle size distributions of the solutions
MCT-6, MCT-7, and MCT-11, respectively.

12 Rheology Studies of Chitosan Solution (MCT 11)
Modified with HAp/b-TCP Nanoparticles

The dynamic viscosity of chitosan solution MCT-11 modified with
nano-B-TCT/HAp is shown in Fig. 11. The flow curves were drawn in different
temperatures at 20, 25, 30, 35, and 40 °C and in different shearing speeds.

The dynamic viscosity curves of chitosan solution MCT-11 showed a
non-Newtonian fluid, expressing the direct relation with the viscosity decreasing
when increasing the shearing speed, characterizing the chitosan solution as a
pseudo-plastic fluid typical of natural semi-crystalline polymer, which was noticed
when increased the temperature and the shearing speed drastically to the viscosity.

Table 8 Some properties of chitosan solutions containing hydroxyapatite (HAp) and tricalcium
phosphate (b-TCP) particles phosphate (b-TCP) particles

Solution code Percentage of
solution used (%)

Concentration of Dynamic viscosity/temp.

b-TCP HAp Acetic acid
chitosan

A B C wt% wt% wt% wt% Pa/°C

Chit 58 100 – – – – 3.00 5.16 19,000/52

MCT 6 83.3 16.7 – 0.333 – 2.75 4.50 7500/49

MCT 7 83.3 – 16.7 – 0.330 2.75 4.63 9250/49

MCT 8 71.4 14.3 14.3 0.286 0.283 2.36 4.46 4500/52

MCT 11 62.5 25.0 12.5 0.707 0.252 2.10 4.01 1750/51
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This also can be considered as a limitation of the wet spinning process making
more difficult and taking more time to set the parameters of the process. The
stability of solutions is a very important parameter to be considered in the wet
spinning process.

Fig. 10 a Particle size distribution of b-TCP in chitosan solution in hydrochloric acid (solution
B); b HAp particles in chitosan acetate solution (solution C); c the HAp/B-TCP blend in chitosan
(solution B/C)
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13 Spinning Process of Chitosan Multifilament Fibers
Modified with Nano-ceramics

To set the wet spinning process of chitosan (MCT-11) modified with HAp/b-TCP,
nanoparticles were found in the following conditions: at a spinning speed of
31.0 m/min, draw ratio of 34%, and temperature of around 25–30 °C. The multi-
filament fibers were passed into a coagulation bath containing aqueous 3.0%
NaOH. The spinning process was smooth and easy to control, better than a normal
chitosan fiber without nano-calcium phosphate particles; the nano-ceramic addition
in the chitosan solution has a beneficial effect on spinning stability making the
process more stable and regular. Also notice that no finishing agent is required in
this process making also faster and more attractive for the industry.

14 Mechanical Properties of Multifilament Chitosan
Fibers Modified with Nano-ceramics

Table 9 shows the mechanical properties of multifilament chitosan fibers modified
with nano-ceramic (HAp/b-TCP) related with the amount of organic and inorganic
parts of the biomaterial in study that also related with the stretching of the wet
spinning process and additives added during the manufacturing of fibers by wet
spinning. In the solution, MCT-6 and MCT-7 notice a little effect on tenacity. The

Fig. 11 Dependence of the apparent dynamic viscosity on the shearing rate and temperature of
the acetate chitosan solution modified with HAp/b-TCP (MCT 11)
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mechanical properties are directed related with the calcium phosphate agglomera-
tion and cluster formation, and we can see in the sample MCT-8 (1:1). In the SEM
studies, a non-homogenous distribution of the calcium phosphates in the polymer
matrix showing up a small amount of agglomeration and cluster formation related
with the HAp and b-TCP involved in the solution probably related with some of the
HAp particles is not dissolved completely by the concentration of the hydrotropic
acid, the higher amount of calcium phosphates effect, and slight increase in fiber
tenacity.

When increasing the concentration of hydrochloric acid by the amount of
solution B (code MCT-6), notice that the de-agglomeration and cluster formation
disappear showing a homogeneous distribution of the calcium phosphate in the
polymer matrix (MCT-11). The reflection of this can be seen in a better distribution
of the nano-ceramic and can be noticed in the mechanical properties with
nanoparticles along with the highest level of calcium phosphates and resulted in
fibers with the same tenacity as that of regular chitosan fibers.

The MCT-11 with a higher concentration of nano-ceramic HAp/b-TCP avoids
an effect that the fibers did not stick to each other. Effect can be seen in the normal
chitosan fibers without nano-ceramics modification. Instead of that, no finishing
agent is required in the wet spinning process. The advantage of chitosan fibers
containing nano-ceramics (MCT 11) can be noticed in the higher tenacity and lower
coefficient of variability of breaking force in wet conditions when compared with
regular chitosan fibers.

Table 9 Impact of HAp, b-TCP, and HAp/b-TCP concentration in the chitosan solution on the
mechanical properties of fibers

Parameter MCT 58 MCT 6 MCT 7 MCT 8 MCT 11

Linear density dtex 4.39 4.48 5.14 5.41 4.16

Coefficient of variability of
linear density

% 1.25 2.48 1.93 3.57 1.64

Confidence interval of linear
density

% ±1.55 ±3.08 ±2.40 ±4.43 ±2.04

Breaking force cN 3.61 3.51 2.46 2.91 3.35

Coefficient of variability of
breaking force (conditioned)

% 14.6 14.0 32.2 28.6 19.5

Confidence interval of breaking
force

% ±6.02 ±5.77 ±13.3 ±11.8 ±8.03

Tenacity (cond) cN/tex 8.22 7.83 4.79 5.38 8.05

Elongation at break (cond) % 17.0 22.0 9.9 11.0 12.0

Breaking force (wet) cN 2.80 2.21 1.78 2.48 2.25

Coefficient of variability of
breaking force (wet)

% 36.8 31.9 49.9 33.4 18.3

Tenacity (wet) cN/tex 6.38 4.93 3.46 4.58 6.86

Elongation at break (wet) % 7.8 7.3 7.8 6.1 8.00
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15 Infrared Spectroscopy Fourier Transformation (FTIR)
of the Chitosan Fibers Modified with Nano-ceramics

Infrared Spectroscopy Fourier Transformation (FTIR) is mostly used to identify the
functional groups through their characteristic chemical bonds, and each connection
type is used to verify the presence of functional characteristic groups of b-TCP,
HAp, explained in the item 7 in this chapter and confirmed as shown in Figs. 12
and 13. The most infrared analysis used works in the range of 500–4000 cm−1 and
resolution of 4.0 cm−1.

Fig. 12 FTIR spectrum of the commercial HAp and b-TCP

Fig. 13 FTIR spectra of chitosan fibers (Chit 58) and modified b-TCP (MCT 6), and those
modified with HAp (MCT 7), HAp/b-TCP (1:1) (MCT 8) and HAp/b-TCP (1:2) (MCT 11)
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Figure 12 shows the infrared spectroscopy Fourier transformation identified in
the b-TCP and HAp; the main characteristic functional groups are orthophosphate
(PO4

−3), hydroxyl (OH)−, and phosphate (HPO4
−2); the latter one in trace amount

shows the characteristics of commercial calcium phosphates material (Muzzarelli
1978; Niekraszewicz et al. 2004; Kong et al. 2006; Pramanik et al. 2009;
Klinkaewnarong 2009).

The infrared spectroscopy Fourier transformation results of the commercial
b-TCP show the absence of band at 740 (cm−1). Indicating that the only raw
material was b-TCP and not a mixture of a-TCP, it shows also the traces of a small
amount of CO3

−2 in 1428 cm−1, presenting a broad band in the range of 900–
1200 cm−1 and the peak at 724 cm−1, which is a characteristic of the symmetric
mode (P–O–P) assigned to distortion of P–O. The peak at 1211 cm−1 is the
characteristic of a nondegenerate deformation of hydrogen groups –OPO3, –H,
O–PO3, and common ions HPO4

−2 (Dorozhkin 2009; Pighinelli and Kucharska
2014; Shinn-Jyh 2006; Rinaudo 2006; Majeti and Kumar 2000).

The infrared spectroscopy Fourier transformation results of the commercial HAp
is explained in the item 7 in this chapter and confirmed as shown in Figs. 12 and 13
(Muzzarelli 1978; Wang 2006; Qiaoling et al. 2004; Cyster et al. 2005; Xianmiao
et al. 2009).

Figure 13 shows the infrared spectroscopy Fourier transformation of the MCT 6,
MCT-7, MCT-8, and MCT-11, and shows a characteristic vibration peaks of the
composite with chitosan/HAp/b-TCP: the peaks between 1032, 1086, and
1160 cm−1 reflect the skeletal vibrations of the saccharide structure and at 1559,
1543 cm−1 is related with the free primary amino group (NH2), amide I
(1637 cm−1), indicating that chitosan used in this research is partially deacetylated
(83.2%), amide II (1559 cm−1) and amide III (1319 cm−1). The C–O–C can be seen
at (1160 cm−1), N–H (3298, 3500 cm−1), and O–H (3445 cm−1), identifying the
chitosan in the composite. The peak at 1243 cm−1 represents the free amino groups
and the C2 position of glucosamine (Muzzarelli 1978; Niekraszewicz et al. 2004;
Struszczyk 2003; Klinkaewnarong 2009; Wang 2006; Qiaoling et al. 2004; Zioupos
2001; Brugnerotto et al. 2001). The HAp infrared spectroscopy Fourier transfor-
mation was explained in the beginning of this chapter shown in Figs. 12 and 13.

16 Morphology and Chemistry of Chitosan Fibers
Modified with HAp, b-TCP and HAp/b-TCP
Nanoparticles

One analysis very important to identify how much your biomaterial increase the
hydrophilic character and see how suitable hydrolytic and enzymatic degradation
will affect this biomaterial is the water retention value (WRV).

Table 10 presents the range of the WRV of the samples from 150 to 331%; the
variation is directed related with the amount of calcium phosphate added to the
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samples. Figure 14 shows the SEM images that illustrate the calcium phosphate
distribution in the polymer matrix, identifying the HAp/b-TCP agglomeration and
cluster formation.

Table 10 Water retention value (WRV) content of calcium and ash in HAp/b-TCP-modified
chitosan fibers

Fiber code WRV (%) Ash (%) Calcium content (g/kg)

Chit 58 158 0.1 0.14

MCT 6 163 0.4 0.35

MCT 7 154 3.2 8.45

MCT 8 331 4.8 9.95

MCT 11 210 4.8 14.35

Fig. 14 a, b SEM images of the surface and cross section of chitosan fibers modified with
HAp/b-TCP (MCT 8); c, d chitosan fibers modified with HAp/b-TCP nanoparticles (MCT 11)
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MCT-11 can notice a lower WRV because of the higher amount of the calcium
phosphate and also can be seen in the SEM study a little difference in the shape of
the fiber, more oval than others and a much better calcium phosphate distribution in
the polymer matrix with no agglomeration and cluster formation shown in the
cross-sectional images by SEM. Figure 14a–d shows that nanoparticles in the ratio
2:1 (MCT-11) are beneficial and increase the interaction between free amino groups
of the chitosan and phosphate ions from the calcium phosphate, also a better ionic
interaction between different calcium phosphates with different surface charges.

17 Preparation of Chitosan Spinning Solution Containing
HAp, b-TCP and HAp/b-TCP Nanoparticles

The preparation of chitosan solutions starts dissolving 5.16 wt% of chitosan in
3 wt% of the acetic acid. This aqueous solution called solution A (code Chit-58)
shows a clear and optically pure solution. Another solution was prepared dissolving
2 wt% of chitosan in 0.9 wt% of hydrochloric acid containing 2 wt% of b-TCP;
solution B (code MCT-6) presents b-TCP nanoparticles and also appears clear and
optically pure.

The preparation of the solution C (code MCT-7) takes place by dissolving 2 wt%
of chitosan in 0.4 wt% of acetic acid, adding 0.5 wt% of HAp. The acetic acid did
not dissolve HAp and was not easy to see a clear solution like solution B.
Hydroxyapatite is less soluble than b-TCP. This was apparent in the course of
preparing solution C (code MCT-7), the solution appeared as an opalescent sus-
pension showing a negative influence by the quality of the prepared
calcium-containing fibers.

The MCT-11 is a blend using two parts of solution B (MCT-6) and one part of
solution C (MCT-7). Notice that all solutions even before and after blend need to be
deaerated at room temperature.

18 Wet Spinning Process of Chitosan Fibers Containing
Nano-ceramics

Wet spinning process of chitosan fibers containing calcium phosphates
(HAp/b-TCP) nanoparticles was prepared using a spinning head holding a
rhodium/platinum spinneret with 150 holes, each having a diameter of 0.08 mm,
using at 35 °C. The first step after spinning process was to pass the fiber into the
first bath for coagulation (aqueous 3.0 wt%, sodium hydroxide at 35 °C).

The second step after coagulation bath is to pass the fiber into the second bath to
remove the sodium hydroxide surplus on the fibers washed in a water bath at 40 °C
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and after then in a water–ethanol (60% v/v). It is a continuous process of spun wet
spinning; the multifilament fibers need to be dried without tension and the speed
process at 31 m/min.

Chitosan fibers modified with HAp, b-TCP and HAp/b-TCP nanoparticles were
prepared by wet spinning on a pilot line equipped with the spinning solution, the
same as a coagulation bath. The spun fibers were bath and were then dried without
tension in a loose bundle. The spinning speed for the chitosan fibers modified with
HAp/b-TCP nanoparticles was 31 m/min.

19 Conclusions

Addition of nano-ceramics, composed of HAp/b-TCP nanoparticles, shows the
preparation of multifilament fibers by wet spinning process, a beneficial effect. Then
it can be noticed in infrared spectroscopy Fourier transformation (FTIR) that
identifies the presence of the main functional groups of HAp/b-TCP and chitosan
and no secondary groups were founded.

The sample MCT-11 was founded more homogenous distribution of the
nano-ceramic in the polymer matrix and no agglomeration and cluster formation
were founded. Also, increase in the water retention value that is related with the
hydrophilic character suggests more susceptible to hydrolytic, and enzymatic
degradation will affect this biomaterial by the water retention value (WRV).

The mechanical properties showed that addition of ceramics decreases a little the
tenacity of the chitosan fibers. This result can also be seen by the ash content of the
sample MCT-11 showing a calcium content of 14.35 g/kg and an ash content of
4.8%.

The wet spinning process was smooth with speed of 31 m/min, and no finishing
agent was required because the multifilament chitosan fibers modified with
nano-ceramics did not stick from each other.

The multi- and interdisciplinary fields related with research and development of
biocomposites are growing and new biomaterials, methods, and knowledge make
possible to increase the applications that can contribute to design a new generation
of biomaterials for regenerative medicine and tissue engineering.
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Chapter 5
Surface Properties of Thermoplastic
Starch Materials Reinforced with Natural
Fillers

Tomy J. Gutiérrez, Romina Ollier and Vera A. Alvarez

Abstract The self-association force of water on the surface of a composite poly-
meric material is a physicochemical process dominated by cohesive forces and van
der Waals-type interactions existing below the material surface. Perturbations in the
chemical potential of water, brought about by the interaction between it and a
polymeric surface, induce compensatory structural changes. Thus, the structure of
water on the surface of a composite polymeric material reveals the hydrogen bond
interactions taking place beneath it, which are key to understanding the properties
of thermoplastic starch (TPS) materials. In the literature, there is a broad consensus
based on empirical results that a contact angle (h) greater than 65° defines a
hydrophobic surface. These findings suggest that there are at least two different
types of water structures that exist as a response to interactions occurring within the
composite polymers. One of these is formed when there is a low density of “Lewis
sites”, and the other when there is a high density of “Lewis sites” on the surface of
the thermoplastic materials. This second scenario produces the collapse of the water
structure, i.e., the collapse of the hydrogen-bonded network. In spite of the
physicochemical response of water to the intra- and intermolecular interactions that
occur on composite materials, these have not been studied as a means to modify the
surface behavior of TPS materials. This could be achieved by incorporating natural
fillers that have a plasticizer or crosslinking effect on their structure. In this chapter,
we analyze the surface properties of starch-based composite materials as an indirect
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measure of the interactions that occur within them, mainly as regards plasticizing
effects and crosslinking reactions.

Keywords Composite materials � Natural fillers � Surface properties
Thermoplastic starch

1 Introduction

The surface properties of thermoplastic starch (TPS) used to pack food are key
variables for food packaging designers and engineers as they influence product
shelf life, appearance, and quality control.

Materials made using TPS often contain fillers such as nanoparticles, micro-
capsules, cellulose, and clay, among others, which have all been extensively studied
(Trache et al. 2017; Voicu et al. 2016; Miculescu et al. 2016). Because they are
highly susceptible to humidity, the starches used are usually modified in order to
improve their physicochemical properties (Wang et al. 2016). However, although
there have been many efforts made to develop materials from biomacromolecules,
especially starch, their surface properties have received relatively little attention.

Surface composition and morphology are commonly determined by means of
several techniques such as electron spectroscopy for chemical analysis (ESCA or
XPS), secondary ion mass spectrometry (SIMS), scanning electron microscopy
(SEM), atomic force microscopy (AFM), and contact angle (Peeling et al. 1976;
Varma 1984; Russell et al. 1987; Baldwin et al. 1997, 1998; Michalska-Pożoga
et al. 2016). In particular, this last technique is increasingly being used in the
academic and scientific worlds, as well as at an industrial level, since the table-top
equipment now on offer can cost as little as 150 dollars. The instruments are also
more portable and robust (Fig. 1a) than more traditional equipment (Fig. 1b) and
can produce higher quality images (Fig. 1c, d).

The contact angle (h) is defined as the angle formed by the intersection of the
tangent lines of the liquid and solid surfaces at the three-phase boundary between
these two phases and the third surrounding phase (generally air or vapor) (Wong
et al. 1992). A schematic representation of a contact angle (h) is shown in Fig. 2.
One of the primary characteristics of any immiscible two- or three-phase system
made up of two condensed phases, at least one of which is a liquid, is the contact
angle of that liquid on the other condensed phases (solid or liquid surfaces)
(Ghanbarzadeh et al. 2013). These phases can be as follows:

• liquid–vapor–solid: for example, water on an edible film.
• liquid–liquid–solid: for example, water–oil–protein in an emulsion.
• liquid–liquid–vapor: for example, an oil drop on a water surface.
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To summarize, the contact angle is the angle, conventionally measured through
the liquid, where a liquid–vapor interface meets a solid surface. It quantifies the
wettability of a solid surface by a liquid via the Young equation (Fig. 2). Any solid,
liquid, and vapor system at a given temperature and pressure will have a unique
equilibrium contact angle. However, in practice, contact angle hysteresis is
observed, ranging from the so-called advancing (maximal) contact angle to the
receding (minimal) contact angle. The equilibrium contact lies between these values
and can be calculated from them. The equilibrium contact angle reflects the relative
strength of the liquid, solid, and vapor molecular interaction. Contact angles are

Fig. 1 a USB digital microscope (model DIGMIC200X, China) equipped with Image Analysis
Software 220X 2.0MP video, with 0.0001° precision, b Ramé-Hart instrument co. (USA,
Succasunna), c image taken with a USB digital microscope, and d image taken with a Ramé-Hart
instrument

Fig. 2 Contact angles
formed by pure liquid drops
on a surface
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extremely sensitive to contamination: values reproducible to less than a few degrees
are generally only obtained under laboratory conditions with purified liquids and
very clean solid surfaces. If the liquid molecules are strongly attracted to the solid
molecules, then the liquid drop will completely spread out on the solid surface,
giving a contact angle of 0°.

In essence, the contact angle may be explained as the physicochemical response
of a pure solvent drop on a surface. This is related to the surface tension produced
by the unbalanced forces of the liquid molecules on that surface (Fig. 3).
Wettability studies of a surface are usually performed by determining contact angles
using distilled and deionized water. In this regard, there is a broad consensus in the
literature, based on empirical results, than a contact angle (h) greater than 65°
defines a hydrophobic surface when water is used as a solvent (Fig. 4) (Vogler
1998). It is well known that the contact angle of water increases with an increase in
surface hydrophobicity (Ojagh et al. 2010). Karbowiak et al. (2006) suggested that
an increase in the water contact angle of biopolymers could be due to strong
intermolecular hydrogen bonding under the film surface. The most polar sites
(Lewis sites) would be affected by these interactions, thus generating a reduction in
the surface polarity of biopolymer films. Starch film surfaces with higher contact
angles do not contain the energy required to break the cohesive force of water
(Vogler 1998). Thus, a droplet with high surface tension resting on a low-energy
solid tends to adopt a spherical shape due to the establishment of a high contact
angle with the surface. Conversely, when the surface energy of the solid exceeds the
liquid surface tension, the droplet tends to adopt a flatter shape due to the estab-
lishment of a low contact angle with the surface (Fig. 5).

Fig. 3 Surface tension caused by the unbalanced forces of the liquid molecules at the surface

Fig. 4 Contact angle on the gauge of wettability of a solid surface with a specific liquid
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Interestingly, this kind of water structure requires that the hydrogen bond net-
work of water directly adjacent to a nonpolar surface is interrupted yielding
“dangling hydrogen bonds”. These dangling hydrogen bonds have been theoreti-
cally predicted (Lee et al. 1984) and spectroscopically resolved from hydrogen
bonds in bulk water (Du et al. 1993, 1994a, b).

Contact angles have also been associated with the surface characteristics of
starchy materials through the well-known Wenzel equation (Wenzel 1936):

cos hw ¼ r cos h: ð1Þ

In Wenzel’s equation, the roughness factor (r) acts to amplify the surface
chemistry-determined term cosh. Thus, small changes in h translate to larger
changes in hW, provided complete contact is maintained between the liquid and the
solid (Fig. 6). The importance of h = 90° is the changeover in the sign of the cosine
term. When h < 90, the effect of increasing roughness (r) is to further reduce the
Wenzel contact angle toward 0. However, when h > 90, the effect of increasing r is
to further increase the Wenzel contact angle toward 180. Thus, Wenzel roughness
emphasizes the intrinsic tendency of a surface to have either complete wetting or
complete non-wetting properties.

Conversely, a liquid may form bridges between surface features and no longer
penetrate through the spaces separating them; a simplified example of a flat-topped
surface is shown in Fig. 7. In this example, it is assumed that the liquid only makes
contact with the flat parts of the surface and that the meniscus below the drop is flat.
This implies that the gaps between the features are much smaller than the curvature

Fig. 5 Wettability of starch films

Fig. 6 Contact angle on rough surface using Wenzel’s equation
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of the meniscus due to the weight of the liquid and the pressure exerted by the top
meniscus. As the contact line advances by DA only a fraction, fsDA, of the solid
makes contact with the liquid, and the remainder (1 − fs)DA is the area bridged
between surface features in contact with the air. Thus, this remainder involves the
creation of a liquid vapor interface. The surface free energy change is given by
Eq. 2:

DF ¼ cSL � cSVð ÞfsDAþ 1� fsð ÞDAcLV þ cLV cos hDA: ð2Þ

Based on these concepts, in this chapter, we discuss the surface properties of
TPS materials reinforced with natural fillers as an indirect measure of interactions in
starch-based composite materials, mainly with regard to plasticizing effects and
crosslinking reactions.

2 Effect of the Amylose/Amylopectin Ratio on the Surface
Properties of TPS

Starch is a polysaccharide composed of the essentially (1-4)-linked linear amylose
and the extensively (1-6)-branched amylopectin, and occurs naturally in plants in
the form of granules. The film formation process is important for film structure and
crystallinity. Previous studies undertaken by Stading et al. (2001) and
Rindlav-Westling et al. (2002) have shown that amylopectin films are totally
amorphous without any visible structure, and this is reflected by a smooth surface.
In contrast, amylose films are semicrystalline (Stading et al. 2001,
Rindlav-Westling et al. 2002) giving rise to a rougher surface.

Rindlav-Westling and Gatenholm (2003) analyzed the surfaces of starch solution
cast films prepared from amylose and amylopectin by scanning electron microscopy
(SEM), atomic force microscopy (AFM), electron spectroscopy for chemical

Fig. 7 Contact angle on rough surface using Cassie–Baxter equation
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analysis (ESCA), and time-of-flight secondary ion mass spectrometry (ToF-SIMS).
They found that the surface (as visualized by SEM) of amylopectin films was very
smooth, whereas that of amylose films was rougher. A possible explanation for this
is the higher crystallinity of the amylose films due to starch retrogradation, which
affects their topography (Fig. 8). Moreover, the amylopectin films appeared to be
flat even at the high magnifications obtained with atomic force microscope (AFM).
Using this technique, small protrusions were also observed on top of the surface
structures of the much rougher amylose films.

The authors also examined the starch films using a light microscope and found
that most showed phase separation. This result could be related to the fact that
under certain conditions, amylose and amylopectin are incompatible in aqueous
solutions (Kalichevsky and Ring 1987) producing phase separation during film
formation (Rindlav-Westling et al. 2002). In addition, differences in the crystalline
structures of the films also appeared to influence their surface topography.

As an initial conclusion, we can say that the surfaces of starch films reflect the
effects of retrogradation and phase separation. Smooth surfaces are associated with
amylopectin films, whereas amylose film surfaces are much rougher.

The topic of wetting has sparked a great deal of interest both from the funda-
mental and the applied point of view (Yuan and Lee 2013). Wettability studies
usually involve the measurement of contact angles as the primary data, as this
indicates the degree of wetting when a solid and a liquid interact. Small contact
angles (�90°) correspond to high wettability, while large contact angles (�90°)
denote low wettability.

Phan et al. (2005) prepared edible films made from agar (AG), cassava starch
(CAS), normal rice starch (NRS), and waxy (glutinous) rice starch (WRS), and
tested them for their potential use as edible packaging or coatings. Among other
properties, the surface hydrophobicity and wettability of these films were investi-
gated using the sessile drop contact angle method. SEM micrographs of the cross
sections of the prepared films showed an irregular and rough topography, sug-
gesting a heterogeneous structure due to the retrogradation and partial crystalliza-
tion of the gelatinized starch before the formation of the films. The water vapor
permeability (WVP) of the films was directly proportional to their amylopectin
content. Similar results on the better barrier properties of amylose films compared
with those of amylopectin films were reported by Stading et al. (1998). It can thus

Fig. 8 Wettability from a amylose films and b amylopectin films
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be said that films with poor water vapor barrier properties will show high
hydrophilicity. Stading et al. (1998) evaluated the sensitivity of films to liquid
moisture transfer by determining the adsorption rate of water droplets, finding that,
in general, a higher contact angle indicated a lower adsorption rate. Nevertheless,
this characteristic might be affected by the evaporation of excess water during the
measurement period. Gutiérrez and González (2016) prepared edible films from
cassava (Manihot esculenta C.) and taro (Colocasia esculenta L. Schott) starch
plasticized with glycerol, as packaging materials. A comparison of these two
starches revealed that the taro starch had a lower amylose content than the cassava
starch (15.1 and 19.9%, respectively). Weak amylopectin–glycerol interactions
facilitate water absorption, which could explain the higher moisture content of the
taro starch films. Under weak starch–glycerol interactions, water can act as a
plasticizer, a phenomenon commonly known as moisture plasticization. Glycerol–
amylose interactions produce a reduction in the intra- and intermolecular interac-
tions between the starch macromolecules increasing the movement and rearrange-
ment of the chains. XRD diffraction patterns have shown that the areas under the
crystalline peaks are larger in cassava starch films than in taro starch films, which
correlates with the higher amylose content of cassava starch. In addition, SEM
images showed that the cassava starch films had more compact structures, possibly
associated with their high amylose content (Miles et al. 1985a, b). It has been
previously established that a more compact structure leads to lower water adsorp-
tion as it makes interactions between the starch–glycerol and water less likely,
leading to a decrease in the polar glycerol–starch character of the films
(García-Tejeda et al. 2013; Pelissari et al. 2013) (Fig. 8).

Gutiérrez and González (2016) studied the color of cassava and taro starch films
and found that that the indexes evaluated were higher for the cassava films than the
taro films. They also found that cassava starch films were whiter and more opaque
than taro starch films, confirming that materials with a lower amylose content are
more transparent.

Following on from this, AFM studies showed that films made from cassava
starch (with a higher amylose content) have a rougher surface than those made from
taro starch. This agrees with the luminosity data: films with a high roughness profile
are more opaque, i.e., less transparent (Reyes 2013). Apparently, the greater ten-
dency to retrogradation of starch-based films with a higher amylose content creates
torsional forces on the macromolecules, which generates a rougher surface.

Regarding wettability, the contact angles of the cassava starch films were higher
than those of the taro starch films, which can be associated with their higher surface
hydrophobicity (Ojagh et al. 2010). An increase in the water contact angle of
biopolymers has been related to stronger intermolecular hydrogen bonding under
the film surface (Karbowiak et al. 2006). Thus, a decrease in the number of Lewis
sites could generate a decrease in the surface polarity of biopolymer films. This
produces dry cassava starch film surfaces, since they do not contain enough energy
to break the cohesive force of water (Vogler 1998). Gutiérrez and González (2016)
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claim that films derived from starches with a lower amylose content show a lower
plasticizer–polymer compatibility. This allows the plasticizer to migrate toward the
surface of the film, thereby increasing the number of Lewis sites and reducing the
water contact angle (Fig. 8b). Higher contact angle values are thus recorded for
films with a higher amylose content (Fig. 9). A diagrammatic summary of the
surface properties of TPS films associated with their amylose content effects is
provided in Fig. 10.

Fig. 9 Effect of amylose content on contact angle values of starch-based films

Fig. 10 Graphic summary of the properties of TPS films due to the amylose content

5 Surface Properties of Thermoplastic Starch Materials Reinforced … 139



3 Effect of Exposure to Pulsed Light on the Surface
Properties of TPS

Crosslinking technologies have been used to modify TPS and other starch-based
blends in order to improve their physical and mechanical properties (Zhou et al.
2009). As regards UV photo-crosslinking, photo-sensitizers or photo-initiators are
generally incorporated into the materials during processing to produce reactive
radicals that subsequently initiate crosslinking reactions under UV irradiation. This
treatment generally produces a reduction in surface hydrophilicity and improved
water resistance (Gutiérrez and González 2016).

Zhou et al. (2009) prepared crosslinked surfaces from TPS/PVA blends by
applying ultraviolet (UV) irradiation, and using sodium benzoate as a photosensi-
tizer. They then analyzed several physical properties of the films, such as the water
contact angle, moisture absorption, degree of swelling, and water solubility.
Mechanical properties were also measured to characterize the influence of the
photo-crosslinking modification on the film surface. These authors observed that
crosslinking considerably reduced the hydrophilic character of the TPS/PVA film
surfaces, as well as enhancing water resistance. The tensile strength and Young’s
modulus also increased, but the elongation at break of the films was lowered. These
results were attributed to the increase in the crosslinking density of the macro-
molecular chains on the surface of the films.

Zhou et al. (2009) also found a direct correlation between the surface contact
angle and surface roughness. In addition, the orientation of the polar hydroxyl
groups on the contact surface had a significant influence on the contact angle
measurements. An increase in the water contact angle indicates an enhancement of
the hydrophobic character of the surface and a lower value for the polar component
of the surface energy.

These same authors found that after surface photo-crosslinking, the water contact
angle of the TPS/PVA films, jumped significantly and continued to rise with an
increasing UV irradiation dose until 20 J/cm2. In contrast, a decrease in the water
contact angle as a function of the UV irradiation dose was observed on the
photo-crosslinked surface of corn starch sheets (Zhou et al. 2008). These authors
proposed that as the crosslinking reaction progresses, more and more hydroxyl
groups on the surface layer, either from TPS or PVA molecular chains, are con-
sumed and are thus not available to water. In addition, they found that as the UV
irradiation dose increased, the resulting crosslinked structure caused both the degree
of swelling and the water solubility to decrease, thus these crosslinking points
restrict the molecular mobility of the polymer chains.

Gutiérrez and González (2016) evaluated the effects of pulsed light
(PL) treatment, as a crosslinking method, on some properties of edible films derived
from cassava (Manihot esculenta C.) and taro (Colocasia esculenta L. Schott)
starch plasticized with glycerol, relevant to their use as packaging materials. They
found that samples deteriorated after PL treatment compared to control films as
demonstrated by an increase in the contact angle, roughness, and crystallinity, and a
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decrease in the tensile strength, transparency, and water content regardless of the
amylose content of the starch used to develop the films. In addition, the degree of
crystallinity of the films exposed to PL was slightly higher than that of the untreated
ones, a phenomenon that can be associated with the retrogradation of starch during
aging or by the deterioration process, which reduces chain mobility (García-Tejeda
et al. 2013, Bertuzzi et al. 2007). They also found that films treated with PL showed
a significant reduction in the moisture content, possibly due to the crosslinking
caused by the UV radiation on the films treated with PL (Andrady et al. 1998, Cui
et al. 2013). After PL treatments, the films displayed a more compact structure
reflecting their lower moisture content. It is worth noting that the molecular weight
of the cassava starch-based films (with a higher amylose content) decreased,
whereas the molecular weight of the taro starch films (with less amylose content)
slightly increased. Based on this, Gutiérrez and González (2016) suggested that the
crosslinking reaction in taro starch films produced a slightly more pronounced
increase in the water contact angle than the cassava starch films. In the cassava
starch films, the decrease in their molecular weight suggests the de-polymerization
of their biopolymer chains. This exposes the amylose chains resulting in a less
conspicuous increase in the contact angle (Fig. 11). A diagrammatic summary of
the properties of TPS films modified by PL is provided in Fig. 12.

4 Effect of the Chemical Modification of Starch
on the Surface Properties of TPS

Two of the main advantages starch has over other materials are its low cost and
availability in very large amounts from renewable resources. These aspects, toge-
ther with the fact that starch may be used in thermoplastic formulations, make it one
of the best options for preparing biodegradable polymers. However, the use of
starch as a substitute for conventional petroleum-based plastics has been limited by
its brittleness and hydrophilicity (Shogren et al. 1998). This has meant that TPS
compositions developed thus far cannot be used for many applications, including
packaging, and intensive work has been done to overcome these drawbacks
(Dufresne and Vignon 1998, Averous et al. 2000, 2001; Curvelo et al. 2001,
Carvalho et al. 2005). Several strategies have been attempted in order to widen the

Fig. 11 Effect of UV radiation on a amylose films and b amylopectin films

5 Surface Properties of Thermoplastic Starch Materials Reinforced … 141



usability of starch as a biodegradable thermoplastic material suitable for packaging
applications. One possibility is to modify the starch. Chemical modification
involves the introduction of functional groups into the starch molecule by phos-
phation, acetylation, and oxidation, among others. Starches can also be physically
modified by heat-moisture treatment and annealing. Chemical modification causes
changes in the molecular structure or introduces functional groups, thus improving
the applicability of plant-derived materials in both the food and non-food industries
(Xia et al. 2005; Bertolini 2010; Nafchi et al. 2013).

Carvalho et al. (2005) prepared TPS films plasticized with 20 and 30 wt%
glycerol. The materials obtained were treated with various reagents (phenyl iso-
cyanate (PhNCO), a phenol blocked polyisocyanate of trimethylol propane and
toluene diisocyanate (TMP-TDI-Phenol), a styrene-co-glycidyl methacrylate
(PS-GMA) copolymer and stearoyl chloride (StCl)) in order to make their surfaces
less sensitive to moisture. In addition, two different techniques were used to

Fig. 12 Graphic summary of the properties of TPS films due to pulsed light
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produce the modifications: (a) suspension at room temperature and (b) dipping in
the reactant solution followed by heating under reflux.

Carvalho et al. (2005) found that the polar contribution was drastically reduced
in the modified polymers, indicating that the surfaces had become more
hydrophobic. The treatment with phenyl isocyanate in xylene proved the most
effective.

In addition, all the chemical treatments carried out produced an increase in the
contact angle values with water, together with a decrease in the purely dispersive
liquids, confirming that coupling reactions took place. In particular, the phenyl
isocyanate produced some excellent results, probably because of the very high
reactivity of this compound, which gave rise to the formation of a densely packed
monolayer of phenyl moieties on the surface. Treatment with stearoyl chloride also
gave some interesting results (very low values for the polar component). However,
the formation of HCl in the coupling reaction with the OH groups might limit its
practical use.

Carvalho et al. (2005) concluded that the use of these polymeric reagents offers a
further advantage in that a given macromolecule can couple with OH groups
coming from both the starch and the glycerol simultaneously, thus immobilizing the
latter species. The dipping + heating treatment was found to be the most appro-
priate for practical applications.

Gutiérrez and González (2017) prepared films from plantain flour with the
incorporation of different concentrations of Aloe vera (Av) gel. They found that the
Av gel produced crosslinking of the starch found in the flour, resulting in films that
were smoother, more transparent, more rigid and plastic, dryer, and with increased
hydrophobicity (Fig. 13).

As already mentioned, the Av gel produced a decrease in the moisture content of
the plantain flour films. This could be associated with strong starch–glycerol
interactions, which inhibit water absorption (Cyras et al. 2006; Flores et al. 2007;
Hu et al. 2009; Gutiérrez et al. 2015). In addition, color testing (opacity of the film)
revealed that films with a lower Av gel content showed a tendency to retrograde.
AFM studies also showed that the surface roughness of films made from plantain
flour with a higher Av gel content tended to decrease, which is consistent with the
luminosity results (high roughness profiles were more opaque, i.e., less transparent).
In addition, the contact angle increased as a function of Av content, which agrees
with all the previous results, and also with the fact that the organic acids present in

Fig. 13 Implications of
effect of crosslinking on the
surface properties of TPS
films
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Av gel produce stronger hydrogen bond interactions between the starch and the
glycerol, probably due to the crosslinking of the former. The SEM images were also
consonant with the other results: the plantain flour-based films with higher Av gel
content had the most closed structures, which act as a physical barrier to water.

Similarly, the incorporated Av gel had a positive effect on all the mechanical
parameters measured: films with higher Av gel content were markedly more rigid,
showed a greater strain at break, and had higher enthalpy (DH) and glass transition
temperatures (Tg). This last is further evidence of the crosslinking of the starch in
the presence of the Av gel: crosslinking limits the movement of the molecular
segments, resulting in an increase in Tg. A diagrammatic summary of the properties
of chemically modified TPS films is provided in Fig. 14.

5 Effect of Plasticizers on the Surface Properties of TPS

In general, plasticization refers to a change in the thermal and mechanical properties
of a given polymer which involves the following:

• A decrease in stiffness at room temperature.
• A decrease in the temperature at which substantial deformations can be pro-

duced with moderate forces.

Fig. 14 Graphic summary of the properties of TPS films due to chemical modification of the
starch
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• An increase in the elongation to break at room temperature.
• An increase in the toughness (impact strength) at the lowest serviceable

temperature.

These effects can be achieved by combining the polymer of interest with a low
molecular weight compound or another polymer, or by introducing a co-monomer
into the original polymer to reduce crystallinity and increase chain flexibility.

Medina et al. (2015) prepared cassava starch-based films with different amounts
of yerba mate (Y) extract as an antioxidant (0–20 wt%). They found that films with
5 wt% of the extract (TPS-Y5) showed a lower loss of antioxidant than films with
20 wt% (TPS-Y20). In addition, the incorporation of the Y extract led to increased
values of surface roughness and contact angle, indicating an increase in the
hydrophobicity of the film surface. This was confirmed by a decrease in water vapor
permeability and water content values. The greater hydrophobicity of the Y
extract-containing films is due to the fact that covalent and hydrogen interactions
between the polysaccharide network and the polyphenol compounds limit the
availability of the hydrogen groups to form hydrophilic bonds, thus reducing the
affinity of the films to water (Siripatrawan and Harte 2010). Previous studies have
positively correlated the surface roughness of a material with its hydrophobicity
(Erbil et al. 2003). The contact angle of a material is also related to the roughness
and hydrophobicity: a rougher surface increases the contact angle and therefore, the
hydrophobicity of the material (Erbil et al. 2003). This is because a rougher surface
increases the fraction of trapped air and thereby the water contact angle (Kim et al.
2014). Regarding mechanical properties, Medina et al. (2015) found that the
addition of the Y extract resulted in a decrease in the elastic modulus and tensile
strength, but a significant increase in the strain at break values. This resulted in
more flexible materials as the relaxation processes took place at lower temperatures
compared to the matrix without Y extract. Other mechanical properties of the
extract-containing films were also typical of plasticized films. Finally, cassava
starch films containing Y appear promising as coatings for retarding the oxidation
of food products, thus increasing their shelf life. In addition, according to Medina
et al. (2016), films with a smoother surface are apparently more biodegradable.

Gutiérrez et al. (2016a) prepared films from native and modified plantain flour,
plasticized with glycerol, with or without the addition of beet flour. Analysis of the
prepared flours showed that the fiber content of the modified plantain flour
increased by about 20%, possibly as a result of the leaching of proteins and fatty
material during its modification. The phosphorus content, degree of substitution
(DS), and apparent amylose content also decreased by about 50% in the modified
flour, due to the crosslinking of the amylose.

Gutiérrez et al. (2016a) observed that the incorporation of beet flour resulted in
an increase in water solubility that became significant when combined with the
modified flour. This behavior was associated with the sugars contained in beet flour,
which conferred a more polar character to the films. In contrast, native plantain
flour-based films exhibited higher contact angles, reflecting an increase in surface
hydrophobicity. The surface of these films was dryer as they do not have enough
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energy to break the cohesive force of water (Vogler 1998). These types of
hydrophobic surfaces require Lewis sites for surface wetting to occur. In addition,
their higher amylose content gives them a closed structure (observed by SEM)
resulting in a further, physical impediment to wetting. Conversely, phosphated
plantain flour-based films showed a lower contact angle. This could be related to the
addition of phosphate groups that strengthen the polar character of the surface,
increasing the density of Lewis sites. These sites would be close to the hydrogen
bond network of water, and would thus compete with the cohesive forces, leading
to the collapse of water structure on the hydrophilic surface and decreasing the
contact angle. The incorporation of beet flour produced a decrease in the contact
angle for both native and modified plantain flour as a consequence of the polar
character of the sugars contained within it.

Gutiérrez et al. (2016a) found that the incorporation of beet flour also enabled
the preparation of intelligent films sensitive to alkaline pH changes. In addition,
they demonstrated that betalains found in the beet flour interacted more efficiently
with the phosphated plantain flour, limiting its immediate response to pH changes.

In addition, other components (proteins and sugars) in the beet flour produced
more flexible films (an increase in the elongation at break: plasticizing effect). This
can be associated with hydrogen bond interactions between these components and
the plantain flours, which could explain the decrease in the contact angle together
with the increase in the thickness and solubility of these films.

Furthermore, Gutiérrez et al. (2016b) found that beet flour incorporated into
edible films prepared from native and phosphate-modified plantain flour acted as a
plasticizer, producing smoother, wetter, and more transparent films. The beet flour
also improved the transmittance of the films and their thermodynamic stability.
According to the results obtained from differential scanning calorimetry (DSC), the
addition of beet flour destroys the intra- and intermolecular interactions between
starch–starch chains, thus strengthening hydrogen bonding interactions between the
hydroxyl groups of the starch chains and the polar compounds of the beet flour.
This enables the starch chains to become more mobile and produces a reduction in
the Tg confirming the plasticizer effect. The increase in the transmittance of the
films (more evident in the case of the phosphate-modified plantain flour) produced
by the plastizicing effect of the beet flour could be related to an increase in the
degrees of freedom of the OH groups, which itself is a consequence of the greater
mobility of the starch chains (Medina et al. 2016). Thus, an increase in transmit-
tance is related to a decrease in the Tg. The SEM images taken were consistent with
these results and revealed the plasticizer effect of the beet flour, which inhibited the
recrystallization of the starch. AFM images showed that films made from native
plantain flour (with a higher amylose content) displayed greater surface roughness
than those made from phosphated plantain flour: a rougher surface gives more
opaque (less transparent) films. This is probably due to the fact that a rougher
surface texture does not permit the reflection of light which is thus absorbed by the
film (Reyes 2013, Gutiérrez and González 2016, 2017). The incorporation of the
beet flour generated a smoother surface due to its plasticizing effect. This inhibited
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starch retrogradation thereby avoiding the creation of holes. Similarly, a smoother
surface was related to an increase in the transparency of these systems (Fig. 15).

Gutiérrez et al. (2016a, b) also showed that modified plantain flour crosslinked
with sodium trimetaphosphate produced more transparent, smoother, more plastic,
and biodegradable films. The decrease in the moisture content of the phosphated
plantain flour films was associated with the strong hydrogen bond interactions
between the phosphated flour and the plasticizer, which limits possible water
adsorption by these polar compounds (Gutiérrez et al. 2015). XRD results also
suggest an increase in the number of hydrogen bond interactions, caused by the
plasticizer effect of beet flour (Gutiérrez et al. 2016b).

After analyzing their results, Gutiérrez et al. (2016a, b) concluded that the minor
interaction between the starch–starch chains produced more transparent, less
crystalline, smoother, more plastic, and biodegradable films. A diagrammatic
summary of the effects of plasticizers on the surface properties of TPS films is
provided in Fig. 16.

6 Effect of Composites on the Surface Properties of TPS

TPS on its own often cannot meet all the requirements of a packaging material.
However, the incorporation of environmentally acceptable reinforcing materials has
proved an effective method to obtain starch-based biocomposites with improved
physical and mechanical properties (Cyras et al. 2008). In this section, we discuss
the surface properties of TPS materials with added fillers.

6.1 Effect of Clay/Starch Composite Materials

The incorporation of clays has been reported as a good approach to improve
polysaccharide-based film properties. Kaolinite, smectite, and sepiolite are the most
frequently used clays in polymer nanocomposite studies. These clays are envi-
ronmentally friendly, naturally abundant, and economical. Smectites, in particular,
are often chosen for the preparation of polymer-based nanocomposites. The most

Fig. 15 Implications of
plasticizing effect on the
surface properties of TPS
films
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widely studied smectite clay filler is montmorillonite (Mnt) (de Azeredo 2009). Mnt
is a hydrated alumina-silicate-layered clay consisting of two-dimensional layers,
1 nm thick, made up of two silica tetrahedrals fused to an edge-shared octahedral
sheet of either aluminum or magnesium hydroxide (Ray and Bousmina 2005). The
imbalance of the negative surface charges is compensated by exchangeable cations
(typically Na+ and Ca+2). The parallel layers are stacked together by weak elec-
trostatic forces leading to a regular van der Waals gap between the layers called the
interlayer or gallery. As the forces that hold the stacks together are relatively weak,
the intercalation of small molecules between the layers is straightforward. Thus, in
addition to their low cost, high surface area, and large aspect ratio, the rich inter-
calation chemistry of these clays enables them to be easily chemically modified.

In order to obtain nanocomposites with improved final properties, the clay layers
must be highly dispersed in the polymer matrix (intercalated or exfoliated) as

Fig. 16 Graphic summary of the properties of TPS films due to the plasticizing effect
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opposed to being aggregated as tactoids (Ray and Okamoto 2003). The major
problem in preparing these composites is thus to separate the layers of the clay as
they are initially agglomerated. The most significant challenges in the development
of well-dispersed clay/polymer nanocomposites are as follows (Ollier et al. 2014):

• The maximization of chemical compatibility between the clay surface and the
polymer matrix, i.e., how to make the clay more compatible with starch, which
facilitates the dispersion of the clay layers.

• The selection of the most appropriate processing method in order to provide
optimal conditions for the dispersion of the clay platelets.

The presence of exfoliated clay layers in polymer structures has been shown to
greatly improve barrier properties since they obstruct diffusion gases and water
molecules forcing them to follow a tortuous path, and thus minimizing one of the
main limitations of biopolymer films (de Azeredo 2009). The clay layers also
induce changes in the molecular mobility of the polymer matrix, which may
enhance its thermal and mechanical properties as well as oxidation stability, among
other advantages. It is important to mention that all these improvements can be
achieved with low amounts of Mnt (below 10 wt%).

Mnt has been extensively employed to reinforce native starch (Slavutsky et al.
2012), derivative starch (Gao et al. 2012), carboxymethyl cellulose
(CMC) (Gutiérrez et al. 2012), starch/CMC (Almasi et al. 2010; Ghanbarzadeh
et al. 2013), and starch/chitosan films (Ghani et al. 2013). However, very few of the
studies concerned with clay/starch nanocomposites have analyzed in detail the
surface properties of these materials.

Aouada et al. (2013) prepared Mnt/TPS bionanocomposite films. They
employed a pristine Mnt and focused on the processing procedure of the materials.
The composites were prepared by intercalation from solution followed by melt
processing, with 1 and 5 wt% Mnt. The authors affirmed that the
intercalation/exfoliation of the clay into TPS is achieved when the shear rate
increases. Additionally, swelling may expand the clay galleries, thus facilitating
their dispersion (Paul and Robeson 2008). Measurements of water absorption
confirmed the stability of the nanocomposites and showed that the addition of
natural Mnt reduced the bulk hydrophilicity of the TPS matrix. A decrease in water
absorption after increasing the clay content of the TPS matrix was associated with
the following phenomena: (1) the migration of a fraction of the glycerol plasticizer
to the clay phase, which reduces the glycerol content of the polymeric matrix and
(2) the reinforcement effect of the clay due to high interaction between the clay and
the TPS matrix, which makes the matrix three-dimensionally more stable with
limited expansion. Furthermore, water contact angle measurements showed that the
addition of clay also reduced the surface hydrophilicity of the nanocomposites. The
authors associated this improvement with the novel methodology used to prepare
the TPS bionanocomposites. Cyras et al. (2008) observed a different behavior when
they dispersed Mnt into TPS by the casting method. In their case, the clay
nanolayers formed an intercalated structure but not complete exfoliation. The
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nanocomposites were also more hydrophilic than the neat starch due to their high
surface polarity, as measured by the contact angle. This can be attributed to the
non-exfoliated structure of the clay in the starch matrix, which causes lower
hydrogen bonding interactions compared to materials developed by Aouada et al.
(2013) (obtained by a different processing protocol). However, maximum water
absorption as well as the rate of water absorption was reduced by the addition of
clay to the TPS. This behavior was attributed to the formation of a tortuous pathway
due to the presence of the clay layers.

Wilpiszewska et al. (2015) prepared carboxymethyl starch (CMS)-based
biodegradable films with calcium-rich montmorillonite (Ca-Mnt) by the casting
method; glycerol and citric acid were used as the plasticizer and crosslinking agents,
respectively. CMS is a derivative starch obtained by theWilliamson process, bywhich
ionic substituents are introduced into the starch structure through reactions with
monochloroacetic acid sodium salt (Yanli et al. 2009). The intercalated structure of
Ca-Mnt was observed in all composites; however, the most efficient clay platelet
dispersion was noted for the 5 wt% Ca-Mnt/CMS film. The introduction of Ca-Mnt
into CMS produced an increase in the water contact angle from 70° for the neat CMS
films, to 107° for the films containing 5 wt% Ca-Mnt/CMS, i.e., the surface became
more hydrophobic. A lower contact angle value for the 7 wt% Ca-Mnt/CMS films
compared to the 5 wt% Ca-Mnt/CMS films indicated that clay dispersion was less
effective in the former. This was confirmed by XRD. In addition, there was a negative
correlation between clay content and water absorption. The higher Ca-Mnt content in
this composite could lead to stronger hydrogen bonding between the hydroxyl groups
of the starch, and the hydroxyl or carboxylic groups of the CMC and −OH of the clay
layers (Huang et al. 2004). This would result in a stronger structure with fewer active
sites for water absorption.

Although clays are naturally compatible with starch, they can be chemically
modified to obtain composites with improved properties. Kampeerapappun et al.
(2007) prepared Mnt/cassava starch composite films, with chitosan, a natural
cationic polysaccharide, as a compatibilizing agent for Mnt modification and glyc-
erol as a plasticizer. Chitosan is compatible with the starch matrix as it has amine and
hydroxyl groups which can interact via hydrogen bonding, as well as being
ion-exchangeable with clay (Darder et al. 2003). As a result, the average particle size
of chitosan-treated Mnt was notably smaller than that of pristine Mnt/starch film.
Improvements in the physical properties include reduced surface wettability and a
decrease in the water vapor transmission rate and moisture absorption. An interesting
finding was that the addition of neat Mnt did not affect film surface hydrophobicity.
However, at a fixed clay content, an increase in the percentage of added chitosan
produced a significant increase in the water contact angle values of the composite
films. Moreover, chitosan content had a significant effect on the moisture uptake
values (which is related to the bulk hydrophobicity) of the composite films compared
with neat Mnt composites. The authors suggested that the contribution of chitosan to
the surface and bulk hydrophobicity was associated with the role of available
hydrophobic acetyl groups present in the structure of incompletely deacetylated
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chitosan chains. In addition, the tensile properties of the composite films were
improved by the addition of both chitosan and Mnt.

Abreu et al. (2015) developed Mnt modified with a quaternary ammonium salt
C30B/starch nanocomposite (C30B/ST-NC), silver nanoparticles/starch nanocom-
posite (Ag-NPs/ST-NC), and both silver nanoparticles/C30B/starch nanocompos-
ites (Ag-NPs/C30B/ST-NC) films by the solution casting procedure. The silver
nanoparticles (Ag-NPs) were incorporated and synthesized in situ by the chemical
reduction method. The incorporation of both types of nanoparticles, Ag-NPs and
C30B, had a synergetic effect, resulting in a material with greater homogeneity and
better clay dispersion, as demonstrated by SEM and XRD. In addition, the
Ag-NPs/C30B/ST-NC film exhibited an increase in the storage modulus value
(calculated from DMA measurements) compared to the starch film. It is known that
the effect of clay in polymer matrices is to increase the modulus or stiffness via
reinforcement mechanisms described by composite theories (Fornes and Paul
2003). The incorporation of C30B by itself, however, caused a significant decrease
in the water contact angle value. This suggests that there was an increase in the
polarity, which can be attributed to the incorporation of more hydrophilic groups in
the clay. More hydrophobic surfaces were achieved when both nanoparticles were
added. Abreu et al. (2015) also found that the composite films they obtained
showed antimicrobial activity against Staphylococcus aureus, Escherichia coli, and
Candida albicans. Furthermore, the migration of components from the nanostruc-
tured starch films was minor and under the legal limits. Thus, according to the
authors, starch films loaded with C30B and Ag-NPs have the potential to be used as
nanostructured packaging materials.

6.2 Effect of Natural Fibers/Starch Composite Materials

Adding natural fibers to starch-based composites in order to obtain more resistant
and stable films has given some promising results. Moreover, natural fibers provide
positive environmental benefits regarding ultimate disposability and the use of raw
materials (Singha and Thakur 2008a, b, c; Thakur et al. 2013a, b, c, d). Generally
speaking, the properties of natural fibers, such as a high aspect ratio, low cost,
renewability, biodegradability, high specific strength and modulus, low density, and
reactive surface sites that facilitate grafting chemical species to achieve other useful
surface properties, make them a very attractive alternative (Singha and Thakur
2009a, b, c, d; Faruk et al. 2012, López et al. 2015). Several types of natural fibers
such as cotton, hemp, sisal, jute, flax, ramie, coir, and cellulose have been explored
(Faruk et al. 2012; Pappu et al. 2016). Natural fibers can be processed in different
ways to yield reinforcing elements with different properties (Corobea et al. 2016).

Cellulose is a very abundant natural polysaccharide, composed of linear chains
of b-1,4 linked glucopyranose units. These polymer chains are associated by
hydrogen bonds forming bundles of fibrils, also called microfibrillar aggregates,
with high axial stiffness. Within cellulose microfibrils there are highly ordered
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regions (crystalline phases) alternating with disordered domains (amorphous pha-
ses) (Azizi Samir et al. 2005). The crystalline regions contained within the cellulose
microfibrils can be extracted by various methods, resulting in cellulose nanocrystals
(Moon et al. 2011).

Cao et al. (2008) prepared nanocomposite films made from plasticized starch
(PS) reinforced with hemp cellulose nanocrystals (HCNs). Loadings were between
0 and 30 wt%, and prepared by casting from aqueous suspensions. A homogeneous
distribution of the HCNs in the PS matrix was observed, indicating strong adhesion
between the fillers and matrix. The uniform distribution of the fillers in the matrix
played an important role in improving the mechanical performance of the resulting
nanocomposite films. With the incorporation of HCN fillers into the PS matrix, the
contact angle of the nanocomposites significantly increased. This behavior was
associated with the highly crystalline hydrophobic cellulose compared with the
hydrophilic starch. Moreover, the presence of HCNs caused a reduction in the rate
of water adsorption by the PS/HCN nanocomposites. The authors concluded that
the improvements in the performance of the nanocomposites were due to chemical
similarities between the starch and cellulose, the nanometric size effect of the
HCNs, and the hydrogen bonding interactions between the fillers and the matrix.

Spiridon et al. (2013) prepared starch–cellulose compositematerials frommodified
starchmicroparticles, synthesized from starch previously crosslinked by reactionwith
tartaric acid. These starch–cellulose materials were then used as fillers within a
glycerol plasticized-corn starch matrix prepared by the casting technique. Cellulose
fibers, obtained from bleached birch industrial pulp, were also incorporated into the
polymeric matrix. The crosslinked starch microparticles produced an increase in the
water contact angle due to the fact that −OH groups on the surface of the material were
less available to establish hydrogen bonds with the water molecules. The addition of
cellulose fibers increased the hydrophobic properties of the starch-based films even
further. This effect was limited to low cellulose contents, but at high cellulose con-
tents, poorwetting properties of thefilmswere observed. The presence of the cellulose
fibers also enhanced the water resistance of the films although there was a slight
decrease in transparency.Although cellulose is a hydrophilic polymer, the high degree
of crystallinity and tight structure of the microfibrils within the fibers tended to
decrease the water adsorption capacity of the composite compared with that of
amorphous starch. The hydrogen bonding interactions between the starch and cel-
lulose stabilized the starch matrix even when it was placed in a highly moisturized
environment. Due to the strong intermolecular hydrogen bonds, the thermal stability
and mechanical properties of the starch–cellulose composite films were improved
compared with the neat matrix. The Tg increased with increasing amounts of cellulose
in the composites. Thiswas associatedwith the anti-plasticization of amylopectin-rich
domains by the presence of the cellulose fibers.

López et al. (2015) prepared biocomposite films from TPS containing 0.5% w/w
fibrous residue obtained from Pachyrhizus ahipa starch extraction (PASR) by
melt-mixing and compression molding. PASR is mainly constituted by the
remaining cell walls and natural fibers. Chemical analysis of the residue indicated
that fiber and starch were the principal components. A continuous PASR-TPS
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interface was observed by SEM, confirming the good adhesion of the fibrous residue
to the starch matrix. SEM micrographs of the TPS surfaces revealed the presence of
some non-molten starch granules and micropores, as well as numerous superficial
micro-cracks. Films containing PASR showed fewer superficial cracks than neat
TPS, but their fracture surfaces were more irregular. Films with the filler also showed
far fewer non-molten starch granules. The authors associated this effect with the fact
that starch granular fusion was affected by the presence of the fibers during the
thermo-plastic processing of the TPS (Ma et al. 2005; Luna et al. 2009), i.e., the filler
had an effect on the plasticization of the corn starch (Martins et al. 2009). Based on
previous research, the authors mentioned that the presence of the filler during
thermo-mechanical processing lead to improved melting of the starch granules.
AFM images also demonstrated the effect of PASR on starch melting and plasti-
cization during TPS processing. In addition, the presence of PASR increased the
surface roughness of the starch films, due to randomly oriented fiber agglomerates,
and PASR-TPS films showed significantly lower water vapor permeability values.
Finally, the PASR filler increased the maximum tensile strength and Young’s
modulus of the TPS films, indicating that these matrices were more resistant.

In conclusion, we can say that the strong hydrogen bonding interactions between
fillers and TPS prevent phase separation with the plasticizer. This decreases the
number of Lewis sites on the surface of these materials, since the plasticizer cannot
migrate to the surface. The water contact angle is thus increased, and the surface
roughness decreased (Fig. 17).

7 Conclusions and Future Perspectives

Up until now, the surface properties of TPS have been little studied with regard to
the inter- and intramolecular interactions that occur within biopolymer films,
although theoretical information on this topic is available in the literature.
Nevertheless, interest in the surface effects of these types of materials is surging,
since they can serve as a support for biocatalysts (enzymes). This line of research
could enable the development of innovative active packaging systems, which can
remove substrates such as lactose. Thus, lactose-free products, for example, could
be obtained by the use of active packaging with the appropriate surface properties.
With this in mind, our research group is currently developing a standard

Fig. 17 Implications of fillers on the surface properties of TPS films
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methodology based on the measurement of the contact angle of starch-based
materials. This would enable us to determine the degree of aging in these types of
materials, and the extent of the loss of their surface properties during storage. This
could help to rapidly evaluate these materials in an easy and economical way that
would also be applicable at an industrial scale. Finally, the study of the surface
properties of TPS materials is promising for the development of other products that
will surely have a major impact on future society.
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Chapter 6
Functional Biopolymer Composites

Sarat K. Swain, Adrushya J. Pattanayak and Amrita P. Sahoo

Abstract In the current era, there is a burgeoning demand for clean, pollution-free
environment and high urgency for minimizing fossil fuel. This leads to an
increasing demand for manufacture of high performing cultured products from
biological and renewable resources. Polymer biocomposites are the suitable alter-
nate to fulfil such alarming urgency. These have properties of high mechanical
resistance, thermogravimetric, oxygen barrier, biodegradation and chemical resis-
tance. There is no single material which can achieve such wide range of properties
for which design of composites, in particular with biopolymers, is an attempt for
substantial improvement of properties. The biopolymers can be functionalized for
better compatibility during preparation of composites. In this chapter, study of
biopolymers and their composites is presented along with some critical issues,
advantages and disadvantages. A brief discussion about preparation of bio-
nanocomposites by in situ reaction, solution casting method and melt mixing
technique is discussed. The interaction between components and characterisation of
biocomposites has been presented through various spectroscopic analyses such as
FTIR, XRD, SEM and TEM. The mechanical, thermal, biodegradable and
antimicrobial properties of functional polymer-based biocomposites are compared.
Finally biomedical, packaging and environmental applications of biocomposites are
presented along with their future prospect.
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PGA Polyglycolic acid
PHB Polyhydroxybutyrate
PLA Polylactic acid
PMMC Polymethyl methacrylate
PP Polypropylene
PTFE Polytetrafluoroethylene
PVC Polyvinyl chloride

1 Introduction

Biopolymers are the polymers of biological origin. These may be linear or
cross-linked combinations of their monomer units (Thakur et al. 2016; Thakur and
Kessler 2014a, b). Biopolymers are classified as the following categories depending
upon several factors such as (a) degradability (b) polymer backbone (c) monomers.
Biodegradable polymers are typical type of polymers which degrade or break down
after their intended purpose and form by-products like environmental gases (CO2,
N2), water, biomass, and inorganic and organic salts such as PGA, PLA, PDS, PCL,
PHB and PPF. Non-biodegradable polymers are the substances that do not break
down to a natural, environmental safe condition over time by biological processes,
for example, PP, PA, PVC, PC, PMMC and PTFE. Biopolymer may be of the
following type depending upon backbone or skeletal framework, examples—
polyesters, polysaccharides, polycarbonates, polyamides and vinyl polymers.
Depending upon monomer units like monosaccharides, amino acids, nucleotides
natural biopolymer are of the following types, e.g.,—polysaccharides, proteins,
nucleic acids. The broad classification of biopolymers may be represented in
Scheme 1.

1.1 Biopolymers

These are obtained from renewable natural occurring biological matters (Kaplan
1998) which are often biodegradable and can be produced by biological system
such as plant body, microorganisms like mushrooms, animals like crustaceans, etc.
(Voicu et al. 2016; Wang et al. 2016). Nowadays, fossil fuel is reduced in alarming
rate; to minimize dependencies on fossil fuel, few innovative technologies are
introduced around biobased materials (Trache et al. 2017). Biopolymers are used as
substitute because these are more sustainable, renewable and more importantly
eco-friendly in nature (Thakur et al. 2013a, b, c, d, e, f, 2014a, b). Biopolymers are
also biodegradable, biocompatible (Rinaudo 2006) and antimicrobial in nature.
Therefore, these are globally used in various fields starting from agriculture to
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therapeutics (Kumar 2000; Berger et al. 2004; Mohanty et al. 2000; Uyama et al.
2003; Dodane and Vilivalam 1998; Subbiah et al. 2005), nevertheless working with
biopolymers is challenging. For example, chitin is a derived product of crustacean
shells (Kumar 2000; Tolaimate et al. 2000) insect cuticles, (Zhang et al. 2000) or
fungal biomass (Wu et al. 2004; Pochanavanich and Suntornsuk 2002; Suntornsuk
et al. 2002). From source to source there is a change in degree of deacetylation
(DD), percentage of purity and spatial arrangement of charged group and functional
group (Nwe and Stevens 2004; Teng et al. 2001) and crystalline (Jaworska et al.
2003; Ogawa et al. 2004). This variation is applicable to all polymers of biological
origin (Daly and Noyles Chun 1991). Despite all the adverse challenges, we cannot
ignore the profitable aspects of bionanocomposites. Hence, biopolymers have a vast
impact on modern life (Fig. 1).

1.2 Biopolymer Composites

Composite means two or more materials having distinct constituents and phases.
Polymer composite is a homogenous polymer-based material having specific
properties (Pappu et al. 2016). In general composite consists of two phases
(1) Phase with lower modulus and high elasticity is chosen as matrix phase during
formation of composite polymers (2) Reinforcing phase has high load capacity.
There are three types of composites. (a) Particle reinforcement composites formed

Scheme 1 Schematic classification of biopolymers. Reproduced with permission from Elsevier
[Progress in Polymer Science 38 (2013) 1629–1652] (Rhim et al. 2013a, b)
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by suspending one material to another to form a strong matrix. (b) Structural
composites or sandwich composites are two or different materials that bond one
layer with another to form strong layers. (c) Fibre reinforcement composites, there
are the composites in which materials embedded to other material and form long
fibres of extremely strong matrix. Polymer nanocomposites bind with natural
polymer to give biodegradable biocomposites (Subbiah et al. 2005; Singha and
Thakur 2009a, b, c, d). Nowadays, environment is mostly polluted by
non-degradable polymers so replacement with natural biopolymer to create a
non-toxic material which is degradable by the nature is a matter of concern (Singha
and Thakur 2008a, b, c). The composite of material mostly depends on micro- or
nano-sized particle, because less the size more is its effectiveness for the formation
of composites. In bionanocomposites materials, two phases are equally merged in
the range of nanometer not exceeding 100 nm. The shape of nanoparticles like
spherical or platy depends on polymeric composite. Polymer nanocomposites and
nanoparticle in the form of inorganic and organic state formed mechanical, optical
and electrical properties. Nanocomposite material causes barrier between the sub-
stances having composite material polymer. They are with high mechanical strength
and increase heat resistance (Tolaimate et al. 2000). Plant-based, bacterial-based
biodegradable cellulose polymer can be renewable in plants with high compati-
bility, to control the material in nanoscale in which the material should be micro or
macroscopic properties (Entcheva et al. 2004; Klemm et al. 2011; Martson et al.
1999/1989). Bionanocomposites also be used in food packing, which means the
food can be stored without leakage of oxygen and moisture. In this manner, the
food can maintain its quality physically and chemically protected. The chemical
component of bone called hydroxyl apatite (HAP) can cause many diseases such as
bone grafting or bone defects. Bionanocomposites are a combination of new arti-
ficial bone materials and it looks likes natural bone that can be used for this
purpose. Plant reserves food such as starch consists of fossil resources which are
easily available and highly water sensitive. Due to possession of unique charac-
teristic properties and above-mentioned wide range of applications which are dis-
cussed in detail later on in this chapter, functional biopolymer composites are
considered as subject matter for the present topic.

1.3 Functional Biopolymer Composites

Bionanocomposites synonymous to nanobiocomposites are the bio-hybrid com-
posites materials of biological origin. These are an assembly of functionalized
biopolymers with inorganic salts having a series of structures with diverse mor-
phology in nanoscale regime. Due to their vast applications ranging from envi-
ronmental pollution control to drug delivery in biomedical field, many scientists,
researchers and engineers are getting attracted to do research work on biocom-
posites. This may be illustrated as follows:
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1.3.1 Chitin and Chitosan as Biocomposites Sorbents

Recently, biosorption has become an emerging and effective waste water treatment
technique to remove heavy metals like lead, cadmium, mercury, etc. Biopolymers
are the basic constituent of biocomposites. Some of biopolymers such as alginate,
micro-algal, chitin and chitosan are successfully examined for heavy metal removal.
The advantages of chitin- and chitosan-based biocomposites are their natural
abundance, non-toxicity, environment friendliness and cost effectiveness (Thakur
and Voicu 2016; Thakur and Thakur 2014).

1.3.2 Cellulose and Cellulose Derivatives as Biocomposites
Electrospun

Cellulose and derivatives of cellulose-based biocomposites are commonly applied
for the fabrication of semi-permeable membranes. The fabricated semi-permeable
membranes are used in dialysis, ultra-filtration and reverse osmosis process.
Cellulose acetate is used as electrospun.

Fig. 1 Structure of few biopolymers used in bionanocomposites synthesis. Reproduced with
permission from Elsiver [Journal of Radiation Research and Applied Science (2015) 8:255–263]
(Rahim and Haris 2015)
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1.3.3 Silver (Noble Metal) Decorated Biocomposites for Drug Delivery

Since ancient past heavy noble metals like copper, gold, silver and arsenic etc. are
used in therapeutics for the treatment of contaminated diseases. Among these heavy
metals, silver has antimicrobial, antibiotic and anti-resistant properties widely used
in biomedical field (Silva et al. 2005). In the recent past, silver nanoparticle
(AgNPs) has taken over the place metallic silver due to its high potency, hence used
for making novel nano-medicine (Gibson 2003).

1.3.4 Lignocellulosic Biocomposites for Bone and Cartilage Tissue
Regeneration

Lignocelluloses are a combination of lignin and cellulose. It is present in plant cell
wall and similarly bones phosphates of calcium are present in skeletal connective
tissue of animal. These provide pathway for exchange and transport of nutrient
(Mano 2002). In plants, similar components to that of skeletal connective tissue are
present on epidermis, e.g., bark (Gandini et al. 2006). Cork is also a lingocellulosic
materials consisting of suber as chief component with concentration 30–50%

Fig. 2 Hierachy of lignocellulosic materials and bone (Skeletal connective tissue) (Sinha Ray and
Okamoto 2003a, b; Pavlidou and Papaspyrides 2008; Paul et al. 2005; Zhou and Xanthos 2008).
Reproduced with permission from Elsevier [Progress in polymer science (2013) 38:1415–1441]
(Fernandes et al. 2013)
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(Fernandes et al. 2010). Suberin is a low thermal conductive, fire resistant, low
dense and viscoelastic material having very high coefficient of friction and nearly
zero poisson ratio (Fernandes et al. 2011; Pires et al. 2011; Stokke and Gardner
2003). These unique properties of lignocelluloses biocomposites are used in dif-
ferent field (Beniash 2011; Sprio et al. 2011; Grunert and Winter 2002) (Fig. 2).

2 Methods of Preparation of Bionanocomposites

Bionanocomposites are prepared by several methods, out of which the following
three methods of preparations are important. These methods are (1) in situ reaction,
(2) solution casting method, (3) melt mixing technique

2.1 In Situ Reaction

In situ polymer techniques for the preparation of bionanocomposites are mostly
carried out in the presence of suitable initiators like heat, radiation, etc. In this
technique, the nanoparticle gets intermixed with liquid monomer or in monomer
solution.

2.2 Solution Casting Technique

Solution casting technique is based on the principle of Stokes’ law. Solution casting
means polymer and prepolymer are equally soluble in the suitable solution. The
polymer dissolved easily whereas the nanoparticles are dispersed in same solution
or different solution before the two gets intermixed. To prepare clay-based bio-
nanocomposites, the solution must be swell to clay (Fukushima et al. 2009). The
clay dispersed due to weak force such that the layer filled one by one. Once solution
swelling is over, the surface is then mixed in clay dispersion. The polymer chain
breaks when it is put into a solvent. In this manner, solvent adsorbed on to silicate
surface. In biopolymer clay solution, entropy is gained from desorption of solvent.
In this manner, the entropy decreases to confine intercalated chain. The solvent gets
evaporate to get nanocomposite structure (Sinha Ray et al. 2003a, b).

2.3 Melt Mixing Technique

In melt mixing technique, the nanoparticle mixed each other in the molten state. In
this process, the mixing of particle and modified clay proceeded to degradation. The
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melted nanocomposite clay sustained long period which is called peeling of pla-
telets. Certain nano-compounds like CNTS dispersed the nanoparticle which means
the breakage of nanoparticle. In melting process, the agglomeration nanoscale
dispersed the particle. The temperature and pressure depend on the degradation of
biopolymer (Fig. 3).

3 Characterization Techniques

The characterization of bionanocomposites is carried out by the following tech-
niques; it is explained briefly by taking the example of cellulose biocomposites fibre
with nano-SiO2 as filler.

3.1 Scanning Electron Microscopy (SEM)

The scanning electron micrographs of bionanocomposites were evaluated by
JEOLSEM 6700 microscope operating at 5 kV. At first, fibres of biocomposites
were frozen in inert atmosphere of liquid nitrogen, and then fractured biocomposite
fibres were dried by vacuum distillation. A layer of platinum was coated over the
dried fibre and supplied to microscope for observation, e.g., cellulose and
cellulose/nano-SiO2.

At first, cellulose fibres were fabricated with different wt% of nano-SiO2 (2, 4, 6,
8, 10 and 12) by dry jet-wet spinning to form cellulose/nano-SiO2 fibres. From

Fig. 3 a Schematic representation of the synthesis process of bionanocomposites.
b Bionanocomposites bone material photograph. Reproduced with permission from
[Biomacromolecules (2010) 10:2545–2549] (Biswas et al. 2010)
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Fig. 4a, b it is clear that both cellulose and its composites with nano-SiO2 have
smooth surface in side view, which indicates facile fabrication of cellulose
nanocomposites fibres.

The cross-section SEM image micrographs are represented in Fig. 5a–d. The
images are for cellulose and cellulose/nano-SiO2 composite fibres with 8 wt% of
nano-SiO2 as filler component. From Fig. 5a, b, it is concluded that the
cross-sectional area of cellulose is flat and featureless. In Fig. 5c, d
cellulose/nano-SiO2 SEM image indicates the presence of a large number of voids
and roughness of the surface. As a result, the composite fibres have enhanced
tensile strength, toughness, higher magnification as compared to cellulose coun-
terpart alone. The filler particles form a strong interfacial bonding with cellulose
which is clearly indicated in Fig. 5d.

Fig. 5 a, b Scanning electron micrograph images of cross sections for cellulose fibres. b, d The
magnified images of Cellulose/nano-SiO2 fibres of a and c respectively. Reproduced with
permission from Elsevier [Carbohydrate polymer (2013) 98:161–167] (Song et al. 2013)

Fig. 4 a Images of Scanning electron micrograph of cellulose (Side surface view),
b cellulose/nano-SiO2 fibres with 8 wt% of nano-SiO2. Reproduced with permission from
Elsevier [Carbohydrate polymer (2013) 98:161–167] (Song et al. 2013)
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3.2 Transmission Electron Microscopy (TEM)

The nano-SiO2 particles are dispersed in cellulose matrix which was investigated by
taking ultrathin slices of composites fibre having thickness of approximately
70–90 nm and embedded into an epoxy resin by ultra-microscope (Leica EM UC6
& FC6) under cryogenic study condition followed by placing on to a carbon-coated
copper grid, finally observed under JEOL JEM-2200 FS at an accelerating voltage
of 220 kV. From the observation it was shown that the nanofiller particles were
dispersed in the cellulose matrix in the absence of gravity (Fig. 6).

3.3 X-Ray Diffraction (XRD)

The structural analysis of a substance can be carried out by X-ray diffraction. Here
we considered MCC/nano-SiO2. The WXAD of both components were obtained by
using an 223 X-ray diffract metre (D/MAX-2500, Rigaku Denki, Japan) with Cu
K_ radiation (_ = 0.154 nm) at 40 kV and 100 mA. The samples were scanned
from 2h from 5° to 40° at a rate of 1°/min and the WAXD sample were recorded at
an interval of 0.02°. In Fig. 7, WAXD patterns of cellulose, cellulose fibre, and
cellulose/nano-SiO2 nanocomposites containing 8 wt% nano-SiO2. From the
observation, we can find out that the original cellulose powder belongs to cellulose I
family, because it shows three numbers of crystalline peaks at 14.9°, 16.2° and
22.5°. Cellulose fibre showing a diffraction pattern with two broad peaks or weak
crystalline peaks at 20.0° (110) and 21.6° (200) corresponds to typical cellulose II
crystalline form. For cellulose composite fibre, two crystalline peaks appearing at
20.0° and 21.6° but the peak appearing at 20.0° becomes blunt and weak. From this,
it was concluded that the silica nanoparticles at this size range is not crystalline.

Fig. 6 A TEM image
micrograph of the
nanocomposites fibre (e).
Reproduced with permission
from Elsevier [Carbohydrate
polymer 98 (2013):161–167]
(Song et al. 2013)
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3.4 Fourier Transforms Infrared Spectroscopy (FTIR)

In Fig. 8 the FTIR spectra consists of having original MCC, ionic liquid AMIMCL,
regenerate MCC, regenerate MCC/nano-SiO2 composite and nano-SiO2. In Fig. 8a
regenerate MCC shows the strong band at 3350 cm-1, which contains hydroxyl
group of MCC. Another peak at 2920 cm-1 is obtained showing C–H stretching
vibration, again 1060 and 1012 cm-1 peak are obtained to C–O–C and C–OH

Fig. 7 WAXD patterns of original cellulose powder, regenerated cellulose fibre, and cellulose
nanocomposites fibres containing 8 wt% nano-SiO2. Reproduced with permission from Elsevier
[Carbohydrate polymer (2013) 98:161–167] (Song et al. 2013)

Fig. 8 FTIR patterns of an original MCC, b AMIMCl, c regenerated MCC, d regenerated
MCC/nano-SiO2 composite, and e pure nano-SiO2. The right FTIR spectra are the magnified view.
Reproduced with permission from Springer [Cellulose 20 (2013)1737–1746] (Song and Zheng
2013)
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respectively. Again Fig. 8b shows combination of both regenerate MCC and
nano-SiO2, which gives a broad absorption band at 3360 cm-1 due to OH group in
nano-SiO2 and peak 1060 cm-1 for C–O–C group in MCC, and at 803 cm-1, a weak
peak observed for Si–O bending vibration.

4 Properties

4.1 Thermogravimetric Analysis

TGA is the most important method for the characterization of thermal stability of
polymers and polymer-based composites. The thermal degradation property of
biocomposites was measured by the Perkin-Elmer Pyris 6 type thermo gravimetric
analyzer (TGA) with heating rate 20°/min in an inert atmosphere of nitrogen. The
thermal stability of biocomposites directly related to nature of nanofiller, i.e.,
nano-SiO2. Figure 9 shows the effect of nano-SiO2 on thermal stability of cellulose
fibres. (Tmax) is considered as degradation temperature which indicates the per-
centage wt loss with increase in temperature, obtained from DTG curve. The
thermal stability of nanocomposites increases with content of nano-SiO2. From the
TG graph, it is also concluded that loss of nano-SiO2 is very less as the amount of
residue increased almost equal to amount of nano-SiO2 incorporated during
spinning.

Fig. 9 a Thermogravimetric analysis curve. b Differential thermal gravimetric (DTG) curves for
different cellulose nanocomposites fibres. Reproduced with permission from Elsevier
[Carbohydrate polymer 98 (2013):161–167] (Song et al. 2013)
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4.2 Mechanical Properties

The maximum amount of bearable stress that can withstand before failure is called
tensile strength; by addition of inorganic filler, tensile strength or mechanical
property of biocomposite as a whole increases, so mechanical property is very
needful for the detailed study of biocomposites. Mechanical performance of the
bionanocomposites is directly related to the nature of inorganic filler. The
mechanical properties like tensile strength and elongation at break of bio-
nanocomposites were measured using the TA AR2000 rheometer with a solid
fixture. The tensile gauge length was 10 mm. The speed of tensile testing was
10 m/s and three specimens with dimension of 20 mm in length, 3 mm in width,
and 45 ± 6 mm in thickness were used for each sample group. The stress and strain
were calculated through the machine-recorded force and displacement based on the
initial cross-section area and gauge length, respectively. The Young’s modulus was
calculated through the linear regression analysis of the initial linear portion of the
stress–strain curves. It can be explained from Fig. 10. From the graph, it is con-
cluded that below 8 wt%, tensile strength is directly proportional to amount of
nanofiller, i.e., nano-SiO2. At exactly 8 wt% of nana-SiO2, the mechanical strength
increased nearly by 21%. However beyond 8 wt% of nanofiller, the tensile strength
is inversely related to the amount of filler.

On the other hand, when we consider elongation at break it increases with
addition of nano-SiO2 from 0 wt% up to 6 wt% in pure cellulose fibre, the reason
behind it is that a strong intermolecular force of attraction occurs between pure

Fig. 10 Stress versus strain graphs of regenerated MCC/nano-SiO2 composite fibres with
proportion of nano-SiO2. Reproduced with permission from Elsevier [Carbohydrate polymer 98
(2013):161–167] (Song et al. 2013)
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cellulose fibre and nano-SiO2. Substantially, we can say that the improvement in
mechanical properties like elongation at break, tensile strength are due to high
surface area to volume ratio or aspect ratio and rigidity, and most importantly the
interfacial interaction between polymer matrix and dispersed nanofiller like
nano-SiO2.

4.3 Biodegradation Properties

Biodegradation of biocomposites means fragmentation and loss of its mechanical
properties. It is carried out often by microorganisms like bacteria, algae and fungi.
Biodegradation of polymer is either a complex oxidative or hydrolysis process
catalyzed by enzyme (Nieddu et al. 2009). Biodegradability was first tested on
PCL-based nanocomposites; it is the main reason for using biopolymer for the
preparation of bionanocomposites. A series of biodegradation experiment was
carried out for PLA-based nanocomposites (Nieddu et al. 2009; Damm et al. 2008;
Cioffi et al. 2005; Hong and Rhim 2008; Bi et al. 2011; Wang et al. 2006) in the
environment by Sinha Ray et al. (Bi et al. 2011; Wang et al. 2006; Rhim et al.) and
found that PLA/organo-clay nanocomposites is completely degraded by compost
resulting in evolution of CO2 (Wang et al. 2006), CO2 and H2O (Quintavalla and
Vicini 2002). Similar experiment was done. Hence, the presence of terminal
hydroxylated edge group plays a significant role for the process of biodegradation.

4.4 Antimicrobial Properties of Bionanocomposites

Bionanocomposites are generally having high aspect ratio which tremendously
increases the surface activity and antimicrobial property; the larger surfacewill be able
to inactivate microorganisms more effectively compared to its micro- or macro-scale
counterparts (Takahashi andYamaguchi 1991).Awide range ofmaterials are tested to
prepare nanocomposites with antimicrobial function which includes (a) metal and
metal ions, e.g., silver, copper, etc. (b) Oxides of metal, e.g., TiO2, ZnO, etc.
(c) modified organic nanoclay, e.g., Ag-zeolite (d) natural biopolymers, e.g., chitin,
chitosan, etc. (e) natural antimicrobial agents, e.g., nisin, thymol, etc. (f) enzymes,
e.g., peroxidase, lysozyme, etc. and (g) cultured antimicrobial agents, e.g., tetra alkyl
or aryl ammonium salts, propionic acid. Antimicrobial properties of bionanocom-
posites have been implemented as growth inhibitor (Viseras et al. 2008), antimicrobial
agent (Emamifar et al. 2011), antimicrobial carrier (Xu et al. 2006), antimicrobial
packaging film (Faraji and Wipf 2009; Luckham and Rossi 1999), and packaging
sector (Emamifar et al. 2011; Friedman and Junesa 2010; Carlson et al. 2008; Rhim
et al. 2006; Choy et al. 2007; Viseras et al. 2008; Xu et al. 2006; Faraji andWipf 2009;
Takahashi and Yamaguchi 1991; Carretero and Pozo 2009). Figures 11 and 12 show
antimicrobial agent and antiviral agent in Ag NPs.
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Fig. 11 Antibacterial properties of composite loaded with AgNPs. Reproduced with permission
from Elsevier [International Journal of (2015) 496:159–172] (Rai et al. 2015)

Fig. 12 Antiviral activity of composite loaded with Pharmaceutics AgNPs. Reproduced with
permission from Elsevier [International Journal of (2015) 496:159–172] (Rai et al. 2015)
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5 Applications of Functional Biopolymer Composites

5.1 Biomedical Application

In biomedical sector, the clay-based bio-hybrids nanocomposite has been used. In
biomedical, the bionanocomposites are mostly used in tissue engineering, vacci-
nation, drug delivery. The materials are mostly biocompatible so these are
non-toxic in nature (Temenoff et al. 2008). The other properties of nanoclay
are density, surface charge and adsorbed bimolecular hydrophilicity which are
favourable for drug delivery and target drug delivery; and during drug deliver
control, for avoiding overdosing and underdosing. The biocomposites are used in
pharmaceuticals where the clay minerals can be used to inherent of low toxicity,
biocompatibility (Choy et al. 2007; Viseras et al. 2008). Currently, the polymeric or
viral vectors delivery system are completely different in above properties (Xu et al.
2006; Faraji and Wipf 2009). Traditionally, the clay is used in pharmaceutical like
smectites, kaolinite or fibrous clays, as their rheological properties, which is used
for their emulsifiers and stabilizers and also acts as suspended agents for
hydrophobic drugs (Takahashi and Yamaguchi 1991; Carretero and Pozo 2009).
The nanoclay used in drug delivery has a major issue for flocculate of high ionic
strength (Luckham and Rossi 1999). Biopolymer clay composite has colloidal
properties; so it absorbs polymers towards itself and also has swelling and film
forming ability (Viseras et al. 2008). The research focused on silicates layer and
minerals clay fibres, as these carryout drug delivery. The biocompatibility of
polyvinyl alcohol polymer were controlled by rifampicin (Viçosa et al. 2009). This
work can be done when sepiolite fibres dispersed into a drug-loaded polymer, then
it reduces swelling capacity at that time water migrates into PVA as release
rifampicin. In tissue engineering application, the bionanocomposites are used for
hard tissue replacement and bone transplant.

5.2 Packaging Applications

In food packing industries, the main aim is properly pack the material and their
properties must include thermal stability, chemical stability, water vapour, loss of
gas, high mechanical strength, biodegradability, heat resistance, good optical
clarity, developed antimicrobial and anti-fugal surface. In packing performance,
polymer nanoclay composite is used in variety of food packing application. In food
packing application, various review articles were published (Sorrentino et al. 2007;
Rhim and Ng 2007; Akbari et al. 2007; Arora and Padua 2010; Smolander and
Chaudhry 2010; Johansson 2011; Hatzigrigoriou and Papaspyrides 2011; de
Azeredo 2009; Duncan 2011). The main application to concentrate nanocomposite
made up of thermoplastic and thermo set. This idea is used in various industries to
improve barrier properties of the biocomposites material. Traditionally four layers
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of barrier properties are used, first is the multilayer of one middle and outside
structure layer, and second is middle layer in which reinforced with nanocomposites
film to enhance the properties. Third layer is having active surface barrier properties
made up of gas (O2) which acts as scavenger and fourth one consists of both active
and passive layer with barrier property. For example, Nylon-6 which is used in
plastic materials to provide strength and toughness of the structure and it also has
high barrier properties in packing materials. The main aim of the nanocomposites
polymer is to reduce packing waste and efforts to recycle the material; but without
barrier properties of oxygen in food packing cause nutrient losses, microbial
growth, colour change, etc. Bionanocomposites with antimicrobial activities are
used to reduce the growth of contaminated microorganisms; improve the food
quality and safety measures. The food packing bionanocomposites film are used in
packing of meat, fish, bread, fruits and vegetables (Moreira et al. 2011; Kerry et al.
2006). The coating of nanoparticle in biocomposites materials are used to create
scratch resistance, corrosion resistance, antimicrobial activity. Biocomposite having
better future prospects means lower production and high cost restriction. The water
resistance capacity of bionanocomposites is too poor but in environment safety
condition, it is widely used. The most important factor used in bionanocomposites
is to improve the optimum formulation and desired properties of its wide range
application, as well as less cost effectiveness of bionanocomposite materials.
Another application of nanocomposite is starch; starch is most abundant biopoly-
meric material on earth and also it is expensive. It is used in packing material to
increase the mechanical strength. Mostly starch contains ᾳ–D glucan amylase
having amyl pectin. It forms poor mechanical properties and high water affinity, so
nanomaterial and particle are used to increase the properties. The starch clay
nanocomposites have intermolecular hydrogen bond between chain which helps
starch to melt often at higher than degradation temperature. Organic-based clay
material has been used to protect the environment. Clay is most abundant, non-toxic
and low-cost natural product; it can reduce the hazardous materials from the soil
(Gatica and Vidal 2010). So the research mostly focused the drinking water
treatment (Rajamohan and Al-Sinani 2016). The modified clay biopolymer is more
interesting to remove the pollutants in water (Ruiz-Hitzky et al. 2010). Due to
adsorbent properties in clay biocomposites materials have removed heavy metals
ion in water and also recovers of azodyes particle. Earlier, the fibrous clay incor-
porates into carbon paste electrodes that are used in the determination of drugs in
biological samples.

5.3 Environmental Applications

In environmental protection, clay and soil combined to enhance efficiency in
laundry process (Ruiz-Hitzky et al. 2010). Clays, due to its low cost, non-toxicity
and abundant material and less hazardous nature, can be used for drinking water
treatment (Gatica and Vidal 2010; Srinivasan 2011). The biopolymer modified clay

6 Functional Biopolymer Composites 175



is mostly used pollutants removal (Ruiz-Hitzky et al. 2010). Chitosan/clay bio-
nanocomposites are used to recover azo dyes and heavy metal as in combination of
ion exchange capacity and adsorbent properties (Darder et al. 2012). The
nanoclay-based bionanocomposites are mostly used in adsorption and absorption
properties based system. In case of sepiolite and polygorskit nanocomposite, which
consists of polyacryilic acid and polyacrylamide, their derivatives are dispersion in
nanometre scale with the polymer. This product has super absorbency ability due to
high water adsorption capacity (Ruiz-Hitzky et al. 2011). Biopolymer such as
polyacryilic acid and polyacrylamide, starch is biodegradable and eco-friendly with
environment. The above biopolymer due to their good absorbent capacity and
reswelling cycles, therefore is mostly applicable for agriculture and horticulture
(Wang et al. 2008). Biopolymer incorporation material also used environmental
remediation. The bionanocomposites CMC-g-PAA/polygorskite are applicable for
heavy metal and metal cation like Pb(II) (Liu et al. 2010) due to their super
absorbents capacity, i.e., remove cu(II) (Wang et al. 2009). Hg(II) (Wang and Wang
2010) (Table 1).

Table 1 Application of different biocomposites with reinforcements of nanofiller

Biopolymer Filler Application References

Keratin Acrylonitrile-butadiene Rubber Prochoń and
Przeórkowska
(2013)

Starch Clay Food
packing

Tang et al.
(2008)

Silicate nanoclay Food
packaging

Rhim et al.
(2013a, b)

Cellulose Food
packing

Neumann and
Seib US
5185382A

Lignocellulose fibres Food
packing

Averous and
Boquillon
(2004)

Polyacetic acid Silver, copper, gold,
platinum

Food
packing

Fortunati et al.
(2012)

Polycaprolactone, Poly
(hydroxyl
butyrate-Co-Valerate) (PHBV)

TiO2 Food
packing

Mofokeng and
Luyt (2015)

Cellulose Polypropylene Food
packing

Laka et al.
(2011)

High density
polyethylene

Food
packing

Pasquini et al.
(2008)

Chitosan Poly vinyl pyrrolydine Food
packing

Abdelarzek
et al. (2010)

PVA Food
packing

Abdelarzek
et al. (2010)

(continued)
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6 Conclusion

In this chapter, a brief explanation about bionanocomposites has been presented
which are the biobased hybrid materials combinations of biopolymer with organic
and inorganic solid like metals, metal oxides, and organic nanoclay at molecular
level. These have better tensile strength, mechanical resistance and thermal prop-
erties as compared to its individual components. Bionanocomposites have diverse
applications in various fields like tissue engineering, biomedical, food packaging as
well packing in general. In future, attempt would be stressed to explore new starting
material or process for the synthesis of novel multi-component bionanocomposites
with multifunctional aspects. Care should be taken towards synthesis of smart
responsive bionanocomposites for target drug delivery in therapeutics.

Acknowledgements Authors express their thanks to Department of Science and Technology
(Biotechnology), Government of Odisha, India for financial support.
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Chapter 7
Cellulose-Enabled Polylactic Acid
(PLA) Nanocomposites: Recent
Developments and Emerging Trends

Wei Dan Ding, Muhammad Pervaiz and Mohini Sain

Abstract Environmental consciousness, technology improvement, and stringent
regulations have significantly increased the interest of biodegradable polymers in
the industry in the past decade and polylactic acid (PLA) represents one of the most
promising biopolymers. However, compared to the conventional petroleum-based
polymers, owing to its inherent chemistry, PLA has relatively poor mechanical and
thermal properties. To broaden its application, it becomes necessary to introduce
inorganic/organic fillers into the biopolymer to meet the performance requirements
and facilitate the processing. The use of nanoscale fillers is the strategy by
exploiting the nature and properties of the nanoparticulates, such as huge surface
area per mass, high aspect ratios, and low percolation threshold. Different inorganic
particulates (e.g., nanoclay, nanosilica, carbon nanotubes, etc.) have been exten-
sively studied. However, these added nanoparticulates are inorganic and pose
considerable health risks from the manufacturing process to their final disposal. In
contrast, nanocellulose, produced from renewable resources, has attracted great
interest in recent years due to their sustainability and natural abundance. The
combination of PLA and nanocelluloses results in a novel class of fully biore-
newable resource-based composites. The recent developments and future trends
(i.e., processing methods, various properties, and potential applications) of this
novel nanocomposite have been discussed in this chapter.
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1 Introduction

Petrochemical-based plastic products have brought numerous benefits in our daily
life due to their low density, easy machining and processing, durability, and
acceptable performance. However, massive use of these plastics in recent decades
has resulted in extraordinary accumulation of plastic waste in landfills and in mar-
itime environments, causing serious disposal and environmental challenges (Pervaiz
et al. 2014; Michalska-Pożoga et al. 2016). These plastics are usually non-
biodegradable (Wang et al. 2016). It takes years to break down in the soil if the waste
ends up in landfills. In case of incineration, high costs and serious air pollution are
involved (Voicu et al. 2016; Miculescu et al. 2016; Corobea et al. 2016). Either way
may pose significant risks to human health and the environment. In light of this,
researchers have been pushed to develop biodegradable plastics from renewable
resources, such as polylactic acid (PLA), polyhydroxyalkanoates (PHAs), and poly
(butylene succinate) (PBS) etc. (Zhang et al. 2012). These polymers can be produced
via fermentation process of sugar from renewable feedstock such as corns, sugar
beets or animal fat (Drumright et al. 2000; Jacquel et al. 2008; Keshavarz and Roy
2010; Xu and Guo 2010). Among these, PLA has comparable mechanical strength to
many petrochemical-based plastics (Auras et al. 2004; Drumright et al. 2000;
Jamshidian et al. 2010). Besides, the process improvement has reduced the manu-
facturing cost of PLA significantly (Drumright et al. 2000; Dusselier et al. 2015;
Jamshidian et al. 2010; Vink and Davies 2015), making it relatively inexpensive in
the market. Therefore, PLA is considered as one of the most promising alternatives
to conventional petrochemical-based plastics. However, PLA has some intrinsic
drawbacks (e.g., low heat resistance, slow crystallization rate, brittleness, etc.) which
prevent it to be used in wider applications (Drumright et al. 2000; Zhang et al. 2012).
To broaden PLA’s application, various fillers or reinforcements have been used to
tailor its properties, including inorganic (e.g., talc, clay, graphene, carbon nanotubes,
etc.) and organic materials (e.g., natural cellulose, other polymers, etc.)

In the context of sustainable biomaterials, natural celluloses are often used as
fillers or reinforcements to replace inorganic materials in thermoplastic composites
in many fields, including packaging, construction, furniture, and automotive
industries (Faruk et al. 2007; Holbery and Houston 2006; Singha and Thakur
2008a, b, c, 2009a, b, c, d). Cellulose is the most abundant organic polymers on
earth (Thakur et al. 2013a, b, c, d, e, f; Pappu et al. 2016). It is a linear polysac-
charide consisting of many D-glucose monosaccharide units and the major com-
ponent of cell walls in plants. Cellulose can also be biosynthesized by other living
organisms, such as marine animals, algae, bacteria, and fungi (Raquez et al. 2013;
Zhao and Li 2014). The basic cellulose chain is schematically shown in Fig. 1.
These 30–100 cellulose chains are assembled together to form an elementary fibril
(or microfibril), which has a cross-dimensional thickness of 2–5 nm (Ng et al. 2015;
Nishiyama 2009; Raquez et al. 2013). The linear cellulose chains are packed in a
parallel manner and bonded by Val der Waals forces and inter- and intra-molecular
hydrogen bonds (Nishiyama 2009; Raquez et al. 2013; Trache et al. 2017). The
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elementary fibrils consist of both crystalline and amorphous regions. In the crys-
talline region, cellulose chains are highly ordered packed through strong hydrogen
bonds; while in the amorphous segments, there are mainly disordered holocellulose
segments which bond with crystalline region (Ng et al. 2015; Pappu et al. 2016).
The elementary fibrils are aggregated laterally to form large-size fibers. These
fibers, including wood flour (WF), cellulose fiber (CF), and microcrystalline cel-
lulose (MCC), have been proposed and used to enhance the performance of the
polymers, such as their mechanical strength, heat deflection temperature, thermal
properties, crystallization kinetics, biodegradation rate, and foaming behaviors.

Recently, nanocellulose, which has at least one dimension in the range of 1–
100 nm, has drawn much attention. The nanocellulose is either a bundle of ele-
mentary fibrils or a crystalline rod-like nanoparticle. The bundles of elementary
fibrils are commonly known as cellulose nanofibers (or microfibrillated cellulose)
and are referred hereafter as CNFs. The crystalline nanoparticles are named as
cellulose nanocrystals and are referred hereafter as CNs. A schematic of cellulosic
fiber structure from the plant source to nanocellulose is illustrated in Fig. 2. CNFs
or CNs have many attractive features such as nanoscale dimension, huge surface
area per mass, high mechanical strength, low percolation threshold, and often high
aspect ratios (length/width). Compared to micro-size cellulose, nanocellulose can
improve the aforementioned plastics’ properties much more significantly (Ding
et al. 2012, 2014, 2015a, b; Iwatake et al. 2008; Jonoobi et al. 2010; Kose and
Kondo 2013; Lee et al. 2014; Mathew et al. 2005, 2006; Matuana and Faruk 2010;
Song et al. 2013; Wu et al. 2013). Besides, the potentials of cellulosic nanopar-
ticulates have been exploited for some functional applications, such as in electro-
chemical, optical, cosmetic, and biomedical applications (Charreau et al. 2013;
Darder et al. 2007; Domingues et al. 2014; Walther et al. 2011; Yanamala et al.
2014). Since the first introduction of CNFs by Turbak et al. in 1980s (Turbak et al.
1983), a large amount of research work has been carried out on the subject of
nanocellulose materials, especially in the past decade. Given the rapid progress in
this filed, in this chapter, we mainly focus on the recent development of
PLA/nanocellulose composites from 2010 to 2015.

Fig. 1 Chemical structure of cellulose
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2 Nanocelluloses

2.1 Cellulose Nanofibers (CNFs)

Cellulose nanofibers (CNFs) can be extracted from cellulose fibers in a number of
ways including solely mechanical treatment (Chakraborty et al. 2005; Nair and
Yan 2015a, b), chemical or enzymatic pretreatment followed by mechanical process
(Henriksson et al. 2007; Pääkkö et al. 2007; Saito et al. 2006, 2007; Wågberg et al.
2008) or high-intensity ultasonication process (Chen et al. 2011a, b, c; Wang and
Cheng 2009). In general, solely mechanical defibrillation process requires
tremendous shearing force to overcome the strong hydrogen bonding and thus,
disintegrate macrofibers into sub-structural fibrils with high aspect ratios. This is a
high-energy demanding process. Many techniques had been developed for the fiber

Fig. 2 A schematic of cellulosic fiber structure from the plant to the nanocellulose. Reprinted
from Ng et al. (2015), Copyright (2015), with permission from Elsevier
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fibrillation process including high pressure homogenizer (Alemdar and Sain 2008b;
Nakagaito and Yano 2005; Wang and Sain 2007a), cryocrushing (Alemdar and
Sain 2008b; Bhatnagar and Sain 2005), grinder (Abe et al. 2007; Cheng et al.
2014a, b), SuperMassColloider (Nair and Yan 2015a, b), high speed blending
(Uetani and Yano 2011), high-intensity ultrasonication (Wang and Cheng 2009),
and a combination of two or several above techniques. Despite the high-energy
input, it is difficult to obtain individual microfibrils using a solely mechanical
process and most of the resultant products consist of bundles of microfibrils. An
example of CNF morphology from unbleached lodgepole pine bark after 1, 5, and
15 passes of solely mechanical fibrillation is shown in Fig. 3. To improve the
uniform of CNFs’ morphology, multiple passes through defibrillation equipment
are often needed. However, too high number of passes significantly reduced the
degree of crystallinity and the degree of polymerization, thereby enhancing CNFs’
thermal expansion and degrading the mechanical properties of their composites
(Cheng et al. 2014a; Iwamoto et al. 2008; Panthapulakkal and Sain 2013).

To facilitate the defibrillation process, chemical modification or enzymatic pre-
treatment prior to the mechanical process has been introduced (Henriksson et al.
2007; Pääkkö et al. 2007; Panthapulakkal and Sain 2013; Saito et al. 2006, 2007;
Wågberg et al. 2008). It has been reported that carboxylated cellulose fibers by
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) oxidation (Saito et al. 2006,
2007) (Fig. 4a) or carboxymethylated fibers by sodium hydroxide and mono-
chloroacetic acid (Wågberg et al. 2008) helped defibrillation process effectively. The
introduced carboxyl or carboxymethyl groups made the surface of microfibrils
negatively charged and the electrostatic repulsions reduced the interaction between
microfibrils, thus facilitating the disintegration process. Pretreatment of cellulose
fibers with sodium hydroxide or enzymatic hydrolysis has also been studied and
these treatments assist the homogenizing process to generate CNFs successfully
(Bhatnagar and Sain 2005; Cheng et al. 2014a; Henriksson et al. 2007; Pääkkö et al.
2007; Panthapulakkal and Sain 2013). The primary purpose of these pretreatments is
to reduce the bonding strength or linkages between microfibrils so that a much lower
amount of energy, less number of passes, and less processing time are needed to

Fig. 3 SEM images of CNFs from unbleached lodgepole pine bark after 1, 5, and 15 passes of
mechanical fibrillation. Reprinted from Nair and Yan (2015b), Copyright (2015), with permission
from Elsevier
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produce CNFs (Saito et al. 2006, 2007). Individual microfibrils with uniform lateral
size are often produced in this manner (Pääkkö et al. 2007; Saito et al. 2006, 2007;
Wågberg et al. 2008). After chemical treatment, high-intensity ultrasonication has
also been developed to manufacture CNFs. The high-frequency ultrasound transfers
energy to the cellulose fibers by acoustic cavitation (Chen et al. 2011a, b, c). The
violent collapse of micro-voids generates micro-jets or shock waves on the surface of
the fibers, which lead to a gradual disintegration (Chen et al. 2011a, c). The trans-
ferred energy is in the range of hydrogen bonding energy, about 10–100 kJ/mol
(Chen et al. 2011a).

Depending on the biological origin of cellulose fiber, the pretreatment, and the
number of defibrillation passes through the machine, the CNFs’ morphology (i.e.,
the diameter and aspect ratio), degree of crystallinity, and chemical compositions
are different. Figure 5 shows some examples of CNFs extracted from different
sources.

2.2 Cellulose Nanocrystals (CNs)

CNFs consist of long-ordered crystalline segment and shorter disordered amor-
phous segments. Compared to the crystalline segments, the amorphous segments
have a loosely packed structure which endows them a lower density and greater
chance for hydroxyl groups to react with other molecules. Upon contact with strong
acid, amorphous segments are more susceptible to hydrolysis, whereas crystalline
domains remain intact since they have a higher resistance to the acid attack (Habibi
et al. 2010; Vazquez et al. 2015). Acid hydrolysis of the amorphous segments
involves a rapid decrease of the degree of polymerization (Habibi et al. 2010).
Thus, by taking advantage of their differences in chemical resistance, researchers
can isolate rod-like cellulose nanocrystals (CNs) with high degree of crystallinity
from cellulose fibers by a combination of acid hydrolysis and mechanical refining.
The CNs, also called nanocrystalline cellulose or cellulose whiskers, in general,
have diameters in the range of 2–20 nm and lengths of tens of nanometers to

Fig. 4 Schematic of a TEMPO-mediated oxidation process and b the hydrolysis with sulfuric
acid for producing nanocelluloses. Reprinted by permission from Macmillan Publishers Ltd: [NPG
Asia Materials] (Lagerwall et al. 2014), Copyright (2014)
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several micrometers depending on the source of the cellulose fibers and extraction
conditions (Beck-Candanedo et al. 2005; Habibi et al. 2010; Ng et al. 2015).
Typical geometrical characteristics and morphologies of CNs extracted from dif-
ferent sources by various techniques are summarized in Table 1 and Fig. 6,
respectively. The acid types (hydrochloric vs. sulfuric), acid concentration,
hydrolysis reaction condition (temperature and time), mixing condition (agitation
speed and time) can affect the final dimensions, morphologies, and surface charges
of CNs. For instance, if the CNs is prepared through hydrochloric acid hydrolysis,
their aqueous suspension tends to flocculate (Habibi et al. 2010; Raquez et al.
2013). In the case of sulfuric acid, the formed negatively charged sulfate esters on
CNs’ surface through the reaction between the sulfuric acid and hydroxyl groups of
cellulose can facilitate their dispersion in water (Fig. 4b) (Habibi et al. 2010;

Fig. 5 Transmission Electron Micrographs of CNFs extracted from different sources by various
treatments prior to the mechanical process, a sodium hydroxide treated wheat straw. Reprinted
from Alemdar and Sain (2008a), Copyright 2008, with permission from Elsevier; b TEMPO
oxidized tunicin. Reprinted with permission from Saito et al. (2006), Copyright (2006) American
Chemical Society; c TEMPO oxidized hardwood bleached kraft pulp. Reprinted with permission
from Saito et al. (2007), Copyright (2007) American Chemical Society; and d enzymatic treated
softwood pulp. Reprinted with permission from Wågberg et al. (2008), Copyright (2008)
American Chemical Society
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Raquez et al. 2013). Consequently, sulfuric acid has been extensively used for CN
production in most studies. Many raw materials have been used for producing CNs
includes wood pulp, ramie, sisal, cotton, MCC, bacterial cellulose, and tunicates.
The CNs from plants often has short lengths compared to the ones from bacterial
cellulose and tunicate (Araki and Kuga 2001; Elazzouzi-Hafraoui et al. 2008). It has
also been reported that CNs from plant are needle-shaped, while tunicate CNs
exhibited a ribbon-like shape and a kinked structure (Elazzouzi-Hafraoui et al.
2008). The aspect ratios of NCs are normally lower than that of CNFs and span a
broad range from 10 for cotton to around 100 for tunicate. The aspect ratio and the
length are important parameters governing their reinforcement capacity in poly-
mers. These will be discussed in the following sections.

Table 1 Examples of the dimensions of cellulose nanocrystals from various sources by different
techniques

Source Length (nm) Diameter (nm) Technique References

Wood 100–200 10 Sulfuric acid/TEM Landry et al.
(2011)

195–470 2–5 Hydrochloric acid/AFM and
TEM

Salajková et al.
(2012)

100–300 3–5 Sulfuric acid/AFM Beck-Candanedo
et al. (2005)

MCC 195–290 7–12 Sulfuric acid/FESEM Espino-Pérez et al.
(2013)

Ramie 75–190 6–15 Sulfuric acid/TEM Junior de Menezes
et al. (2009)

150–250 6–8 Sulfuric acid/TEM Habibi et al.
(2008)

Sisal 50–600 2–7 Sulfuric acid/TEM Garcia de
Rodriguez et al.
(2006)

150–280 3.5–6.5 Sulfuric acid/TEM Siqueira et al.
(2009)

Cotton 100–300 10–30 Sulfuric acid/AFM Lin and Dufresne
(2014)

200–300 10–20 Sulfuric acid/TEM Lin et al. (2011,
2015)

150–250 10–20 Sulfuric acid/TEM Hu et al. (2015)

Tunicate 500–2000 *10 Sulfuric acid/TEM Anglès and
Dufresne (2000)

400—a few
micron

16–23 Enzymatic, TEMPO,
sulfuric acid/AFM and SEM

Zhao et al. (2015)

Bacterial
cellulose

100–2000 10–40 Sulfuric acid/TEM Araki and Kuga
(2001)

Bagasse 350 ± 153 33 ± 13 Sulfuric acid/AFM Robles et al.
(2015)
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3 Polylactic Acid (PLA)

Polylactic acid (PLA) is a bio-based, linear aliphatic polyester derived entirely from
annually renewable resources such as corn starch and sugar beets (Drumright et al.
2000). Compared to traditional petrochemical-based plastics (e.g., polypropylene
(PP), low-density polyethylene, polystyrene (PS), nylon, etc.), PLA consumes 50%
less nonrenewable energy during production and is readily biodegradable for waste
disposal purposes (Vink and Davies 2015). PLA has good physical and mechanical
properties which are comparable to many petrochemical-based plastics (Auras et al.
2004; Drumright et al. 2000; Jamshidian et al. 2010). Meanwhile, improvements in
PLA manufacturing processes have made it a commercially available and
large-volume plastic at competitive market prices (Drumright et al. 2000;
Jamshidian et al. 2010; Vink et al. 2004). The current industrial practice for pro-
ducing high-molecular weight PLA is ring-opening polymerization of lactide
(Fig. 7). It consists of: (1) polycondensation of aqueous lactic acid to produce

Fig. 6 Transmission Electron Micrographs of CNFs extracted from different sources: a softwood
pulp. Reproduced from Salajková et al. (2012) with permission from RSC; b cotton. Reprinted
from Lin et al. (2015), Copyright 2015, with permission from Springer Publishing; c Ramie.
Reprinted from Junior de Menezes et al. (2009), Copyright (2009), with permission from Elsevier;
and d Tunicate. Reprinted with permission from Anglès and Dufresne (2000), Copyright (2000)
American Chemical Society.
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low-molecular weight PLA prepolymer; and (2) depolymerization of the prepoly-
mer into a mixture of lactide stereoisomers prior to ring-opening lactide polymer-
ization (Drumright et al. 2000; Dusselier et al. 2015; Jamshidian et al. 2010). This
two-step process is relatively time- and energy-intensive and involves strenuous
downstream purification. Recently, a direct zeolite-based catalytic process which
converts aqueous lactic acid to lactide has been proposed (Dusselier et al. 2015). It
is forecasted that the highly productive process can further simplify PLA’s manu-
facturing process and thereby, improving the production efficiency and reducing the
cost (Dusselier et al. 2015). PLA has become one of the most promising sustainable
alternatives to its petrochemical-based counterparts and is suitable for a wide range
of products including food packaging, nonwoven fabrics, and electronics (Auras
et al. 2004; Jamshidian et al. 2010; Vink et al. 2004). It has also been widely used in
biomedical applications due to its biodegradability and biocompatibility (Auras
et al. 2004; Ma et al. 2011).

Due to an asymmetric carbon atom, the monomer, lactic acid has two stereoiso-
meric forms, L-lactic acid and D-lactic acid. Consequently, three stereoisomers of
lactide can be generated, namely L-lactide, D-lactide, and meso-lectide (a combina-
tion of one L- and one D-lactic acid) (Saeidlou et al. 2012). The polymers synthesized
from pure L- or pure D-lactide are referred to as PLLA or PDLA; while polymerization
of a mixture of L- and D-lactide (at least 10% or more in one stereoisomer content)
usually leads to a fully amorphous PLA. The industrial production of lactic acid is
generally through bacterial homofermentation of carbohydrates since the homofer-
mentive method yields L-lactic acid predominately and low level of by-products
(Jamshidian et al. 2010). Most commercial grades of PLA are usually L-rich mixture

Fig. 7 Schematic of PLA production via ring-opening polymerization process Reprinted from
Drumright et al. 2000, Copyright (2000), with permission from John Wiley & Sons Publisher
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with D-unit content range of 1–5%. These PLAs are semicrystalline polymers. The
mechanical properties, degradation rate, and thermal properties of PLA can be tai-
lored to a large extent based on the stereochemistry. A semicrystalline PLA can be
crystallized to various degrees of crystallinity depending on the processing condi-
tions. Compared with PDLLA, semicrystalline PLLA has higher tensile strength and
modulus (2.7 vs. 1.9 GPa), and lower elongation because formed crystallites (highly
ordered molecular chains) act as crosslinks between chains (Middleton and Tipton
2000). The homopolymer PLLA has a longer degradation time of the order of over
2 years, whereas amorphous PDLLA has only 12–16 months (Middleton and Tipton
2000). The co-crystallization of PLLA and PDLA can form a stereocomplex with a
melting point around 220 °C, which is about 50 °C higher than PLA homopolymer
(Saeidlou et al. 2012).

4 PLA/Nanocellulose Biocomposites

4.1 Processing Techniques

The incorporation of nanocelluloses in PLA not only endows the resulting com-
posites with fully biodegradable properties, but also gives those significantly
improved mechanical properties, enhanced crystallization, and rheological and
thermal properties over the neat PLA. The improvements on these properties have
been largely dependent on the nanocomposite preparation methods. Various
methods have been developed to disperse the nanocelluloses in PLA. In general,
these methods can be classified into three categories: solvent casting, emulsion
filtration/freeze drying, and direct melt-compounding process. Table 2 shows some
examples of the processing methods and surface functionalization methods that
have been used for CNFs/CNs in PLA nanocomposite preparation conducted
between 2011 and 2015.

4.1.1 Solvent Casting

Solvent casting is one of the most common methods used to produce the
PLA/nanocellulose biocomposites. In this process, solvent exchange method is first
applied to aqueous nanocelluloses to extract CNFs/CNs by a series of centrifuging
and re-dispersing processes. The solvent(s) should be miscible with water and can
dissolve PLA resin, such as acetone (Ding et al. 2015a, b; Dlouhá et al. 2012;
Jonoobi et al. 2010), dichloromethane (Lin et al. 2009; Suryanegara et al. 2009), or
chloroform (Braun et al. 2012; Espino-Pérez et al. 2013; Fortunati et al. 2012a;
Fujisawa et al. 2013; Liu et al. 2010; Lizundia et al. 2015; Pei et al. 2010; Petersson
et al. 2007; Tingaut et al. 2010). The PLA resin is then added into the nanocellulose
solvent suspension to produce a homogeneous mixture. After, the mixture is casted
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Table 2 Examples of processing methods and surface functionalization of CNFs/CNs in PLA
nanocomposite preparation conducted between 2011 and 2015

CNF/CN Treatment Fabrication
method

Investigated
properties

References

CNF Untreated Solvent casting Foaming, rheological
and thermal
properties

Ding et al.
(2015a)

CNF Untreated Solvent casting Thermal properties Ding et al.
(2015b)

CNF Untreated Direct melt
blending (liquid
feeding)

Tensile and thermal
properties

Herrera et al.
(2015)

CNF Acetylation Solvent casting Foaming, rheological
and tensile properties

Dlouhá et al.
(2012, 2014)

CNF Acetylation Solvent casting Tensile and thermal
properties, WVP

Abdulkhani
et al. (2014)

CNF PEG-grafted Solvent casting Tensile and thermal
properties

Fujisawa
et al. (2013)

CNF Untreated Emulsion filtration Crystallization Kose and
Kondo (2013)

CNF Silanization Direct melt
blending (dry
feeding)

Thermal properties Frone et al.
(2013)

CNF Acetylation Solvent casting
followed by melt
blending

Tensile and thermal
properties, DMA,
contact angle

Jonoobi et al.
(2012)

CNF Carboxymethylation Solvent casting
followed by melt
blending

Tensile properties,
DMTA, MFI

Eyholzer
et al. (2012)

CNF Silanization Solvent casting Tensile and thermal
properties

Qu et al.
(2012)

CNF Untreated Emulsion filtration Flexural and thermal
properties, DMTA

Wang and
Drzal (2012)

CNF Untreated Emulsion filtration
followed by melt
blending

Foaming behavior Boissard et al.
(2012)

CNF Untreated Solvent casting
followed by melt
blending

Thermal properties,
DMTA,
crystallization

Kowalczyk
et al. (2011)

CN PLLA-grafted Solvent casting Thermal properties Lizundia
et al. (2015)

CN Esterification Oven-dried CNs
and melt blending

Thermal properties,
DMTA, HDT

Spinella et al.
(2015)

CN Esterification Oven-dried CNs
and melt blending

Thermal and tensile
properties

Robles et al.
(2015)

CN GMA-grafted Oven-dried CNs
and melt blending

Pracella et al.
(2014)

(continued)
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on a flat surface and dried. Finally, the dried PLA/nanocellulose composites are
hot-pressed to the specimen size for various experiments or serve as masterbatch for
melt-compounding process. Due to the solvent exchange process and some pre-
treatments on the nanocelluloses, CNFs/CNs can be well dispersed in the polymer
matrix without many agglomerations (Iwatake et al. 2008). As a result, the effect of
these nanocelluloses on the thermal and mechanical properties of PLA is more
pronounced than that from direct mixing methods (Iwatake et al. 2008). Solvent
casting method is normally used to develop an understanding of PLA/CNF(CN)
composites and can provide valuable insights into the continuous processes.
However, this approach is impractical due to a large quantity of solvent required
and a long processing time.

4.1.2 Emulsion Filtration/Emulsion Freeze-Drying

Emulsion filtration/Emulsion freeze-drying has also been explored to mix PLA
microparticles with nanocelluloses (Kose and Kondo 2013; Nakagaito et al. 2009;
Wang and Drzal 2012). In general, a low-molecular weight PLA is used to produce

Table 2 (continued)

CNF/CN Treatment Fabrication
method

Investigated
properties

References

Thermal and
mechanical
properties, DMTA

CN ICN-grafted Solvent casting Thermal and tensile
properties, barrier
properties

Espino-Pérez
et al. (2013)

CN Acetylation Oven-dried CNs
and melt blending

Interfacial tension Khoshkava
and Kamal
(2013)

CN PDLA-grafted Oven-dried CNs
and melt blending

Thermal properties,
DMTA

Habibi et al.
(2013)

CN Acetylation and
PLLA-grafted

Solvent casting Crystallization,
DMTA

Braun et al.
(2012)

CN Surfactant-coated Solvent casting Thermal and tensile
properties, DMA

Fortunati
et al. (2012a)

CN Surfactant-coated Solvent casting Barrier and migration
properties

Fortunati
et al. (2012b)

CN PLLA-grafted Oven-dried CNs
and melt blending

Thermal property,
DMTA

Goffin et al.
(2011)

CN Acetylation Oven-dried CNs
and solvent casting

DMTA, Tensile,
contact angle

Lin et al.
(2011)

DMTA dynamic mechanical thermal analysis, GMA glycidyl methacrylate, ICN n-octadecyl
isocyanate, MFI melt flow index, PEG poly(ethylene glycol), WVP water vapor permeability
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the particles or fibers with diameters below 15 lm (Nakagaito et al. 2009; Wang
and Drzal 2012). These PLA microparticles are added to aqueous nanocellulose
suspension to obtain an emulsion. The emulsion is then filtered with a
sieve/membrane, similar to a papermaking process (Boissard et al. 2012; Nakagaito
et al. 2009; Wang and Drzal 2012), or freeze-dried (Kose and Kondo 2013). These
thin films can be stacked and hot-pressed to make composite with various thick-
nesses. In general, water is used as the mixing medium, no solvent or only a small
amount is involved in this process. Also, higher nanocellulose content composites
can be produced using this method. Consequently, the mechanical properties can be
improved substantially. Due to the presence of water during the filtration process,
CNFs are connected by strong hydrogen bonding and also by mutual entanglement
(Nakagaito et al. 2009). This is one of the main reasons that, at the same fiber
content, emulsion filtration method offers higher reinforcing efficiency in compar-
ison with solvent casting method.

4.1.3 Direct Melt-Compounding

For industrial-scale production, direct melt-compounding of PLA and nanocellu-
loses is preferred due to simplified procedure and economic purpose. Melt com-
pounding is a traditional processing technique to produce polymer composites and
it is a cheap and fast processing method. The idea is to feed the dried nanocellulose
particles or pump the nanocellulose suspension directly into the PLA melt during
extrusion process. To obtain CNFs/CNs in dried form, surface modification of
CNFs/CNs is often required prior to drying processes (freeze or oven drying)
(Eyholzer et al. 2012; Frone et al. 2013; Goffin et al. 2011; Habibi et al. 2013;
Robles et al. 2015; Spinella et al. 2015; Wang and Sain 2007b). The surface
modification is to improve the compatibility between the CNFs/CNs and polymer
matrix, improve the fiber dispersion in the matrix, and prevent the irreversible
agglomeration of CNFs/CNs upon drying, thereby, enhancing the properties of the
resultant composites. In general, the reinforcing efficiency of the nanocelluloses is
dependent on many factors including functionality of the chemicals used, degree of
substitution, nanoparticulate morphology, and processing conditions. For dried
CNF/CN particles, one of the challenges is how to feed them into the extruder. The
dried particles are lightweight and fluffy, which make accurate feeding problematic.

The concept of direct liquid feeding is more appealing than dry feeding from a
cost perspective. The drying processes in the dry feeding, such as freeze-drying or
vacuum oven drying, involve additional cost for time, equipment, and energy input.
In liquid feeding, water, solvent, plasticizer or a combination of those are used as
the dispersing medium (Herrera et al. 2015; Oksman et al. 2006). The selected
liquid medium must not degrade PLA during the process. The nanocellulose
solution is pumped directly into the polymer melt in the extruder. If the dispersing
medium includes water or solvent, they should be removed later during the process.
Figure 8 shows a schematic of the extrusion process using liquid feeding. In the
process, co-rotating twin-screw extruders (TSE) are often selected over
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counter-rotating extruders because of their flexible screw design and arrangement of
the processing zone, resulting in better dispersion and distribution (Oksman et al.
2006; Oksman and Mathew 2014).

Direct liquid feeding shows a great promise for large-scale manufacturing of
PLA/nanocellulose composites. However, it presents several challenges: (i) feeding
the CNF/CN solution into extruder; (ii) dispersing and distribution of nanocellu-
loses in the polymer matrix; (iii) avoiding the thermal degradation of the polymer
and fibers, and (iv) removing the water and/or solvent efficiently during the process.
So far only a few researchers have studied the direct mixing using liquid feeding to
produce the cellulose nanocomposites (Herrera et al. 2015; Iwatake et al. 2008;
Oksman et al. 2006). Oksman et al. was the first research group to study the
feasibility of using direct liquid feeding during the melt-compounding process with
the aim to develop a large-scale production of cellulose nanocomposites (Oksman
et al. 2006). CN suspension, pretreated with swelling/separation agents of N, N-
Dimethyl acetamide (DMAc) and lithium chloride (LiCl), was pumped into the
TSE. PEG and maleated PLA (PLA-MA) were also added as a processing aid and
compatibilizer during the process, respectively. Compared to the nanocomposites
prepared by solvent casting, the CNFs or CNs were only partially dispersed in the
PLA matrix at a low filler content (1–10 wt%) from direct mixing and many
agglomerations were observed (Herrera et al. 2015; Iwatake et al. 2008; Oksman
et al. 2006), as shown in Fig. 9.

Fig. 8 a Schematic illustration of liquid feeding during compounding process. Reprinted from
Herrera et al. (2015), Copyright (2015), with permission from Elsevier; and b screw configuration
of the twin-screw extruder for different processing zones. Reprinted from Oksman et al. (2016),
Copyright (2016), with permission from Elsevier
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4.2 Properties of PLA/Nanocellulose Biocomposites

4.2.1 Thermal Properties

One of the goals is to broaden service temperature range where PLA can be used
when incorporating nanocelluloses into PLA. Thermogravimetric analysis (TGA),
differential scanning calorimeter (DSC), and dynamic mechanical thermal analysis
(DMTA) are normally used to investigate the thermal properties of nanocelluloses
and their PLA nanocomposites. As aforementioned, due to different pretreatments
prior to the defibrillation process, the onset degradation temperature for CNFs is
higher than that of CNs (* 290 °C vs. 240 °C) (Alemdar and Sain 2008a; Spinella
et al. 2015; Tingaut et al. 2010). The sulfuric acid hydrolysis results in decreased
thermal stabilities of CNs due to the presence of acid sulfate groups on their surface
(Habibi et al. 2010; Roman and Winter 2004). However, if the CNs are prepared
using hydrochloric acid, the thermal stability is improved, e.g., compared to the
CNs prepared from sulfuric acid, around 30 °C higher in thermal degradation
temperature was found at first 10% of the material had decomposed (Spinella et al.
2015). The surface treatment can also affect the thermal stability of the nanocel-
luloses. Tingaut et al. revealed that acetylation enhanced the thermal stability of the
CNFs considerably and the temperature at 5% weight loss increased with the acetyl
content up to 10.5 wt% (55 °C increment) (Tingaut et al. 2010); while Jonoobi et al.
discovered that acetylated CNFs started to degrade earlier (* 20 °C) than the
untreated ones and attributed the decrease to the lower degree of crystallinity by the
acetylation process (Jonoobi et al. 2012). Silanization of CNFs seems to have little
influence on the onset decomposition temperature (Qu et al. 2012). However, the
surface modification by surfactant coating and esterification has been found to
improve the thermal stability of the CNs. Compared to the untreated CNs, the
Beycostat A B09 surfactant treated CNs started to degrade at a much higher tem-
perature(* 40 °C higher) (Petersson et al. 2007). The esterified CNs with lactic

Fig. 9 Micrographs of PLA/CNF composites prepared by a solvent casting method and b direct
mixing method. Reprinted from Iwatake et al. (2008), Copyright (2008), with permission from
Elsevier; and c direct feeding with oven-dried carboxymethylated CNFs. Reprinted from Eyholzer
et al. (2012), Copyright 2012, with permission from Springer Publishing
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acid (LA) can further increase their thermal stability by 15 °C, but only a slight
improvement with acetic acid (AA) (Fig. 10) (Spinella et al. 2015).

Generally, the incorporation of untreated (Ding et al. 2015a, b; Frone et al. 2013;
Wang and Drzal 2012), silanized (Frone et al. 2013; Robles et al. 2015), or esterified
(Abdulkhani et al. 2014; Espino-Pérez et al. 2013; Lin et al. 2011) nanocelluloses at
low loading levels have very limited influences on the glass transition temperature
(Tg) of PLA at the atmospheric pressure. In these studies, either no significant or only
slight improvements in Tg (<2 °C) were observed due to the inhabitation of PLA
chains’motion bywell-dispersion CNs. Despite a better dispersion of CNs in the PLA
matrix, the chemical treatments by surfactant coating and polymer grafting generally
have a negative effect on PLA’s Tg. The higher content of these surfactants or grafted
polymers, the greater decrease of Tg is shown. Fortunati et al. showed a decrease up to
11 °C in PLA’s Tgwhen 5wt%Beycostat AB09 surfactant-coatedCNswere added in
PLA (Fortunati et al. 2012a). Incorporation of a low-molecular-weight polymer
grafted nanocelluloses into PLA also decreases Tg, for instance, over 5 °C decrease
was found when 8 wt% of polycaprolactone (PCL)-grafted CNs (85 wt% PCL) were
added (Lin et al. 2009), 4 °C for 3 wt% glycidyl methacrylate (GMA)-grafted CNs
(63 wt%GMA) (Pracella et al. 2014), around 5 °C for 0.1–1 wt% PEG-grafted CNFs
(Fujisawa et al. 2013), and 7 °C for 8 wt% PLLA-grafted CNs (14 wt% PLA) (Goffin
et al. 2011) compared to their unreinforced counterparts. Although PDLA-grafted
CNs helped to form the stereocomplex when mixed with PLLA, a decrease in Tg (3 °
C) was stilled observed (Habibi et al. 2013). These results suggest that the motion of
PLA segments in the amorphous region is improved by the presence of
low-molecular-weight grafted polymers or oligomerswhich act as plasticizers (Goffin
et al. 2011; Lin et al. 2009). When a large amount of plasticizer (20 wt%) was used to
assist the dispersion of CNFs into PLA during the melt compounding, the Tg was not
even detected (Herrera et al. 2015). The a relaxation temperature at loss (Tan d) peak
from dynamic mechanical thermal analysis corroborated the Tg measured from DSC.
The addition of surfactant in the PLA/nanocellulose composites affected Tan d peak

Fig. 10 Thermal stability of sulfuric acid (dark) and hydrochloric acid (blue) hydrolyzed CNs,
and CNs after acetic acid (red) and lactic acid (green) surface treatment. Reprinted from Spinella
et al. (2015), Copyright (2015), with permission from Elsevier

7 Cellulose-Enabled Polylactic Acid (PLA) Nanocomposites … 199



position, which was shifted towards lower temperatures with increased surfactant
content (Bondeson and Oksman 2007). 10 wt%Beycostat A B09 surfactant showed a
threefold decrease in molecular weight compared to the neat PLA under the same
processing condition (Bondeson and Oksman 2007). It is believed that the surfactant
not only degrades the PLA, but also facilitates the segmental mobility of the polymer
chains (Bondeson and Oksman 2007). Tan d of PLA was also shifted to a lower
temperature when PCLor PLLAwas used to graft CNs prior to beingmixedwith PLA
matrix, indicating the improvement of the motion for the PLA segments by PCL and
PLLA component (Goffin et al. 2011; Lin et al. 2009).

One of the major drawbacks prohibiting PLA’s usage at high temperature is its
low heat deflection temperature (HDT) which is around 55–60 °C. The esterified
CNs with lactic acid (LA-CNs) has been reported to increase PLA’s HDT.
The HDT was increased from 55 °C for the neat PLA to 65 °C when 5 wt%
LA-CNs were added and the value was further increased to 75 °C at 20 wt%
(Spinella et al. 2015). It is attributed to the better dispersion of CNs and enhanced
interfacial adhesion between PLA matrix and LA-CNs even at high CN content.
The surface grafted high-molecular-weight PLA had a much profound impact on
PLA’s HDT. The HDTs were increased to 120 and 150 °C, which were more than
40 and 70 °C increment, when 10 and 15 wt% CNs were added, respectively,
(Braun et al. 2012) (Fig. 11). However, increasing the CNs to 20 wt% did not
further enhance the heat resistance. The HDT change is also associated with the
composite preparation method which determines the distribution and dispersion
quality of CNs in PLA. Solution polymerized nanocomposites showed significant
higher HDTs than the bulk polymerized ones. Individualization of CNs is the key
factor contributing to the exceptional increase in PLA’s heat resistance. The author
speculated that, during the solution polymerization process, CNs formed a perco-
lating network which improved the modulus substantially in the temperature range
of 40–160 °C (Braun et al. 2012). Both studies showed that the increase in HDT

Fig. 11 Heat deflection
temperature as a function of
CN content for PLA
nanocomposites prepared by
in situ polymerization in
solution and bulk compared
with solution-blended
nanocomposites. Reprinted
with permission from Braun
et al. (2012), Copyright
(2012) American Chemical
Society
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was highly dependent on the nanocellulose content. A linear relationship with a
high regression coefficient (r2 = 0.994) was established between HDT and CN
content (Spinella et al. 2015).

4.2.2 Crystallization Behaviors

Slow crystallization rate is another drawback of PLA. In general, the incorporation of
nanocelluloses promotes PLA’s crystallization significantly. These nanocelluloses
serve as heterogeneous crystal nucleating agents to accelerate the crystallization
process by providing more number of crystal nuclei and decreasing crystallization
half-time (Ding et al. 2015a, b; Espino-Pérez et al. 2013; Frone et al. 2013; Habibi
et al. 2013; Kamal and Khoshkava 2015; Kose and Kondo 2013; Pei et al. 2010;

Fig. 12 a Polarized optical microscope images of neat PLLA, PLLA-CN-1 (1 wt%) and
PLLA-SCN-1 (silylated, 1 wt%) at isothermal crystallization of 125 °C after 5 and 10 min
(quenching from the 210 °C). b isothermal crystallization exotherms of neat PLLA, PLLA-CN-1,
and PLLA-SCN-1 at various crystallization temperatures. Reprinted from Pei et al. (2010),
Copyright (2010), with permission from Elsevier
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Song et al. 2013) (Fig. 12). Kamal and Khoshkava reported that PLA’s crystallization
time was reduced remarkably to 10 min from 30 min by the addition of 1.5 wt% of
spray freeze-dried CNs and the t1/2 showed a 5–8 fold decrease during the isothermal
crystallization process between 100 and 120 °C (Kamal andKhoshkava 2015). 1wt%
surface silylated CNs increased PLA’s crystallinity significantly, from 14.3 to 30.4%
(Pei et al. 2010). This result is comparable to the PLA composites containing 25 wt%
micro-size cellulose fibers where an increase from 19.2 to 35.3% was reported
(Mathew et al. 2006). Due to the slow crystallization nature of PLA, the final crys-
tallinity during the non-isothermal crystallization process is affected by the cooling
rate and nanocellulose content. Adding even 0.5 wt% CNFs in PLA increased the
crystallinity from 8.2% for the neat PLA to 31.4% at 1 °C/min cooling rate (Ding et al.
2015b). Incorporating PDLA-grafted CNs into PLLA could co-crystallize and form a
stereocomplexation which showed a single melting peak at 202 °C compared to a
melting temperature (Tm) of 150 °C for the neat PLLA (Habibi et al. 2013). When the
PDLA-grafted CNs was increased from 2.5 to 10 wt%, the cold crystallization tem-
perature (Tcc) was shifted to a lower temperature, from 105.4 to 95.4 °C, and the
crystallinity of PLLA was significantly increased, from 7.3 to around 32% (Habibi
et al. 2013). The presence of PDLA-grafted CNs also changed PLLA from a
single-peak (150 °C) to a double-peak melting behavior (160 and 170 °C) (Habibi
et al. 2013). The double-melting peak behavior was attributed to the co-existence of
two crystalline structures with the low-melting peak corresponding to the loosely
packed crystals and high-melting peak to the more perfect crystals and/or the crystals
re-crystallized from the low-melting temperature crystals (Ding et al. 2015b; Habibi
et al. 2013). Similar phenomena were observed for surfactant treated CNs (Fortunati
et al. 2012a), isocyanate treated CNs (Espino-Pérez et al. 2013), PLA-grafted CNs
(Braun et al. 2012; Goffin et al. 2011). On the contrary, some researchers claimed that
untreated CNs, LA-CNs, GMA-grafted CNs, silanized CNFs, or esterified CNs did
not show obvious nucleating effects, that is, the Tcc, the crystallinity, and the Tm were
not notably affected (Pei et al. 2010; Pracella et al. 2014; Robles et al. 2015; Spinella
et al. 2015). Moreover, some studies have shown that well-dispersed CNFs even
delayed PLA’s crystallization and increased its crystallization half-time (Zhang et al.
2013) and decreased the final crystallinity (Frone et al. 2013). However, it is worthy to
note that it is difficult to compare the results reported in the literature. This is because
the crystallization kinetics is strongly dependent on the crystallization temperature,
processing condition, D-lactic acid content, molecular weight and distribution of the
PLA matrix, and the morphology, surface chemistry, and weight content of the
nanocelluloses.

4.2.3 Barrier Properties

Nanocelluloses have been used to enhance the water vapor and gas barrier properties of
PLA. Neat PLA has relatively poor water vapor and gas barrier properties compared to
the other benchmark packaging polymers such as polyethylene (PE), PP, and poly-
ethylene terephthalate (PET). The water vapor permeability (WVP) coefficient of the
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neat PLA has been reported between 1.04 and 4.66 � 10−14 kg m/s m2 Pa depending
on the film preparation method, the test conditions, and PLA resin grade (Auras et al.
2003; Fortunati et al. 2012b; Rhim et al. 2006; Sanchez-Garcia and Lagaron 2010).
The oxygen (O2) permeability coefficient of PLA (1.21–2.77 � 10−18 kg m/s m2 Pa at
25 °C and 70% RH) is about one order of magnitude lower than the value for PS, but
one order higher than PET at the same condition (Auras et al. 2003).

The effect of nanocelluloses on the WVP of PLA film has been studied inten-
sively in recent years. Both freeze-dried and solvent-exchanged CNs have been
used to decrease PLA’s WVP, and the PLA composites containing freeze-dried CNs
showed better results (Sanchez-Garcia and Lagaron 2010). The reductions of PLA’s
WVP were about 64, 78, 82, and 81% when 1, 2, 3, and 5 wt% freeze-dried CNs
were incorporated, respectively. Fortunati et al. observed that unmodified 1 or 5 wt
% CNs showed little improvement on the WVP of the PLA (Fortunati et al. 2012b).
Espino-Pérez et al. found that the WVP values of PLA nanocomposites increased
with CN content, for instance, increases by 21.3, 42.4, and 195.8% when 2.5, 7.5,
and 15 wt% CNs were added (Espino-Pérez et al. 2013). Many authors attributed
the increased permeability to the poor interface between polymer and CNs and the
CNs’ agglomeration (Abdulkhani et al. 2014; Espino-Pérez et al. 2013; Fortunati
et al. 2012b). As a result, surface-modified nanocelluloses have been used to
improve their dispersion and reduce their hygroscopic property. 1 wt% surface
modified CNs with a surfactant of Beycostat A B09 showed a reduction of 34% in
water permeability compared to the neat PLA (Fortunati et al. 2012b). But lower
reductions in WVP were detected in the case of nanocomposites reinforced with 5
wt% of modified CNs. It was attributed to the agglomeration of CNs. In contrast, n-
octadecyl-isocyanate grafted CNs (Espino-Pérez et al. 2013) and acetylated CNFs
(Abdulkhani et al. 2014) had no significant effect on PLA film’s WVP.

Similarly to PLA’s WVP, the oxygen permeability of PLA film by the inclusion
of nanocelluloses showed no consistency. Sanchez-Garcia and Lagaron reported
oxygen permeability reductions of 83, 90, 90 and 88% for the PLA film with 1, 2, 3
and 5 wt% freeze-dried CNs, respectively (Sanchez-Garcia and Lagaron 2010).
Fortunati et al. also observed improved O2 barrier properties up to 48% when 5 wt
% surfactant modified CNs were added (Fortunati et al. 2012b). However, no
significant improvement on the O2 permeability were recorded for both pristine and
isocyanate grafted CNs even when the quantity of CNs was increased to 15 wt%
(Espino-Pérez et al. 2013). It is believed that the transport properties are influenced
by a number of factors including the shape, aspect ratio, and surface chemistry of
the fillers, degree of dispersion, filler content, filler-induced crystallinity,
polymer-filler interaction, plasticizer content, and porosity (Espino-Pérez et al.
2013; Fortunati et al. 2012b; Petersson and Oksman 2006; Sanchez-Garcia and
Lagaron 2010). The improvement of PLA’s barrier properties by nanocellulose
addition is mostly due to the increased tortuosity for a gas molecule to go through
the film.
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4.2.4 Foaming Behaviors

Development of PLA foams is desirable and promising because they have huge
potentials not only to replace current widely used nonbiodegradable PS and non-
recyclable polyurethane foams, but also to be used in tissue engineering applica-
tions. The strategy of combing biodegradable polymer with nanocelluloses offers
the possibility of generating a new class of fully biorenewable resource-based and
biodegradable composites. Moreover, nanocelluloses have significantly less cyto-
toxicity and genotoxicity compared with inorganic nanoparticulates (Clift et al.
2011; De Lima et al. 2012; Domingues et al. 2014).

Nanocelluloses have been used to improve PLA’s foamability by enhancing its
melt strength and crystallization kinetics and providing cell nucleating sites during
foaming (Ding et al. 2012, 2015a, b; Dlouhá et al. 2012, 2014). Ding et al. used an
in situ foaming visualization system to understand the role of CNFs in the initial
foaming process of PLA (Fig. 13) (Ding et al. 2015a). They found that CNFs,
serving as effective cell nucleating agents, enhanced cell nucleation and suppressed
the cell growth rate, cell coalescence, and cell coarsening significantly due to the
considerable increase in the PLA’s melt strength by the addition of CNFs. In the
solid state batch foaming, well-dispersed CNFs resulted in a higher cell density and a
smaller cell size compared with neat PLA foam (Ding et al. 2015a; Dlouhá et al.
2012, 2014). It was attributed to the cell nucleating effects of the CNFs and the
formed crystals, as well as the suppressed cell deterioration through the increased
melt strength of PLA with added CNFs and crystals (Ding et al. 2015a). The fiber

Fig. 13 Snapshots of the PLA/CNF nanocomposite foaming video with various CNF contents,
a neat PLA, b 0.1 wt%, c 0.5 wt%, and d 1 wt%. Reproduced from (Ding et al. 2015a), with
permission form RSC
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content and dispersion level also have a profound influence on the PLA’s foam
morphology. In general, as the CNF content increases, the cell nucleating power and
the resulting cell density increase and the cell sizes become more uniform (Ding
et al. 2015a; Dlouhá et al. 2012). However, in the studies conducted by Boissard
et al. (2012) and Cho et al. ( 2013), only a slight improvement, or even a deteriorated
cell structure, was observed due to the fiber aggregation (Boissard et al. 2012; Cho
et al. 2013). The effects of CNFs on the specific tensile strength and modulus and
stain at break were remarkably improved by foaming when compared to their effects
on the solid counterparts (Dlouhá et al. 2014). The specific modulus increased with
increasing CNF content, but specific strength was independent on the fiber content.
Strain at break was increased up to 31.5 times by foaming with the addition of only 3
wt% of CNFs. The surface modification showed much pronounced effect on the
toughness with a high CNF content. The acetylated CNF foams exhibited higher
strength and modulus over native CNF foams (Dlouhá et al. 2014).

The major challenge concerning the use of PLA/nanocellulose biocomposites
in commercial application is their low production efficiency. With the potential of
nanocelluloses to generate open-cell micro- or nano- porous structure in PLA
using solvent-free fabrication techniques, the relatively high cost of batch foaming
of PLA could be justified in biomedical applications (Domingues et al. 2014).
The blowing agents could be inert gas such as carbon dioxide and/or nitrogen.
The cell opening can be controlled by ultrasound treatment after the foaming
process (Wang et al. 2006). This is completely different from the current methods
which involve organic solvents or porogen for producing open-cell structure and
the residues can affect biological cells’ bioactivities. Figure 14 presents a highly
porous and interconnected 3D scaffolds for tissue engineering produced with PLA
and bacterial CNs.

Fig. 14 PLA foams containing 30 wt% bacterial CNs and 20 vol% ice microspheres as a template
for scaffolds. Reprinted from Blaker et al. (2010), Copyright (2010), with permission from Elsevier
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4.2.5 Mechanical Properties

The nanosize dimension, nontoxicity, large surface area, and outstanding
mechanical properties of nanocelluloses make them attractive components for high
performance polymer nanocomposites, especially with biopolymers such as PLA,
PHAs, and PBS. Nanocellulose possesses a Young’s modulus of 115–150 GPa in
the longitudinal direction and a tensile strength of up to 2 GPa (Diddens et al. 2008;
Nakagaito and Yano 2005; Nishiyama 2009; Wang and Sain 2007a), very low
thermal expansion coefficients (10−7 K−1) (Nishino et al. 2004), a large surface area
per mass (*1000 m2 g−1) (Saito et al. 2013). The mechanical properties are
comparable to or even higher than those of high-strength glass fibers.

Compared with CNs, CNFs have a better reinforcing ability due to their higher
aspect ratios (over 100) and their entanglement (Alemdar and Sain 2008a; Wang
and Sain 2007c; Xu et al. 2013, 2014). Reinforcing PLA with CNFs at a fiber
content of 20 wt% produced by solvent exchange method increased its tensile
strength and modulus by about 22 and 58%, respectively (Suryanegara et al. 2009).
The storage modulus of the PLA composites at 120 °C was also improved about 3.5
fold with a fiber content of 20 wt% (Suryanegara et al. 2009). Using the same
processing method, Iwatake et al. reported that 5 wt% CNFs increased the PLA’s
tensile strength and modulus by about 17 and 26%, respectively (Iwatake et al.
2008). In another study, PLA’s tensile strength was increased by 25 and 59% and
tensile modulus by 42 and 47%, respectively, even when 2.5 and 5 wt% of CNFs
prepared from flax fiber were added (Liu et al. 2010). In contrast, the addition of
CNs in PLA showed only little improvements or even decreases in the mechanical
properties (Pei et al. 2010; Pracella et al. 2014; Robles et al. 2015; Sanchez-Garcia
and Lagaron 2010). At low CN contents (1–5 wt%), some researchers found that
the addition of CNs slightly increased (up to 11%) or maintained the tensile strength
and modulus of PLA owning to the high modulus of the CNs (Espino-Pérez et al.
2013; Fortunati et al. 2012a; Pracella et al. 2014). While some others reported a
decrease when 5 wt% or a higher CN content was added. Sanchez-Garcia and
Lagaron claimed that 5 wt% CNs reinforced PLA nanocomposites obtained by
solvent exchange with chloroform presented a reduction in tensile strength and
modulus by 38 and 52%, respectively, (Sanchez-Garcia and Lagaron 2010).
Espino-Pérez et al. showed that the addition of 7.5–15 wt% of CNs in PLA reduced
the tensile strength by up to 63% and elongation at break up to 21% (Espino-Pérez
et al. 2013). Using the same processing method, Petersson and Oksman reported
that 5 wt% CNs improved tensile strength by 12%, but decreased tensile modulus
and elongation at break by 12 and 16%, respectively (Petersson and Oksman 2006).
These slight increases or obvious decreases in the tensile strength and modulus are
mainly attributed to the incompatibility between PLA matrix and CNs
(Espino-Pérez et al. 2013; Sanchez-Garcia and Lagaron 2010). As a result, the
elongation at break of the PLA nanocomposites is normally reduced compared to
the neat PLA. Although a few studies argued that PLA nanocomposites processed
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by solvent casting showed a ductile behavior at a low nanocellulose content, the
improved elongation at break was probably due to the residual solvent which acted
as a plasticizer (Fortunati et al. 2012a). At the same CNF or CN loading rate,
various degrees of improvements on PLA’s mechanical properties origin have been
reported. These differences are ascribed to the origin of the nanocelluloses and
defibrillation methods, which determine the morphologies, surface chemistry,
degree of crystallinity, and aspect ratios of nanocelluloses (Habibi et al. 2010;
Peng et al. 2011).

The reinforcement of CNFs and CNs is highly dependent on the composite
processing methods. In general, the solvent casting method produces better results
than the direct melt-compounding process due to the good dispersion of nanocel-
luloses in PLA matrix. Iwatake compared the mechanical properties of PLA/CNF
nanocomposites prepared by solvent exchange followed by melt kneading process,
solvent method without the kneading process, and direct melt-compounding
method (Iwatake et al. 2008). The results showed that solvent exchange coupled
with melt kneading produced the best mechanical properties, followed by the
simple solvent method without the kneading process and the direct
melt-compounding method. To their best, 10 wt% of CNFs increased the PLA’s
tensile strength and modulus by about 33 and 38%, respectively, while the direct
melt-compounding method led to a reduction of tensile strength by 10% and yield
strain by almost 50% (Iwatake et al. 2008). Ding et al. measured the flexural
properties of PLA/CNF composites by solvent exchange method and found that 5
wt% of CNFs enhanced the flexural strength and modulus by 11.3 and 22.3%,
respectively, while retaining the yield strain around 3.2% (Ding et al. 2012).

Emulsion filtration process makes it possible to produce high-fiber-content PLA
with exceptional improvements on its mechanical properties. Nakagaito et al. first
developed a papermaking-like process to produce PLA/CNF nanocomposites
(Nakagaito et al. 2009). The tensile strength and modulus, strain at break all
increased with CNF content with strength tripled and modulus doubled as CNF
content increased from 10 to 70 wt%. The storage modulus above Tg also increased
as the CNF content increased (Nakagaito et al. 2009). The storage modulus was
sustained up to 250°C at CNF contents of 70 and 90 wt%. A similar filtration
process has been used by Wang et al. to fabricate PLA nanocomposites with 8–32
wt% CNFs (Wang and Drzal 2012). The flexural strength and modulus increased
almost linearly with CNF content from 3.8 GPa and 26 MPa for the neat PLA to
6.0 GPa and 78 MPa for 32 wt% CNF reinforced PLA, respectively. The greater
improvement in mechanical properties by emulsion filtration process is primarily
due to the percolated CNF network structure at high CNF contents which acts as a
load bearing framework and maintains the network structure even at high tem-
perature (Nakagaito et al. 2009; Wang and Drzal 2012).

Direct melt-compounding process either by feeding liquid or dried nanocelluloses
into melted PLA usually results in a decreased mechanical strength compared to the
neat PLA (Herrera et al. 2015; Oksman et al. 2006; Robles et al. 2015). This is due to
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one or more combined factors as follows: thermal degradation of PLA by moisture
and/or heat (Boissard et al. 2012), incorporated plasticizer or surfactant (Herrera et al.
2015; Oksman et al. 2006), or a large amount of agglomerations (Bondeson and
Oksman 2007; Robles et al. 2015; Sanchez-Garcia and Lagaron 2010). Using
nanocelluloses in dried form, only slight improvements in tensile strength and
modulus and dynamic modulus were found (Goffin et al. 2011;
Wang and Sain 2007b). Others found no improvement or even decreases in
mechanical properties after the incorporation of CNFs (Bondeson and Oksman 2007;
Eyholzer et al. 2012; Robles et al. 2015). However, if PLA/nanocellulose materbatch
prepared by solvent casting is used tomix with PLA, the resultant composites showed
a comparable or slight increase in mechanical properties (Jonoobi et al. 2010, 2012;
Pracella et al. 2014). Oksman et al. first attempted to prepare PLA/CN nanocom-
posites using a direct liquid feeding method where 20 wt% DMAc/LiCl, a swelling
and pumping medium, and 10 wt% PLA-MA, a compatibilizer, were added in the
composites (Oksman et al. 2006). Each individual additive had a negative effect on the
tensile properties of the neat PLA. However, the addition of 5 wt% CNs improved the
tensile strength and modulus and elongation to break compared to the PLA with
DMAc/LiCl. The addition of PEG further increased the elongation to break of the
composites by about 560%. The same group also melt-compounded PLA and CNFs
using direct liquid feeding with glycerol triacetate (GTA) as a processing aid to
facilitate CNF dispersion (Herrera et al. 2015). The addition of 20% of GTA reduced
the tensile strength and modulus by more than 60% compared to the neat PLA, but
increased the elongation at break by 678% and the work to fracture by 389%.

In general, the mechanical properties of PLA/CNF composites increased with
CNF content up to a certain value (Abdulkhani et al. 2014; Fujisawa et al. 2013;
Iwatake et al. 2008; Jonoobi et al. 2010; Suryanegara et al. 2009). Overloading of
CNFs can adversely affect these properties (Iwatake et al. 2008). In solvent casting,
CNFs’ interaction by hydrogen bonding is limited because polymer chains hinder
the CNF rearrangement; therefore, the CNF network is primarily based on entan-
glement (Nakagaito et al. 2009). In case of CNs, untreated CNs showed no sig-
nificant increase in tensile strength and modulus due to the weak interaction
between CNs and PLA (Pei et al. 2010; Petersson et al. 2007; Pracella et al. 2014).
In contrast, the tensile strength of the PLA was enhanced by 61.3% and the tensile
Young’s modulus was 1.5-fold greater than those of the neat PLA when 6 wt%
acetylated CNs were added (Lin et al. 2011). The addition of 1 wt% silylated CNs
resulted in a 21 and 27% increase in tensile strength and modulus, respectively (Pei
et al. 2010). When CNs are surface grafted with nonpolar polymer chains, these
polymer not only help disperse the CNs, but also act as compatibilizer to improve
the interfacial adhesion. In particular, when the grafted polymers are of the same
nature as the PLA matrix, the compatibility between the nanocelluloses and PLA
can be maximized. Lin et al. incorporated PCL-grafted CNs into PLA matrix to
produce nanocomposites with better mechanical performance (Lin et al. 2009). The
tensile strength and elongation at break increased with increasing treated CN
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content up till 8 wt% and then they decreased. The dependence of tensile modulus
on the CN content was the opposite of that of elongation at break. The optimal
content of 8 wt% of PCL-grafted CNs resulted in simultaneous enhancements of the
strength and elongation of approximately 1.9- and 10.7-fold, respectively, com-
pared to the neat PLA (Lin et al. 2009). In another study, Pracella et al. incorporated
3 wt% GMA-grafted CNs which increased the tensile strength and modulus of PLA
by 9 and 16%, respectively (Pracella et al. 2014).

5 Conclusions and Outlook

Nanocelluloses, the most abundant and renewable biopolymers, have been the focus
of advanced research for a wide range of consumer applications in recent times.
Their nanoscale dimension, excellent reinforcing ability, hydrophilic surface nature,
biodegradability, and biocompatibility make them unique biomaterials for the
development of advanced functional bionanocomposites. In this context, PLA
represents one of the most promising biopolymers in the market to replace
petroleum-based polymers in many applications including food packing, nonwoven
fabrics, electronic and electrical devices, and biomedical applications. However, to
meet the end-user demands, PLA’s deficiencies must be mitigated in terms of slow
crystallization rate, low melt strength, low heat deflection temperature, and brit-
tleness. The combination of PLA and nanocelluloses not only endows the resulting
composites with fully biodegradable feature, but also gives them significantly
improved performance properties.

This chapter has attempted to provide a broad vista of nanocelluloses’ funda-
mental properties and fabrication methods, recent development of processing
techniques for producing PLA/CNF nanocomposites, and some important proper-
ties of the PLA improved by nanocelluloses for different applications. The solution
casting, emulsion filtration/emulsion freeze-drying, and direct melt-compounding
are the most common techniques to develop PLA/cellulose nanocomposites.
Among those, solvent casting still remains one of widely used laboratory pro-
cessing methods to produce the nanocomposites with the best possible dispersion of
CNFs in PLA, while direct melt-compounding demonstrates a great promise for
large-scale industrial production. The majority of the research has been focused on
the effect of nanocelluloses on the thermal properties, crystallization kinetics,
barrier properties, foaming behaviors, and mechanical performance of PLA. Despite
various research efforts in this area, there still remains a number of issues to deal
with prior to any commercial application of such composite materials. One of the
key challenges is to further optimize the surface functionalization of nanocellulose
entities to enable their uniform dispersion into PLA at a reasonable cost, and
secondly, enhancing thermal integrity of PLA itself can boost versatility of these
products to a larger extent.
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Chapter 8
Epoxidized Vegetable Oils
for Thermosetting Resins
and Their Potential Applications

Carmen-Alice Teacă, Dan Roşu, Fulga Tanasă, Mădălina Zănoagă
and Fănică Mustaţă

Abstract In the recent decades, bio-based polymers have gained increasing
interest, especially for composite materials. These polymers and their respective
monomers are derived from renewable resources, being thermoplastics or ther-
mosetting resins which are biodegradable or non-biodegradable. Thermosettings are
strong, rigid polymer materials and cannot be easily processed by melting after their
hardening. At present, thermosetting resins are obtained using highly toxic and
volatile petrochemicals, which require human and environmental safety monitoring.
Considering the wide range of diverse renewable monomers available, vegetable
oils (VOs) are especially well-suited when it comes to the synthesis of ther-
mosetting resins due to their carbon-carbon double bonds, highly desirable for this
type of application as these unsaturated bonds can be chemically modified in order
to increase reactivity toward further polymerization. Thus, epoxidation, which
consists of introducing a single oxygen atom to each non-saturated bond to yield in
an epoxidic cycle, is a simple, effective method to modify these VOs. The resulted
thermosetting resins exhibit improved toughness and environmental-friendly
behavior. VOs, especially soybean oil which is abundant and cheap, are typically
mixtures of unsaturated fatty acids with numerous bonds that can be easily con-
verted into the more reactive oxirane rings through the reaction with peracids or

C.-A. Teacă (&) � D. Roşu
Advanced Research Center for Bionanoconjugates and Biopolymers,
“Petru Poni” Institute of Macromolecular Chemistry, 41A Gr. Ghica-Voda Alley,
700487 Iasi, Romania
e-mail: cateaca14@yahoo.com

F. Tanasă � M. Zănoagă
Polyaddition and Photochemistry Department, “Petru Poni” Institute of Macromolecular
Chemistry, 41A Gr. Ghica-Voda Alley, 700487 Iasi, Romania

F. Mustaţă
Physical Chemistry of Polymers Department, “Petru Poni” Institute of Macromolecular
Chemistry, 41A Gr. Ghica-Voda Alley, 700487 Iasi, Romania

© Springer International Publishing AG 2018
V.K. Thakur and M.K. Thakur (eds.), Functional Biopolymers,
Springer Series on Polymer and Composite Materials,
https://doi.org/10.1007/978-3-319-66417-0_8

217



peroxides. The present chapter focuses on composites obtained from epoxidized
vegetable oils (EVOs) and epoxy resins and their properties in correlation with their
envisaged applications.

Keywords Vegetable oils � Epoxidation � Thermosetting resins � Applications

1 Introduction

In recent decade, there has been noticed an increasing research interest for using
vegetable oils in obtainment of valuable polymer materials (Gan and Jiang 2015;
Paluvai et al. 2015a, b; Mustaţă et al. 2013; Stemmelen et al. 2011; Raquez et al.
2010; Guner et al. 2006). These bio-based polymer materials are usually designed
for technical applications. Considering their different uses, for example, biomedical
purposes, or surface coatings applications (such as paint and printing ink formu-
lations), these materials should have specific features including good thermal sta-
bility and significant ability to resist damage by chemical reactivity or solvent
reaction.

As these materials are biodegradable being resulted from renewable raw mate-
rials, they should be also biocompatible in terms of their physical and chemical
properties, mainly when they are used for medical applications. Other technical
usefulnesses should require electrical conductive, non-flammable, gas permeable
properties, or materials with good adhesion to metallic substrates (Guner et al.
2006).

Vegetable oils derived from seeds of oil-type plants and separated through
extraction procedures are natural, environmental friendly and renewable raw
materials with large availability, low cost, and functionality readily to be signifi-
cantly improved in order to obtain novel bio-based functional polymers and
polymer materials (Gan and Jiang 2015; Quirino et al. 2014; Lligadas et al. 2013).
The structural constituents of vegetable oils are triglycerides, resulted from glycerol
and fatty acids by esterification reaction. Oils are in fact a complex mixture of such
esters with different saturation levels. Fatty acids content is specific for each veg-
etable oil and they confer many reactive sites (e.g. double bonds, ester groups,
epoxy groups) suitable for modification approaches in order to obtain new syn-
thesized structures.

Most of the present literature data focused on the use of vegetable oils and their
functionalized derivatives for either linear structures, three dimensional networks,
or matrices for thermoplastic and thermosetting-based composites, biocomposites
and hybrid materials (Paluvai et al. 2015a, b; Altuna et al. 2015; Quirino et al. 2014;
Ding and Matharu 2014; Miao et al. 2014; Lligadas et al. 2013; Biermann et al.
2011; Raquez et al. 2010; Guner et al. 2006).

Among vegetable oils, the most used for tailoring oil-modified polymers with
different potential applications include linseed (Pin et al. 2015a, b; Ding et al. 2015;
Luo et al. 2013; Henna et al. 2008; Lligadas et al. 2006a Miyagawa et al. 2005a),
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sunflower (Taghizadeh et al. 2008), castor (Echeverri et al. 2015; Rosu et al. 2015;
Paluvai et al. 2015a, b; Ray et al. 2012; Sharmin et al. 2011; Mulazim et al. 2011),
soybean (Roşu et al. 2016; Tsujimoto et al. 2015; Echeverri et al. 2015; Altuna et al.
2015; Hosoda et al. 2014; Pan and Webster 2011; Adekunle et al. 2010; Tsujimoto
et al. 2003; Uyama et al. 2003; Gerbase et al. 2002), palm (Jusoh et al. 2012), pine
(Abdelwahab et al. 2015), tall (Liu et al. 2015), corn (Mustaţă et al. 2013), rapeseed
(Wu et al. 2000), grapeseed (Stemmelen et al. 2011), and tung (Meiorin et al. 2015;
Luo et al. 2013) oils.

Thermosetting resins are valuable products for industrial applications (Raquez
et al. 2010; Thakur et al. 2013a, b; Pappu et al. 2016) considering their versatile
properties that can be tailored as desired, for example enhanced strength, and high
modulus, improved stability (e.g. chemical, thermal) and durability. All these
desirable properties are conferred by the high cross-linking density exhibited by
thermosetting resins (Yousefi et al. 1997; Feldman 1996; Krawczak and Pabiot
1995; Singha and Thakur 2008a, b, c, 2009a, b, c, d), but there are also some
inherent disadvantages including reduced impact properties and not being resha-
pable after curing/polymerization process (Carfagna et al. 1997). Fibers type fillers
including glass, carbon, aramid or natural ones (intact or shredded), and clay type
fillers are often used as additives in resin formulations to produce composite
materials (Paluvai et al. 2014; Shibata et al. 2009; Miyagawa et al. 2005b; Uyama
et al. 2003; Hayes and Seferis 2001).

2 Thermosetting Resins from Renewable Resources
and Their Applications

The use of vegetable oils, an important class of renewable raw materials, readily
available for the synthesis of different monomers and polymeric materials with
many applications, was briefly presented as reviewed (Xia and Larock 2010). The
resulted polymer materials, converting soft, flexible rubbers into hard, rigid plastics,
display a large range of beneficial properties, the main important being the
mechanical, and thermal ones, and constitute potential promising alternatives to
classic oil-based materials. A thermosetting polymer material results as a solid state
from liquid solution (comprising mainly a mixture of co-monomers) through curing
process in an irreversible way, under heating or UV irradiation. It is essential that
one or more of the monomers have at least three or more reactive groups in the
molecular structure, which further generates tri-dimensional cross-linked networks
with no ability to reshape after the reaction ending. Usually, thermosetting materials
are obtained using a resin, a curing agent, a catalyst or initiator, and sometimes a
solvent (Auvergne et al. 2014; Raquez et al. 2010).

Thermosetting polymer materials, representing less than 20% of plastic products,
have many industrial applications. The most important examples are represented by
phenolic resins, urea formaldehyde resins, unsaturated polyesters, and epoxy resins.
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Epoxy resins are low molecular mass monomers containing at least two epoxide
groups (glycidyl or oxirane group type). These epoxy monomers can interact with
themselves through homo-polymerization reactions (anionic or cationic), or in the
presence of a large range of co-reactants (polyfunctional amines, acids, anhydrides,
phenols, alcohols, thiols) that are usually called hardeners. Blending with some
additives and fillers is also applied when reduction of costs or achieving desirable
processing and/or properties are envisaged (Auvergne et al. 2014). An effective
approach to generate oxirane groups is represented by peroxidation of double bonds
which, in the case of aliphatic chains, is a simple oxidation process by using
hydrogen peroxide (e.g. epoxidation of vegetable oils). Vegetable oils comprise
varied fatty acids structures which present naturally occurring functional groups
(carbon-carbon double bonds, hydroxyl groups, even epoxy groups). The first
mentioned ones, with reduced reactivity, can generate new functional groups
capable to be easily polymerized. Some of the most significant applications of
thermosetting resins from epoxidized vegetable oils will be further presented.

2.1 Coatings

Epoxidized vegetable oils (EVOs)-based polymers have been extensively used as
coatings, given their superior mechanical properties, processing ability, and
chemical resistance, in various applications: electrical engineering, electronics,
automotive and even aeronautics, biomedical and food packaging (Auvergne et al.
2014). Thus, commercial products are readily available on various markets.
Functionalized vegetable oils can be employed in coatings made of epoxidized
linseed oil (ELO) and epoxidized soybean oil (ESO), the most common and widely
used (Miyagawa et al. 2006). The synthesis approach may vary to a large extent.
ESO is known to undergo both cationic and thermal processing (Raghavachar et al.
2000) while epoxidized palm oil (EPO) have been used for UV-curable coatings
(Wan et al. 2003; Raghavachar et al. 2000), as well as the vernonia oil, which
naturally contains epoxide groups that made it fit for such applications (Thames and
Yu 1999). Since each type of application sets its own performance requirements, all
formulations are target-oriented. As for the coatings, the processing techniques,
along with the complex chemistry characteristic for a multi-component polymer
system, are a key factor. Temperature, pressure, reaction rate and visco-elastic
behaviour can influence the properties of the materials during each stage of pro-
cessing, and even afterwards (delamination, debonding or even port-processing
reactions (Pascault and Williams 2013).

Complex coating formulations may also include additives of various types aimed
to improve mechanical and thermal properties, specifying that they may also
undesirably increase the viscosity. Initiators having cationic structure are inert
under normal conditions (ambient temperature and illumination), but they exhibit
activity under external stimulus (heating or photo-irradiation). They are used not
only for epoxidized vegetable oils-based coatings, but also for adhesives, paintings,
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inks and photoresists. The preparation of epoxy-modified cyclohexene-containing
linseed oil (ECLO) was reported and the kinetics of photo-polymerization was
studied in comparison with the corresponding compound without epoxy groups
(Zou and Soucek 2005; Zong et al. 2003). The epoxy conversion and the poly-
merization reaction rate, as well as the mechanical properties of the coatings, were
proven to depend on the reduced viscosity of the system.

Other kinetic studies were focused on the polymerization of EVOs bearing
benzyl alcohols units (Ortiz et al. 2005). The effect of the both cationic and anionic
initiators on the rate of the photo-polymerization of epoxidized triglycerides was
evaluated. The raw material used was vernonia oil, known to naturally contain
epoxy moieties, and the resulted coatings exhibited high flexibility and impact
strength (Crivello and Narayan 1992). UV-curable coatings with an interesting
supramolecular architecture were obtained using vernolic acid units grafted onto a
functionalized hyperbranched polyether (Samuelsson et al. 2004).

Fundamental studies were also performed on different triglyceride-initiator
systems aiming to optimize them. For ESO, which is considered a representative
green monomer, it was found that silyl radical chemistry used for promoting the
free-radical cationic polymerization was highly efficient, even in air and upon
natural irradiation: after 1 h exposure, a tack-free uncolored coating yielded in with
a conversion of 60% (Tehfe et al. 2010).

An epoxidized derivative of anacardic acid was reported to yield in thin films by
cationic photo-polymerization (Pascault and Williams 2010) in the presence of a
solution of triaryl sulfonium hexafluoroantimonate salt in propylene carbonate. The
coatings exhibited surface with enhanced hydrophobicity due to the achieved long,
hydrophobic alkyl chain localized at the coating-air interface. (Chen et al. 2009;
Huang et al. 2012). These epoxidized vegetable oils may be used as reactive
additives in UV curable materials by cationic photo-polymerization (“humidity
blockers”).

The use of hardeners, either from renewable resources or synthetic, is aimed to
improve the properties of coatings. The literature is scarce concerning epoxidized
vegetable oils formulated with bio-based hardeners. Still, data on the properties of
ESO-based coatings cured in the presence of maleinated soybean oil (Warth et al.
1997) or terpene derived acid anhydride (Takahashi et al. 2008) were communi-
cated. Resins obtained from epoxidized linseed oil using a vegetable oil polyamine
prepared by thiol-ene chemistry as cross-linker (Stemmelen et al. 2011) were
reported to exhibit elastomeric properties and low glass transition temperatures.
Other coatings were obtained using bio-based hardeners formulated with synthetic
commercially available epoxy ethers, namely glycerol polyglycidyl ether (GPE;
epoxy functionality 2) and polyglycerol polyglycidyl ether (PGPE; epoxy func-
tionality 4.1) (Shibata and Nakai 2010; Takada et al. 2009).

Coatings properties may be upgraded by applying different methods, one of
them being the increase of the epoxydic precursor functionality. Such an example is
the synthesis of new epoxy monomers, namely epoxidized sucrose esters of fatty
acids (ESEFAs) (Pan et al. 2011), that reacted with a cycloaliphatic anhydride
(4-methyl-1,2-cyclohexanedicarboxylic anhydride, MHHPA) in the presence of an
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initiator (1,8-diazabicyclo[5.4.0]undec-7-ene, DBU). Their properties as coatings
for steel were studied in comparison with a commercially available ESO-based
coating and the data collected from various measurements indicated these
ESEFAs-based materials as high performance thermoset coatings in correlation
with their high content (approx. 75%) of vegetable component. The high modulus
values of these coatings, their hardness and ductility can be explained considering
the structure of ESEFAs and their enhanced functionality. These monomers may be
of further use for composites and adhesives, as well.

Other thermosetting coatings were obtained by substituting in a certain degree
synthetic prepolymers (i.e., diglycidyl ether of bisphenol A DGEBA) with EVO
commonly used as reactive diluents and/or agents for improved flexibility (Czub
2006). Thus, formulations containing DGEBA and ESO, including methyl
tetrahydrophthalic anhydride (MTHPA) as hardener and 1-methylimidazole (1-MI)
as an initiator (Altuna et al. 2011), yielded in coatings reported to have decreasing
Tg values along with the increasing amount of ESO and a good balance between
composition and properties was reached for a ratio DGEBA/ESO = 40/60 (wt%).
When soybean (Miyagawa et al. 2005b) or linseed oil (Miyagawa et al. 2005c) was
used in combination with diglycidyl ether of bisphenol F (DGEBF), employing the
same hardener and initiator, the properties of the resulted coatings were
comparable.

Another approach to enhance the properties of EVOs-based coatings consists of
chemical modifications performed to the EVO precursors. In example, grafting
phenol units (such as bisphenol A) onto EVOs (epoxidized soybean, rapeseed,
linseed, and sunflower oils) yielded in prepolymers that may be further cross-linked
in the presence of various hardeners (2-methylimidazole, dicyanodiamide, hex-
ahydrophthalic anhydride, and triethylenetetramine) (Czub 2009).

The new materials were reported to have improved mechanical strength. When
reagents bearing phosphorus moieties were employed to modify EVO, coatings
with flame retardant properties were obtained. Thus, a diepoxy monomer was
synthesized starting from 10-undecenoyl chloride and a diphenol resulted from the
reaction of 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide and benzo-
quinone; subsequently, the double bonds were oxidized (Lligadas et al. 2006b, c).
Then methylene dianiline (MDA) or bis(m-aminophenyl)methylphosphine oxide
(BAMPO) was used for the cross-linking reaction. It was proven the material
achieved a diminished flammability.

Coatings with tailored properties, such as biocide, biocompatible, biodegradable,
anti-corrosion, low emission of volatiles, were designed for special applications,
namely decorative, protective and architectural layers, electrically insulations, films
for paper packaging or having self-healing properties (Alam et al. 2014).

Coatings having paint properties were obtained from EVOs containing oxazoline
units (Trumbo and Otto 2008). Pure vegetable oils and in blends with poly-
methylmethacrylate and polystyrene have been used as anticorrosive coatings with
high flexibility (Ahmad et al. 2006a, b). Coatings obtained from EVOs blended
with polyvinyl chloride and polyvinyl alcohol, respectively, have achieved
biodegradable character and may be used as films for food packaging (Riaz et al.
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2010, 2011). Naturally-containing epoxy moiety vernonia oil, as well as epoxidized
vegetable oils (ESO and ELO) have been used as reactive diluents, the resulting
coatings showing improved properties and zero emission of volatiles (Das and
Karak 2009).

When employing epoxidized 10-undecenoic acid triglyceride, cured in the
presence of amines, coatings with high UV-stability, good adhesion, solvent
resistance and toughness were obtained (Earls et al. 2004).

2.2 EVO Based Composites

Fiber reinforced composites are materials that may be used in automotive and
aircraft industry, as structural materials, with good results. Manufactured generally
starting from natural (flax, hemp) and synthetic (glass, short carbon fibers, as well
as mineral fibers, such as surface-modified wollastonite) fibers, they employ
polymeric matrices which can be made also from renewable resources, as in the
case of epoxidized vegetable oils. The growing interest in the use of such materials
is a mark of the last decades, considering the global environmental movement and
green policy.

The epoxidized soybean oil (ESO) based composites are an example of epoxi-
dized vegetable oils successfully used as matrices (Meier et al. 2007; Kayode and
Adekunle 2015; Petrovic et al. 2004). Reinforced with glass and carbon fibers (Liu
et al. 2002, 2007), these composites proved thermal, mechanical and physical
properties comparable to classic oil-based elastic polymeric materials. The for-
mulations included some well-chosen curing agents and epoxy resins to enable the
final composite to fit a wide range of end-user requirements. The method of
manufacturing was also a new approach, as the solid free from fabrication (SFF—a
method of producing objects without molds, best known from stereo lithography as
a method to rapidly obtain prototypes) is not commonly used to produce fiber
reinforced composites. Experimental results showed, as follows: glass and carbon
fibers exerted a better reinforcing effect as compared to mineral fibers; the com-
posite modulus depended on the fibers orientation, aspect ratio and volume fraction;
the reinforcement effect is enhanced at higher temperature; it is possible to use the
SFF method to obtain end products based on such composites when other manu-
facturing approaches cannot be employed.

Further functionalization of vegetable oils yielded in valuable compounds that
were used as matrix for fiber-reinforced composites with either natural or synthetic
fibers. This is the case of acrylated epoxidized soybean oil (AESO), maleinized soy
oil monoglyceride (SOMG/MA) and maleinized hydroxylated oil (HO/MA) syn-
thesized from the triglyceride oil, or even maleinated acrylated epoxidized soybean
oil (MAESO) (Campanella et al. 2015).

When glass fibers (QM6408 E-Glass) were employed, AESO-based composites
containing up to 50% fibers showed excellent mechanical properties (Khot et al.
2001). The addition of natural fibers (flax and hemp) in various ratios induced
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improved elastic properties. These properties exhibited by composites with com-
bined natural and synthetic fibers can be furthermore exploited, since they are
combining advantages from the both classes of fiber composites (i.e., the low cost
of natural fibers and the high performance of the synthetic ones).

Lignocellulosic materials (flax, cellulose, pulp, hemp, wheat straw fibers) were
also used to produce AESO-based composites. For this purpose, flax fibers were
mixed with butyrated kraft lignin (Thielemans and Wool 2004) which acted as
compatibilizing agent between matrix (AESO and styrene) and fibers by improving
the adhesion at the interface. This behaviour was evidenced by SEM images
illustrating that fibers fractured along with the matrix, without pulling out. When
short wheat straw fibers were employed, the effect of butyrated kraft lignin was
most evident in the tensile strength improvement, as the system enabled a better
interaction between matrix and fibers, given the enhanced fibers wettability. All
these composites were made by the vacuum assisted transfer molding process
which granted a good permeation of the matrix around and within the fibers.

Another approach in this field was the production of fiber-reinforced composites
directly as end-products. Thus, panels for in-door applications (housing, structural
materials, furniture, automotive parts, etc.) were made from AESO and natural fiber
mats (flax, cellulose, pulp and recycled paper, hemp) up to 10–50% (O’Donnell
et al. 2004). Vacuum-assisted resin transfer molding or resin vacuum infusion
process were used to obtain such panels. All these materials showed good
mechanical properties as compared to woven E-glass fibers reiforced AESO com-
posites, with different values of the flexural modulus depending on the nature of
fibers, but the production costs were lower.

The maleinated acrylated epoxidized soybean oil (MAESO) is another example
of functionalized vegetable oil that can be used in fiber-reinforced composites
production (Campanella et al. 2015).

Composites panels were made of both glass fibers and natural fibers (flax), and
using MAESO along with wisely chosen reactive diluents (styrene, vinyl-toluene,
divinyl-benzene, methyl methacrylate and methacrylated fatty acid—MFA) as
matrices. The end-products proved to have good mechanical characteristics and
physical properties close to those made of oil-based polymers. It was shown that
tuning the amount of MFA versus MAESO, it was possible to increase the amount
of natural fibers in the formulation, but given their lower density, the composites
remained lighter as compared with glass fiber reinforced ones. At the same time, the
flax containing composites displayed enhanced elastic properties, despite their
lower strength, which makes them fit for lightweight applications in automotive
industry. The experimental data confirmed that MAESO is a versatile compound fit
for further processing in order to obtain multi-component systems with tailored
properties. Since the presence of MFA in formulations reduced the modulus but
increased the elongation for equivalent strength, it is beneficial to combine MAESO
and MFA to obtain lightweight composite products with high content of natural
fibers.

Other ESO-based resins were also tested to be further used in the production of
fiber-reinforced composites. Thus, a combination of epoxidized soybean oil ESO
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and diglycidyl ether of bisphenol A DGEBA was formulated and cured in the
presence of p-aminobenzoic acid (p-ABA). The influence of ESO on the curing
kinetics and thermal properties of the cured resin was investigated (Mustaţă et al.
2011). The results confirmed that ESO contributed to improve the resin toughness,
as well as its biocompatibility. The morphology study of the cross-linked system
showed a smooth fracture surface and cracks uniformly spread in the entire sample,
indication of the enhanced toughness due to the reactive epoxidic groups of ESO
and DGEBA cross-linked to yield larger network structures. This phenomenon was
enabled by the good dispersion of ESO in the resin bulk.

Other inexpensive composites with glass fibers were made by using renewable
resources, namely epoxidized allyl soyate (EAS), a soy-based resin produced
starting from unsaturated soybean oil (Chandrashekhara et al. 2005). EAS consists
of mixtures of epoxidized fatty acid esters andiIt was expected to yield a highly
dense intermolecular cross-linking given its superior reactivity and, subsequently
produce materials with better mechanical properties than those of materials resulted
from unmodified ESO. Data collected for the pultruded glass fiber reinforced
composites indicated good values for flexural strength, modulus and impact resis-
tance, confirming the possibility to use these composites as structural materials. The
decrease in the pull force during the pultrusion process was noticeable, as expected,
given the unctuosity of the soybean oil. These results validated the potential of EAS
to environmentally friendly and low cost structural applications.

Keratin fibers were also considered when it came to the development of novel
bio-based composite materials with specific properties (Hong and Wool 2005).
Keratin fibers originating from feathers are tough, despite their lightweight and
hollow structure and, given their chemical proteic nature, are compatible with
acrylated epoxidized soybean oil (AESO). Since the fibers are not filled with resin
during the processing, the final composites contain a high amount of air inside the
hollow structure of fibers and the density barely reach 1 g/cm3 for 30% (volume
fraction) keratin fibers content. Therefore, the values of the dielectric constant are
lower than silicon dioxide or epoxy, or polymer dielectric insulators. At the same
time, the value of the coefficient of thermal expansion is also low enough, and that
makes these composites fit for electronics. Another property evaluated was the water
sorption which is correlated with the amount of keratin fibers and their wettability by
AESO. The mechanical properties (storage modulus, fracture toughness, flexural
strength) were dramatically increased due to the presence of keratin fibers. Even
more significant improvements may be achieved by wisely select the matrix in terms
of compatibility with the reinforcement and strictly sort the fibers.

Particulate composites using EVO as matrices are found to be of high interest in
structural materials, depending on the amount and type of particles, as well as
mechanical level of performance of the considered resins. It is well known that the
best mechanical properties in particulate composites are achieved when particles
with different size, from coarse particles to fine particles, are mixed previously. This
protocol enables an enhanced reinforcement of the final composite as each
dimensional fraction of particles occupy a specific volume and contributes to the
formation of a rigid “skeleton” inside the matrix. Under these circumstances, the
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higher the compatibility between matrix and filler, the better the wettability, the
better elasticity to strength ratio of the composite.

An interesting study on composites made of epoxidized castor oil (ECO) and
mixtures of inorganic fillers in different ratios evidenced this assessment (Balo
2011). The filling materials (coal fly ash, clay, perlite and pumice) were selected
due to their characteristics, mainly their pozzolanic effect, and local availability.
The pozzolans are silicaceous materials with no cementitious properties by them-
selves, but added in controlled ratios and in finely ground state to classic formu-
lations may react with calcium hydroxide in the presence of water, at ambiental
temperature, to yield in compounds with remarkable cementitious properties. Thus,
it is possible to estimate the pozzolanic activity (Snellings et al. 2012). The coal fly
ash is currently a municipal waste commonly disposed of in landfill or ash deposits,
with noticeable negative environmental impact. It is already used in low amounts in
some applications, such as component in concrete used for grouting and other
stabilizing operations in mining, as well as filling material in civil engineering
(Horiuchi et al. 2000). The clay used in these formulations was commercially
available. Pumice is a glassy volcanic rock (rhyolitic or dacitic magma) with high
porosity which grants a specific density lower than 1 and enables it to float. In civil
engineering applications as structural materials, pumice proved to be easy pro-
cessable and to contribute to the heat and sound insulation, and fireproofing (Shrew
and Brink 1977). Perlite is an amorphous volcanic glass which contains high
amount of water and may be expanded to 7–16 times its original volume upon
heating at 850–900 °C, when its density becomes 0.03–0.15 g/cm3 (Maxim et al.
2014). In natural state, perlite has a good pozzolanic effect and it is used in concrete
formulations to improve their mechanical properties, mainly the compressive
strength (Mo and Fournier 2007; Demirboğa et al. 2001).

The experimental results indicated that the fly ash and ECO contributed to the
decrease of the compressive-tensile strength and thermal conductivity, but the
lowest values were obtained in samples containing pumice and expanded perlite
(5% each); same for the abrasive loss and water sorption. The thermal conductivity
of samples increased along with the increasing density of materials, but decreased
when the water sorption enhanced. It was also proven that the presence of clay
caused an improved abrasion resistance. It is noticeable that these composites are
able to incorporate high amounts of filler, while maintaining low density and high
structural performance, which recommends them for lightweight applications.

2.3 Nanocomposites with EVO Matrices

Polymer nanocomposites are multi-component systems and basically consist of
nanofillers (particles of different shape, platelets, fibers and fibrils, etc.) dispersed in
a polymeric matrix made of one polymer or a mixture of polymers. The transition
from micrometer to nanometer scale entails changes in both physical and chemical
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properties of the materials. Since the nanofillers are affecting the behaviour of the
nanocomposite, it is of interest to consider two structural aspects of the filler: the
increased surface area:volume ratio, and the size of the particle. The smaller the
particles, the higher the surface area:volume ratio, which shifts the interest from the
atom interactions inside the particle to the ones at the exterior suface of the particle,
or, more specifically, at the interface between matrix and particle.

Typical nanofillers are considered silica (SiO2) nanoparticles, metal-oxo clusters
(–O–Ti–O–, zirconia, etc.), clays in native state or organically modified, etc.
Polymers reinforced with well-defined nanosized inorganic clusters, including
ceramers (IUPAC 1997), have attracted a great interest due to their versatility in
terms of properties and applications.

Polyhedral oligomeric silsesquioxane (POSS) compounds have a unique
cage-like structure (1–3 nm in diameter) where the ratio between oxygen and sil-
icon is (SiO1.5)n, n = 8, 10, or 12. Various POSS were used to obtain nanocom-
posites by copolymerization with different organic monomers (Kannan et al. 2005);
even epoxidic resins were employed to prepare such nanocomposites (Abad et al.
2003).

Generally, the presence of POSS renders improved thermal and mechanical
properties, as well as reduced flammability. When the structure contains POSS
pendant on a network chain, the (SiO1.5)n clusters exhibit a trend to aggregate,
depending on the nature of organic ligands, and the POSS-POSS interactions
become the network structuring driving force. Even more, the extent of POSS
aggregation increases along with the decrease of the POSS crosslinking function-
ality (Matějka et al. 2004).

An excellent example of biobased POSS-nanocomposites from plant oil deriva-
tives is represented by the epoxidized linseed oil (ELO) and
3-glycidylpropylheptaisobutyl-T8-polyhedral oligomeric silsesquioxane (G-POSS)
in different amounts (2, 5, and 10 wt%) that were cross-linked (Lligadas et al. 2006d).
At low amounts of G-POSS (2 wt%), no aggregates were observed, but for higher
contents clusters having several nanometers in diameter were noticed. The glass
transition temperatures were higher and storage moduli of the networks in the glassy
state were improved as compared to those of pure ELO network. A rubber plateau was
also observed to be higher than that of the pure resin. These findings were attributed to
the reinforcing effect of the G-POSS clusters.

Novel biobased hybrid organic-inorganic materials were obtained using several
polyfunctional hydrosilylating agents, such as 1,4-bis(dimethylsilyl)benzene (DMSB),
tetrakis (dimethylsilyloxy) silane (TKDS) and 2,4,6,8-tetramethylcyclotetrasiloxane
(TMCTS) (Galià et al. 2010). Other several inorganic precursors, namely
3-glycidoxypropyl-trimethoxysilane (GPTMS), 2-(3,4-epoxycycohexyl)-ethyl-
trimethoxysilane (ECTMS), 3-aminopropyl-trimethoxysilane (APTEOS), and
2-aminoethyl-3-aminopropyltrimethoxysilane (AEPTEOS), were also employed in
order to obtain hybrid materials (Tsujimoto et al. 2010).

Biodegradable nanocompositeswere successfullyprepared starting fromepoxidized
soybean and linseed oils (ESO and ELO) and 3-glycidoxypropyltrimethoxysilane
(GPTMS) (Tsujimoto et al. 2003). The nanocomposites were obtained in situ by an

8 Epoxidized Vegetable Oils for Thermosetting Resins and … 227



acid-catalyzed reaction and this allowed the simultaneous formation of both resin
matrix and silica network. The covalently bonded organic and inorganic structures
enabled a highlyorganized architecture that entailed improvedfilmproperties. Thus, the
hardness and tensile strength were enhanced, as well as the flexibility of the
nanocomposites. The reinforcing effect of the silica network was also substantiated by
the rheologic behaviour of the novel materials, which were also tested for their
biodegradation susceptibility with good results: after 2 months in an activated sludge,
the samples degraded over 50%.

On the other hand, using the same ELO and ESO, and GPTMS, it was possible
to obtain nanocomposites by an acid-catalyzed curing reaction, these being able to
form highly glossy, transparent films, with good coating characteristics, while
maintaining their biodegradability (Tsujimoto et al. 2010). Besides the improve-
ment of the mechanical strength and thermal stability, the reinforcing effect of the
silica network was also confirmed by the dynamic visco-elasticity analysis.

Other ceramers were prepared by sol-gel processes using an inorganic precursor,
namely tetraethoxysilane (TEOS), and epoxidized castor oil (ECO), in various
ratios, aiming to reach an optimum between composition and properties (de Luca
et al. 2006). The morphology of the materials was characteristic to homogeneous
films when the inorganic component was in low amounts. Unlike simple castor
oil-based nanocomposites, the ceramers made of ECO may include higher amounts
of inorganic component without any occurrence of phase separation, which is an
indication of the wettability of the inorganic network, hence, the compatibility of
the two components. Mechanical properties (hardness and tensile strength)
improved along with the increasing amount of TEOS, though the swelling in
toluene diminished. All considered samples have showed good adhesive properties,
which recommend them for coating applications.

Another inorganic precursor, namely 3-aminopropyltriethoxysilane (APTES),
was employed for ceramers preparation due to its structural and functional features.
This bifunctional precursor, containing an amine group supplemental to the silane
moiety, is able to yield 3D silicon oxide networks where –NH2 and –Si–OH groups
can be crosslinked. Therefore, in a wisely chosen reaction system it may act as
reagent, contributing to the inorganic network, as well as a coupling agent, linking
the organic and inorganic components. Thus, hybrid homogeneous films were
obtained using ECO and mixtures of APTES and TEOS in various ratios (Becchi
et al. 2011). It was proven that additional APTES did not enhanced the thermal
stability of the nanocomposites, as compared to ECO–TEOS ones, but contributed
to the increase of the hardness and tensile strength values. Given the thermal data
achieved for the ECO-APTES-TEOS systems, it was suggested that the conversion
of the inorganic precursors into pure silica was not complete, as expected, but they
also yielded in some amorphous silicon oxycarbide (SiCxO4−x). The samples
studied have proved competitive adhesive properties toward aluminum surfaces
and, consequently, these materials may be considered for anti-corrosive protection
coatings.

Ceramers containing metal-oxo clusters were designed to yield materials with
beneficial properties derived from both organic and inorganic phases; they may be
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prepared through sol-gel processes, as the inorganic phase can generate
self-assembled networks and, at the same time, react with the organic phase by
cross-linking via hydrolysis and condensation reactions (Wold and Soucek 2000).

Thus, ceramer coatings intended for electronics applications were obtained with
good results using linseed and sunflower oil, as the organic phase, and titanium
(IV) i-propoxide (TIP), titanium (IV) di-i-propoxide bis-acetoacetonate (TIA), and
zirconium n-propoxide (ZRP), as the inorganic phase (Tuman and Soucek 1996;
Tuman et al. 1996).

Given the reactivity of the EVO and considering the conditions of the sol-gel
process, it was suggested that better results might be obtained by replacing blown or
bodied vegetable oils with the epoxidized ones. Thus, the sol-gel precursors proved
to be more reactive in the presence of EVO, bonding with both hydroxyl and
epoxide groups in their structure. Even more, a certain catalytic effect of the
inorganic precursor on the homo-polymerization of the epoxidized oil was assumed
(Chen and Chen 1997). A significant improvement was noticed in terms of
mechanical properties in the ceramers obtained from ESO and inorganic precursors,
such as titanium (IV) i-propoxide (TIP), titanium (IV) di-i-propoxide
bis-acetoacetonate (TIA), and zirconium n-propoxide (ZRP) (Teng and Soucek
2000). The tensile modulus, strength, and hardness varied depending on the nature
of the precursor, thus supporting the hypothesis of different interactions between
organic and inorganic phases. The improvement in mechanical properties (tensile
modulus and strength, and hardness) might be attributed to the formation of both
inorganic rigid clusters and organic high density cross-linked network. At the same
time, the higher the amount of inorganic component, the lower the elasticity of the
ceramer films is.

The use of clays (either in native state or organically modified) as nanosized
fillers for EVO-based nanocomposites was considered as an alternate pathway to
achieve not only enhanced mechanical properties, but reduced flammability and
significantly improved biodegradability, as well. Thus, starting from ESO and ELO
as organic components, it was possible to obtain nanocomposites using an organ-
ically modified montmorillonite (containing an octadecylammonium tail, 30 wt%),
by thermal curing in the presence of a benzylsulfonium hexafluoroantimonate
derivative, as a thermally latent cationic catalyst (Uyama et al. 2003). The ESO
containing nanocomposites yielded in homogeneous, resilient, highly elastic films,
due to the decrease of the cross-linking density of ESO when the clay was dispersed
in the matrix and the reinforcing effect of clay platelets. The ELO-based
nanocomposites have showed a higher cross-linking density, given the greater
number of epoxide moieties. These data suggested that these materials are expected
to be used in applications as coatings and biodegradable plastics.

A mixture of ESO and diglycidyl ether of bisphenol-A (DGEBA) was also
considered as matrix for bio-based nanocomposites with organically modified
montmorillonite (OMM) (Aboobucker Sithique and Alagar 2010). The morphology
analysis (wide angle X-ray diffraction WAXD and scanning electron microscopy
SEM) proved that the clay tactoids exfoliated up to a high extent inside the matrix,
which explained the significant improvement in tensile strength and modulus,
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flexural strength and modulus (up to 24% for 7 wt% OMM content), and impact
strength. The increased tortuosity of the system, granted by the clay platelets,
restricted the chains mobility so that the diffusion of volatiles lowered, while the
overall thermal stability increased.

Aiming to obtain green composites, different matrix formulations were designed,
including further modified EVO, such as acrylated epoxidized soybean oil (AESO)
(Thielemans et al. 2005) or acrylated epoxidized castor oil (AECO), or even mixed
matrices, namely AECO-DGEBA (diglycidyl ether of bisphenol A) (Paluvai et al.
2015a, b). The organically modified clay used in this case was Cloisite 30B—
montmorillonite functionalized with bis(2-hydroxyethyl) quaternary ammonium
salt- and the transmission electron microscopy TEM and X-ray diffraction XRD
analysis results confirmed exfoliated structure of the nanocomposites. The
cross-linking density increased along with the amount of clay, because the alky-
lammonium groups reacted with the AECO-DGEBA system and contributed to the
tensile and flexural properties. At the same time, a certain degree of ductility was
noticed evidencing the plasticization effect of clay platelets, although higher
amounts of clay entailed some brittleness.

The same Cloisite 30B was used for other mixed matrices, namely
anhydride-cured epoxidized linseed oil (AELO) or octyl epoxide linseedate
(OEL) and diglycidyl ether of bisphenol F (DGEBF) (Miyagawa et al. 2005a, b, c).
The advisedly chosen curing agent and bio-based epoxies yielded in matrices
displaying high values for elastic modulus, glass transition temperature, and heat
distortion temperature. The addition under sonication of the functionalized clay
produced nanocomposites with almost completely exfoliated structure, as evi-
denced through morphology studies. Thus, they achieved a higher storage modulus
as compared to the initial resin. Given the value of the heat distorsion temperature
(100 °C) as well, it is possible to consider these materials as promising options for
industrial applications.

Interesting result were achieved when the classic montmorillonites were replaced
with other silicates, such as attapulgite (ATT—derived from the US town
Attapulgus, in SW Georgia, where is abundant) or palygorskite (after the name of
the first described deposit at Palygorskaya, in 1862, on the Popovka river, in Middle
Urals, region Permskaya, Russia). This is a magnesium aluminium phyllosilicate
that consists of bundles of acicular bristle-like crystals, having 2–3 lm in length
and <3 nm in diameter (www.handbookofmineralogy.com), although other sources
indicated 20 nm in diameter and few micrometers in length (Zhao et al. 2008),
hence, a fiber-like morphology. The bundles are wetted by a slightly swellable
smectite matrix. When added to metakaolin mortars, it may be used for
period-correct restoration of mortars in heritage sites (Andrejkovičová et al. 2013).

Neat ATT was used as reinforcement in epoxy resins (Lu et al. 2005), but further
modification of the clay surface was expected to improve the compatibility between
matrix and filler, with beneficial effects on the mechanical, thermal and flame
retardant properties of the nanocomposites (Shen et al. 2006; Xue et al. 2006).
Thus, poly(ethylene oxide) (PEO) has been used to functionalize the surface of
layered nanoparticles, due to its interactions with metal ions (Tunney and Detellier
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1996), but another reagent, namely poly(ethylene glycol) diglycidyl ether
(PEGDE), proved to be a better choise (Zhang et al. 2013). The clay surface
functionalization was confirmed by FTIR spectroscopy: a novel absorption band
was identified and attributed to the newly formed hydrogen bonds and chelation
phenomena that occurred. This filler was further employed in different matrix
formulations containing epoxidized soybean oil (ESO) and cyanate ester resin
(CE) in order to obtain bio-based nanocomposites with enhanced properties. It was
shown that a moderate degree of ATT functionalization had entailed the highest
improvement in terms of storage modulus, as compared to neat or highly func-
tionalized ATT.

When these nanocomposites are intended for applications that require higher
levels of performance, such as structural applications, the clays are mixed with
high-performance fillers, such as glass fibers or carbon fibers (CF). The processing
of such multi-component systems must take into consideration the compatibility
between partners, as well as the most suitable methods. Thus, new nanocomposites
based on ELO, Cloisite 30B and carbon fibers were obtained in stages (Miyagawa
et al. 2006), as follows. First, the ELO-Cloisite 30B nanocomposite was prepared
by the sonication technique that allowed exfoliated structures, evidenced by the
enhanced modulus and strength, and the homogeneous dispersion was confirmed by
TEM. In the second stage, CF-reinforced materials were obtained through com-
pression molding. The elastic modulus of unidirectional carbon fiber reinforced
polymers (CFRP) made with different matrices (DGEBF, DGEBF-ELO,
ELO-Cloisite 30B exfoliated or intercalated) was consistent regardless the matrix,
due to the fact that the flexural test for the unidirectional CFRP is highly depending
on the fibers characteristics. The inter-laminar shear strength tests indicated that the
failure occurred in the ELO-Cloisite 30B phase (matrix) or at the matrix-fibers
interface.

3 Conclusions and Future Perspective

In recent decade, there has been noticed an increasing research interest for using
vegetable oils in obtainment of valuable polymer materials usually designed for
technical applications. Considering their different uses, for example, biomedical
purposes, or surface coatings applications, these polymer materials should have
specific features including good thermal stability and significant ability to resist
damage by chemical reactivity or solvent reaction. Vegetable oils are natural,
environmental friendly and renewable raw materials with large availability, low
cost, and functionality readily to be significantly improved for obtainment of
bio-based functional polymers and polymeric materials (e.g. linear structures, three
dimensional networks, and matrices for thermoplastic and thermosetting materials,
biocomposites and organic-inorganic hybrid materials). An effective approach to
generate epoxy resin moieties (e.g. with oxirane groups) is represented by epoxi-
dation of vegetable oils (namely, peroxidation of double bonds which, in the case of
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aliphatic chains, is a simple oxidation process by using hydrogen peroxide). Some
of the most significant applications of thermosetting resins from epoxidized veg-
etable oils (EVOs) include coatings, fiber reinforced composites, and nanocom-
posites. As for the coatings, the processing techniques, along with the complex
chemistry characteristic for a multi-component polymer system, are a key factor.
Coatings properties may be improved by applying different methods, an effective
one being the synthesis of new epoxy monomers by increasing functionality of the
epoxy precursor. Further functionalization of vegetable oils (e.g. acrylated epoxi-
dized soybean oil, maleinated acrylated epoxidized soybean oil) can generate
valuable compounds to be employed as matrices for fiber-reinforced composites
with either natural or synthetic fibers. Particulate composites using EVO as matrices
are found to be of high interest in structural materials, depending on the amount and
type of particles, as well as mechanical level of performance of the considered
resins. Polymer nanocomposites are multi-component systems and basically consist
of nanofillers (particles of different shape, platelets, fibers and fibrils, etc.) dispersed
within a polymeric matrix made of one polymer or a mixture of polymers. Polymers
reinforced with well-defined nanosized inorganic fillers (e.g. silica SiO2 nanopar-
ticles, metal-oxo clusters, clays in native state or organically modified) including
ceramers have attracted a great interest given their versatility in terms of
properties-application relationship. The resulted organic—inorganic hybrid mate-
rials may exhibit enhanced mechanical properties, but reduced flammability and
significantly improved biodegradability, as well. Nevertheless, an increasing
interest for bio-based, sustainable materials, with significant performance and
endurance features, and not quite biodegradable, is observed. The future of
bio-based polymers, including precursors for thermosetting epoxy resins, is
strongly dependent on the future of different biorefinery strategies.
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Chapter 9
Philosophical Study on Composites
and Their Drilling Techniques

Sikiru Oluwarotimi Ismail and Hom Nath Dhakal

Abstract Due to the advancement in the properties, design and manufacturing of
fibre-reinforced polymer composite materials, especially the natural or bio-based
types, their wide applications have been significantly enhanced compared to the
conventional materials (metals and alloys). With this trend, there is a strong interest
and importance in understanding the machinability of these materials.
Machinability of these materials depends, among other parameters, on properties of
fibres and matrices, drilling conditions, parameters and techniques. Among the
machining operations of these composites, drilling is the most crucial and common
operation. Hence, this chapter focuses on better understanding of biocomposites
and various composite conventional and non-conventional drilling techniques. The
primary aim of this chapter, therefore, is to provide comparative analysis between
conventional and non-conventional drilling of composite materials.

Keywords Composite materials � Machinability � Drilling techniques
Fibres � Matrices

1 Introduction

The increasing application of the fibre-reinforced polymer (FRP) composites, as an
effective engineering materials to meet the human insatiable needs in various areas,
has encouraged many industrial sectors. The exhausting crude oil resources and
quest for a perfect substitute for non-renewable (synthetic) composites have
necessitated the advancing research on and use of FRP composites, most impor-
tantly, the renewable (natural) composites (Scarponi et al. 2015; Ismail et al. 2015).
The list of the areas of application is not exhaustive, as it involves both commercial
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and industrial uses such as aerospace, defense, marine, automotive, civil
infrastructure/building construction, oil and gas, sports, leisure and recreation,
medical science, electrical and electronics.

Drilling is a machining process that involves the cutting out or enlargement of
holes in a solid material. It is a versatile manufacturing operation which forms an
integral part of any machine assembly and component mating. Mostly used as a
finishing process, drilling requires a great deal of precision and accuracy for
effective usage. The functionality of any mechanical structure is largely dependent
on the quality of mating between its interconnecting parts, which is achieved
through the use of mechanical fasteners such as rivets, pins, screws, among others.
However, in order to achieve the effective mating of machine parts through the use
of fasteners, proper provision of grooves/holes for their installation must be ade-
quately made, and this can only be achieved through drilling.

Mechanical fasteners, usually available in standard sizes, are required to create
perfect fit into grooves for which they are designated for use. Therefore, it is
necessary to ensure that bolted or riveted joints are accurately drilled, so as to
prevent the slackness of the fasteners on the machine members or their excessive
tightness. Consequently, drilling is a crucial machining operation which constitutes
largely to the success or failure of any machine assembly (Makhdum et al. 2014).
Drilling plays a major role in various industries, from automotive to aerospace and a
whole lot of other manufacturing industries. It is the most common composite
machining operation, since many holes are required for the installation of
mechanical fasteners towards component assembly. Reports showed that approxi-
mately 25% of the machining operations used among manufacturing industries are
drilling-associated, with an estimate of about 55,000 drilled holes used to assemble
the numerous parts of the Airbus A350 aircraft (Faraz et al. 2009).

Different engineering materials such as metals, woods, plastics, polymers and
composites have all been machined through drilling. More so, a variety of drilling
processes are available in the world today, depending on the target finish and the
nature of the workpiece. Furthermore, drilling engineering is not limited to the
aforementioned engineering materials and industries, as it is also a major operation
used in the Oil and Gas industry. Drilling operations in the Oil and Gas industry
take the form of well drilling for potential exploration sites; the earth crust being the
workpiece in this regard. As a result, drilling is a versatile manufacturing operation
which spans across a vast majority of the engineering world.

2 Types of Fibre-Reinforced Composites

Fibre-reinforced composites are normally grouped on the basis of the nature of their
reinforcement (fibres), and not the matrix. The naming convention for each type
follows after the source of the reinforcement. As a result, there are basically two
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types of fibre-reinforced composites namely: Natural fibre-reinforced composites
(NFRC) and Synthetic fibre-reinforced composites (SFRC). Mainly, emphasis will
be on NFRC, while both will be considered under drilling techniques.

2.1 Natural Fibre-Reinforced Composites

Natural fibre-reinforced composites are otherwise referred to as green composites or
biocomposites, these are composites which contain embedded reinforcements of
biofibres. In this type of composite, the fibre reinforcements are sourced from
natural means of plants, animals and minerals, as shown in Fig. 1.

Fig. 1 Classification of FRP composite fibres (Jawaid and Abdul Khalil 2011)
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2.1.1 Historical Background of Natural Fibre-Reinforced Composites

The utilization of natural fibres as reinforcement in composites has its history well
documented. It is generally believed that composite materials evolved as bioma-
terials which had natural fibres as their primary reinforcement. As far back as the
era of the Stone Age (6500 BC), history has it that hemp and linen textiles were
utilized as fillers for ceramics (Pickering 2008). Similarly, dating back as
3000 years ago, the Egyptians used straws and grasses as reinforcement for making
clay bricks used for wall building (Bledzki et al. 2002). In the last century (1950), a
major pick of product development was the manufacturing of an East German
Trabant car, which had its frame constructed from cotton fibre-reinforced polyesters
(Jawaid and Abdul Khalil 2011).

2.1.2 Plant or Vegetable Fibres

Among all the sources of natural fibres used in the reinforcement of composites,
plant fibres are mostly employed (Jawaid and Abdul Khalil 2011). Commonly
referred to as lignocellulosic fibres, these natural fibres are gaining research
recognition in recent years due to a number of impressive advantages they possess
over their synthetic counterparts. The mechanical properties of natural
fibre-reinforced composite are largely depended on the chemical composition and
physical properties of the embedded natural fibres. In the selection of natural fibres
as choice materials for composite reinforcement, the most important mechanical
properties of interest are the density, Young modulus and the tensile strength.

2.1.3 Chemical Properties of Plant Fibres

The chemical composition of plant fibres is notably made up of atoms of cellulose
and lignin. The lignin acts as the glue which binds the fibre cells or cellulose
together, thus having a direct bearing on the shape, structure and properties of any
natural fibre (Terzopoulou et al. 2015). While the cellulose level in a natural fibre
dictates the mechanical properties, the nature of the lignin layer accounts for the
level of its chemical reactivity (Nirmal et al. 2015).

Natural fibres are selective in their matrix choice. This is due to their hydrophilic
nature, i.e. a strong affinity for water absorption and the hydrophobic quality of
most composite matrices. As a result of these contrasting properties between the
fibres and the binders, there is usually a high tendency for the formation of
aggregates at the interfacial boundary; a condition which puts the composite’s
interfacial bonding at a failure threat (Kocsis et al. 2015). In the selection of
matrices for biofibres, thermoplastic materials are usually preferred to their ther-
mosetting counterparts due to their high toughness and resilience properties. Up to
30% of NFRCs with plant fibre reinforcement operate on thermosetting plastic
matrices, while the rest are based on thermoplastics (Shah 2013). Commonly used
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thermoplastic polymers for this purpose are the polypropylene (PP), polyethylene
and poly vinyl chloride (PVC); while phenolic, epoxy and polyester resins are the
notably used thermosetting matrices (Puglia et al. 2004; Ku et al. 2011).

2.1.4 Physical Properties of Plant Fibres

The physical properties of plant fibres emanate from the variation of its sizes,
shapes and cell wall thickness. The aspect ratio (implies length to width ratio) is a
crucial factor in evaluating the mechanical strength of natural fibres. A central
hollow cavity known as “lumen” exists in the transverse axis of lignocellulosic
fibres, which further translates to the reduction of the fibre’s bulk density. While the
hollow cavity accounts for the good thermal and acoustical insulation qualities of
the fibres, the density reduction translates to their lightweight properties.

In a study conducted by Sapuan et al. (2011), 29 samples of natural fibres were
weighed with respect to a number of design criteria such as Young Modulus,
density and tensile strength. The results gotten from the study indicated the suit-
ability of natural fibres for manufacturing the dashboard panel of automotives.
Similarly, Cheung et al. (2009) studied the application potential of natural fibres of
plants and animal residues in biomedicals, with regards to their mechanical and
thermal strengths. The results achieved in the study showed that these natural fibres
can be effectively employed in manufacturing materials suitable for biomedical
applications.

Graupner et al. (2009) studied extensively on the mechanical properties of
various renewable fibres. The major evaluation criteria used for these natural fibres
were the tensile strength, Young modulus, elongation at break and the Charpy
impact tests. The results obtained from the study showed the superiority of kenaf
and hemp fibres in tensile strength and Young modulus values; as well as cotton
exhibiting good impact strength, while lyocell fibres had the combination of high
tensile strength, Young modulus and impact strength.

The mechanical properties of NFRCs are influenced by a number of parameters
such as fibre weight, processing techniques, fibre quality and the adhesive matrix
employed (Ku et al. 2011). The most common processing techniques for NFRCs
are the extrusion–injection moulding and the compression moulding.
Tungjitpornkull and Sombatsompop (2009) researched on the variation of tensile
properties of an E-glass fibre (GF) reinforced wood/PVC (WPVC) manufactured by
the injection moulding and compression methods, respectively. The results obtained
from this study showed that a better tensile modulus of the composite was achieved
in compression moulding technique, compared to its injection–extrusion counter-
part, as shown in Fig. 2.
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2.1.5 Examples of Natural Fibre-Reinforced Composites

Considering the wealth of natural fibres available for use in composite reinforce-
ments, notable ones commonly employed in the manufacturing industries are as
listed:

(i) Hemp fibre-reinforced composites.
(ii) Sisal fibre-reinforced composites.
(iii) Date-palm fibre-reinforced composites.
(iv) Coir fibre-reinforced composites.

2.1.6 Advantages of Natural Fibre-Reinforced Composites

Today, the applications of natural fibre-reinforced polymer (NFRP) composites are
increasing more than the uses of synthetic composites such as carbon and glass
fibre-reinforced composites, mostly in the automotive company. This increase is
based on the following highlighted merits:

(i) Relatively lesser production cost due to their universal availability and ease
of processing or machining: less drill wear.

(ii) Greater modulus-weight ratio compared to E-glass fibres, resulting in
greater specific strength and stiffness

(iii) Reduced risk of environmental pollution through their biodegradability,
reusability and recyclability properties, including possibility of thermal
recycling. Environmental friendliness due to their biodegradability and
lower CO2 emission.

Fig. 2 Tensile modulus variation for compression moulding and injection–extrusion processing
techniques (Tungjitpornkull and Sombatsompop 2009)
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(iv) Irritation effects of composites on dermal and respiratory organs are not
applicable to natural fibre composites.

(v) Lower density of 1.25–1.50 g cm−3 compared to 1.80–2.10 g cm−3 and
2.54 g cm−3 for carbon and glass fibres, respectively.

(vi) Tool resistance, degradation and wear commonly encountered in the
machining of composites are largely reduced in the case of natural fibre
composites.

(vii) Better electrical resistance, good thermal stability and acoustical balance
makes them suitable for the automotive industry. Greater acoustic damping
property/suitability for noise diminution (reduction).

(viii) Smaller energy consumption during production.
(ix) Minimal or no global warming potential, due to their enhanced carbon

(iv) Oxide sequestration ability (Pickering 2008; Wambua et al. 2003;
Faruk et al. 2012).

(x) Carbon and glass fibres are much expensive than natural fibres (Mallick
2008; Jawaid and Abdul Khalil 2011).

2.1.7 Disadvantages of Natural Fibre-Reinforced Composites

Conversely, natural fibres have some setbacks which limit their structural appli-
cation in some engineering components. These disadvantages include:

(i) Non-uniformity in fibre geometry can result in structural instability of the
finished composite.

(ii) Fibre breakage and thermal degradation during manufacturing processes.
(iii) Poor interfacial adhesion between hydrophilic reinforcing fibres and

hydrophobic matrices often lead to poor mechanical properties of composite
and fibre swelling (Yan et al. 2013). High rate of moisture absorption (in
some cases), which consequently resulted in product failure (Kabir et al.
2012). This implies weak fibre-matrix interface due to poor adhesion
between fibre and matrix (Dhakal et al. 2007).

(iv) Susceptibility to pest infestation if not treated properly, as well as degrada-
tion by other natural interferences such as fire.

(v) Unsuitability for high-temperature applications due to their low degradation
temperatures (<200 °C) makes them limited in effective usage (Abiola et al.
2014). It has been reported that the thermal degradation or decomposition of
natural fibres begins at temperature just above 200 °C (Mallick 2008), while
carbon fibres start at a temperature greater than 900 °C (Wang et al. 2013).

(vi) Inability to resist fire.
(vii) Negative impacts of harvest results on price fluctuation (Jawaid and Abdul

Khalil 2011). Also, there is an instability of cost by harvest, being an agri-
cultural produce unpredictably and easily affected by bad weather.
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In summary, natural fibre composites are considered eco-friendly materials
which are crucial to a sustainable product development, as a means of properly
harnessing the potentials of the supposed waste materials of natural fibres, which
will also aid in their complete disposal.

3 Types of Drilling Processes

There are basically two types of drilling processes under which all drilling tech-
niques and methods can be appropriately classified. These are:

• Conventional or traditional drilling (CD), and
• Non-conventional or non-traditional drilling (NCD).

3.1 Conventional Drilling

Advancement in materials science over the years has prompted the evolution of new
tools and the discovery of newer energy sources for effective materials processing.
While tools made from crude materials of stone and iron were effective in materials
processing some decades ago, twentieth century products featured sophisticated,
durable and consequently the most difficult materials to the machine using the
pre-existing tools. Therefore, in order to overcome the challenges posed by these
materials, new processing tools such as carbide, diamond and steel were introduced,
while new methods of machining were developed to ensure satisfactory levels of
materials processing.

Initially, conventional or traditional techniques were pioneering methods used in
the drilling of materials. These techniques usually involve the use of prime movers
to mechanically energize crude cutting tools against a workpiece material surface.
Typical prime movers used in these pre-existing techniques were electric motor,
gravity and hydraulics, with iron-made materials being the main cutting tools.

3.1.1 Mechanics of Conventional Drilling

The conventional drilling operation is actualized by the high-speed rotary impact of
a cutting tool; the drill bit, against the surface of a workpiece, which is guided by
the influence of a mechanical thrust for the generation of drilling effects. The
cutting edge of the drill bit which rotates at high speed; usually in the range of
hundreds to thousands of revolutions per minute then cuts off chips from the
workpiece material by shear deformation.

Various drill bits are available in the manufacturing world of today, such as the
twist drill bit, step drill bit, hole saws, among others, for different drilling
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operations, as depicted in Fig. 3. However, the twist drill bit remains the most
common type of drill bit used for drilling purposes, with reports which showed that
the United States’ manufacturing industries consume about 250 million twist drills
per annum (DeGarmo et al. 2003). The twist drill bit is made up of a cylindrical
shaft with helical flutes and a cutting edge at its end, with other designed geometry
(Fig. 4). The drilling effect of the twist drill bit is achieved by the rotary action of
the cylindrical shaft against the workpiece, primarily caused by the impact of the
helical flutes with the sharp cutting edge.

Furthermore, the governing parameters of drilling mechanics are the cutting
speed, feed rate, cutting force and the material removal rate (MRR). These are
further discussed as thus:

Cutting Speed This is the rate at which the outside or the periphery of the tool
moves relative to the workpiece, usually measured in mm/min. It is the largest of all
the relative velocities developed in the drilling operation. Respectively, the
peripheral and rotational velocities of a cutting tool are given by the relations:

V ¼ pDS
1000

ð1Þ

where V is the peripheral velocity measured in mm/s, D is the diameter of the drill
bit in mm and N is the rotational speed; otherwise referred to as spindle speed,
measured in revolutions per minute (rpm).

Consequently, the spindle speed

S ¼ 1000V
pD

ð2Þ

Fig. 3 Various types of drills
and drilling operations
(Kalpakjian and Schmid
2003)

Fig. 4 Standard geometry of a twist drill (Marinov 2010)
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The optimum cutting speeds can be adjusted for better performance, depending
on factors as follows:

• Material composition, hardness and thermal stability.
• Nature of cutting fluid.
• Depth of hole, as well as the finish quality desired.
• Stiffness of cutting tool and orientation.

Feed Rate This refers to the rate at which the drilling tool advances along the
workpiece geometry, usually measured in mm/min. It signifies the rate at which the
workpiece material is fed into the drill bit without causing a jam, and is given by the
equation:

F ¼ S� f � N ð3Þ

where S = spindle speed, f = feed per tooth and N is the number of flutes on the
cutting tool.

Furthermore, the feed rate is a standardized parameter for different drill diam-
eters, and highly dependent on the strength nature of the workpiece material.
A good rule of thumb for drilling operation is to use lower feed rates for harder
materials, and higher feed rates for their softer counterparts.

Cutting Force This refers to the contact force generated by the tool tip against the
workpiece surface, as shown in Fig. 5.

Mz = Drilling Moment.
Fx = Deflective force in the x-axis.
Fy = Deflective force in the y-axis.
Ff = Feed force.

Fig. 5 Cutting forces in drilling operation
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Thrust Force This is the normal force exerted by the cutting tool on the work-
piece, for the generation of drilling effects. It can be estimated according to the
equation:

F ¼ k
0 � kc � f � D

2
ð4Þ

where

kc specific cutting force, measured in N/mm2, depending on the material being
drilled.

f feed per rotation (mm),
D tool diameter (mm), and
k is a drilling coefficient, depending on the tool tip geometry (typically

considered as an average of 0.5).

Material Removal Rate This is the volume of workpiece material removed per
minute, given by

MRR ¼ V � f � D ð5Þ

3.2 Drilling of Fibre-Reinforced Polymer (FRP) Composites

Fibre-reinforced polymer composites are special materials developed from the
combination of different conventional materials, as depicted in Fig. 6. Over the last
decade, the increasing demand for high-performance lightweight materials in
manufacturing industries has prompted the evolution of these composite materials.

Owing to their unique mechanical properties of high strength to weight ratio,
these materials are fast becoming the manufacturer’s choice in aerospace, defense,
automotive and sporting goods industries. However, a great deal of limitations
attached to their industrial usage; notably the high production cost, complexity and
machining-related damage, have raised research concerns over the past years

Fig. 6 A typical composite
laminate (Sankar et al. 2014)
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(Durão et al. 2014). Besides their production costs, the unpredictable reactions of
these materials to machining operations, particularly drilling, hav been worrisome
to the manufacturing world. However, the structural and mechanical damages
commonly encountered in the drilling operation of composites have been attributed
to the variance that exists in the chemical and mechanical compositions of their
reinforcements (fibres) and binders (polymer matrices), usually exhibited at the
interfacial boundaries.

Drilling of a natural or biocomposites has not been well studied, compared with
other synthetic fibre-reinforced polymer composites such as glass and carbon FRP
composites. The reasons could be traced to the new advent of some eco-friendly
composites that require the application of non-conventional drilling techniques so
that the hole quality and structural integrity of the biocomposite materials could be
protected both during machining and in service. In addition, the lower decompo-
sition and melting temperatures of natural fibres and biodegradable thermoplastic
matrices such as hemp and polycaprolactone resin, respectively, compared with
synthetic fibres and thermoset matrices such as carbon and epoxy resin, has
necessitated a careful choice of drilling technique for NFRP composites due to the
high tool-workpiece interface temperature.

More so, since drilling is often the final machining operation on composite
laminates before machine assembly, its associated damage on composites often
results in expensive losses for manufacturing industries (Fig. 7). Of all the com-
posites available today, the carbon fibre polymer composites (CFRPs) and glass
fibre polymer composites (GFRPs) are the commonly used laminates, due to their
high mechanical properties (Liu et al. 2012).

Different techniques and methodologies to achieve a damage-free drilling output
of these composites have been studied in extant literatures, such as conventional
drilling (Abrate and Walton 1992; Tagliaferri et al. 1990; Bongiorno et al. 1998),
high-speed drilling (HSS) (Rubio et al. 2008; Arul et al. 2006) vibration-assisted
drilling (VAD) (Arul et al. 2006; Sakthivel et al. 2015; Ramkumara et al. 2004),
grinding drilling (Park et al. 1995) and other specially designed non-conventional
drilling techniques (Abrate and Walton 2016).

Fig. 7 Schematics of drilling
in composite materials
(Hocheng and Tsao 2005)
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3.2.1 Conventional Drilling of Fibre-Reinforced Polymer Composites

Conventional drilling refers to any material removal process for hole generation,
which involves the formation of chips from a workpiece by the direct contact of a
wedge shaped cutting tool which is harder than the workpiece material, under
machining conditions. It is characterized by a macroscopic chip formation;
achieved by the shear deformation of the workpiece material, a mechanical energy
domain for cutting effects and a tool which is stronger than the workpiece at room
temperature and machining conditions.

The thrust and torque applied to a bit during drilling operation are dependent on
the drilling speed, feed rate, tool geometry and the rate of tool wear, as illustrated in
Table 1 (Abrate and Walton 1992). Wong et al. (1982) reported that the thrust
increases steadily at the entrance until a constant value necessary to initiate drilling is
ultimately reached, followed by a sharp decrease in the thrust value, as the tool
finally exits the opposite side of the workpiece. As a result, there is a sharp decline in
the feed force at the entrance of the workpiece, resulting in a “peeling-out” phe-
nomenon; commonly referred to as delamination. Owing to the abrasive, inhomo-
geneity and anisotropic nature of FRPs, the actualization of a damage-free output in
their conventional drilling approach has proven quite ineffective (Arul et al. 2006).

Table 1 Typical machining parameters for drilling composite materials (Abrate and Walton
1992)

Workpiece
material

Tool
material

Hole
diameter
(mm)

Material
thickness
(mm)

Cutting speed
(m min−1)

Feed rate (mm
rev−1)

Unidirectional
graphite–epoxy

Carbide 4.85–7.92 0–12.7 42.7 0.0254–0.0508

4.85–7.92 12.7–19.1 33.5 0.0254

PCD 4.85–7.92 0–12.7 61.0 0.0508–0.0889

4.85–7.92 12.7–19.1 51.8 0.0508–0.0889

Multidirectional
graphite–epoxy

Carbide 4.85–7.92 0–12.7 61.0 0.0254–0.0508

4.85–7.92 12.7–19.1 42.7 0.0254

PCD 4.85–7.92 0–12.7 68.6 0.0508–0.0889

4.85–7.92 12.7–19.1 61.0 0.0508–0.0889

Graphite–epoxy Carbide 4.85 6.35 60.9 0.0254

Glass–epoxy HSS – 12.5 15.0 0.028

Glass–epoxy HSS 3 10 33.0 0.05

Carbon–epoxy Carbide 3 10 33.0 0.05

Glass–epoxy HSS 8 1.2 0–40.2 20–
460 mm min−1

Boron–epoxy PCD 6.35 2.0 91–182 25.4 mm min−1

6.35 25.4 91–181 25.4 mm min−1

MMC PCD
Carbide

6 19.2 15–75 0.05

Boron–epoxy PCD 6.35 10.4 79 41.91 mm min−1

Kevlar–epoxy Carbide 5.6 – 158 0.05
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3.3 Failure Modes of FRPs in Conventional Drilling

Conventional drilling of FRPs often results in a variety of damage on the composite
laminates, which affects the load-bearing capacity of the composite joints, and
consequently leads to their eventual discard. Due to the complex nature of the
materials, some of these damages may not be observable by visual inspection, thus
leading to the need for conducting non-destructive testing (NDT) of the composite
materials, in order to assess their safety towards industrial usage (Durão et al.
2014). Notable material damage and tool effects commonly encountered in the
conventional drilling of composite materials are outlined.

3.3.1 Delamination

This is a drilling-induced damage on composites, typically exhibited at the
inter-laminar boundaries between the adjacent fibres. Consequently, its occurrence
during drilling is dependent on the nature of composite fibres, the polymer matrix
and the mechanical properties; such as toughness, Poisson ratio, or the elastic
modulus of the interfacial boundaries. It is the major drilling damage on composite
materials (Kavad et al. 2014). Reports from Wong et al. (1982) and Sakthivel et al.
(2015) also showed that about 60% of composite rejects in the aerospace industry
are traceable to delamination defects, as highlighted in Fig. 8.

3.3.2 Mechanics of Delamination

Delamination is caused by a number of drilling parameters, namely the thrust force,
feed and the thermal stress mode on the material. Experimentally proven by Stone
and Krishnamurthy (1996) as well as Tsao (2012), the delamination potential is
directly related to the thrust force developed during drilling (Fig. 9). Khashaba
(2004) showed that delamination size increased linearly with feed, and inversely
with cutting speed. The thrust force; being the normal force on the drill bit, is the
major cause of delamination, and a critical thrust force is usually reached before the
onset of crack propagation. While the ability to transmit the thrust force developed

Fig. 8 Composite rejection
reasons in the aerospace
industry (Sakthivel et al.
2015)
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during drilling from the tool to the composite material is dependent on the tool
geometry (Fig. 10), the evaluation of delamination onset is also subject to the type
of drill bit employed in the drilling operation.

Numerical models to evaluate the relationship between thrust force and
delamination damage during drilling have been developed (Hocheng and Tsao
2005; Hocheng and Dharan 1988; Upadhyay and Lyons 1999). The first model
which was developed by Hocheng and Dharan (1988) assumed a circular delami-
nated region, and a rigid circular plate which was clamped on its contour to the cut
portion of the laminate. More so, they treated the critical thrust as a single con-
centrated load through the drill tip, and found that it was dependent on the com-
posite properties (quasi-isotropic), and the thickness of the uncut plies. However,
Hocheng and Tsao (2005) developed a more comprehensive model by considering
the influence of tool geometry (across a variety of drill bits such as brad point, slot,
step and core drill bits) in the generation of the critical thrust. Further mathematical
models are presented in Table 2. Similarly, Upadhyay and Lyons (1999) improved
the model by Hocheng and Dharan (1988) by treating the thrust force as a uni-
formly distributed load, rather than a single concentrated. This is because, the thrust
force does not act as a single concentrated load through the tool tip, but as a
distributed load over the entire chisel edge of the drill bit.

3.3.3 Delamination Assessment

In the evaluation of delamination damage in drilled materials, a number of
assessment models have been developed to measure the extent of the material
damage. The most common evaluation is shown in Fig. 11. For clear understand-
ing, they are clearly illustrated in Table 3.

Fig. 9 Typical axial force
history during composite
drilling (Abrate and Walton
1992)
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3.3.4 Types of Delamination

Delamination effects can be classified into two, depending on the side of its
occurrence and the nature of force involved in its mechanics. They are:

Peel-Up Delamination This type of delamination effect is caused by the tensile
impact of the cutting thrust which pulls the laminate surface towards the helical
flutes of the drill bit at hole entrance, as shown in Fig. 12. Consequently, this results
in the separation of the upper laminate surface from the adjacent layers beneath,
leading to a cavity within the composite material. The peel-up delamination is
dependent on the tool geometry and the friction between the tool and workpiece.

Push-Out Delamination The push-out delamination is generated by the com-
pressive action of the drill bit on the adjacent layers of the laminate, usually at the
exit side of the composite material (Fig. 13). It is the most prominent and severe
delamination damage in composite machining (Khashaba 2004; Hejjaji et al. 2016).
As the drill bit approaches the exit side of the laminate, the uncut plies gradually
become thinner and more prone to deformation. With constant thrust force coupled

Fig. 10 Schematics of delamination for various drill bits (Liu et al. 2012)
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with reduced laminate thickness, the interfacial bonding strength of the composite is
eventually exceeded by the thrust, leading to the push-out delamination at the
periphery of exit.

Fig. 11 Surface image of
delamination in CFRP drilling
(Liu et al. 2012)

Table 3 Delamination factor assessment models

S\N Delamination
factor (Df)
assessment

Analysis Remarks Author

1. Dmax
Dmin

One
dimensional

Dmax major diameter
Dmin minor diameter

Arul et al. (2006), Sakthivel
et al. (2015), Abrate and
Walton (1992)

2. DMAR
AAVG

Two
dimensional

DMAR hole peripheral
damage area
AAVG nominal drilled
hole area

Mehta et al. (1992)

3. Adel�Anom
Anom

� �
Two
dimensional

Adel damaged area
Anom nominal area of
hole

Faraz et al. (2009)

4. a Dmax
Dnom

þ b Amax
Anom

Adjusted
two
dimensional

Amax area of maximum
diameter in
delamination zone
a and b are
delamination
coefficients

Davim et al. (2008)

Fig. 12 Peel-up
delamination in FRP
composite laminate (Liu et al.
2012)
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Temperature-induced damage in conventional drilling techniques takes the form
of localized heating which results in burning, melting, or micro-cracks within the
composite structure. Due to the highly abrasive nature of FRPs, high thermal energy
resulting from excess friction is usually developed at the interface between the tool
tip and the composite. While it is not recommended to employ cutting fluids during
composite drilling due to the nature of their fibres, the distribution of the generated
heat becomes quite concentrated (Durão 2005).

Basically, the heat distribution during drilling operation differs with workpiece
materials. For metals, 75% of the heat generated during drilling is eliminated by the
chips, 7% is absorbed by the workpiece material and 18% by the tool. However, in
the case of carbon–epoxy composites, half the heat generated is absorbed by the
tool, while the other half is trapped within the composite and conveyed by the
chips. With machining temperatures reaching as high as 200 °C during composite
drilling, and in the absence of cutting fluids, the risk of thermal damage via
localized heating increases significantly (König and Grab 1989).

Matrix Debonding and Fibre Pull-out Due to the quasi-isotropic nature of FRPs,
the high cutting thrust developed during their drilling operation destroys the
interfacial adhesion energy between the fibres and the matrix, resulting in matrix
debonding, and eventually fibre pull-out.

Tool Wear Conventional drilling of composite materials is usually accompanied
by relatively higher cutting thrust sufficient to damage the tool tip by flaking and
chipping mechanisms. Tool damage is usually characterized by excessive wear and
frictional heat; in cases of composites with hard and abrasive fibres, and tool edge
dull by clogging; in cases of soft and sticky polymer matrix (Chen 1997).
Experimental investigations on the wear mechanisms of drill bits such as
high-speed steel (HSS), cemented carbide and diamond coated carbides have been
extensively studied (Abrão et al. 2007; Rawat and Attia 2009) to prove this subject.

Fig. 13 Push-out
delamination in FRP
composite laminate (Liu et al.
2012)
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4 Non-conventional Drilling

With regards to the sophisticated characteristics of the new age materials, the
conventional drilling techniques became relatively ineffective in materials pro-
cessing. More so, a great deal of restrictions associated with the use of traditional
drilling techniques for materials processing rendered them relatively unsatisfactory
for reliable usage, as outlined:

• Very hard fragile materials difficult to clamp are unsuitable for traditional
drilling methods.

• Extremely slender or flexible workpiece are prone to failure in traditional
drilling.

• The inability to satisfactorily drill complex shaped workpiece materials; par-
ticularly fibre-reinforced composites.

As a result of the aforementioned limitations of traditional drilling, there arose
the need to develop better, sustainable and reliable processing techniques, which are
collectively referred to as the non-conventional drilling (NCD) processes.

Non-Conventional Drilling refers to a group of advanced drilling processes
employed to remove excess material by various individual or combinatory tech-
niques of mechanical, electrical, chemical or thermal energy domains, usually in the
absence of a sharp cutting tool which is typical of the conventional counterparts.
Unlike the conventional drilling processes, chip formation in non-conventional
drilling is not achieved solely by shear deformation which results in macroscopic
chip volumes. Rather, chips formed in these advanced drilling processes are
microscopic in size, or completely dissolute at atomic levels. Other differences are
summarized in Table 4.

4.1 Classification of Non-conventional Drilling Processes

Non-Conventional Drilling processes are classified based on the nature of their
energy domains, under which we have the mechanical, electrical, thermal and
chemical:

Table 4 Summary of differences between CD and NCD techniques

S
\N

Conventional drilling Non-conventional drilling

1. Energy domain for drilling effects
is solely mechanical

Drilling energy can be sourced from mechanical,
chemical, electrical, or thermal means

2. A sharp solid cutting tool is
required for material removal

Cutting tool could be solid, liquid, or gaseous

3. Chip formation is visible with
macroscopic volumes

Chip formation is microscopic in size, or
completely dissoluted at atomic levels
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Mechanical Energy Water jet drilling (WJD), abrasive jet drilling (AJD),
ultrasonic-assisted drilling (UAD).

Electrical Energy Electrical discharge drilling (EDD).

Thermal Energy Laser beam drilling (LBD), plasma arc drilling (PAD).

Chemical Energy Chemical and electro-chemical drilling (ECD).

4.2 Types of Non-conventional Drilling Methods

4.2.1 Laser Beam Drilling (LBD)

The LBD is an advanced drilling technique, as depicted in Fig. 14, which utilizes
high-temperature radiation to produce drilling effects. It is a non-conventional
technique, one of the few used for drilling high aspect holes with depth-to-diameter
ratio greater than 10:1 (Forsmann et al. 2007).

Mechanics of Laser Beam Drilling

The term LASER is an acronym for Light Amplification by Stimulated Emission of
Radiation. In this technique, drilling is achieved by the impact of a short laser pulse
with high power density on the workpiece surface. The process is based on the
conversion of electrical energy to light energy, and then to heat energy. Typically
generated by a transducer, the laser beam transmits high heat energy sufficient to
thermally degrade the workpiece, and then cuts through the material by melting and
vapourisation mechanisms. The power developed by the laser (P) is thus given as

Fig. 14 Schematics of laser
head and workpiece
arrangement in LBD (Hejjaji
et al. 2016)
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P ¼ dVmdt ð6Þ

where d is the material parameter, which depends on the specific heat of vapour-
ization, the specific heat and the vapourization temperature of the material, Vm is the
maximum transverse speed and dt is the material thickness.

Lasers are promising alternatives in composite machining processes. The chips
formed are expelled from the hole by the generated vapour pressure, usually in
dissolved gaseous forms. While air is mostly used as the assist gas; due to its ability
to neutralize oxidation, other gases such as CO2 and helium have been used for
glass and boron–epoxy composites, respectively.

Chips are formed by material melting and expelled via vapourisation from the
drilled region. 90% of the drilled material is removed as small particles of diameter
less 0.1 µm. The vapourization of carbon–epoxy composites at temperatures of
about 4000 °C produces CO and CO2 gases, while aramid–epoxy composites
produced fragments of diameter range 50–100 µm, with 35% of the removed
material being recovered as gases with high amounts of hydrogen cyanide
(HCN) gas, and small amounts of organic compounds. Lasers can be focused to a
spot of about 0.018–0.30 mm in diameter, with beam power output as high as 125–
20,000 W. However, a spot size of 0.013 mm in diameter can be achieved in laser
cuts, while a hole diameter of as low as 0.005 mm can be produced in LBD, which
may be unachievable by other drilling techniques.

Heat Affected Zone (HAZ) This is defined as the region in which the localized
temperature exceeds the vapourization temperature of the polymer matrix (Abrate
and Walton 2016). It is the major defect of LBD technique, particularly with
thermoset polymers. In most cases, the HAZ can be eliminated by post-heat
treatment, but there is a risk of distortion.

Kerf This is the portion of the material removed by the laser when it cuts through a
workpiece. Usually, it ranges from 0.08 to 0.45 mm, depending on the type of
material and other conditional factors.

Laser Beam Drilling of FRPs

The applicability of the laser drilling technology to a material is dependent on the
microstructural interactions within the material’s lattice. With regards to composite
materials, the workability of FRPs with lasers is subject to the type of polymer
matrix used for interfacial bonding. Generally, lasers are effective for drilling
plastics; due to their high absorptivity for infra-red radiation and low thermal
conductivity which allows high heat retention (Abrate and Walton 2016). As a
result, the LBD technique is best used for drilling composites with thermoplastic
polymer matrices, as opposed to their thermosetting counterparts. This is because
thermoplastics have a linear chain of monomers with a simpler lattice fusion, while
thermosets have a three-dimensional lattice structure. Therefore, in order to break
the strong fusion bond present in the lattice structure of thermosetting plastics,
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relatively higher energy levels (vapourisation temperatures of about 3000 °C for
thermosets, compared to 1000 °C for thermoplastics) are required. However, with
higher energy levels in laser drilling, there is a greater risk of HAZ formation and
thermal degradation via burnout (Caiazzo et al. 2005).

In addition, the wide differences in the thermal conductivities, vapourisation
temperatures,and heat of vapourisation of the constituents of a composite make
laser drilling complicated (Table 5). Generally, polymer resins; which make up for
about 50–60% of FRPs, usually have low thermal properties, when compared to the
reinforcing fibres. However, in order to use the LBD technique on FRPs, the laser
power requirements need to be based on the type and volume of fibres used, thus
leading to high energy levels which can chemically degrade the polymer resins.

Taking reference from the numerical differences in the vapourization tempera-
tures of the prominent resins and fibres above, it can be inferred that the laser
drilling of aramid FRPs will produce lesser HAZ effects than the glass and carbon
counterparts. Conclusively, in the laser drilling of FRPs, the order of workability
(measured with respect to HAZ effects) goes from Aramid to Glass to Carbon
composites (Komanduri 1997).

Caiazzo et al. (2005) investigated the applicability of CO2 laser for cutting three
polymeric thermoplastics; namely polyethylene (PE), polypropylene (PP) and
polycarbonate (PC). Using a thickness range of 2–10 mm, the obtained results
which showed that high cutting speeds are not always related to good process
efficiency, as there exist optimum values of cutting speeds for each material type.
Similarly, using a wide range of power settings (200–1400 W), he discovered that
the use of CO2 with the laser beam was quite unnecessary, as the same cutting
effects on the thermoplastics could have been achieved with a few hundred watts.
From the results achieved, the workability of the polymers; measured relative to

Table 5 (a) Typical thermal properties of fibre-reinforced material constituents and (b) unidirec-
tional composites (Komanduri 1997)

Material q
(g cm−3)

K (W m−1 km−1) C (J kg−1 K−1) j (cm2 s−1)
10−3

T (°C) Hv (J g
−1)

(a)

Resin 1.25 0.20 1200 1.30 450 1000

Aramid
fibres

1.44 0.05 1420 0.24 950 4000

Carbon
fibres

1.85 50 710 380 3300 43,000

Class 2.55 1.0 850 4.6 2300 31,000

Composite q (g cm−3) K (W m−1 km−1) C (J kg−1 K−1) j (cm2 s−1) 10−3

(b)

Aramid/resin 135 0.13 1300 0.74

Graphite/resin 1.55 25 950 170

Glass/resin 1.90 0.60 1000 3.2
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their kerf widths, melted transverse area, melted volume per unit time, surface
roughness values, was ranked as PC-high, PP-medium high and PE-lower.

In a similar research by Davim et al. (2008), the effect of laser processing
parameters on the quality of cut (HAZ dimension and surface finish) for several
thermoplastic polymers; namely PP, PC and Polymethyl methacrylate (PMMA),
was conducted. Using a CO2 laser, the obtained results which ranked the worka-
bility of the polymers as PMMA-very high, PC-high and PP-high/medium, and thus
confirmed the results by Caiazzo et al. (2005). It was found that the HAZ increases
with laser power and decreases with cutting velocity. Consequently, attempts to
apply the laser cutting technique on thermosetting plastics produced results with
high HAZ effect and surface burnout.

Choudhury and Shirley (2010) also investigated the use of CO2 laser to cut PP,
PC and PMMA thermoplastics. The workability of each polymer; measured relative
to the HAZ, roughness and dimensional accuracy, presented results which showed
close conformity with that by Davim et al. (2008). From the results, PMMA had the
least HAZ, followed by PC and PP. However, in terms of dimensional accuracy,

(a) (b)

(c) (d)

Fig. 15 a Scanning electron microscope (SEM) of a laser drilled hole; b graph of frequency
versus HAZ; c graph of HAZ versus hole diameter; and d graph of HAZ versus laminate thickness
(Anarghya et al. 2015)
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PMMA had the best surface finish, followed by PP and PC. For all the three
polymers investigated, it was also found that the HAZ dimension was directly
proportional to the laser power, and inversely proportional to the cutting speed and
compressed air pressure.

A research study by Anarghya et al. (2015) explored the use of lasers in the
drilling operation of CFRPs. Using a series of Scanning Electron Microscope
(SEM) images, he obtained the optimum machining parameters which produced a
good surface finish with the least HAZ effects. Results from the research study
showed that the HAZ effect increases proportionally with the increase in laser
frequency, hole diameter and laminate thickness as shown in Fig. 15. The optimum
machining parameters obtained are:

1. Frequency range: 200–250 Hz.
2. Diameter of the hole: 0.4 mm.
3. Drilling speed: 200 m/s.
4. Thickness of specimen: 3 mm.

Advantages of Laser Beam Drilling

1. Relatively lesser cutting thrust is developed in this technique, leading to reduced
delamination potential. Hejjaji et al. (2016) studied the damage characterization
of FRPs comparatively in conventional and fibre laser drilling techniques. While
the CD technique produced a finer finish quality on the composite, the
machining damage, measured with respect to the delamination effect on the
composite, was relatively greater in CD than the laser counterpart.

2. Fragile, slender and delicate materials can be conveniently drilled because of the
non-contact relationship between laser and workpiece (Chryssolouris et al.
2014).

3. High aspect ratio holes, as high as 30:1 depth-to-diameter ratios can be drilled.
4. It is accurately fast, and can be easily automated.
5. Beveled holes; that is, holes at shallow angles from the workpiece surface are

best achieved with this technique.

Fig. 16 Rounded-corner effects in excessive-power laser drilling of FRPs (Abrate and Walton
2016)

9 Philosophical Study on Composites and Their Drilling Techniques 263



Disadvantages of Laser Beam Drilling

1. LBD requires a huge capital investment to set-up.
2. Accumulation of dross build-up at hole entry and exit may be present, due to the

melting and vapourisation mechanisms. Consequently, this defect reduces the
hole quality.

3. A considerable taper may be present in holes with large depth-to-diameter ratios.
4. Unsuitability for drilling thermoset FRPs; such as glass and carbon–epoxies,

makes it limited for wider usage in composite machining.
5. The thermal energy often induces a HAZ around the drilled hole, leading to

micro-cracks in some materials. Abrate and Walton (2016) studied the appli-
cability of laser drilling on composites, and obtained results which highlighted
the major setbacks of this advanced technology as HAZ formation, and the
destructive interference of material thickness on laser beam focus.
Consequently, this causes higher energy levels and results in charring (Fig. 16).

4.2.2 Water Jet and Abrasive Jet Drilling

The AJD is an advanced drilling technique which employs extremely high fluid
pressures to mechanically energize a jet of abrasive particles on to a material surface
for drilling effects (Fig. 17). The high velocity impact of the abrasive jet produces a
micro-cutting action which automatically erodes the material surface for drilling to
occur. The abrasive particles are typically in the range of 10–50 µm in size, with
flow velocity reaching as high as 300 m/s, depending on the MRR desired.

Fig. 17 Schematic of the
abrasive water jet drilling tool
(Mohamed 2014)
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Mechanics of Abrasive Jet Drilling

A nozzle of injection diameter of about 0.5 mm, positioned at a stand-off distance
in the range of 0.5–15 mm, and at a deflection angle of 60°–90° is used to supply
the pressure needed to drive the abrasive jet to the workpiece surface. The kinetic
energy developed by the abrasive particles in the transport process is then converted
to produce the drilling effects, via erosion degradation and brittle fracture of the
workpiece. Notable transport fluids commonly employed in the AJD technique are
air, carbon (iv) oxide, Nitrogen gas, inert gases and in some cases water. In pro-
cesses where water is used as the transport fluid, the technique is otherwise known
as abrasive water jet drilling (AWJD). Similarly, in the absence of abrasives, the
technique is referred to as water jet drilling (WJD).

AWJD is a relatively new manufacturing technology which addresses various
limitations of pre-existing techniques. In AWJD, material removal rate
(MRR) depends on the operating parameters and the properties of the target
material. Similarly, the taper of machined surface increases with a decrease in
hardness of abrasives. However, abrasives with a high level of hardness have
detrimental effects like accelerating tool wear. Thus, garnet abrasives are the often
used in AWJ machining industries due to their favourable effects like low nozzle
wear rate, good machinability and economical availability (Doreswamy et al. 2015).
Other commonly used abrasives are Al2O3, silicon carbide and glass beads.

Abrasive Jet Drilling of FRPs

Hocheng (1990) investigated the mechanics of exit-ply delamination during WJD
of graphite–epoxy composite laminates. Using fracture mechanics and plate theory,
he developed a numerical model to optimize the water pressure needed for zero
delamination effects in WJD.

While the water jet force was adjudged to be the most significant factor towards
the onset of delamination, it was noticed that at some points during WJD, the water
jet force appears bent. Therefore, as the water jet continues drilling towards exit, the
decrease in thickness of the uncut plies resulted in lesser resistance to deformation.
Consequently, the interfacial bonding strength breaks off, and delamination sets in.
Conclusively, a better machining performance on FRPs is possible with WJD,
given that the significant process parameters such as water jet pressure and jet
diameter are optimized.

Shaikh and Jain (2012) studied the cutting mechanisms of FRPs (such as cotton
fibre polyester composites), using CO2 laser, water jet and diamond saw cutting
techniques. Results obtained from experimental analysis showed the preference of
laser cutting over water jet and diamond saw cutting, due to failure effects; such as
fibre pull-out during diamond saw cutting, and fibre pull-out in many directions and
fibre curling experienced during water jet machining of composites. More so, the
tendency of degradation of reinforcing fibres; in this case, cotton fibres with
moisture, automatically limits the applicability of water jet cutting technique.

9 Philosophical Study on Composites and Their Drilling Techniques 265



In a recent research by Unde et al. (2014), the machinability of FRPs using AWJ
technique was critically reviewed. They discovered that the most important process
parameters for tuning purposes in AWJ machining are the transverse speed,
stand-off distance, abrasive water pressure and the mass flow rate. Due to the
absence of HAZ via thermal distortion in AWJ machining of FRPs, he concluded
that it is the most suitable method for machining composite materials. More so, the
prevalent problems of other machining techniques, such as burr formation and
delamination were found to be almost negligible in AWJ machining, thus making it
a good preference for composite machining.

Furthermore, Ramulu and Arola (1993) investigated the micromechanical
behaviour of the reinforcing fibres and matrix of a unidirectional graphite–epoxy
composite, to water jet machining (WJM) and abrasive water jet machining
(AWJM) techniques. Results obtained from the experimental analysis showed that
the AWJM produced a finer surface finish than WJM, due to its combinatory
material removal mechanisms of shearing, erosion and micro-machining.
Consequently, AWJM was considered feasible for machining FRPs.

Advantages of Abrasive Jet Drilling

1. Complex, intrinsic mechanical parts can be easily drilled using this advanced
technique.

2. Material wastage is largely reduced by the smaller kerf size.
3. Requires no secondary finishing operation.
4. Strain hardening effects; typical of conventional methods, is minimally reduced

due to the cooling effects of the transport fluids.
5. Absence of thermal distortion via HAZ.
6. Chip formation is microscopic and unattached to material surface, due to the

cleaning effects of the transport fluid. Consequently, this aids drilling perfor-
mance and enhances tool life.

7. Low cutting thrust levels in this technique reduce tool wear and delamination
damage.

Disadvantages of Abrasive Jet Drilling

1. High capital investment is required to set-up this advanced technique.
2. Noise levels during operation are relatively high.
3. Unsuitability for materials with high moisture degradation potential.
4. Inability to drill flat bottomed holes.
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4.2.3 Electrical Discharge Drilling (EDD)

EDD is thermoelectric material removal process between a tool and the workpiece,
usually in the presence of a dielectric fluid (Fig. 18). It is a non-conventional
drilling technique that is largely dependent on electrical conductivity.

Fig. 18 Schematics of electrical discharge machining (Hocheng and Tsao 2005)

Fig. 19 Basic EDM system
(Khan and Ndaliman 2011)
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Mechanics of EDD

In this technique, drilling is achieved by the impact of recurring electrical sparks
used to thermally erode the workpiece surface in order to remove the undesired
materials. While the tool serves as the electrode in this technique, the workpiece is
deployed for use as the anode, along with a conductive dielectric fluid (Fig. 19).
The cathode; in this case, the tool, gradually erodes the anode until the desired
material geometry is ultimately achieved.

At the start of the EDD process, a high voltage electric spark is applied across
the small gap between the tool and workpiece, in the presence of a dielectric fluid.
This voltage creates an electric field which agitates the particles within the dielectric
fluid, and causes them to settle at the points where the electrical field is strongest.
As the potential difference between the tool and the workpiece becomes consid-
erably high, the dielectric fluid breaks down and recurring sparks which gradually
removes material from the workpiece surface are discharged through the dielectric
fluid. Material removal rate (MRR) in EDD process is given by the formula:

MRR ¼ 40I=T1:23
m ð7Þ

where I is the current ampere and Tm is the melting temperature of workpiece.
In EDD process, the dielectric fluid serves three purposes, as described:

• Acts as an insulator between the tool and workpiece.
• Regulates the temperature generated at the tool–workpiece interface, by acting

as a coolant.
• Acts as a flushing medium for chip removal.

Typical dielectric fluids commonly used in EDM processes are hydrocarbon oils,
kerosene and deionised water.

Electrical Discharge Drilling of FRPs

Vaxevanidis et al. (2006) investigated the applicability of EDD to FRPs, using
PAN–epoxy, Hexcel satin carbon–epoxy and PAN–carbon composites with copper
electrodes. From the experimental results obtained, the feasibility of EDD to FRPs
was found to be largely dependent on the selection of optimum machining
parameters, namely positive tool polarity, small pulse-on times and small pulse
currents. Also, the surface finish of the hole entrance was better than the exit in this
technique due to the influence of the small pulse-on times, while machining damage
on the composites was reported as craters, valleys as well as delamination and
cracking.

Guu et al. (2001) investigated the feasibility of machining CFRPs by electrical
discharge machining (EDM) technique. Using a series of generated empirical for-
mulas for process assessment, they obtained the optimized machining parameters
for the composite under test.
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Df ¼ 0:815I0:0681p s0:0579on ð8Þ

dt ¼ 13:696I0:534p s0:204on ð9Þ

MRR ¼ 0:378I0:216p s0:041on son � 100 ls ð10Þ

MRR ¼ 4:400I0:134p s�0:428
on son [ 100 ls ð11Þ

Ra ¼ 1:326I0:224p s0:216on ð12Þ

where Df is the delamination factor, dt is the recast layer thickness, MRR is the
material removal rate, Ra is the surface roughness, Ip is the pulse current and son is
the pulse duration.

Fig. 20 Graphs of correlation between a delamination factor and machining conditions; b recast
layer under various machined conditions; c material removal rates for various pulse current and
duration; d surface roughness against various pulse durations (Guu et al. 2001)
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From the results obtained (Fig. 20), it was found that both peel-up and push-out
delamination defects can be prevented by using smaller pulse energy for electrical
discharge. Similarly, higher discharge energy was characterized with high tem-
peratures which constituted to surface roughness, larger recast layer and delami-
nation on the cutting edge.

Using the optimized pulse current of 5 A, and pulse-on duration of 100 µs, MRR
was found to be as high as 0.768 mm3/min in this technique. Conclusively, and
with the selection of appropriate process parameters, the EDM technique was
considered feasible for machining CFRPs.

Advantages of Electrical Discharge Drilling

1. Thin and fragile workpiece materials can be accurately drilled without distor-
tion, using EDD.

2. Absence of burrs on machined surface.
3. Electrically conductive materials of any hardness can be machined using EDD.

Limitations of Electrical Discharge Drilling

1. EDD is limited to machining electrically conductive materials only.
2. Low MRR makes it relatively slow to conventional techniques.
3. Increased MRR can lead to rough surface finish.
4. Higher risk of erosion and over cutting is a major concern in this technique.

4.2.4 Ultrasonic-Assisted Drilling (UAD)

This is a non-conventional drilling technique which utilizes high mechanical
vibration to produce drilling effects. It involves the superimposition of a
high-frequency vibration on a drill bit at the feed direction.

Mechanics of UAD

In this technique, the drill bit is mechanically excited in the torsional or axial
direction by the superimposed vibration (the axial excitation being preferred in
many applications) to remove undesired materials. It involves the combinatory
mechanisms of conventional drilling and ultrasonic oscillation (Fig. 21), and is
applicable to drilling both ductile and brittle materials (Azarhoushang and Akbari
2007).
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The ultrasonic vibration (with frequency typically in excess of 20 kHz, and
balanced with a low amplitude of tens of micrometers) can be sourced from
piezoelectric actuators such as transducers. The use of ultrasonic vibration in
machining operations has its history documented for more than 50 years (Graf
1975). Results obtained from this technology over the years of discovery has
proven successful in applications where conventional drilling techniques were
ineffective.

Fundamentally, UAD being an advanced technology, has different mechanics of
material removal compared to CD. While material removal is continuous in CD,
UAD utilizes the impact of a low amplitude intermittence between the tool and
workpiece interface to achieve high deformation rates. Consequently, the drilling
process in UAD is achieved by the high-frequency hammering effect of the abrasive
grains at the tool’s cutting edge on the surface of the workpiece (Hocheng et al.
2000).

Fig. 21 Set-up of ultrasonic
machining (Hocheng et al.
2000)
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Drilling Parameters in UAD

Thrust Force and Torque The thrust force developed in UAD has an optimal
value, and is significantly lower than that of CD techniques at all vibration fre-
quencies (Thomas and Babitsky 2007; Makhdum et al. 2014). In some cases, such
as reports from Gupta et al. (2014), thrust force in CD and UAD techniques are
nearly equal at all cutting speeds with constant feed rates (in the absence of cutting
fluids), but with slight reduction in the thrust force during UAD at specific lower
cutting speeds. Similarly, the torque on the tool in UAD is comparatively lower
than that developed during CD techniques over the period of tool engagement.

Cutting Speed The cutting speed varies linearly with thrust force in UAD, and is
similar to that of CD. The thrust force reaches its maximum value at the lowest
cutting speed and vice versa, as shown in Fig. 22. Consequently, it is recommended
to employ high cutting speeds during UAD (Phadnis et al. 2012a, b).

Feed Rate Feed rate varies linearly with MRR in UAD, as well as to the amount of
workpiece material removed by one abrasive grain (Cong et al. 2012).

Cutting Temperature The temperature developed at the tool–workpiece interface
during UAD is similar to that of CD at lower cutting speeds (<10 m/min), but
greater in UAD at higher cutting speeds (<200 m/min) (Gupta et al. 2014).
However, while the cutting temperature increases linearly with feed rate in CD, the
high temperature in UAD remains constant irrespective of the feed rate (for
<20 mm/min), due to the repeated vibratory cycles to which the drill bit is con-
stantly subjected. Using a feed rate of 16 mm/min, cutting temperatures of 90.2 and
290.8 °C were, respectively, reported for CD and UAD technologies by Makhdum
et al. (2014).
Comparatively with CD, Pujana et al. (2009) reported that tool tip temperature was
relatively higher in the UAD of Ti6Al4V material, and observed the linear rela-
tionship between vibration amplitude and tool tip temperature.

Fig. 22 Average thrust force
recorded in CD and UAD
(Gupta et al. 2014)
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Ultrasonic-Assisted Drilling of FRPs

Phadnis et al. (2012a, b) investigated the drilling of CFRP laminate using UAD and
CD techniques. Results obtained from the experimental analysis showed the
effectiveness of UAD over CD in terms of reduction in the average thrust force. An
excellent correlation between experimental data and numerical analysis models
portrayed the feasibility of UAD over CD techniques in composites machining.

At certain drilling conditions, comparative reduction in the average thrust force
was as high as 30%. Considering the linear relationship between thrust force and
delamination potential in drilling operation, the safe workability of composites with
UAD was thus verified.

Similarly, the relationship between cutting speed and thrust force was studied in
both UAD and CD techniques by Phadnis et al. (2012a, b), using both experimental
data and numerical analysis on a CFRP composite. Results showed that thrust force
decreased with increase in cutting speed, as decrease in thrust force was consid-
erably higher in UAD than CD (31.1% at 1700 rpm against 15.8% at 216 rpm) at
higher cutting speeds.

Furthermore, the intermittent vibration oscillation in UAD was adjudged to
reduce the frictional effect at the tool–workpiece interface, by increasing the sliding
velocity. This translated into a tangible reduction in the overall thrust force at the
tool–workpiece interface, and thus suggested the need to employ higher rotational
speeds during the UAD of CFRPs.

Fig. 23 a Cutting forces
history in UAD and CD; and
b drilling torque history in
UAD and CD (Makhdum
et al. 2014)
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Makhdum et al. (2014) studied the mechanics involved in the UAD of CFRPs.
Using a combination of experimental data and mathematical models, the drilling
forces, cutting temperature, chip formation, surface finish, circularity, delamination
and tool wear were investigated. Results from the study showed a significant
reduction in drilling forces during UAD, as high as 80% for aluminium workpiece
(Fig. 23), as well as general improvements in the drilling output, relative to con-
ventional drilling. Furthermore, the softening effects of UAD on CFRPs was
accounted for in the numerical model of this research, and the results obtained from
this demonstrated the reason behind the much desired reduction of thrust forces in
this advanced method of drilling.

Advantages of Ultrasonic-Assisted Drilling

1. Ability to drill any type of materials, irrespective of their electrical conductivity.
2. UAD can be used to machine hard materials of 40 HRC to 60 HRC like

carbides, ceramics and industrial diamonds.
3. Aspect ratio of about 40:1 can be achieved using UAD.
4. Holes of 76 lm diameter with 51 mm depth can be conveniently drilled.
5. Produces surface integrity and finish.
6. Absence of thermal, electrical and chemical effects.
7. Can be conjunctively used with other non-conventional techniques like EDD.

Disadvantages of Ultrasonic-Assisted Drilling

1. UAD is an advanced technology, and so requires huge capital investment to
set-up.

2. High power consumption with unpredictable results is often gotten from the
application of this technology, due to the misunderstanding of the working
process.

3. High rate of tool wear may result from chipping effects, leading to premature
tool failure (Thomas and Babitsky 2007).

Summary of Ultrasonic-Assisted Drilling

Below are the documented summaries of the characteristics of the
ultrasonic-assisted drilling over conventional drilling:

1. Reduced drilling reaction force and torque: this enhances the ease of drilling thin
structures without deformation.

2. Increased positional accuracy; better precision.
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3. Improved chip expulsion.
4. Reduced or eliminated burr formation on the exit side of drilled holes.
5. Improved hole roundness and size.
6. Extended drill bit life due to the reduction in the rate of tool wear.
7. Increased material removal rate.
8. Improved hole surface finish.
9. Reduced or eliminated built up edge.

As a result, UAD has proven to be better than conventional drilling techniques
because of the following under-listed reasons:

1. No de-burring operations are required after drilling,
2. No spot drilling operation is required when drilling into an inclined surface,
3. Improved hole quality/roundness automatically eliminates the need for subse-

quent reaming operations, and thus saves production cost.

Lastly, Tables 6 and 7 summarize the differences in process capabilities of the
two techniques and material applicability for various NCD techniques.

5 Conclusions and Future Perspective

A comprehensive philosophical study has been reported in this chapter, in which
emphasis was on various aspects of natural (bio) composites. These included, but
are not limited to, uses, properties, classifications, advantages and limitations. Also,

Table 6 Summary of differences in process capabilities of NCD and CD techniques (Singh 2008)

S\N Process MRR
(mm3/
min)

Tolerance
(µ)

Surface
finish
(µ)

Depth of
surface
damage (µ)

Power
consumption
(W)

1 USD 300 7.5 0.2–0.5 25 2400

2 AJD 0.8 50 0.5–1.2 2.5 250

3 EDD 800 15 0.2–1.2 125 2700

4 LBD 0.1 25 0.5–1.2 125 2 (average)

5 Conventional
drilling

50,000 50 0.5–50 25 3000

Table 7 Summary of material applicability for various NCD techniques (Singh 2008)

S\N Process Steel Ceramics Plastics Glass Refractory material

1 USD Fair Good Fair Good Good

2 AJD Fair Good Fair Good Good

3 EDD Good – – – Good

4 LBD Fair Good Fair Fair Poor
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the workability of FRPs with various non-conventional drilling technologies has
been discussed in this chapter. Decisions on process suitability for machining FRPs
were based on the ability to produce a damage-free drilled laminate, measured with
respect to the delamination potential, thermal degradation effects and operational
costs involved. Among all the five processes discussed in this chapter, abrasive jet
and ultrasonic-assisted drilling demonstrated capabilities for effective machining of
FRPs. This is reflected in their quality of machined holes, coupled with their
flexibility in the choice of workpiece materials.

Laser beam technology proved highly promising due to the ease of process
automation, but with limited applicability to FRPs due to the tendency of HAZ
formation, and unsuitability for thermosetting polymer matrices such as epoxy and
polyester resins. Abrasive jet drilling showed lesser delamination damage on FRPs,
but with undue high noise level during operation and process costs involved in
setting up this technology. Water jet drilling, though extensively used in manu-
facturing industries, has restrictions due to its possibility of introducing delami-
nation, and its incompatibility for materials with water degradation potential; of
which some FRPs, such as natural (cotton, hemp, jute, to mention but a few)
fibre-reinforced composites are inclusive. Electrical discharge drilling technology,
though most suitable for generating precision holes (holes without distortion), has
its applicability to FRPs reduced by the total dependence on materials’ electrical
conductivity and low material removal rates. However, Ultrasonic-assisted drilling
proved highly applicable to FRPs by its relatively lesser delamination potential and
lower thermal build-up at tool–workpiece interface. While operational costs for this
technology were reportedly high comparing with other non-conventional processes,
favourable results obtained from this technology suggests its suitability for
machining several FRP composite materials, regardless of their electrical conduc-
tivity levels, hardness or slenderness. Conclusively, non-conventional drilling
technologies showed greater effectiveness towards machining FRPs over their
conventional counterparts.

The scope of this chapter does not cover much about the application of ana-
lytical, numerical and finite element modellings of machining (drilling) of FRP
composite materials. Also, drilling of natural FRP composite materials is not well
covered. These highlighted areas are the prospective focus of research towards
recent and furtherance of FRP composite materials manufacturing technology.
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Chapter 10
Multicomponent,
Semi-interpenetrating-Polymer-Network
and Interpenetrating-Polymer-Network
Hydrogels: Smart Materials
for Biomedical Applications

Nazire Deniz Yilmaz

Abstract Multicomponent, semi-IPN, or IPN hydrogels are interesting materials
which are composed of at least two different components and are able to respond to
various stimuli, that is the change in certain properties of the medium such as
temperature, pH, ion concentration, and so on. Based on this unique feature, these
environmentally responsive materials may find use in biomedical applications in
terms of changes in the properties of the medium in the human organism which
occur naturally or induced by an outside source. Environmentally responsive
hydrogels respond to changes in the physical, chemical, or biological properties of
the medium by exhibiting a change in their size, shape, color, solubility, and so on.
They can be fabricated from natural or synthetic components by a number of
production methods including physical cross-linking and chemical cross-linking
techniques as well as other novel fabrication methods such as cross-linking with
genetically engineered protein domains. Environmentally responsive hydrogels
have found in various subfields of the biomedical research area including drug
delivery, biosensors, tissue engineering, actuators, and so on. Whereas hydrogels
are promising materials, there are some drawbacks which should be overcome
before these materials can be used clinically. To address the major concerns, the
response rates should be increased while maintaining the necessary mechanical
performance. Biodegradability and biocompatibility are other development fields.
Environmentally responsive hydrogels with the desired properties can be prepared
by use of the right components, production methods and forming the right polymer
architecture.
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1 Introduction

Classically, there are three states of matter on Earth: solid, liquid, and gas. If
sufficient changes of temperature or pressure take place, transitions between phases
may occur. To give an example, due to drop of temperature to subzero Celsius
degrees, liquid water turns to solid ice (Paleos 2012).

There are some matters that cannot be classified in one of the mentioned three
phases. Gelatin powder is solid. Nevertheless, when mixed with water it is not
either solid or liquid or gas, but a hydrogel. Similar to solid materials, a hydrogel
does not flow. But at the same time, as if a liquid, small-size molecules can diffuse
through hydrogels (Paleos 2012).

Hydrogels are cross-linked 3D polymer chain networks which are insoluble in
water. The cross-linking renders the hydrogel water-insoluble and imparts
mechanical strength and structural integrity. A hydrogel can imbibe significant
amount of water (Paleos 2012) or body fluids (Sandeep et al. 2012), the mass
fraction of which may be far higher compared to that of polymer, due to hydrophilic
character of the hydrogel (Paleos 2012).

An example of hydrogels is gelatin—a mixture of proteins and peptides—which is
produced by partially hydrolyzing collagen protein that is obtained from different
animal tissues (Khan et al. 2016). As the gelatin dissolves in hot water, the long chains
of the protein polymer move freely in the aqueous solution. When the solution is
cooled, this movement slows down and the chains get entangled with each other. As
the extent of entanglement rises, a certain amount of water gets trapped in the polymer
chain network and becomes immobile. Thus, it can be said that the hydrogels behave
like a liquid in some ways and like a solid in other ways (Paleos 2012).

Some changes in the external media including minute changes in temperature,
pH, pressure, ionic strength, chemical and biological agents, light, and electric and
magnetic fields trigger sharp and great changes in swelling behavior, solubility,
shape or pore structures of hydrogels in great degrees (Kopeček 2007; Kumar, n.d.;
Peppas 2004; Paleos 2012; Ebara et al. 2014). Thus, these hydrogels are also named
as smart, stimuli-responsive, or environmentally sensitive. The changes that the
smart hydrogels exhibit may be observed at the macroscopic level and may be
reversible as the smart hydrogel returns to its initial form when the stimulus is
ceased (Kumar n.d.; Peppas 2004). These external stimuli can be classified as
physical (pressure, temperature, electrical field, magnetic field, and ultrasound),
chemical (pH, solvent composition, ion type, and ionic strength), and biological
stimuli (glucose, enzyme, and antibody) (Lee et al. 2013).

The most common stimuli that the smart hydrogels are responsive to are: pH,
temperature, and ionic strength (Paleos 2012). The mechanisms that take part in the
changes the hydrogels undergo are varied. It can be the neutralization of charged
groups due to change in pH or inclusion of oppositely charged polymers or change
in the hydrogen bond strength resulting in the collapse of hydrogel networks upon a
change in temperature (Kumar, n.d.). For most of the hydrogels, a critical point is
present where the transition in property change takes place (Peppas 2004).
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As biomimetic systems, smart hydrogels have been the focus of intense attrac-
tion (Lim et al. 2014). Hydrogels show similarities to some components of body
tissues. They can be injected into the organism by causing minimal invasive effects
and adjust their shapes to the host tissue (Smart Hydrogels for Biomedical
Applications 2015). Furthermore high water content, as well as rubbery soft
structure of hydrogels, also resembles soft body tissues (Sandeep et al. 2012). In
fact, human body naturally utilizes hydrogels. Examples include blood clots, car-
tilage, and mucin (lining the bronchial tubes, stomach, and intestines) (Paleos
2012).

Exhibiting multicomponent structure, hydrogels consists of three different pha-
ses: 3D solid cross-linked polymer network, interstitial fluid, and ion species (Hua
2009). When in aqueous solutions, hydrogels can absorb water or physiological
fluids as much as thousand times their dry mass while not dissolving in water
(Khodamoradi and Khodamoradi 2014; Paleos 2012; Maziad et al. 2015). The
hydrophilicity is due to the fact that the polymer network includes hydrophilic
polymers containing water solubilizing groups like –OH, –COOH, and –CONH,
whereas the insolubility comes from the complex 3D network structure. The
hydrophilic polymers are cross-linked via chemical or physical bonds (Maziad et al.
2015).

Hydrogels can be classified into two groups, as natural and synthetic hydrogels,
according to their origin (Ebara et al. 2014). Natural hydrogels have attracted
intense research interest (Khodamoradi and Khodamoradi 2014) due to their low
toxicity and biocompatibility. Natural hydrogels may contain proteins including
gelatin and collagen, and polysaccharides like agarose and alginate. The chemical
structures of natural hydrogels show similarities to glycosaminoglycan
(GAG) molecules (e.g., hyaluronan, chondroitin sulfate, and heparin sulfate). GAG
is naturally found in the extracellular matrix (ECM) (Ebara et al. 2014).

Synthetic hydrogels are conventionally produced via chemical polymerization
methods (El-Sherbiny and Yacoub 2013; Thakur et al 2016). Novel hydrogel
production methods include genetic engineering and biosynthetic techniques to
obtain hydrogels with special characteristics (Ebara et al. 2014).

The hydrogel, in the current sense, for biomedical application was initially
developed by Wichterle and Lim (Wichterle and Lim 1960; Lee et al. 2013). They
proposed using poly (2-hydroxyethyl methacrylate) (PHEMA) hydrophilic net-
works in contact lenses (Sandeep et al. 2012; Lee et al. 2013). Since then, the
hydrogel technology advanced greatly as a class of biomaterials in the biomedical
field (Khodamoradi and Khodamoradi 2014).

Their structures including lower interfacial tension, native tissue-like charac-
teristics, permeability to small molecules, and controlled release of entrapped
molecules have rendered smart hydrogels a focus of interest for various biomedical
applications including sustained drug delivery (Jafari et al. 2011; Tanigo et al.
2010), tissue engineering (Langer and Vacanti 1993; El-Sherbiny and Yacoub
2013), biosensors (Miyata et al. 2002; Moschou et al. 2008), actuators (Asoh et al.
2008; Maeda et al. 2007) and so on. Among these various fields of the biomedical
research area, the use of hydrogels is particularly explored in drug delivery systems
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as hydrogels protect the drug from hostile environments and release them in a
controlled manner based on their response to external stimuli (Ebara et al. 2014).

Research on smart hydrogel also attracts support from international bodies. For
examples, European Commission supports research on hydrogels via Horizon 2020
Marie Skłodowska-Curie actions, under the training network BIOGEL for a period
of four years with a total budget of 3.5 Million Euros. BIOGEL network includes 13
research institutes and enterprises from Europe, Japan, and the United States (Smart
Hydrogels for Biomedical Applications 2015).

This work has been written in order to investigate smart hydrogels in terms of
their use in the biomedical area. This chapter provides an overview of different
classes of smart hydrogels, their structures, and production methods. The response
mechanisms are described, performance characteristics and characterization meth-
ods are explained, and application areas are investigated. The chapter ends with a
discussion on some future development areas of hydrogels for their use in the
biomedical area.

2 Classification of Environmental-Responsive Hydrogels

Hydrogels can be classified in terms of various parameters such as the synthesis
route, hydrogel structure and cross-link types which are in turn reflected in the
performance characteristics. Different classifications are found in the literature
(Khodamoradi and Khodamoradi 2014; El-Sherbiny and Yacoub 2013; Peppas
2004; Sandeep et al. 2012). First, in terms of synthesis route, the hydrogels can be
classified as (Khodamoradi and Khodamoradi 2014; Peppas 2004):

• Homopolymer hydrogels (cross-linked structures including only one type of
hydrophilic monomer)

• Copolymer hydrogels (cross-linked structures of two types of monomers, at
least one of which is hydrophilic)

• Multipolymer hydrogels (composed of three or more types of monomers)
• Interpenetrating polymeric (IPN) hydrogels (manufactured first by forming a

polymer network which is then allowed to swell in a monomer. The second
monomer reacts to produce a second interpenetrating network structure
(Khodamoradi and Khodamoradi 2014; Peppas 2004), where no covalent bonds
form between the two polymeric networks (Paleos 2012).

Hydrogels can also be classified based on their ionic charges as (Khodamoradi
and Khodamoradi 2014):

• Anionic hydrogels (negative charge) including carrageenan (Paleos 2012), anio-
nic thermo-associative carboxymethyl and pullulan hydrogels (Khodamoradi and
Khodamoradi 2014).
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• Cationic hydrogels (positive charge) including chitosan (Paleos 2012) (novel ther-
mosensitive cationic N-isopropylacrylamide (NIPAM) and (3-acrylamidopropyl)
trimethylammonium chloride hydrogels (Khodamoradi and Khodamoradi 2014).

• Neutral hydrogels (miscible blends of polymers that are insoluble in water such
as poly (2,4,4-trimethylhexamethylene terephthalamide) (Khodamoradi and
Khodamoradi 2014).

• Ampholytic hydrogels (can behave like charged either positively or negatively
(Paleos 2012) like collagen, ampholytic hydrogels based on acrylamide).

Thirdly, hydrogels can be classified in terms of their physical fine structures as
(Khodamoradi and Khodamoradi 2014; Peppas 2004):

• Amorphous hydrogels (composed of randomly arranged macromolecular
chains).

• Semi crystalline hydrogels (including dense regions composed of macro-
molecular chains of a high order).

• H-bonded or complexation structures (the 3-D network).
• Super molecular structures.
• Hydrocolloidal aggregates (Sandeep et al. 2012).

Another classification may be made based on the physical forms of the
hydrogels:

• Solid molded form (soft contact lenses)
• Pressed powder matrix (capsules or pills for oral administration)
• Microparticle (bioadhesive carriers)
• Coating (on implants or oral administration drugs)
• Membrane (electrophoresis gels),
• Encapsulated solid (osmotic pumps)
• Liquid (shows gelling when the temperature is increased or decreased) (Hoffman

2002; Ebara et al. 2014).

The hydrogels can also be classified according to their origin as:

• Natural hydrogels
• Synthetic hydrogels (Paleos 2012).

2.1 Natural Hydrogels

Hydrogels of natural origin have certain advantages including biocompatibility,
biodegradability and supporting of cellular activities (Paleos 2012). Furthermore,
natural materials may receive approval to be used in clinical studies easier com-
pared to their synthetic counterparts. Nevertheless, they also entail some drawbacks
such as contamination with biological pathogens, the risk of evoking an immune
response. Two other drawbacks can be given as moderate mechanical strength and
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high variability (Paleos 2012) which is common in materials of natural origin in
comparison to synthetic ones (Yilmaz 2009).

Some examples of hydrogels of natural origin can consist of proteins like gelatin
and collagen; and polysaccharides such as chitosan, dextran, alginate (Paleos 2012),
pectin (Maziad et al. 2015), psyllium (Thakur and Thakur 2014a, b) and hyaluronan
(Sandeep et al. 2012); and also from lignin (Thakur and Thakur 2015). Hydrogels
of natural origin may include pectin which is a natural biopolymer presenting a
biodegradable and biocompatible nature (Maziad et al. 2015). Pectin is a
polysaccharide of plant origin presenting a linear molecular chain configuration. It
is hydrophilic and soluble in water. Pectin possesses the gelling ability and
depending on its degree of esterification (DE), the gelling behavior depends on
medium pH or presence of Ca2+ or other divalent cations (Yilmaz et al. 2015).
Cross-linked polymers of pectin can form hydrogels which can imbibe and hold
water that is hundreds of times of their dry weight and known as superabsorbents.
Pectin has been increasingly used in pharmaceutical applications. It is also used as a
carrier for drug entrapment and targeted drug delivery. Pectin is degraded by the
activity of colonic microorganisms; hence, it stands as a promising carrier to be
utilized in colon-targeted drug delivery systems (Maziad et al. 2015).

Pullulan is another polysaccharide used in hydrogel preparation. Hydrogel
nanoparticles were obtained via self-aggregation of pullulan in water (Gupta and
Gupta 2004; Na and Bae 2004; Morimoto et al. 2013). Cholesterol-bearing pullulan
is a natural homopolysaccharide of glucose obtained from different fungus species.
It is soluble in aqua and forms viscous solutions (Yilmaz et al. 2015).
Pullulan-based pH-responsive nanogels were developed for use as protein carriers
(Morimoto et al. 2013) for detection of tumor extracellular pH (Na and Bae 2004).
Hydrogels prepared from Chitosan were also proposed (Naderi-Meshkin et al.
2014). Chitosan is a polysaccharide that is obtained via alkalization of chitin
(Thakur and Voicu 2016; Thakur and Thakur 2014a, b). It is soluble in water in
contrast to chitin and is the mere natural polymer that possesses a positive charge. It
is strongly polycationic and dissolves in acidic media. Hydrogels of Chitosan is
generally prepared by using glutaraldehyde as a cross-linker (Yilmaz et al. 2015).
Chitosan solutions incorporating glycerol-2-phosphate (b-GP) that presents a
pH-dependent sol–gel transition at body temperature have been proposed (Chenite
et al. 2000; Molinaro et al. 2002). Various studies related to use of hydrogels based
on chitosan and other polymers in injectable applications of controlled drug release
and tissue engineering have taken place (Naderi-Meshkin et al. 2014; Tan et al.
2009; Ta et al. 2008; Kim and Park 2012; Yanga et al. 2014; Jin et al. 2009).

Hydrogels incorporating functional proteins are also promising for biomedical
applications. Hydrogels based on polypeptides include block copolypeptides,
recombinant natural protein [such as elastin (Kim 2013) and silk (Khan et al. 2016;
Nagarkar et al. 2010)] segments, tandemly repeated blocks of silk-like and
elastin-like peptides (Megeed et al. 2002), as well as coiled-coil block flanked
random polypeptide sequenced recombinant triblock copolymers (Xu et al. 2005;
Kopeček 2007; Banta et al. 2010).
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An example of the protein-incorporating hydrogel is calmodulin-phenothiazine
hydrogels where calmodulin (CaM) protein is the biological element in response to
stimuli (Ehrick et al. 2005). Modified calmodulin and polymerizable phenothiazine
were entrapped inside the hydrogel polymer network. When Ca2+ was present in the
environment, the immobilized derivative of phenothiazine was bound to CaM via
physical bonds within the network structure of the hydrogel. When Ca2+ was
removed from the environment, the immobilized derivative of phenothiazine was
released from the site that bound CaM, and CaM, in turn, undergoes a transition
from a constrictive configuration to its natural configuration, resulting in the
swelling of the hydrogel. This hydrogel was claimed to be promising for use as a
valve in a microfluidic device (Ehrick et al. 2005; Banta et al. 2010).

Another example of hydrogels that includes a protein is a resilin-dityrosine
hydrogel. This hydrogel was reported to present resiliency comparable to unfilled
polybutadiene to exhibit negligible hysteresis when compressed (Kopeček 2007;
Elvin et al. 2005).

2.2 Synthetic Hydrogels

Synthetic hydrogels can be produced from various monomers like vinyl acetate,
ethylene glycol, acrylamide, lactic acid (Paleos 2012), vinyl pyrrolidone, acrylic
acid, and methacrylate (Sandeep et al. 2012) where methacrylate derivatives play a
very significant role (Kopeček 2007). Most synthetic hydrogels are prepared via or
vinyl-activated monomer polymerization. It should be noted that not all synthetic
polymers are derived from petroleum-based monomers; to give an example, lactic
acid can be obtained from plants such as corn and sugarcane (Paleos 2012) and can
form a biologically degradable polymer, poly(lactic acid) (Yilmaz and Powell
2015). Polymer synthesis can be closely controlled and fine-tuned to obtain desired
features. The risks related to the presence of biological pathogen presence and
immune response evoking are also low. The entailed drawbacks are low
biodegradability and bioactivity as well as the probability of toxicity (Paleos 2012).
Table 1 presents a list of monomers used in the production of synthetic hydrogels.

An important member of synthetic hydrogels is polyacrylic acid (PAAc)-based
hydrogels. They are formed by polymers of cross-linked PAAc or combined with
other comonomers. The water amount that is entrapped by the hydrogel should be
controlled as it influences other performance characteristics such as the solute
transport in the case of drug delivery systems. In relation to that, the permeation rate
can be tailored by fine-tuning the density of cross-linking or by incorporation of a
comonomer with lower hydrophilicity. Due to the presence of –COOH groups,
PAAc hydrogels can imbibe large amounts of water. Again, owing to these car-
boxylic acid groups, the swelling behavior is greatly influenced by the medium pH
(Maziad et al. 2015).

Poly(ethylene glycol) (PEG) is also used in hydrogel formation. PEG exhibits
some advantages for in vivo use in biomedical applications. PEG-based hydrogels
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induce lower inflammatory response compared to other polymers such as PLGA.
Besides, when used in protein delivery such as recombinant human growth hor-
mone (rhGH), use of PEG enhances protein stability and decreases immunogenicity
due to steric effects. Thus, hydrogels based on PEG are promising as carriers in
protein release applications (Tae et al. 2005).

2.3 Hybrid Hydrogels

Hybrid hydrogels consist of components from synthetic polymers and biological
macromolecules that form cross-linked structures due to chemical or physical
bonding forces. Merging peptide/protein modules and synthetic polymers may
result in new materials exhibiting performance characteristics surpassing those each
constituent (Kopeček 2007).

In the literature, peptide/protein modules have been incorporated into hydrogel
structures to impart biodegradability, temperature-responsive phase transition, and
bioagent sensitivity. Hydrogel structures have been developed by cross-linking
synthetic polymers, that are soluble in water, with molecules of biological origin

Table 1 Monomers used in synthetic hydrogel preparation to be used in biomedical applications
(Sandeep et al. 2012)

Monomer/polymer abbreviation Monomer/polymer

HEMA Hydroxyethyl methacrylate

HEEMA Hydroxyethoxyethyl methacrylate

HDEEMA Hydroxydiethoxyethyl methacrylate

MEMA Methoxyethyl methacrylate

MEEMA Methoxyethoxyethyl methacrylate

MDEEMA Methoxyediethoxyethyl methacrylate

EGDMA Ethylene glycol dimethacrylate

NVP N-vinyl-2-pyrrolidone

NIPAAm N-isopropyl acrylamide

VAc Vinyl acetate

AA Acrylic acid

HPMA N-(2-hydroxypropyl) methacrylamide

EG Ethylene glycol

PEG Poly(ethylene glycol)

PEGA PEG acrylate

PEGMA PEG methacrylate

PEGDA PEG diacrylate

PEGDMA PEG dimethacrylate

MAA Methacrylic acid

With permission from Sandeep et al. (2012); Copyright 2012 IJRPC Pending
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including oligodeoxyribonucleotides, oligopeptides, stereospecific D,L-lactic acid
oligomers, intact native proteins; or via antigen-antibody binding (Kopeček 2007).

Hybrid hydrogels do not always contain protein/peptide domain as the bio-based
portion, but it may contain other biological polymers like polysaccharides. An
example to this is chitosan-based hydrogels. In such an example, a triblock
copolymer structure of chitosan-beta glycerophosphate-hydroxyethyl cellulose was
developed presenting a sol–gel transition temperature of 37 °C. This structure was
planned to be used in injectable cartilage tissue engineering encapsulating mes-
enchymal stem cells or chondrogenic factors (Naderi-Meshkin et al. 2014).

3 Preparation of Hydrogels

Hydrogels can be classified according to their starting point in the course of pro-
duction. They can be listed as:

1. Cross-linking copolymerization
2. Cross-linking of reactive polymer precursors (El-Sherbiny and Yacoub 2013)
3. Cross-linking via polymer–polymer reaction (Kopeček 2007).

In the first option, a polymer network may be formed from hydrophilic mono-
mers by use of cross-linkers. Networks produced with polyethylene glycol
(PEG) and polypropylene oxide (PPO) monomers may be given as examples. In the
second route, a polymer network may be produced from oligomers which are
polymers of low molecular weight and are able to polymerize further. Polyurethane
networks can be produced by using oligomers. In the third class, networks may be
produced by starting with polymers where the network structure is formed by
cross-linking of hydrophilic polymer chains. An example can be given as is chi-
tosan cross-linked with glutaraldehyde that finds use in tissue engineering (Paleos
2012).

Several preparation methods used for hydrogel formation can be listed as
physical, chemical and radiation cross-linking and grafting polymerization as fol-
lows (Sandeep et al. 2012).

3.1 Hydrogels Produced via Physical Cross-Linking
Methods

Production of hydrogels via physical cross-linking presents some advantages such
as ease of manufacturing and avoiding the use of cross-linkers. These cross-linking
agents which are necessary for chemical cross-linking may interfere with the
integrity of substances to be entrapped in the hydrogel, such as cells or proteins,
therefore, it may be necessary to remove them before intended use. Through a
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selection of various types of hydrocolloids, concentration and pH of preparation, a
wide range of hydrogel textures can be attained via physical cross-linking tech-
niques. This area is the focus of intense interest, especially in the food industry.
Various methods of physical cross-linking as given in the literature are as follows
(Sandeep et al. 2012):

1. Heating/cooling a polymer solution
2. Ionic interaction
3. Complex coacervation
4. H-bonding
5. Maturation (heat induced aggregation)
6. Freeze-thawing

1. Heating/cooling a polymer solution

When hot solutions of carrageenan or gelatine are cooled down, gels which are
physically cross-linked are formed. Various mechanisms may be in effect during gel
formation such as the formation of helix configuration, association of the helices,
and junction zone formation. In aqueous solutions, carrageenan is found in random
coil conformation above the melting transition temperature. When cooled, the
structure transforms to rigid helical rods. In the presence of salts of K+, Na+, double
helices may aggregate to give stable hydrogels upon screening sulphonic group
(SO−3) repulsion. In other cases, the hydrogel can be produced by block copoly-
merization which takes place when polymer solutions are warmed. Polyethylene
oxide (PEO), polypropylene oxide (PPO), polyethylene glycol (PEG), and poly-
lactic acid (PLA) hydrogels may be given as examples (Sandeep et al. 2012).

2. Ionic interaction

By adding di- or tri-valent counter ions, ionic polymers can be cross-linked. An
example of this technique is producing a hydrogel by the inclusion of a multivalent
counter ion such as Ca2+ + 2Cl− into a polyelectrolyte solution like Na+ alginate−.
Some other relevant examples may be listed as hydrogels of chitosan/dextran
(Hennink and Nostrum 2002), chitosan/polylysine (Sandeep et al. 2012), and
chitosan/glycerol phosphate salt (Zhao et al. 2009).

3. Complex coacervation

Complex coacervate hydrogels can be produced from polyanion and polycation
mixtures. In this procedure, opposite charged polymers attract one another and hold
together and form complexes which do or do not dissolve in water based on the
solution concentration and pH (Sandeep et al. 2012). An example can be given as a
coacervate polycationic chitosan/polyanionic xanthan hydrogel (Esteban and
Severian 2000). Below their isoelectric points, proteins bear positive charges and
tend to interact with anionic hydrocolloids and in turn produce polyion complex
coacervate hydrogels (Magnin et al. 2004; Sandeep et al. 2012).
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4. H-bonding

Hydrogen bonding is also used in hydrogel preparation. Hydrogen bonds are
formed between polymer chains via interaction of hydrogen that is electron defi-
cient and a highly electronegative functional group (El-Sherbiny and Yacoub
2013). H-bonded hydrogels can be produced by decreasing pH level of aqueous
solutions of polymers incorporating (−COOH) carboxyl groups. An example can be
given as a H-bonded CMC (carboxymethyl cellulose) network which was obtained
by dispersing CMC in a HCl solution (Takigami et al. 2007). In course of the
procedure, sodium in CMC is replaced with a hydrogen from the acid solution
which in turn to promote H-bonding. Hydrogen bonding results in decreased water
solubility of CMC and leads to the production of a hydrogel. Similarly, hydrogels
of carboxymethylated chitosan can also be obtained via cross-linking by using acids
or polyfunctional monomers. One other example is a hydrogel of polyethylene
oxide and polyacrylic acid which was formed by reducing the pH of the aqueous
solution (Hoffman 2002). In the case of a xanthan-alginate hydrogel, intermolecular
H-bonding between xanthan and alginate leads to change in the matrix structure and
a hydrogel that is insoluble in water is formed (Sandeep et al. 2012).

5. Maturation (heat induced aggregation)

Maturation can be explained as heat induced aggregation. Via this method,
hydrogels from Gum Arabic can be produced. Gum arabic (also named as Gum
Acacia) mainly presents a polysaccharide structure but it is also covalently bonded
to a protein moiety that affects its surface activity (Yilmaz et al. 2015). Three major
fractions have been detected in Gum Arabic which are arabinogalactan, arabino-
galactan protein, and glycoprotein. By a thermal treatment, the proteinaceous
components can be aggregated resulting in increased molecular weight and in turn,
a hydrogel of good mechanical strength and water binding capability can be
formed. Maturing of Gum Arabic leads to transfer of the protein corresponding to
the components with a lower molecular weight which in turn results in higher
concentrations of components with high molecular weight (arabinogalactan protein)
(Aoki et al. 2007a, b). This procedure is also applicable to other gums like gum
ghatti and Acacia kerensis for dental care applications (Al-Assaf et al. 2009;
Sandeep et al. 2012).

6. Freeze-thawing (Cryogelation)

Hydrogels can also be obtained via freeze-thawing cycles where physical
cross-linking of a polymer takes place. This procedure is also known as cryoge-
lation. In the course of the method, a polymer or a monomer is added to an aqueous
solution and kept in subzero temperature for cryopolymerization/gelation and
crystal formation (Kumar and Srivastava 2010). The method is suitable for some
polymers including PVA. An example can be given as a poly vinyl alcohol-based
hydrogel produced by the freeze-thawing method for use in cell encapsulation
(Vrana et al. 2009). PVA-bacterial cellulose hydrogels were also produced via
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freeze-thawing method (Millon et al. 2008; Wan and Millon 2006; Millon and Wan
2006; Yilmaz 2015b).

3.2 Hydrogels Produced via Chemical Cross-Linking
Methods

When monomers are grafted on the backbone of the polymers (Yilmaz 2015a;
Thakur et al 2013a, b, c, d) or when cross-linking agent bonds two polymer chains,
chemical cross-linking takes place (2014a, b). Polymers can be cross-linked via
their reactive functional groups (hydroxyl (–OH), carboxyl (–COOH), amino
groups (–NH2),…) with cross-linking agents (like glutaraldehyde or adipic acid
dihydrazide). Various techniques have been implemented to produce chemically
cross-linked hydrogels in the literature (Peppas 2004; Sandeep et al. 2012). Besides
other methods, interpenetrating net work (IPN) formation and hydrophobic inter-
actions (Hennink and Nostrum 2002; El-Sherbiny and Yacoub 2013) have been
investigated. In the former, a monomer is polymerized within another polymer to
form an intermeshed network structure or an IPN, and in the case of the latter
(Hennink and Nostrum 2002) a polar hydrophilic group is incorporated via oxi-
dation or hydrolysis succeeded by cross-linking via covalent linkages have also
been applied to prepare chemically cross-linked hydrogels (Sandeep et al. 2012). In
the following sections, major hydrogel chemical cross-linking methods are
introduced.

1. Chemical cross-linking

Cross-linking agents including glutaraldehyde, 2-acrylamido-2-methylpropanesulfonic
acid, and epichlorohydrin have found wide use for obtaining various cross-linked net-
works of hydrogels from both natural and synthetic polymers. The method includes the
addition of separatemolecules between the polymeric chains in order to form cross-links.
An example can be given as the corn starch—polyvinyl alcohol hydrogel where the
cross-linking is achieved through the use of glutaraldehyde as a cross-linking agent.
Hydrogels of CMC can be prepared by using 1,3-diaminopropane to form cross-links
between CMC chains. In another example, xanthan-polyvinyl alcohol hydrogels were
formed by using epichlorohydrin as a cross-linking agent. A hydrogel of
j-carrageenan-acrylic acid can be produced by incorporating the cross-linking agent:
2-acrylamido-2-methylpropanesulfonic acid (Pourjavadi and Zohuriaan-Mehr 2002).
Hydrogels can also bepreparedbyusing cellulose in aqueous solutions ofNaOH/urea and
the cross-linking agent, epichlorohydrin, and implementing freeze-thawing methods
(Sandeep et al. 2012; Chang et al. 2010; Chang and Zhang 2011).
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2. Grafting

In grafting a monomer is polymerized on the backbone of a polymer (Sandeep et al.
2012). Ionic, radical, and chemical initiators can be used to induce grafting (Yilmaz
2015a). Functional monomers that grow on activated macroradicals causes branch
forming and then results in cross-linking (Sandeep et al. 2012). In another j-carra-
geenan example, highly swellable hydrogels were produced using free-radical
polymerization method in grafting cross-linked polyacrylic acid-co-poly-2-acry
lamido-2-methylpropanesulfonic acid chains onto j-carrageenan (Pourjavadi
et al. 2007).

2:1 Chemical grafting

Chemical grafting involves the use of a chemical reagent to activate a macro-
molecular backbone to initiate grafting. In such an example a starch-g-poly(acrylic
acid-co-2-hydroxy ethyl methacrylate) was prepared as a pH-responsive hydrogel,
where ammonium persulfate was utilized as a thermally dissociating initiator.
Ammonium persulfate produces sulfate anion radical when heated, which then
abstracts hydrogen from hydroxyl groups of the starch in order to produce the
corresponding radical. Then, these macroradicals initiate grafting of the monomer
onto starch, resulting in a graft copolymer. Additionally, via use of a cross-linker,
methylenebisacrylamide, cross-linking reaction was carried out forming a 3-D
network (Sadeghi 2011).

2:2 Radiation grafting

High energy radiation like electron or gamma beams can also be utilized in grafting
initiation (Sandeep et al. 2012; Peppas 2004; El-Sherbiny and Yacoub 2013). The
advantage of this method is that hydrogel preparation can be conducted in aqueous
solutions under mild conditions without needing a cross-linker. On the other hand,
the bioactive material must be loaded after the hydrogel preparation has finished
preventing the negative effects of irradiation on the agent. Besides, for some
hydrogels including PEG and PVA-based gels, nonbiodegradable C–C bonds may
take place in cross-links (Ebara et al. 2014). Furthermore, this method is not
suitable for hydrogels from polymers that may degrade upon exposal to ionizing
irradiation (El-Sherbiny and Yacoub 2013).

Radiation technique has been successfully applied in manufacturing hydrogels
from acrylic acid and PEG-CMC chitosan that are responsive to medium pH
(El-Sherbiny and Yacoub 2013). In a study, Said et al. (2004) produced
CMC-acrylic acid hydrogel via grafting acrylic acid on CMC in an aqueous solu-
tion by using electron beam irradiation. The electron beam initiated free-radical
polymerization of acrylic acid on CMC chain. Irradiation of CMC and acrylic acid
caused the formation of free radicals that can bind together to form a hydrogel.

In another study, Poly(acrylic acid) and Poly(acrylic acid)/pectin hydrogels were
produced via radiation-induced copolymerization of AAc in aqueous solutions at
different concentrations. The solutions were exposed to N2 exposure in order for O2

removal and then irradiated at different doses of gamma rays from a source at 60 °

10 Multi component, Semi-interpenetrating-Polymer-Network … 293



C. The hydrogel then was rinsed with excess distilled water in order to remove
unreacted monomer and then it was allowed to dry under vacuum until a constant
mass was attained. Figure 1 depicts the effect of irradiation dose on the gelation
rate. The concentration of the acrylic acid solution was 30 wt%. An increase in gel
fraction is seen with increment in irradiation dose for both Poly(acrylic acid) and
Poly(acrylic acid)/pectin hydrogels due to increased cross-linking of polymer net-
works (Maziad et al. 2015).

4 Novel Hydrogel Preparation Methods

Conventional techniques of hydrogel production are restricted in terms of precise
control on the fine structure. Because of side reactions, the chain networks include
unreacted pendant groups, entanglements, and cycles. Other shortcomings of the
conventional hydrogels can be given as insufficient mechanical performance and
slow response to environmental stimuli. Traditional synthetic pathways do not

Fig. 1 The effect of irradiation dose (kGy) on gelation fraction of poly(acrylic acid) and poly
(acrylic acid)-pectin hydrogels. With permission from Maziad et al. (2015); Copyright 2015 Asian
Journal of Pharmaceutical and Clinical Research Pending
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allow precise control on chain length, moiety sequence, and 3D conformation.
However, novel hydrogel manufacturing techniques allow preparation of hydrogels
with lower molecular weight variations. These techniques include controlled radical
polymerization, such as atom transfer radical polymerization, nitroxide-mediated
polymerization, and reversible addition-fragmentation transfer. Novel catalysts like
transition metal complexes and new treatment techniques such as low-temperature
or under-vacuum polymerization provide control of a-amino acid N-carbox-
yanhydrides polymerization and allow well-defined synthetic polypeptide manu-
facturing (Kopeček 2007).

Some remarkable advancements have broadened the benefits of hydrogels. Three
recent advancements including introduction of sliding cross-linking agents
(Okumura and Ito 2001), double-network (DN) hydrogels (Gong et al. 2003), and
nanocomposite (NC) (clay-filled) hydrogels (Haraguchi and Takehisa 2002) have
substantially enhanced the mechanical performance of hydrogels and have broad-
ened their application areas as presented in Fig. 2 (Kopeček 2007).

Sliding Cross-Linking Agents Okumura and Ito (2001) introduced sliding
cross-linking agents. They chemically cross-linked two cyclodextrin molecules.
Each cyclodextrin molecule was threaded on a different PEG chain, the end of
which was capped with a bulky group like adamantan, forming a sliding
double-ring cross-linker. The resulting hydrogel was reported to present remarkable
mechanical performance—a high level of swellability in aqua and a high elongation
rate before breaking. The sliding cross-links apparently acted in a way that allowed
equalizing the load among polymer chains (Kopeček 2007).

Double Networks (DN) Are a class of interpenetrating networks (IPNs). They
consist of two hydrophilic networks: one of which is highly cross-linked, whereas
the other is loosely cross-linked. An example of DN, poly(2-acrylamido-2-
methylpropanesulfonic acid) and polyacrylamide, obtained by Gong et al. (2003)
from two hydrophilic networks of low mechanical performance, exhibits good
mechanical characteristics. The researchers reported that those DN hydrogels with

Fig. 2 a Sliding hydrogels consisting of chains of PEG threaded with a-cyclodextrin groups and
cross-linked by freely moving trichlorotriazine, b DN hydrogels consisting one highly cross-linked
and one loosely cross-linked hydrophilic polymer networks, c NC hydrogels composed of clay
sheets grafted with polymer chains. With permission from Kopeček (2007); Copyright 2007
Elsevier
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90% water content exhibited fracture strength values around 10 MPa, as well as
high wear resistance. DNs consisting of stiff/brittle and ductile/soft polymer net-
works result in stiff and ductile hydrogels, but not brittle and soft, due to efficient
distribution of local stresses and absorption of fracture energy through a nonlinear
binary combination of the dissimilar characteristics of the two polymer
components.

Nanocomposite Hydrogels Hybrid hydrogels may incorporate organic and
inorganic components at the same time. Hydrogels including clay platelets are
among these hybrid materials. An example of these is an n-isopropylacrylamide
(NIPAAm)-based hydrogel cross-linked with hectorite, [Mg5.34Li0.66Si8O20
(OH)4]Na0.66, developed by Haraguchi and Takehisa (2002). Here, a unique
network configuration was prepared via in situ free-radical polymerization, where
the chain lengths of the networks between cross-linking points presented a narrow
range compared to wide distribution is observed in conventional hydrogels as
shown in Fig. 3. The researchers reported structural homogeneity—as reflected in
transparency levels—, nearly full recovery from the extension, good swellability,
and fast deswelling induced by changes in the temperature.

Self-assembled Hydrogels may be obtained from graft and block copolymers
where hydrophobic interactions are active. An example of this can be given as
hydrogels of ABA triblock copolymer structure incorporating (short) hydrophobic

Fig. 3 Network structure of
a nanocomposite (NC) gel
composed of exfoliated
organic clay on which flexible
polymer chains are grafted
b elongated form of the
nanocomposite gel.
c Network structure of the
conventional gel. With
permission from Haraguchi
and Takehisa (2002);
Copyright 2002 John Wiley
and Sons
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A blocks capping a hydrophilic B block (Kopeček 2007; Tae et al. 2005). In
another class of self-assembled hydrogels, a biomimetic approach where configu-
rations found in nature should be used, such as the coiled-coil structure. By
designing copolymers in this configuration to form hydrogels, higher control of the
3D structure may be attained. As known, the coiled-coil structure is obtained from
at least two a-helix strands. A standard coiled-coil consists of 7-residue repeats,
called heptads, in each a-helices. The amino acid moieties can be named as a, b, c,
d, e, f, and g as shown in Fig. 4. The inter-helical hydrophobic core that stabilizes
the interface between the helices is obtained by hydrophobic moieties at a and d.
The charged moieties at e and g enhance coiled-coil structure stability and provide
interaction among helices by forming electrostatic interactions. By using this
configuration, new hydrogels may be designed due to the versatility brought for-
ward by the possibility of modifying the primary structure (Kopeček 2007;
Kopeček and Yang 2009; Banta et al. 2010).

4.1 Self-assembly from Genetically Engineered Block
Copolymers

Triblock copolymers in the sequence of ABA, wherein A (a coiled-coil forming
peptide block) and B (a random coil), can self-assemble into hydrogels. During
self-assembly, helical end oligomerization and central water-soluble polyelectrolyte
swelling are counter-balanced. Minor modification of the coiled-coil structure may
be strongly reflected in the resulting hydrogel properties such as response to tem-
perature or pH. Such hydrogels disassemble upon denaturation and reassemble,
once the dentaturating agent, such as guanidine hydrochloride, is removed from the
medium (Kopeček 2007; Xu and Kopeček 2008; Xu et al. 2005; Banta et al. 2010).

Fig. 4 A heptad repeat of a
typical coiled-coil structure.
With permission from
Kopeček (2007); Copyright
2007 Elsevier
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4.2 Cross-Linking of Polymer Precursors with Genetically
Engineered Protein Domains

A novel technique of hydrogel preparation takes place by imposing a coiled-coil
protein pattern onto a synthetic polymer main chain-containing hydrogels (Kopeček
and Yang 2009). This can be achieved by attaching a genetically engineered
coiled-coil protein motif to a hydrophilic synthetic copolymer primary chain. The
self-assembly of the coiled-coil domains provided physical cross-linking. The
transition of the coiled-coil domains from an elongated helix configuration to an
unfolded conformation results in temperature-responsive hydrogel volume change
(Kopeček 2007; Kopeček and Yang 2009).

5 Structure of Hydrogels

Among the most important structural characteristics come effective molecular
weight and correlation distance of the polymer between cross-linking points, as well
as polymer content in the swollen state. These three parameters are interdependent
and can be defined with rubber-elasticity theory and equilibrium-swelling theory
based on Flory (1942) and Huggins (1942). Polymer chain structures and
cross-linking characteristics determine the resultant hydrogel properties (Ebara et al.
2014).

Due to limited control on the precise configuration of hydrogels, “ideal” net-
works are seldom achieved. In Fig. 5a, an ideal hydrogel macromolecular network
(hydrogel) which incorporates tetrafunctional covalent junctions are shown.
However, multifunctional junctions (Fig. 5b) or physical entanglements (Fig. 5c)
are also encountered in real networks. Hydrogels with molecular defects such as
unreacted functional groups with partial entanglements (Fig. 5d) and chain loops
(Fig. 5e) are also possible. These unreacted funcualities or chain loops do not
contribute to the mechanical characteristics of hydrogels (Peppas 2004).

For some hydrogels, the swellability property comes from hydrophilic side
groups like –OH, –CONH–, –CONH2–, –SO3H (Khodamoradi and Khodamoradi
2014), and –COOH groups which are attached to the polymer backbone. In case the
side group of interest is a carboxyl (–COOH) group, upon immersion in water, the
hydrogen of the carboxylic acid group may dissociate which leads to the formation
of a carboxylate ion (RCOO−) possessing a negative charge. If the medium is in
favor of hydrogen dissociation, then the polymer chain becomes negatively charged
throughout its backbone. These negative charges throughout the chain form a
repelling force and the polymer chain uncoils. Furthermore, the negative charge
also leads to increased affinity of the polymer to water. These combined effects,
polymer chain uncoiling and increased affinity to water, results in hydrogel swelling
(Paleos 2012).
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Transition of RCOOH to RCOO− is reversible. The medium is effective on the
charge of the side groups, whether it is neutral or negative. Acidic media are in
favor of a neutral charge and vice versa. Consequently, medium pH influences the
shape/volume of a hydrogel. Besides pH, the salt concentration of the medium also
affects hydrogel polymer network shape. As salt (NaCl) is poured into water, it
dissociates into Na+ and Cl− ions. Na+ ions associated with RCOO− ions displacing
some water molecules. Furthermore, the repelling force among negatively charged
side groups become weaker and the polymer chains acquire a more coiled con-
formation. A minute variation in salt concentration may lead to a remarkable
change in hydrogel swelling behavior (Paleos 2012).

Fig. 5 The network structure
of a ideal hydrogel,
b multifunctional junctions,
c physical entanglements,
d unreacted functional
groups, and e chain loops in a
hydrogel. Reprinted from
Biomaterials Science,
Nicholas A. Peppas,
Hydrogels, 100–107,
Copyright (2004)

10 Multi component, Semi-interpenetrating-Polymer-Network … 299



6 Properties of Hydrogels Based on Cross-Linking
Structure

As mentioned before, hydrogels can be classified based on the preparation methods
in terms of the cross-linking structure such as physically and chemically
cross-linked hydrogels. In chemically cross-linked hydrogels, polymer chains are
bonded through covalent linkages. Thus, chemically cross-linked hydrogels present
a stable structure and; provided that the covalent cross-linking points are not
cleaved, they are not soluble in solvents. In terms of physically cross-linked
hydrogels, physical interactions between polymer chains prevent dissolution (Ebara
et al. 2014).

7 Properties of Physically Cross-Linked Hydrogels

The polymer chains in physically cross-linked hydrogels are linked through ionic
bonding, hydrogen bonds, hydrophobic interactions, or molecular chain entangle-
ments as shown in Fig. 6. In comparison to chemically cross-linked hydrogels,
these connections are weaker and more reversible (Paleos 2012) and may be dis-
rupted upon application of stress or changes occur in physical conditions
(Khodamoradi and Khodamoradi 2014). In the physically cross-linked gels, the
mentioned physical interactions between different polymer chains prevent disso-
lution (Hennink and Nostrum 2002).

Recently, physically cross-linked hydrogels have attracted remarkable interest
due to their advantage that cross-linking agents are not needed during preparation.
As mentioned in the section above, different techniques can be used to produce
physically cross-linked hydrogels. For example, alginate which is a polysaccharide
incorporating mannuronic and glucuronic acid residues can be cross-linked via
Ca++ ions as shown in Fig. 6a at room temperature and at the physiological pH.
This renders alginate appropriate for use as carriers of living cells and for protein
release (Ebara et al. 2014; Yilmaz et al. 2015).

As shown in Fig. 6b hydrogels can be also cross-linked via hydrophobic
interactions. An example can be given as hydrogels of amphiphilic block and graft
copolymers. They can self-assemble in aqueous solutions to give ordered network
structures including polymeric micelles and hydrogels where the hydrophobic
portions are aggregated (Ebara et al. 2014).

Physically cross-linked hydrogels are commonly prepared from multiblock
copolymers or graft copolymers. Hydrogels of graft polymers can be produced from
polymer backbone that dissolves in water such as a polysaccharide, on which
hydrophobic groups are adjoined. The reverse is also possible: hydrophobic chains
where water-soluble groups are grafted. Two common examples of multiblock
copolymer hydrogels are Pluronics® and Tetronics® (Ebara et al. 2014) which are
poly(ethylene oxide) (PEO)-poly(propylene oxide) (PPO) block copolymers
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(Fernandez-Tarrio et al. 2008). At low concentrations, micelles are obtained in
water, whereas thermo-reversible gels are formed in the case of higher concentra-
tions. Some variations of Pluronics® and Tetronics® have approval from FDA and
EPA for use in food additives, pharmaceutics, and agricultural products. To impart
biodegradability, biodegradable poly(l-lactic acid) (PLLA) or poly(dl-lactic acid-
co-glycolic acid) (PLGA) can replace the PPO segment in the PEO–PPO–PEO
block copolymers (Ebara et al. 2014).

In terms of PEG-PLGA-PEG triblockpolymer, where PEG and PLGA exhibit
lower and higher molecular weights, respectively, the structure is in the form of a
solution at room temperature, whereas it rapidly gels when exposed to body tem-
perature. The molecular configuration forms 3-D hyper-branched architectures like
star-shaped structures. By varying the molecular weight and polymer architecture,
different temperatures of phase transition can be achieved (Ebara et al. 2014;
Kopeček and Yang 2009).

Among physically cross-linking mechanisms of hydrogel forming, hydrogen
bonding interactions also take place. Accordingly, hydrogels of two or more natural
polymers can be obtained. When polymer mixture exhibit rheological synergism,
the viscoelastic properties of the polymer mixture present more gel-like behavior
compared to those of individual polymers. Injectable hydrogels of various physi-
cally cross-linked polymers including gelatin–agar, starch–CMC, and hyaluronic

Fig. 6 Physically cross-linked hydrogel formation by a ionic interactions, b hydrophobic
interactions, c self-assembling of stereocomplex formation, d coiled-coil associations, e specific
molecular recognition. With permission from Ebara et al. (2014); Copyright 2014 Springer
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acid–methylcellulose can be obtained. Via hydrophobic interactions, physically
cross-linked poly(acrylic acid)-PEG or poly(methacrylic acid)-PEG hydrogels may
be formed through hydrogen linkages between the oxygen of the PEG and the
carboxylic (–COOH) group of poly(acrylic acid)-PEG or poly(methacrylic acid)
(Ebara et al. 2014; Bajpai and Shrivastava 2005).

Another method of forming physically cross-linked hydrogels is polymer crys-
tallization. In such an example, poly(vinyl alcohol) is dissolved in water and is
subjected to a freeze–thawing process, and subsequently, a hydrogel of high
strength and elasticity was obtained. It was assumed that poly(vinyl alcohol)
crystallites formed in the network and acted as cross-linking sites (Ebara et al. 2014;
Sandeep et al. 2012).

An interesting method of physically cross-linked hydrogel formation is stereo-
complex formation via self-assembly as shown in Fig. 6c. Tsuji et al. (1992) were
the first to report stereocomplex formation ability of PLA. In a study, hydrogels
were prepared by cross-linking via stereocomplex formation through coupling of
lactic acid oligomers to dextran (de Jong et al. 2000). Formation of stereocomplexes
takes place in mixtures of PLLA–PEG–PLLA and PDLA–PEG–PDLA triblock
copolymers. Lim and Park (2000) studied bovine serum albumin (BSA) release
behavior of microspheres based on PLLA–PEG–PLLA and PDLA–PEG–PDLA
triblock copolymers. This system is advantageous due to the ease of hydrogel
formation: a hydrogel can be simply manufactured by dissolving the components in
aqua and mixing them. On the other hand, one critical drawback is a limited number
of polymer compositions suitable for this technique (Ebara et al. 2014).

The noncovalent interactions, where chemical bonding or electron pairing are
not altered, dominate biological systems. Via these interactions, the assembly and
function of biological systems can be dynamically regulated. This mechanism can
be implemented in the preparation of physically cross-linked hydrogels. Petka et al.
(1998) was the first to develop hydrogels exhibiting the “leucine zipper” motif.
Terminal domains produce coiled-coil aggregates in aqueous solutions at nearly
neutral pH values, which in turn induce a 3-D polymer network formation. Here,
the polyelectrolyte module retains solvent and do not allow the chain to precipitate.
Upon an increase in pH or temperature, the coiled-coil aggregates dissociate which
cause the transition of the gel form to solution phase (Banta et al. 2010; Petka et al.
1998). In a more recent study, Huang et al. (2014) prepared 3-D self-assembling
leucine zipper hydrogel with adjustable pore size by altering peptide concentration
for use in tissue engineering.

In another way of mimicking noncovalent biological interactions, proteins can
be designed to self-assemble into a fibrous structure. By combining the knowledge
on interactions among proteins and the ability of new protein synthesis, various
physically cross-linked hydrogels can be produced (Ebara et al. 2014). In a study
(Ogihara et al. 2001), heterodimeric proteins were designed to self-assemble into
protein filaments with diameters lower than 100 nm. In another work, Wang et al.
(1999). developed hydrogels by using natural as well as engineered proteins pre-
senting coiled-coil associations and utilizing cross-linkers for poly(N-
(2-hydroxypropyl)methacrylamide) (PHPMA) (Fig. 6d). the proteins were linked to
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the polymer backbone through one end by metal complexes between histidine tags
and metal-chelating ligands on the polymer. The hydrogel presented collapsing
behavior triggered by temperature change near the melting point of the protein. This
was ascribed to transition from elongated rod-like configuration to a coiled-coil
form (Ebara et al. 2014; Wang et al. 1999).

Hydrogels can also be prepared through cross-linking interactions based on
antigen–antibody binding. In a related study, Miyata et al. (1999) developed a
hydrogel where network cross-linking occurred through the association between the
grafted antigen and the corresponding antibody as shown in Fig. 6e. By changing
the antigen/antibody concentration in the solution, reversible swelling and shrinking
take place. Such hydrogels can be utilized in controlled drug release applications
(Ebara et al. 2014) and diagnostic applications (Gerlach and Arndt 2009).

8 Properties of Chemically Cross-Linked Hydrogels

In chemically cross-linked hydrogels, the polymer chains are adjoined via perma-
nent covalent linkages. In a covalent bond, electron pairs are shared between atoms
(Paleos 2012). Chemical bonds are stronger than physical linkages (Hennink and
Nostrum 2002; Khodamoradi and Khodamoradi 2014). Chemically cross-linked
hydrogels can be prepared according to various methods such as radical poly-
merization, pendant functional group reaction, and radiation (Ebara et al. 2014;
Sandeep et al. 2012).

Although physically cross-linked hydrogels exhibit certain advantages such as
avoidance of chemical cross-linkers in the preparation stage, they entail some
shortcomings. Physical hydrogels lack design flexibility due to their lower
mechanical strength which limits variability in chemical functionalization, network
pore size, gelation duration, and degradation time. To the contrary, chemically
cross-linked hydrogels exhibit relatively higher mechanical strength and longer
degradation durations (Ebara et al. 2014; Sandeep et al. 2012).

Chemically cross-linked hydrogels can be prepared via radical polymerization of
monomers of low molecular weight by using a cross-linking agent (Fig. 7a).
A commonly applied method of NIPAAm-based hydrogel preparation is by
application of a redox polymerization process in the presence of an initiator (am-
monium persulfate) and a catalyst (N,N,N′,N′-tetramethylethylenediamine). The
polymerization parameters including the concentrations of the monomer and
cross-linking agent affect hydrogel characteristics. The mentioned procedure allows
rapid hydrogel formation even under mild conditions and a number of
stimuli-responsive hydrogels have been prepared via this technique (Miyata et al.
1999). Nevertheless, the unreacted initiator and catalyst reagents plus the degra-
dation products should be removed from the hydrogel prior to in vivo application.
Furthermore, this chemical can harm protein domains if present in the preparation
stage (Ebara et al. 2014; Sandeep et al. 2012).
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In another way of obtaining chemically cross-linked hydrogels, radical poly-
merization of polymers that are derivatized with groups capable of polymerizing
(macromonomer) can be utilized as shown in Fig. 7b. By using polymers that are
soluble in water such as methacrylic anhydride, methacryloyl chloride, and bro-
moacetyl bromide, methacrylate groups can be obtained. And after incorporation of
initiator/catalyst, a hydrogel can be formed. For example, a hydrogel system was
produced by introducing N,N,N′,N′-tetramethylethylenediamine and ammonium
persulfate to a N′-methylenebisacrylamide (MBAAm) aqueous solution containing
methacryl-dextran. Apart from dextran, other water-soluble polymers including
albumin, starch, hyaluronic acid and poly(vinyl alcohol) have also been derivatized
with methacrylic groups to produce hydrogels (Ebara et al. 2014; Martens and
Anseth 2000; Jin et al. 2001).

UV-induced polymerization method can be also used for producing chemically
cross-linked hydrogels. Via this method, patterned architectures can be obtained.
However, the adverse effects of UV radiation, as well as the utilized solvent and the
formed radicals on the protein or drug which the hydrogel is associated with, should
be carefully monitored (Ebara et al. 2014; El-Sherbiny and Yacoub 2013).

In another technique of obtaining chemically cross-linked hydrogels, polymers
with functional pendant groups are used. These functional groups such as hydroxyl,
carboxyl, and amine groups (e.g., OH, COOH, and NH2) can form covalent bonds
with functional groups with complementary reactivity like reactions between
amine-carboxylic acid or an isocyanate-OH/NH2, or by Schiff base reaction as
shown in Fig. 7c. To give an example, hydroxyl group containing water-soluble
polymers can be cross-linked by the use of glutaraldehyde (Dai and Barbari 1999).

Fig. 7 Chemically cross-linked hydrogel formation by radical polymerization of a vinyl
monomers and b macromonomers, c pendant functionality reactions, and d radiation (Ebara
et al. 2014) With permission from Ebara et al. (2014); Copyright 2014 Springer
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Polymers which include amine groups can be cross-linked again with glutaralde-
hyde under mild conditions and Schiff base formation takes place. Via this method,
a protein containing hydrogels may be produced. However, as glutaraldehyde
exhibits toxic effects at low concentrations including inhibition of cell growth,
alternatives have been developed (Ebara et al. 2014; Jameela and Jayakrishnan
1995). Shiff base reaction was also used in the preparation of hydrogels from
starch-polyvinylamine (Li et al. 2014) and chitosan-alginate (Shi et al. 2014).

Via partial oxidation of dextran, gelatin was cross-linked with the use of
polyaldehydes. Hydrogels based on hyaluronic acid were produced via derivatizing
with adipic dihydrazide and cross-linking through the use of a macromolecular
cross-linker. These hydrogels exhibited degradation in the presence of hyalur-
onidase and thus can be used in sustained drug release at wound sites (Ebara et al.
2014; Luo et al. 2000).

Hydrogels can be obtained from polymers that are soluble in water also by
addition reactions. By changing the concentration of the polymers as well as the
cross-linker, the resulting hydrogel characteristics can be fine-tuned. However,
organic solvents rather than water are preferred as the cross-linker may react with
water. Thus, the solvent and the unreacted cross-linking agent should be completely
removed from the hydrogel to prevent toxic effects (Ebara et al. 2014; Hovgaard
and Brondsted 1995).

The condensation reactions that occur between hydroxyl/amine groups with
carboxylic acids and carboxylic acid derivatives can also be used in hydrogel
preparation. The condensation reactions are generally utilized in polyester and
polyamide production. N,N-(3-dimethylaminopropyl)-N-ethyl carbodiimide is used
efficiently in cross-linking water-soluble polymers with amide bonds. Kuijpers et al.
(2000) produced gelatin-based hydrogels by using the mentioned reagent. In
another study, alginate and PEG-diamines were cross-linked using N,N-
(3-dimethylaminopropyl)-N-ethyl carbodiimide and chemically cross-linked
hydrogels of alginate were produced which exhibit better mechanical strength
compared to alginate hydrogels prepared with ionic cross-linkages (Eiselt et al.
1999). Methods of producing polysaccharide-based hydrogels via various con-
densation reactions have been described in the literature de Nooy et al. (2000).

9 Classification of Environmental-Responsive Hydrogels
on the Basis of Stimuli

Smart hydrogels can also be classified based on the nature of the stimuli that induce
response. The stimuli can either be physical- or chemical. Physical stimuli can be
temperature, electric or magnetic fields, and mechanical stress. The physical stimuli
affect levels of different energy sources and modify molecular interactions.
Chemical stimuli including pH, ionic factors, and chemical agents affect the
molecular interactions at polymer–polymer or polymer–solvent level. A third class
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of biochemical stimuli relates to biochemical agents such as antigens, enzymes,
ligands. On the other hand, some hydrogel systems may respond to more than one
type of stimulus (Ebara et al. 2014; Qiu and Park 2012).

9.1 Physical Stimuli

9.1.1 Temperature Responsive

A class of environmental-responsive hydrogels exhibits swelling/shrinking behav-
ior induced by a change in the temperature. Temperature-responsive hydrogels
generally present a lower critical solution temperature (LCST). In other words, such
hydrogels present higher solubility/compatibility with water and undergo substan-
tial swelling below this specific temperature, whereas it exhibits a hydrophobic
characteristic and shrinking in water above LCST (Peppas 2004). This phenomenon
is in contrary to most polymers which exhibit higher solubility with increasing
temperature and is referred to as inverse (or negative) temperature-dependence (Qiu
and Park 2012).

Temperature-responsive hydrogels are among the most widely investigated
environmentally responsive polymer structures (Qiu and Park 2001). Chemical
structures of some temperature-responsive polymers are depicted in Fig. 8.
Temperature-responsive polymers generally contain hydrophobic sites including
methyl, ethyl and propyl groups. Among different temperature-responsive poly-
mers, poly(N-isopropylacrylamide) (PNIPAAm) is one of the most commonly
studied one. Besides PNIPAAm, Poly(N,N-diethylacrylamide (PDEAAm) is also
widely studied due to its LCST, which is in the range of 25–32 °C, that is close to
the body temperature. In order to change LCST, different copolymers of NIPAAm
including monomers such as butyl methacrylate (BMA) can be produced (Qiu and
Park 2012).

Another type of temperature-responsive hydrogels is obtained from poly(ethy-
lene oxide) (PEO) and poly(propylene oxide) (PPO) block copolymers. They also

Fig. 8 Chemical structures of some temperature-responsive hydrogels. With permission from Qiu
and Park (2012); Copyright 2012 Elsevier
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exhibit inverse temperature sensitivity. Their LCST, which is around the body
temperature, renders them suitable for biomedical applications. As mentioned
before, various PEO–PPO block copolymers are available under the commercial
names of Pluronics® (or Poloxamers®) and Tetronics® (Qiu and Park 2001).

The polymer chains of the temperature-responsive hydrogels contain moderately
hydrophobic moieties (if the groups are strongly hydrophobic, the polymer chains
will not show solubility in water at all) or include hydrophilic and hydrophobic
parts together. At low temperatures, hydrogen bonding between hydrophilic groups
in the chain and water molecules is dominant, which results in increased water
solubility. Upon an increase in temperature, hydrophobic interactions among
hydrophobic parts become dominant, whereas H-linkages becomes weaker. This
situation leads to shrinking of the hydrogel. The LCST can be modified via
changing hydrophilic/hydrophobic segment ratio. Generally, LCST decreases with
the increase in the hydrophobic component. Temperature-responsive hydrogels may
be obtained from copolymers of hydrophobic (such as NIPAAm) and hydrophilic
(acrylic acid, etc.) monomers. If a small amount of ionizable groups are incorpo-
rated into the hydrogel network, the continuous phase transition of PNIPAAm (poly
(N-isopropylacrylamide)) can be converted into a discontinuous transition mode;
thus, a faster response behavior can be achieved (Qiu and Park 2012).

In the case the cross-links between the polymer chains are not covalent, i.e., the
hydrogel is physically cross-linked, the response to change in the temperature will
not be swelling/shrinking, but transition between sol–gel phases. Block copolymers
of PEO and PPO show such behavior. Another method of obtaining
temperature-sensitive hydrogels is via the use of temperature-sensitive cross-linking
agents. Temperature-sensitive hydrogels can be classified as negatively ther-
mosensitive, positively thermosensitive, and thermally reversible hydrogels (Qiu
and Park 2001).

9.2 Negatively Thermosensitive Hydrogels

As mentioned before, negative thermosensitivity refers to swelling at a lower
temperature and shrinking at a higher temperature. This behavior can be used in
designing on–off drug release induced by a change in the temperature. In related
studies, hydrogels based on P(NIPAAm–co-BMA), and IPNs of P(NIPAAm) and
poly(tetramethyleneether glycol) (PTMEG) were investigated. Incorporation of
hydrophobic comonomer BMA into NIPAAm hydrogels resulted in improved
mechanical strength. These hydrogels were studied in terms of use in drug delivery
(Qiu and Park 2012).

In a study on negative thermosensitive hydrogels, Luchini et al. (2008) reported
decreased particle size of NIPAm upon an increase in temperature (Fig. 9a).
Whereas NIPAm/AAc (acrylic acid) particles exhibited similar temperature
response, they also presented a pH-sensitivity (Fig. 9b).
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9.3 Positively Thermosensitive Hydrogels

In contrary to negatively thermosensitive hydrogels, some hydrogels obtained from
IPNs exhibit positive thermosensitivity that is swelling with increased temperature
and shrinking with decreasing temperature (Qiu and Park 2001). Positively ther-
mosensitive hydrogels possess upper critical solution temperature (UCST) in contrast
to LCST of negatively thermosensitive hydrogels (Khodamoradi and Khodamoradi
2014). Hydrogels obtained from polymers with UCST show shrinking behavior
below their UCST (Ebara et al. 2014). Hydrogels produced from IPNs of poly (acrylic
acid) and polyacrylamide (PAAm) or poly(acrylamide-co-butyl methacrylate) can be
given examples of such hydrogels. The temperature of transition can be increased
with increment in BMA (butyl methacrylate) content (Qiu and Park 2001).

9.4 Thermo-reversible Hydrogels

Hydrogels that exhibit sol–gel transition induced by a change in temperature are
referred to as thermo-reversible hydrogels. The most widely used ones of
sub-hydrogels are Pluronics® and Tetronics®. The LCST can be adjusted by
arranging the molecular weight and polymer network configuration. As most of the
research on thermo-responsive hydrogels such as that made of NIPAAm and its
derivatives have been conducted in vitro, there is not enough knowledge that they are
biocompatible, that is not toxic, carcinogenic or teratogenic. Furthermore, NIPAAm
and its derivatives are not biodegradable. Thus, further studies should also deal with
novel thermo-responsive hydrogels based on biocompatible and biodegradable
components such as PEO–PLA block copolymers (Qiu and Park 2012).

Fig. 9 Diameter of a NIPAm particle as a function of temperature b NIPAm/AAc particles as a
function of temperature and pH. Reprinted permission from Luchini et al. (2008); Copyright 2008
American Chemical Society
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9.4.1 Photo-Responsive

Photo-responsive hydrogels can be used in ophthalmic drug delivery systems,
display units, and optical switches. Photo-responsive hydrogels are advantageous in
the sense that they can be exposed to a light stimulus in specific amounts instantly
at high precision, whereas the sensitivity levels of thermal- and pH-responsive
hydrogels are limited by thermal and ion diffusions, respectively. This advantage
renders photo-responsive hydrogels promising for engineering and biomedical
applications. Photo-responsive hydrogel activity can be induced by UV or visible
light. In comparison to UV light, visible light is easier to obtain, more cost-efficient,
safer and easier to manipulate (Qiu and Park 2001).

Photo-responsiveness can be imparted to hydrogels by incorporating
photo-reactive agents such as azobenzene, triphenylmethane, and spiropyran groups
via entrapping in, cross-linked with or introducing into the polymer chains in the
network systems (Ebara et al. 2014; Sumaru et al. 2006).

UV-responsive hydrogels can be prepared by incorporating leuco derivative
molecule, such as bis(4-dimethylamino)phenylmethyl leucocyanide, into the
polymer chain network. Triphenylmethane leuco derivatives, which are neutral in
their normal state, dissociate into ion pairs under UV irradiation generating triph-
enylmethyl cations as depicted in Fig. 10. These hydrogels exhibit discontinuous
swelling behavior when exposed to UV irradiation and present continuous
shrinking when the stimulus is off. The UV light-induced discontinuous swelling
occurs on the basis of increment in osmotic pressure within the hydrogel upon
formation of cyanide ions triggered by UV irradiation (Priya James et al. 2014).

In a study, Sumaru et al. (2006) developed a photo-responsive hydrogel obtained
from NIPAAm, a spirobenzopyran residue-containing vinyl monomer, and a
cross-linker. They reported a repeatable increase in permeability to an acidic
solution induced by exposure to blue light (Ebara et al. 2014). By incorporating
additional functional moieties, pH-responsiveness can also be imparted to the
hydrogel (Qiu and Park 2001), whereas the reverse is also possible (Ebara et al.
2014). Techawanitchai et al. imparted photo-responsiveness to a pH-responsive
hydrogel through the incorporation of o-nitrobenzaldehyde (NBA) which shows

Fig. 10 Chemical structure of leuco derivative molecule bis(4-(dimethylamino)phenyl)
(4-vinylphenyl)methylleucocyanide. With permission from Qiu and Park (2001); Copyright
2001 Elsevier
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photo-induced proton release. When exposed to UV light, proton release took place
decreasing pH inside the hydrogel below pKa level which in turn triggered volume
change (Ebara et al. 2014; Techawanitchai et al. 2012a).

In an example of hydrogels that are responsive to both UV and visible light,
Takashima et al. (2012) developed a photo-responsive actuator. The
photo-responsive hydrogel contains a-cyclodextrin as the host and an azobenzene
derivative as the photo-responsive guest. The hydrogel presented reversible
macroscopical changes in shape and size upon exposure to UV at 365 nm wave-
length or visible light at 430 nm wavelength. The observed changes were affected
by the direction of incidence (Ebara et al. 2014; Takashima et al. 2012).

Photo-responsive hydrogels find use in photo-sensitive artificial muscles,
switches, memory devices (Qiu and Park 2001), separation/recovery in bioMEMs
(Micro-Electro-Mechanical Systems) systems, targeted drug delivery systems, and
enzymatic bioprocessing (Ebara et al. 2014; Qiu and Park 2001; Priya James et al.
2014).

Even though the fact that the light stimulus is instantaneous, the hydrogel
response can be still slow. In most of the examples, the light energy should be
converted to heat energy resulting in increased response duration. Additionally,
there is the risk of chromophore leaching out during swelling/shrinking cycles
unless they are linked to the polymer chain network through covalent bonds (Qiu
and Park 2012).

9.4.2 Electric Responsive

Among physical stimuli, electric current can also trigger a response of hydrogels.
Electric-responsive hydrogels present some advantages such as control over cur-
rent, electric pulse durations and intervals between pulses with high accuracy.
Electro-responsive hydrogels generally include polyelectrolytes similar to
pH-responsive hydrogels. Polyelectrolytes are polymers which present a high
content of ionizable groups in their chains (Murdan 2003). Electro-responsive
hydrogels present swelling/deswelling as well as eroding behavior induced by an
electric field. Hydrogels may exhibit swelling behavior on one side and deswelling
on the other side simultaneously which is observed as bending (Murdan 2003; Qiu
and Park 2012). The bending behavior of hydrogels can be utilized in the manu-
facturing of mechanical devices including soft-actuators, switches, valves, artificial
fingers/hands/muscles, and molecular machines, whereas swelling/deswelling and
eroding responses is useful in drug release applications (Murdan 2003). The
electro-responsive hydrogel may be in direct contact with an electrode or it may not
touch the electrode but placed in an aqueous solution with or without electrolytes
(Qiu and Park 2012).

Generally, polyanions are used in the preparation of electro-responsive hydro-
gels, but polycations and an amphoteric polyelectrolyte can also be utilized.
Electro-responsive hydrogels may present natural, synthetic, as well as hybrid
compositions. Examples of the natural polymers used in electro-responsive
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hydrogels can be given as hyaluronic acid, chondroitin sulfate, agarose, carbomer,
calcium alginate, and xanthan gum; whereas their synthetic counterparts include
acrylate and methacrylate derivatives like partially hydrolyzed polyacrylamide,
poly dimethylaminopropyl acrylamide. These hydrogels may be produced through
irradiation, free-radical polymerization of monomers or via the use of cross-linkers
as Ca2+, ethylene glycol dimethacrylate ethylene diglycidylether, or N,N′-methy-
lenebis acrylamide (Murdan 2003).

IPNs can also be used in electro-responsive hydrogel preparation. In an example
hydrogels of sodium alginate and poly(diallyldimethylammonium chloride) were
prepared via the use of the sequential IPN technique. The electrical-stimuli
response of the IPN hydrogel, which is originally pH-responsive was studied. When
the IPN hydrogel was positioned between a pair of electrodes in the swollen state,
the IPN bent when exposed to an electric field (Kim et al. 2003).

Upon exposal to an electrical field over a threshold level, polyelectrolyte gels
generally show shrinking behavior as shown in Fig. 11 via water syneresis. As the
volume change is based on diffusion, the response is slow unless microparticle
hydrogels are used. The shrinking may be observed visually and may occur con-
currently with increment in hydrogel opacity. The hydrogel continues to shrink with
the increase in the electrical field strength up to a point. As the exposal to the
electrical field ceases, the hydrogel swells again. Although swelling/deswelling
behavior is reversible, this response gets weaker with time and with increased cycle
numbers as shown in Fig. 12 due to fatigue effect (Murdan 2003).

Low response rates, gel fatigue, and nonlinear relationship between the electrical
field strength and response level are major drawbacks of electro-responsive hydro-
gels. The response rates can be increased via decreasing hydrogel dimensions,
through the use of microspheres or by using super-porous hydrogels. As the use of
electro-responsive in the biomedical area is mostly in the laboratory stage, where
most of the research has been conducted in vitro, more research on live models is
needed to fully understand their performance during targeted service (Murdan 2003).

Fig. 11 Shrinking of a
hydrogel when exposed to
electrical stimulation as a
function of time. Rw: the
proportion between the
weight of the hydrogel after
electro-stimulation and the
weight of the hydrogel before
electro-stimulation. With
permission from Murdan
(2003; Copyright 2003
Elsevier
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9.4.3 Pressure Responsive

As a result of the thermodynamic calculations according to the uncharged hydrogel
theory, hydrogels which collapse at low pressure should expand at higher pressure.
Research on hydrogels based on PNIPAAm proved this expectation (Lee et al.
1990). Hydrogels exhibited greater swelling under pressure when the temperature is
close to their LCST (Ebara et al. 2014). Pressure sensitivity is observed in
thermo-responsive hydrogels. It is considered that applied pressure leads to increase
in LCST point (Qiu and Park 2012).

9.5 Chemical Stimuli

pH Sensitive
Another class of smart hydrogels which have been the focus of common interest is
pH-responsive hydrogels. The polymer chain networks of these hydrogels contain
acidic (such as carboxylic and sulfonic acids) or basic (such as ammonium salts)
pendant groups. At specific pH, the pendant groups ionize by accepting or releasing
protons resulting in the formation of charges on the hydrogel. All ionic materials
present sensitivity to pH and ionic strength. The swelling forces increased because
of repulsion among localized fixed charges on the pendant groups. Consequently,
minute changes in pH may trigger a significant change in volume (Peppas 2004;
Qiu and Park 2012).
pH-responsive hydrogels can be classified into two groups: anionic and cationic
hydrogels (Ebara et al. 2014). Examples of anionic and cationic electrolytes and
their response to environmental pH are shown in Fig. 13. As it can be seen, poly
(acrylic acid) becomes ionized at basic pH, while poly(N,N9-diethylaminoethyl
meth acrylate) (PDEAEM) becomes ionized at acidic pH. PDEAEM, which is a
cationic polyelectrolyte, dissolve/swell more at acidic pH upon ionization, whereas

Fig. 12 Shrinking of
hydrogel deswelling induced
by electrical pulses (1 h, 5 V).
With permission from
Murdan (2003); Copyright
2003 Elsevier
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PAA, a polyanion, dissolves more at basic pH (Qiu and Park 2012). Such swelling
behavior of hydrogels based on poly (acrylic acid) and poly(acrylic acid)-pectin is
presented in Fig. 14.

As the swelling behavior of pH-responsive hydrogels is based on the electro-
static repulsion forces among charges on the polymer chain which are formed due
to ionization, the level of swelling is affected by factors that are influential on
electrostatic repulsion, including pH, ionic strength, and the presence of counteri-
ons. The swelling response can be altered via the introduction of neutral como-
nomers, including 2-hydroxyethyl methacrylate, methyl methacrylate, and maleic
anhydride. Comonomers with different hydrophobicity levels result in different
pH-responsive behavior (Qiu and Park 2001).

Poly(methacrylic acid)-poly(ethylene glycol) (PEG) hydrogels exhibit specific
pH-responsive behavior. In acidic medium, the protons of the carboxyl (–COOH)
groups of poly(methacrylic acid) associate with the ether oxygen of PEG via
hydrogen bonds causing in hydrogel shrinking. And under basic conditions, the
carboxyl groups of poly(methacrylic acid) become ionized and leading to decom-
plexation which in turn resulting in hydrogel swelling. Via this approach, novel
pH-responsive hydrogels made of IPNs may be designed (Qiu and Park 2012;
Peppas and Klier 1991). Table 2 lists some pH-responsive polymers and their
threshold pH values.

pH-sensitive hydrogels can be used in drug delivery systems (Maziad et al.
2015). pH-responsive hydrogels have been investigated in terms of use in drug
delivery for oral administration as different sections of the digestive tract exhibit
different pH levels. Polycationic hydrogels undergo minimal swelling in neutral pH

Fig. 13 Effect of pH on ionization of polyelectrolytes. a Poly(acrylic acid), b poly(N,N′-
diethylaminoethyl methacrylate). With permission from Qiu and Park (2012); Copyright 2012
Elsevier
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Fig. 14 Swelling of hydrogels based on poly(acrylic acid) and poly(acrylic acid)-pectin as a
function of pH. With permission from Maziad et al. (2015); Copyright 2015 Asian Journal of
Pharmaceutical and Clinical Research Pending

Table 2 pH-responsive
polymers and their threshold
pH (Sandeep et al. 2012)

Polymer name/commercial name Threshold
pH

Eudragit L 100 6

Eudragit L-30D 5.6

Eudragit S100 7

Eudragit FS30D 6.8

Eudragit L100-55 5.5

Polyvinyl acetate phthalate 5

Hydroxy propyl methyl cellulose phthalate 4.5–4.8

Hydroxy propyl methyl cellulose
phthalate-50

5.2

HPMC55 5.4

Cellulose acetate trimelliate 4.8

Cellulose acetate phthalate 5

With permission from Sandeep et al. (2012); Copyright 2012
IJRPC pending
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medium leading to decreased drug release. This behavior is utilized in the pre-
vention of unpleasant tasting drugs from releasing in the mouth where the pH is
neutral. For this, methyl meth(acrylate)-N,N9-dimethylaminoethylmethacrylate
(DMAEM) copolymers were used, which exhibited no release at neutral pH and
zero-order release at pH 3–5 DMAEM. Semi-IPN polycationic hydrogels, such as
Chitosan-PEO, were investigated for use in targeted drug delivery in the stomach
based on increased swelling in low pH levels (Qiu and Park 2001). On the other
hand, hydrogels based on Poly(acrylic acid) or poly(methacrylic acid) may be
utilized for drug release in neutral pH (Ebara et al. 2014).

Hydrogels based on polyanions such as poly(acrylic acid) prepared by using
azoaromatic cross-linking agents were developed for colon-targeted drug delivery.
As mentioned before polyanions undergo minimum swelling and drug release at
low pH (such as that in the stomach), but exhibit higher swelling and resulting drug
release at high pHs, such as that in intestines. However, the azoaromatic cross-links
can only be degraded by azoreductase present in the flora of the colon (Akala et al.
1998; Qiu and Park 2012).

By introduction of ionizable and hydrophobic groups into the polymer chain
networks, it is possible to obtain hydrogels which are pH- and thermo-responsive at
the same time. If an anionic monomer, like acrylic acid, is introduced into a
thermo-reversible polymer, the LCST is affected by the ionization of the pendant
carboxyl groups, and the medium pH. If the medium pH exceeds the pK of the
carboxyl groups of polyanions, LCST increases based on increment in
hydrophilicity and repulsion of charges. Hydrogels prepared from NIPAAm, acrylic
acid, and 2-hydroxyethyl meth acrylate presented pH- and temperature-induced
volume change responses (Qiu and Park 2001; Vakkalanka et al. 1996; De La Rosa
et al. 2016).

Apart from drug delivery systems, pH-responsive hydrogels have also been
investigated for use in biosensors and permeation switch applications. For these
applications, the hydrogels may be loaded with enzymes that lead to pH change.
One example is glucose oxidase which transforms glucose to gluconic acid
resulting in acidic pH and inducing the response of pH-sensitive hydrogels (Qiu and
Park 2001; Hoffman 1997).

One of the major drawbacks of synthetic pH-responsive polymers is
non-biodegradability. This makes it necessary to remove them from the body after
use. Hence, research efforts have taken place to obtain biodegradable, pH-sensitive
hydrogels by using peptides, proteins, and polysaccharides. In a related study,
dextran was used as a hydrogel component of biological origin. However, dextran
may not be biodegradable in vivo if the body does not possess enzymes which can
degrade dextran molecules (Qiu and Park 2012). As not all bio-based polymers are
biodegradable in nature (Yilmaz et al. 2016), polymers that are degradable in nature
may also not be degradable in the human body (Yilmaz 2015b).

Another potential use of pH-responsive hydrogels can be related with therapeutic
strategies targeting solid tumors which present low extracellular pH due to lactic
acid accumulation. Other pathologic tissues, including ischemic or infected sites,
also present lower pH, where pH-responsive hydrogels may find use. Accordingly,
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pH-responsive hydrogels have been investigated for use in cytosolic nucleic acid,
anticancer drugs, and internalizing antibody delivery systems (Ebara et al. 2014;
Lee et al. 2008).

Ion-Sensitive Hydrogels
Whereas the effect of salt concentration on the volume transition behavior of neutral
hydrogels is expected to be negligible, swelling/deswelling response of nonionic
hydrogels may be induced by the presence of salt ions. In such an examples, a
nonionic hydrogel based on poly(N-isopropylacrylamide) underwent sharp des-
welling volume phase transition in an aqueous solution at a specific NaCl con-
centration. Under LCST, hydrogel water content is heavily related to NaCl
concentration, where the critical concentration varies based on temperature. On the
other hand, the LCST point also varies with changing salt concentration, as it
decreases with increasing salt concentration (Gupta and Siddiqui 2012).

Biological responsive
Glucose-responsive

Development of self-regulated (modulated) insulin delivery systems forms one of
the holy grails in the field of controlled drug delivery. Insulin delivery differs from
other drug delivery systems as insulin should be delivered at the right time at the
exact quantity. Thus, delivery of insulin should be self-regulated with the ability to
sense glucose level in the blood as well as be equipped with a shut-off mechanism
to cease insulin release in order for prevention of hypoglycemia (Lee et al. 2013).
A number of hydrogel systems were designed to be glucose-responsive to be used
in insulin delivery systems. The hydrogels systems developed for insulin delivery
can respond to glucose levels via swelling/deswelling, eroding or sol–gel transition.
The glucose-sensing ability is imparted to hydrogels via use of enzymes like glu-
cose oxidase (Kang and Bae 2003), lectins, which are proteins capable of selective
and reversible binding of carbohydrates, such as concanavalin A (Con A) (Fig. 15)
(Kim and Park 2001; Valuev et al. 2011), and phenyl boronic acid (Zhang et al.
2013).

pH-responsive hydrogels are used together with enzymes in the insulin-release
systems. Among different enzymes, glucose oxidase is the most commonly used
one, as it transforms glucose into gluconic acid, leading to increase in the acidity of
the medium. This situation renders various pH-responsive hydrogels to be utilized
in insulin delivery systems. When pH-responsive hydrogels based on polycations
such as PDEAEM (poly(N,N′-diethylaminoethyl methacrylate)) are used, increased
acidity triggers swelling response upon PDEAEM ionization. A swollen membrane
may allow the release of more drugs, which is insulin, in this case (Qiu and Park
2012).

In the case of membranes made of hydrogels based on polyanions,
insulin-release mechanisms differ. As polyanion-based pH-responsive hydrogels
show shrinking response to decrease in pH levels due to the activity of immobilized
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glucose oxidase enzyme, this time the drug release mechanism can be designed
according to “squeeze” effect upon collapsing (Hassan et al. 1997). To the contrary,
pH-induced polymer eroding response also can be utilized for hydrogels which also
contain the glucose oxidase enzyme (Qiu and Park 2012) (Fig. 16).

Similar to other hydrogel systems, glucose-responsive hydrogels should be
improved in terms of response rate, biocompatibility/biodegradability, and repro-
ducibility (Qiu and Park 2012).

Fig. 16 Sol–gel phase transition of a glucose-responsive phenyl borate polymer. With permission
from Qiu and Park (2001); Copyright 2001 Elsevier

Fig. 15 A glucose-responsive hydrogel showing sol–gel phase transition. With permission from
Qiu and Park (2001); Copyright 2001 Elsevier
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Protein-Responsive
Similar to glucose-responsive hydrogels, protein-responsive hydrogels function
based on biomolecular interactions (Yoshida and Okano 2010). Protein-responsive
hydrogels can respond to enzymes, antigens as well as DNAs and RNAs. Enzymes
can be used as signals for specific sites in the body as well as some physiological
changes (Miyata et al. 2002).

As some enzymes are located at specific sites in the human body, they can be
used as signals for targeted drug delivery. To give examples, microbial enzymes
such as dextranases and azoreductases are predominantly present in the colon area;
and thus may be utilized as signals for colon-targeted drug release. Hydrogels were
developed that contain dextran (Rolinski et al. 2001) or azo aromatic bonds (Akala
et al. 1998). Upon degradation by the enzymes, drug release can be achieved
(Miyata et al. 2002; Mateescu et al. 2012; Pickup et al. 2005).

An antibody has the ability to bond with a specific antigen via noncovalent
linkages. Through this immune system mechanism, the biological organism is tried
to be protected from infections. This ability of antibodies to recognize and bind to
antigens can be implemented into the design of responsive hydrogels (Miyata et al.
2002). In a related study, a hydrogel based on a semi-IPN structure was developed
from two sets of polymers, where to one the antibody was grafted and to the other
the corresponding antigen was bonded. The cross-linking occurred between the
antibodies and antigens of the polymer chains. When the hydrogel was exposed to a
medium including the specific antigen, hydrogel swelling occurred with a decrease
in cross-linking density due to debonding of bound antigen to the bound antibody in
the polymer network upon competition of free antigen present in the environment as
shown in Fig. 17 (Miyata et al. 1999).

In a different study, Murakami and Maeda (2005) developed DNA-responsive
hydrogels containing grafted single-stranded DNAs or conjugate of single-stranded
DNA-polyacrylamide in the form of a semi-IPN that shows deswelling behavior in
an environment including the specific DNA.

10 Characterization Methods

Hydrogels can be characterized based on their morphology, swelling property,
water absorption capacity, mechanical, and optical properties. Here, morphology
indicates the surface structure and porosity (Sandeep et al. 2012; Ebara et al. 2014).

10.1 Water in Hydrogels

As a hydrogel is immersed in water, the polar hydrophilic groups of its polymer
chains will be hydrated initially and form “primary bound water.” This leads to
hydrogel network swelling and exposal of hydrophobic groups with the capability

318 N.D. Yilmaz



to associate with the water molecules. This results in hydrophobically bound water
content referred to as “secondary bound water”. Primary bound water and sec-
ondary bound water constitute “total bound water”. The hydrogel continues to
imbibe water driven by the osmotic force of the network toward infinite dilution.
This extra swelling evokes elastic network retraction force exerted by the

Fig. 17 Production route for an antigen-sensitive semi-IPN hydrogel (Miyata et al. 1999). With
permission from Miyata et al. (1999); Copyright 1999 National Academy of Sciences pending
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cross-links. These two opposing effects lead the hydrogel to reach an
equilibrium-swelling level. The additional imbibed water is referred to as “free
water” or “bulk water” (Hennink and Nostrum 2002; Hoffman 2002; Khodamoradi
and Khodamoradi 2014). A number of methods can be used to predict total bound
water and free water amounts, including DSC, and NMR techniques (Ebara et al.
2014; Sandeep et al. 2012).

10.2 Thermodynamics of Hydrogel Swelling

In an early study, Dusek and Patterson (1968) have predicted the swelling phe-
nomena of hydrogels induced by environmental stimuli and this theory has been
verified by following experimental studies of other researchers (Tanaka 1978;
Hrouz et al. 1981). The swelling behavior of hydrogels can be investigated as a
combination of two components: equilibrium and dynamic swelling behavior in
water. When a dry and hydrophilic cross-linked polymer network is immersed in a
solvent such as water, the interaction between the molecules of the solvent and the
polymers take place due to thermodynamic compatibility which results in volume
expansion up to the solvated form (Peppas 2004).

10.3 Response Mechanism

As mentioned, hydrogels may undergo a volume phase transition between
solvent-swollen and hydrophobic collapsed states as induced by external stimuli. In
the collapsed state, interactions between polymer chains are dominant which leads
to release of water from the hydrogel network Fig. 1. In the case of the swollen
state, solvent–polymer interactions dominate (Khodamoradi and Khodamoradi
2014)

The Flory–Huggins theory can be utilized for understanding the swelling
behavior of hydrogels. Flory (1942) and Huggins (1942) independently developed
the initial theory for explaining cross-linked polymer gel swelling. In the model, the
degree of polymer network swelling is postulated to be determined by the polymer
chains’ elastic retractive forces and the thermodynamic compatibility between the
molecules of the polymer and the solvent. When these two forces become equal to
each other, the swelling equilibrium is attained. The volume degree of swelling, Q,
can be given by the expression below (Peppas 2004):

#2;s ¼ volume of polymer
volume of swollen gel

¼ Vp

Vgel
¼ 1=Q ð1Þ
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Swelling degree can be expressed by other terms such as the weight degree of
swelling, Q, which is the ratio of the weight of the swollen sample to that of the dry
sample, or hydration rate, H (Peppas 2004).

The hydrogels can be classified into two groups in terms of their swelling
degrees such as highly swollen hydrogels (cellulose derivatives, poly(vinyl alco-
hol), poly(N-vinyl-2-pyrrolidone) (PNVP), and poly(ethylene glycol)), and mod-
erately and poorly swollen hydrogels (poly(hydroxyethyl methacrylate) (PHEMA)
and its derivatives). Normally the swelling degree can be arranged to a desired level
by co-polymerizing highly hydrophilic monomers with less hydrophilic monomers.
Via this method, hydrogels with a broad range of swelling degrees can be obtained.
As swelling behaviors have an influence on certain properties of hydrogels such as
solute diffusion through the hydrogels, surface characteristics, optical and
mechanical properties, it is, of uttermost importance to possess sound knowledge
pertaining to swelling properties of hydrogels (Peppas 2004).

Swelling of hydrogels can be measured according to different methods. Among
different methods, the Japanese Industrial Standard K8150 method can be used. As
stated in the standard method, a dry hydrogel is kept under deionized water for 48 h
on a roller mixer at room temperature. Then, the hydrogel is filtered by a stainless
steel net of 30 meshes (Sandeep et al. 2012). In Fig. 18, the effect of monomer
concentration on swelling ratio of hydrogels based on poly(acrylic acid) is shown.

Fig. 18 Swelling ratio of poly(acrylic acid)-based hydrogels as a function of monomer
concentration (Maziad et al. 2015). With permission from Maziad et al. (2015); Copyright 2015
Springer
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11 Mechanical Properties

Similar to other materials, the mechanical characteristics of hydrogels are deter-
mined by their composition and structure. Polymer gels generally present low
mechanical performance with their low tenacity, hardness, and capability to endure
deformation values. This situation is based on the fact that the polymer networks are
not completely connected while including various inhomogeneities, dangling
chains, and loops. The strength and durability of hydrogels can be investigated in
terms of their tensile, shearing and compression behaviors under static or dynamic
loading conditions (Ebara et al. 2014).

The hydrogels may show viscoelastic or pure elastic characteristic based on the
cross-links that bond polymer chains, which determine hardness, elasticity, and
stickiness. The water content in hydrogels also contributes to its flexibility. Thus,
by changing the polarity of the polymer chains, the surface properties and swelling
behavior of hydrogels through arranging comonomer composition, polymerization
parameters and cross-linking density, it is possible to tailor its mechanical perfor-
mance (Khodamoradi and Khodamoradi 2014; Ebara et al. 2014). Especially in the
swollen form, the strength of the hydrogel merely depends on cross-links, as the
physical entanglements are almost totally cleaved. While it is possible to change the
strength by modifying cross-linking properties, it should not be neglected that other
hydrogel characteristics will be affected as well.

Novel hydrogel structures which result in unique mechanical behavior have been
developed. In an example, a hydrogel with a slide-ring structure was obtained
(Okumura and Ito 2001). This hydrogel was produced by cross-linking of poly-
rotaxane containing PEG threaded through a cyclodextrin ring molecule. As the
cyclodextrins were not linked to the axis polymer with covalent linkages, the
cross-links were capable of sliding along the axial chain, leading to specific
mechanical and swelling behaviors. In another study, hydrogels possessing double
network structure presenting good mechanical properties with a very high tough-
ness that is energy dissipation capacity (Ebara et al. 2014; Gong et al. 2003).

11.1 Solubility

Hydrogels may consist of soluble and insoluble constituents. The soluble/insoluble
content may be calculated based on different techniques. These techniques are
generally based on immersing hydrogel in deionized water at high liquor ratios for a
specific duration (16 or 48 h) at room temperature where the specimen is fully
dispersed. The insoluble content may be determined by using the following formula
(Sandeep et al. 2012):
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Insoluble gel faction hydrogel %ð Þ ¼ Wd=Wið Þ � 100: ð2Þ

Here, Wi stands for the initial weight of the dried sample and Wd represents the
weight of the dried insoluble portion of the sample upon extracting with water
(Sandeep et al. 2012).

11.2 Rheology

The rheological characteristics of materials are determined by the interactions
within their structure such as association, entanglement, and cross-links. Polymer
solutions generally present viscous behavior (G′ * x2 and G″ * x) for low fre-
quencies and dominantly elastic behavior (G′ > G″) at high-frequency regions. In
terms of cross-linked microgel dispersions, G′ and G″ are nearly independent of
frequency (Ebara et al. 2014).

11.3 Morphological Characterization

A hydrogel may exhibit smooth, rough or stepped surface structure. Various
techniques may be used for evaluating the surface property of hydrogels which
include scanning electron microscopy (SEM), and atomic force microscopy (AFM).
Via SEM method, information pertaining to the surface topography, network
structure as well as electrical conductivity can be obtained. In AFM technique, the
surface topography of a hydrogel may be imaged at the molecular level via the use
of an indenting tip (Ebara et al. 2014; Sandeep et al. 2012).

11.4 Crystalline Structure

The network of a hydrogel may possess highly crystalline, disordered and inho-
mogeneous structures (Ebara et al. 2014) which may be deformed during different
possesses. Via X-ray diffraction method, the presence, and properties of the crys-
talline structures can be characterized, deformations of these structures can be
detected (Sandeep et al. 2012).

10 Multi component, Semi-interpenetrating-Polymer-Network … 323



11.5 Chemical Characterization

FTIR (Fourier Transform Infrared Spectroscopy) provides a handful method in
characterizing the chemical structure of materials. The rationale behind FTIR is that
the chemical bonds in materials exhibit typical absorption behavior when exposed
to infrared light rays at different frequencies/wavelengths. The IR spectrum presents
a fingerprint of a material in terms of its chemical components. IR spectroscopy is
also helpful when investigating the chemical structure change that occurs during
certain processes such as polymerization or cross-linking procedures (Sandeep et al.
2012; Ebara et al. 2014).

12 Applications of Smart Hydrogels

Environment-responsive (smart) hydrogels have been the focus of intense attention
based on their response ability to minute changes in a number of different aspects of
the environment ranging from temperature and pressure to pH and glucose con-
centration (Lim et al. 2014). Building on this capability, smart hydrogels have
found use in various applications that fall inside the biomedical arena including
drug delivery, bioseparation, tissue engineering, biosensors, artificial muscles,
chemical valves, enzyme and cell immobilization, blood-compatible applications
and wound healing (Peppas 2004; Lee et al. 2013; Qiu and Park 2001).

The first synthetic hydrogel was developed by researchers at DuPont in 1936
(Strain et al. 1939), which was then investigated for its use in contact lens appli-
cation by Wichterle and Lim (1960), Ebara et al. (2014). Thus, contact lenses
provide one of the earliest applications of hydrogels. Certain features of hydrogels
including appropriate mechanical stability, suitable refractive index, and high
oxygen permeability rendered these materials an alternative material for contact
lens applications (Peppas 2004). The following subsections investigate hydrogels in
terms of their applications.

12.1 “On–Off” Drug Delivery Systems

Even though substantial advancement has been realized in controlled drug delivery
systems, more progress is yet to be achieved in the treatment of a number of clinical
disorders including diabetes and heart diseases. In the mentioned cases, the active
drug ingredient should be released at the proper time at the proper site in response
to the concentration of specific biomolecules or fluctuating metabolic requirements.
Environment-responsive hydrogels have emerged as promising for use in
self-regulatory drug delivery systems for treating such disorders. Via use of
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environment-responsive hydrogels, it is theoretically possible to sense a signal
brought on by a disease, measure the signal magnitude, and respond to release the
corresponding amount of drug (Qiu and Park 2012).

As mentioned above, self-regulatory insulin delivery forms one of the holy grails
of controlled drug delivery. The uniqueness of insulin delivery comes from the fact
that long-term release is not desired. Insulin should start to be released at the right
time, should be released in the right amount and the release should be ceased at the
exact time to avoid hypoglycemia as mentioned before (Lee et al. 2013).

Another shortcoming of conventional drug delivery is in the area of controlled
release of peptide and protein drugs (Qiu and Park 2001). Hydrogels may present
benefits in this area, too, as they interact less strongly with the protein and peptide
drugs (Ebara et al. 2014).

Based on their structures, hydrogels may exhibit some advantages in comparison
to conventional dosage formulations such as that are used in sustained drug release,
and in turn decreased administration dose, less side-effects; targeted drug release,
prevention of irritation based on drug contact (Sandeep et al. 2012).

By using hydrogels as drug carriers, the active drug ingredient can be protected
by hostile environments within the organisms such as enzymes that can degrade
them as well as high acidity as in the stomach (Qiu and Park 2012). On the other
hand, hydrogels can protect the tissues from the unwanted side-effects of the drug
material by releasing them not in their way to the specific site but only at the
specific site where necessary (Khodamoradi and Khodamoradi 2014). As an
example, pH-responsive hydrogels may allow the release of drug materials in a
predetermined site of the gastrointestinal tract based on the local pH level (Maziad
et al. 2015).

The rate of the drug release can be modulated by the change the hydrogels
undergo, such as volume or sol–gel phase transitions, triggered by certain stimuli
(Qiu and Park 2001). Different routes may be implemented to control the rate of
drug release such as arranging the cross-linking density (Khodamoradi and
Khodamoradi 2014), choosing monomers with different levels of hydrophilicity,
and controlling hydrophilic and hydrophobic monomer contents (Ebara et al. 2014).
Additionally, modification of the shape and size of hydrogels hydrogel may be
other methods of modifying the drug release rate (Khodamoradi and Khodamoradi
2014).

12.2 Injectable Hydrogels

One of the means to provide sustained drug release is placing the medication in a
carrier and then injecting/implanting the carrier into the organism. Accordingly,
injecting gel-forming biopolymers receives attention in the preparation of thera-
peutic implants and drug delivery systems (Ebara et al. 2014). Hydrogels offer some
advantages to be injected into the body tissue as they lead to minimal invasive
effects and adjusts the shape to the host tissue (Smart Hydrogels for Biomedical
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Applications 2015). Injection of hydrogels has been successfully implemented in
delivering biologically active growth factors as well as live cells for tissue engi-
neering applications (Ebara et al. 2014).

12.3 Tissue Engineering

Tissue engineering is a novel technology aiming to design and develop substitutes
to native tissues. In the design of tissue engineering systems, scaffolds, which are
3D structures, take a special place. The duties of scaffolds include supporting cell
adhesion, migration, proliferation, and differentiation. Among various scaffold
materials, hydrogels hold a special position as they mimic the natural tissues (Ebara
et al. 2014). Moreover, bioactive molecules and pharmaceutical materials can be
included in the structure of the hydrogel, which may show interactions with pro-
teins, induce growth of cells and manipulate cell migration. Another merit of
hydrogels is their versatility, as it is possible to fine-tune their properties by
appropriate selection of molecular building blocks, production method and other
parameters (Smart Hydrogels for Biomedical Applications 2015) including polymer
chain network density (Khodamoradi and Khodamoradi 2014).

Natural and synthetic hydrogels have been investigated in terms of use as
scaffolds in cartilage, tendon, ligament, skin, vocal cord, kidney tissue, blood vessel
and heart valve tissue engineering (Ebara et al. 2014; Peppas 2004). The
natural/natural derivative hydrogels used in tissue engineering applications include
alginate, chitosan, agarose, collagen, gelatin, fibrin, and hyaluronic acid (HA),
while their synthetic counterparts can be given as polyurethanes, PEO, PNIPAAm,
poly(vinyl alcohol), poly(acrylic acid) and poly(propylene fumarate-co-ethylene
glycol). Injectable hydrogels have also received attention for tissue engineering
applications. In a relevant example, hydrogels encapsulating growth factors or live
cells can be injected into the wound site, where they undergo sol–gel transition in
response to various stimuli (Ebara et al. 2014).

Costa-Almeida et al. (2016) developed a hybrid hydrogel-fiber system for tissue
engineering applications. Cell-laden hydrogel fibers were reinforced with a strong
biodegradable fiber that was assembled via textile braiding technology to replace
the tendon structure. The hydrogel consisted methacryloyl gelatin (GelMA) and
alginate, where the first one was cross-linked in calcium chloride bath and the latter
via exposure to UV light. Encapsulated mesenchymal stem cells (MSCs) and
MC-3T3 fibroblasts, which were homogeneously distributed throughout the
hydrogel layer showed viability up to 14 days in culture. The attained mechanical
properties were comparable to those of tendons (Costa-Almeida et al. 2016).

In a different thermo-responsive hydrogel tissue engineering application, Stile
et al. (1999) synthesized loosely cross-linked PNIPAAm and P(NIPAAm-co-AAc)
hydrogels by using N,N′-methylenebis(acrylamide) cross-linking agent. The
hydrogels possessed transparent appearances and extreme pliability at room
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temperature, while they became opaque and rigid at body temperature (37 °C)
(Ebara et al. 2014; Stile et al. 1999).

Environmental-responsive hydrogels may also find use in cell encapsulation
applications which are used in diabetes, hemophilia, cancer, and renal failure
treatments. Some properties of hydrogels including biocompatibility, microporos-
ity, and reduced surface irritation of host tissues render them promising for cell
encapsulation technology. Hydrogels can be obtained with tailored pore size dis-
tribution which allows nutrient and waste transfer but blocks immune system ele-
ments. Among different types, hydrogels based on genetically modified alginates
and PEO have been investigated in terms of use in cell encapsulation systems. The
major challenge pertaining to the use of hydrogels is related to the toxicity of the
reagents and byproducts of cross-linking (Williams et al. 2005). In a study, cell
death was reported to increase with increment in exposed unreacted side chains
(Salinas et al. 2007; Ebara et al. 2014).

In a study, temperature-responsive cross-linked nanofibers were developed
which captured, encapsulated, and released cells by dynamically wrapping, swel-
ling, and shrinking, and the transformation between fibrous structure and the
hydrogel-like structure was induced by a change in the medium temperature. Via
this method, not only cells, but also bioactive compounds can be captured,
encapsulated and released including peptides and antibodies that can be utilized for
separating, purifying, preserving, and delivering target cells and molecules (Kim
et al. 2012; Ebara et al. 2014).

Hydrogel systems which mimic extra cellular material (ECM) have also been
developed. Lutolf and Hubbell (2005) designed an ECM-mimicking
enzyme-responsive PEG-based hydrogels via the use of oligopeptides as
cross-linkers. The hydrogel acted as a scaffold. The peptide sequences can be
cleaved by matrix metalloproteinases (MMPs) and a gel that allows cell infiltration
is formed. MMPs constitute an enzyme family that can lead to the breakdown of
ECM molecules for tissue remodeling and in times of disease. This introduction of
cites that can be cleaved by MMPs suitable for ECM-mimicking systems. The
possibility of utilization of this system in bone tissue engineering was examined by
filling bone morphogenetic protein-2 (BMP-2), that plays role in bone formation,
into the hydrogel. In another study, an ECM-mimicking system was prepared by
producing NIPAAm-AAc-based hydrogel cross-linked with Arg-Gly-Asp-modified
poly(acrylic acid) and MMP-13/collagenase-3-degradable peptide sequence by Kim
et al. (2005). The system, which showed degradation in the presence of collagenase
showed increased migration of rat calvarial osteoblast cells compared to their
undegradable counterpart (Ebara et al. 2014; Kim et al. 2005).

Vrana et al. (2009) produced polyvinyl alcohol (PVA)-gelatin hydrogels via
freeze-thawing (cryogelation) process to encapsulate bovine arterial smooth muscle
cells at different serum, DMSO, and cell culture medium concentrations.
Increased DMSO and serum concentrations improved cell viability. The researchers
reported that cell-laden hydrogels with tailored mechanical properties can be pre-
pared and stored by applying freeze-thawing process (Vrana et al. 2009).
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12.4 Biomimetic Actuators

Living organisms convert chemical energy into mechanical energy isothermally for
body movements including muscular contraction, and flagellar and ciliary move-
ment (Qiu and Park 2012). In an attempt to mimic the conversion of chemical
energy to mechanical energy in biological organisms, electro-responsive hydrogels
are used (Kumar, n.d.). These systems can be utilized as actuators or artificial
muscles in various applications. Mechanical movement of hydrogels can be
obtained in response to alternating voltages in the presence of electrodes. Repeated
bending and stretching can be formed as the motion is dependent on the electric
field direction (Ebara et al. 2014; Qiu and Park 2012).

Poly(vinyl alcohol)-poly (acrylic acid) acid chains show rapid bending defor-
mation behavior upon application of electrical field. A gel rod with 1 mm diameter
bent to a semi circle shape within 1 s due to an electrical field. Sinusoidally varying
electrical field can form dynamic mechanical movement. The gels contain posi-
tively charged surfactant molecules bonded on polyanionic polymers like poly (2
acrylamido-2 methyl-1-propane sulfonic acid). Gels incorporating N-isopropyl
acryl amide and acrylic acid copolymers have been found effective in forming
bio-chemo-mechanical systems. Contrary to biological systems, biomimetic actu-
ators can endure very unpleasing conditions (Kumar, n.d.).

In a related study, weakly cross-linked poly(2-acrylamido-2-methyl
propanesulfonic acid) hydrogels were produced. When the polyanionic hydrogel is
introduced to a medium incorporating positively charged surfactant molecules, the
hydrogel’s surface that faces the cathode becomes covered with surfactant molecules
which in turn reduces the overall negative charge. This leads to local shrinkage of the
hydrogel causing hydrogel bending. If an oscillating electrode polarity is applied, the
hydrogel repeats its oscillatory motion, forming a worm-like motion (Qiu and Park
2001; Osada et al. 1992).

Conducting polymers including polypyrrole (PPy), polythiophene, and
polyaniline have received research interest due to the possibility of motion forming
induced by electrical stimuli. In an interesting study, contraction of PPy films was
reported to be triggered by an electric field. Water vapor absorption leads to the
movement of the film. The reversible water vapor absorption drives the film motion
(Ebara et al. 2014; Okuzaki et al. 2010).

Not only electric-, but also temperature-responsive hydrogels have found use in
actuators. In a related study, PNIPAAm is used in the production of an actuator that
bends upon a change in temperature. Hu et al. (1995) developed semi-IPN
PNIPAAm - poly(acrylamide) (PAAm)-based hydrogels that bend into circles with
an increase in temperature. These hydrogels were designed to grasp or release an
object in response to change in water temperature (Ebara et al. 2014).

In another study, a bilayer film was produced from PNIPAAm and poly
(e-caprolactone) (PCL). Whereas the first polymer exhibits solubility transition at
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33 °C, the latter one is hydrophobic and insoluble in water. Swelling and shrinking
of PNIPAAM leads to the reversible rolling motion of the film (Ebara et al. 2014;
Stoychev et al. 2011).

In a different thermo-responsive hydrogel system, actuators were fabricated
based on PNIPAAm possessing two different nanostructured gradients. Bending
motion occurs due to the difference in the physical structure of the two sides (Ebara
et al. 2014; Asoh et al. 2008).

In an optical-responsive example, Zhang et al. (2011) developed composite
hydrogels from single-walled carbon nanotube and PNIPAAm. The hydrogel
responds to near-IR laser excitation very fast (Ebara et al. 2014).

There are hydrogels that produce mechanical motion triggered by chemical
stimuli other than physical stimuli. Among, different chemical stimuli-responsive
hydrogels, pH-responsive hydrogels possess a unique place in biomedicine as
different parts of the human body present different pH values, such as pH variations
throughout the gastrointestinal tract, in specific tissues such as infected or tumoral
areas. pH-responsive hydrogels which present folding motion are prepared by
incorporation of weak polyelectrolytes as active polymers. The ions of the ionic
groups are balanced with ions of the opposite charge which diffuse in and out of the
network structure. This situation results in instantaneous variations in their char-
acteristics with temporal activation, as seen in living organisms, including muscle
and ciliary motion, pulsatile hormone secretion, as well as brain waves (Ebara et al.
2014).

Luchnikov et al. developed bilayered (Luchnikov et al. 2005) polystyrene-poly
(4-vinyl pyridine) and trilayered polystyrene-poly(4-vinyl pyridine) -PDMS
hydrogels which can roll at low pH as protonation and swelling of poly(4-vinyl
pyridine) takes place. In another work, Bassik et al. (2010) prepared bilayer PEG/P
(NIPAAm-co-AAc) hydrogels which can show snapping response triggered by pH
change (Ebara et al. 2014).

Physical stimuli-responsive hydrogels present an advantage compared to their
chemical stimuli-responsive counterparts: physical stimuli (light, heat, magnetic
field,…), have the ability to penetrate through materials, whereas it is a challenge to
form changes in chemical stimuli quickly and precisely at the desired location
especially within hydrogels. This situation has accelerated research efforts on
developing actuators from physical stimuli-responsive hydrogel systems (Ebara
et al. 2014).

Ebara et al. (Techawanitchai et al. 2012a) investigated the light-induced
proton-releasing reaction of photoacid generators. The pKa of photoacid generators
in the excited state differs substantially from its value in the ground state. Photoacid
generators were integrated into pH-responsive P(NIPAAm-co-CIPAAm) hydrogels
and UV irradiation triggered rapid proton release which led to decrease of intragel
pH to below the pKa of P(NIPAAm-co-CIPAAm). The researchers reported
reversible bending of PAG-integrated pH-responsive polyacid P(NIPAAm-co-
CIPAAm) and poly base P(NIPAAm-co-N,N′-dimethylaminopropylacylamide:
DMAPAAm)-based bilayer hydrogels induced by light (Asoh and Kikuchi 2010).
The mentioned two layers were bonded by the formation of a semi-IPN
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incorporating linear poly(acrylic acid) and branched poly(ethyleneimine) polymer
chains, that produce polyion complexes at the interface of the two hydrogels
through electrophoresis (Techawanitchai et al. 2012b). The reversible bending
behavior was induced by “on–off” UV irradiation. The system can find use in
different applications such as mechanical actuators, robotics, microfluidic tech-
nologies, and controlled drug release (Ebara et al. 2014).

Stimulus-responsive hydrogels can be also used in microfluidic devices in order
to decrease system complexity (Dong and Jiang 2007). Microfluidics is related to
control and manipulation of small fluid volumes (Whitesides 2006). Even though
recent advancement in microfabrication techniques including multilayer soft
lithography allows the design of complex microchips possessing numerous inde-
pendent valves, most of the microfluidic materials do not possess stand-alone
capabilities. On the other hand, stimuli-responsive hydrogels which have the ability
to respond to external stimuli can be incorporated into microfluidic devices to cater
for various applications such as chemical synthesis, bio/chemical analysis, cell
manipulation, and biomedical monitoring. In a related study, Beebe et al. (2000)
developed a pH-responsive hydrogel-based valve that responds to the pH of the
flowing solution with an opening closing motion. By using hydrogels that are
responsive to pH and temperature together with electroplated nickel (Ni) impellers,
and magnetic stirrers, autonomous micromixers, and micropumps were fabricated
(Agarwal et al. 2005). In that study, the Ni impeller was coupled with a rotating
magnetic stirrer under it, which was constantly on. At low pH, the hydrogel ring
shrinks, and the Ni impeller rotates freely, whereas at high pH the hydrogel swells
and restrict the motion (Ebara et al. 2014).

Besides stimulus-responsive hydrogel systems which form motions induced by
an external signal, interest in self-actuating materials has seen increased recently. In
a related study, Feinberg et al. (2007) developed an engineered tissue- and synthetic
polymer thin film-based biohybrid self-walking bioactuator. They used cardiomy-
ocyte culture on PDMS thin films micropatterned with ECM proteins. Yoshida and
Okano (2010) developed another self-walking actuator which shows worm-like
motion without any external stimuli. The oscillating motion is generated with
chemical energy of an oscillating reaction: the BZ reaction (Vanag et al. 2000)
which takes place inside the hydrogel. They produced a copolymer hydrogel of
NPAAm in which ruthenium(II) tris-(2,2′-bipyridine) Ru bpyð Þ32þ

� �
, is covalently

linked to the polymer chain. Ru bpyð Þ32þ acts as a catalyst of the BZ reaction. The
P(NIPAAm-co-Ru(bpy)3) gel shows swelling and deswelling forms at the oxidized
and reduced states of Ru(bpy)3, in consecutive order. Such self-walking actuators
can be utilized in biomimetic robots (Ebara et al. 2014).

12.4.1 Sensors

Biomolecule-responsive hydrogels can be utilized in sensors which sense the
concentration of specific biomolecules. In related examples, intensely studied
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glucose-responsive hydrogels can sense the blood glucose levels and release insulin
according to the glucose levels. Among them, NIPAAm copolymer microgels have
been studied successfully in glucose-sensing systems (Ebara et al. 2014; Matsumoto
et al. 2012; Gerlach and Arndt 2009).

In another study, Miyata and coworkers developed a specific antigen-responsive
semi-IPN hydrogel system (Miyata et al. 1999, 2002). The hydrogel was produced
via polymerization of the vinyl-conjugated goat anti-rabbit (GAR) IgG and a
subsequent copolymerization of GAR IgG with vinyl-modified rabbit IgG, by using
MBAAm as a cross-linking agent. The noncovalent cross-links between the grafted
antigens and the antibodies lead the hydrogel network to shrink if no antigens are
present. On the other hand, swelling of the hydrogel occurs if there are free antigens
in the system due to cleavage of the antigen-antibody cross-links (Ebara et al.
2014).

Molecular imprinting can be applied for preparation of macromolecular matrices
or hosts which can exhibit selective molecular recognition. This is made possible
via allowing the matrices to “memorize” the outfits of targeted guests. In an early
study Oya et al. (1999) developed stimuli-responsive hydrogels that can recognize
and capture target molecules. The hydrogels contain polymer networks of two or
more monomer moieties. Whereas one monomer is responsible for complex
forming with the template (such as functional monomers that can interact with a
target molecule via ionic bonds), the other monomer lets the network show
reversible swelling and shrinking behavior induced by changes in the medium (such
as a smart component like NIPAAm). An accurate chemical architecture of
macromolecules allows recognition of target molecules among closely related
molecules. Such hydrogels can find use in bioseparation systems, immunoassays,
and biosensor recognition elements (Ebara et al. 2014; Oya et al. 1999).

Researchers also developed hydrogels that are responsive to glycoprotein
(a-fetoprotein, AFP) which is a tumor marker. The hydrogel presented a change in
volume induced by the presence of the tumor marker. The hydrogel which is
glycoprotein imprinted shrinks when the target gel is present in the medium and
allows diagnosis of tumor-specific marker glycoproteins and may find use in
molecular diagnostics and smart systems (Ebara et al. 2014; Miyata et al. 2006).

Hydrogels can be developed to detect different levels of various analytes via
selection of suitable competing ligand-receptor systems and tailoring a polymer
membrane’s permeability. In a relevant study, a membrane system of a hydrogel
that is responsive to a metabolite, nicotinamide adenine dinucleotide, was studied in
terms of controlled diffusion of model proteins. The hydrogels contained immo-
bilized ligands and receptors. In the mentioned study, the ligand (cibacron blue) and
the receptor (lysozyme) were bonded to dextran via covalent links. As a competing
ligand, nicotinamide adenine dinucleotide competed with cibacron blue in terms of
interacting with lysozyme. The model protein (cytochrome C and hemoglobin)
permeability of the hydrogel was investigated at nicotinamide adenine dinucleotide
concentrations (Ebara et al. 2014; Tang et al. 2004).
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12.5 Bioseparation

Environmental-responsive hydrogels have found use in bioseparation systems can
be classified as valves that control permeability through membranes, and affinity
separation systems that function by recognition of monomeric strands (Kopeček
2007). These bioseparation systems have been explained in the sections above.

12.6 Self-Healing

Materials that are capable of self-healing have been developed from linear poly-
mers, metal ion-polymer systems, dendrimer-clay systems, supramolecular net-
works, and multicomponent systems (Thakur and Kessler 2015). The
multicomponent thermosetting systems utilize embedded chemical agents in crack
reparation, whereas supramolecular networks and noncovalent hydrogels use sec-
ondary interactions like hydrogen bonds, ionic, hydrophobic interactions (Phadke
et al. 2012), p–p stacking, and charge transfer for self-healing (Ebara et al. 2014).
On the other hand, self-healing of covalent hydrogels, which may find use in
various biomedical applications, is still difficult due to water presence and irre-
versible chemical cross-links (Phadke et al. 2012).

Phadke et al. (2012) proposed a self-healing mechanism for covalent hydrogels
that functions by the introduction of dangling hydrocarbon side chains to the
polymer network. The side chains include polar functional moieties in order to form
hydrogen bonds between two sections of the hydrogel in the case of rupture. To
allow for efficient healing, the network should be flexible, the functional groups
should be accessible, and the side chains should be long enough. At the same time,
the length of the side chains should not prevent functional group interaction and
cause the hydrophobic collapse of the side chains. The hydrophobic and the
hydrophilic groups of the side chains should be in balance.

Although stimuli-responsive hydrogels generally possess passive structures,
there is a growing interest in self-healing hydrogels. Self-healing hydrogels can
initiate autonomic healing in order to repair damage and, consequently, allow for
safer and longer lasting products by minimizing the risks and complications in
biomedical applications. An early developed self-healing mechanism is based on
microencapsulation of a healing agent, which is a reactive species that polymerizes
or goes into reaction with the matrix when the encapsulating hydrogel ruptures. As
the reaction is irreversible and the reactive species is consumed, the healing process
cannot be repeatable. Hydrogels, among other materials, that can undergo repetitive
self-healing attracts recent scientific and commercial interest (Ebara et al. 2014;
Syrett et al. 2010; White et al. 2001).

Varghese et al. (2001) reported that hydrogels prepared from acryloyl-6-
aminocaproic acid precursors exhibit ideal hydrophobic and hydrophilic interaction
balance that lets its side chains bond to exogenous metal ions (Varghese et al. 2001)
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and to extracellular proteins (Ayala et al. 2011). Thus, the researchers claim that with
their flexible side chains, the elastomeric acryloyl-6-aminocaproic acid-based hydro-
gels might mediate formation of hydrogen bonds across two hydrogel interfaces via
amide and carboxylic groups (Phadke et al. 2012).

Metal-ligand interactions are also promising for self-healing of hydrogels as they
are thermodynamically stable and kinetically labile. Furthermore, the reversibility
can be tailored via the use of different metal ions. Sato et al. (2013) developed
hydrogels that show fast self-healing via selective formation of metal-ligand
complexes between determined metal ions and phosphate end groups of PEG.
Rapid hydrogel formation was observed with the use of tri-valent metal ions with
small radii such as Fe3+, Al3+, Ti3+, and Ga3+. The biomimetic
phosphate-metal-ion-based self-healable hydrogels may find use in various
biomedical applications (Ebara et al. 2014; Sato et al. 2013).

13 Future Trends

As mentioned in the preceding sections, environment-responsive or so-called
‘smart’ hydrogels have the unique capability to respond to changes that take place
in different properties of the medium. This remarkable feature makes these inter-
esting materials suitable to be used in various biomedical applications in terms of
differing pH, temperature, ion concentrations, antigens, etc., found in the human
body, or light, electrical, etc., stimuli that can be directed from a source outside. To
give an example, an intensively studied area is controlled drug delivery system that
utilizes the pH differences throughout the digestive tract.

The greatest drawback of hydrogels is their slow response. Hence, hydrogels
presenting faster response should be developed. By preparing hydrogels thinner and
smaller, the faster response may be achieved, but at the expense of mechanical
strength. Another approach may be taken by preparing heterogeneous hydrogels
such one possessing microporous structure to increase the contacting interface area
between the polymer and water. Different polymer network architectures may also
be investigated (Ebara et al. 2014). However, when trying to achieve faster
responses, the mechanical performance should not be compromised (Kopeček
2007). Other future research studies may relate to designing hydrogels with
enhanced biocompatibility and biodegradability via use of novel polymers and
cross-linking agents (Ebara et al. 2014; Lee et al. 2013).

The biocompatibility that is the safety of any material to be used in the
biomedical area is a major concern to be addressed. Similar to other biomedical
materials, before clinical use, the safety of hydrogels should be proven. This cannot
be realized without being in use for extended periods of time with showing no
serious side effect. Thus, materials used in FDA-approved products can be preferred
for hydrogel preparation (Lee et al. 2013).

Biodegradability is a feature that is required for materials to be used in vivo. To
give an example, biodegradable implants do not necessitate additional surgical
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operation for removal (Lee et al. 2013). In deed, the biodegradation should take
place without releasing unwanted materials into the human organism (Yilmaz
2015b).

Besides experimental studies, theatrical research also greatly increases our
knowledge of these environment-responsive materials. During the design of novel
hydrogels, the investigation of structure-property relationships should not be
omitted. The principles of supramolecular chemistry may be utilized when
designing hydrogels with tailored properties. Protein engineering might also allow
precision control over micro-structure of hydrogels (Ebara et al. 2014).
Biomimetic/bioinspired approaches may be taken for hydrogel preparation (such as
genetically engineering) or for its functioning (e.g., mimicking pancreas for dia-
betes treatment) (Lee et al. 2013).

Currently, there are a limited number of FDA-approved hydrogel-based clinical
products. Thus, the clinical research lags behind hydrogel development studies. As
most of the novel hydrogel design studies take place without considering the final
application, an inevitable mismatch takes places between the properties of the
designed material and the needs of the final application. This situation also con-
tributes to the lag between the novel hydrogel development and clinical research
(Lee et al. 2013).

To address the problem related to the incoordination between the hydrogel
material design and application studies Lee et al. (2013) propose a research
approach. According to the approach, the first step is the identification of the target
application, and the second step is hydrogel material development. To be able to
take this approach, the research team should have sound knowledge on the phys-
iological requirements as well as an understanding of the structure-property rela-
tions and the preparation methodology of hydrogels (Lee et al. 2013).

14 Conclusion

Multicomponent, semi-IPN, or IPN hydrogels are interesting materials which are
composed of at least of two different components and are able to respond to various
stimuli, that is the change in certain properties of the medium such as temperature,
pH, ion concentration, and so on. Based on this unique feature, these
environmental-responsive materials may find use in biomedical applications in
terms of changes in the properties of the medium in the human organism which
occur naturally or induced by an outside source.

Environmental-responsive hydrogels respond to changes in the physical,
chemical, biological properties of the medium by showing a change in their size,
shape, color, solubility and so on. They can be fabricated from natural or synthetic
components by a number of production methods including physical cross-linking
and chemical cross-linking techniques as well as other novel fabrication methods
such as cross-linking with genetically engineered protein domains.
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Environmental-responsive hydrogels have found use in various subfields of the
biomedical research area including drug delivery, biosensors, tissue engineering,
and actuators. Whereas hydrogels are promising materials, they also entail some
drawbacks which should be overcome, before these materials can be used clinically.
To address the major concerns, the response rates should be increased while
maintaining the necessary mechanical performance. Biodegradability and bio-
compatibility are other development fields. Environmentally responsive hydrogels
with the desired properties can be prepared by use of the right components, pro-
duction methods and forming the right polymer architecture.
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Chapter 11
Emulgels: Application Potential in Drug
Delivery

Amit Verma, Ankit Jain, Ankita Tiwari and Sanjay K. Jain

Abstract Emulgels have been extensively employed as emerging drug delivery
systems for the administration of lipophilic or hydrophobic drugs, particularly as a
boon for dermal health and cosmetic science. Emulgels are considered as emulsions
of either oil–in-water (O/W) or water-in-oil (W/O) type in which the gels are
incorporated. The emulgels are not only increasing the stability of entrapped
bioactive, but are also controlling its release. Permeation enhancers such as iso-
propyl alcohol (IPA) and polyethylene glycol (PEG) facilitate the percutaneous
absorption of drug. The comprehensive investigation of rheological behaviour and
release characteristics of emulgels are significant aspects for successful design and
development of the emulgels. In this chapter, the key parameters related to
preparation, characterization and evaluation of emulgels are discussed. Moreover,
their applications in drug delivery are also elaborated.

Keywords Emulgel � Drug delivery � Emulsions � Topical drug delivery
Cosmetics

1 Introduction

Since many decades, human beings have been facing several illness/infections/
diseases which can affect their health and well-being. Various attempts are made in
the discovery of several drugs, medicine and drug delivery systems administered
through different routes to manage or cure such type of diseases and to achieve
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better therapeutic benefits. Topical route is the most preferable route for the skin
disorders (Kumari et al. 2016).

Drug delivery systems applied topically have several benefits over other for-
mulations such as capability to deliver drug specifically to the site of action as well
as overcome the problems associated with oral administration of drug such as GIT
incompatibility and first pass effect which in turn improves bioavailability of
entrapped drug (Subudhi et al. 2015; Jain and Jain 2015a). The percutaneous
absorption of the topically applied drug may be enhanced by addition of permeation
enhancers and improving drug release from the topical formulation (Kikwai et al.
2005; Moshfeghi and Peyman 2005; Rosen and Abribat 2005; Jain and Jain 2016a).

After the 1980s, the emulsion-based gels have been widely accepted for the
dermatological application due to their oily nature and good retention and pene-
tration power. Emulgels are most widely used in the cosmetics and pharmacy for
the local and systemic effects of the entrapped drug. It is also a good carrier for the
hydrophilic drugs as it facilitates drug penetration into the skin. The O/W type of
emulgel systems can be easily removed with water when it is required. Hence, it is
also called as water-washable emulgel system (Khunt et al. 2012; Singla et al.
2012). Emulgel is a drug delivery system with gel-like consistency and three-D
cross-linked polymeric network which entraps the aqueous or hydro-alcoholic
material in huge amount (Kumar and Verma 2010). There are two types of emul-
gels, i.e. oil-in-water and water-in-oil which are used for drug delivery (Mohamed
2004). The drug is entangled in the cross-linked network of emulgel that favours
controlled drug release for a long period (Fig. 1).

The bioadhesive nature of emulgel provides prolonged duration of contact with
the skin (Alexander et al. 2011). The emulsion and gel properties of emulgel
provide better control of drug release on topical application (Jain et al. 2011). Due
to washable nature of oil-in-water emulgels, they are widely used in general cos-
metic preparations, while water-in-oil emulgels which are emollient in nature, are
used more frequently for the skin diseases and (Mohamed 2004; Elbayoumi and
Torchilin 2008; Torchilin 2008; Alexander et al. 2012). Emulsions with a thixo-
tropic character possess an enhanced penetrability in the skin, so, when such
emulsions are formulated into gel-based preparations, they provide an improved
stability and enhanced penetrability. These types of gel-based systems have several

HydrogelLipid
Active 

Ingredient

Epidermis
Intracellular path

Paracellular path

Fig. 1 Schematic representation of Emulgel diffusion via skin layers
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properties such as thixotropy, greaselessness, quick spreadability, ease of remov-
ability, emollience, non-stainability, competency with several excipients and mis-
cibility with various therapeutics make them a suitable candidate for topical
applications (Panwar et al. 2011; Sarisozen et al. 2012). The better stability and
optimum release characteristics depend on the type and amount of polymer
employed to form the gel matrix (Kale and Torchilin 2007a, b, Jain and Jain
2016b). But, emulgel also has few limitations like poor penetration of macropar-
ticulate system through skin and sometimes causes bubble entrapment during the
formulation (Joshi et al. 2011). However, emulgels exhibit various benefits of both
emulsions and gels and have better acceptability for patients. It can be easily
employed onto the skin surface due its non-greasy behaviour as compared to other
conventional systems such as creams, ointments which are too much thick and
greasy in nature and expect extra rubbing (Weissig et al. 2000).

Emulsion based (oil-in-water) systems entrap hydrophobic drugs in the oil
compartment and release the drug in a slow manner onto the skin via external
compartment of emulgel. Hence, recently emulgel systems have been employed as a
potential topical drug delivery system for the delivery of lipophilic drugs, i.e.
ketoconazole, acyclovir, diclofenac and calcipotriol (Badilli et al. 2011, 2013, 2014;
Dixit et al. 2011; Caddeo et al. 2013).

Nowadays, several diseases and infections caused by bacterial, viral and fungal
species, i.e. eczema, Herpes simplex, acne have been treated by the use of
emulgel-based preparations (Raut et al. 2012). Scientists have worked on emulgel
preparations containing antifungal drugs which have been used in the treatment of
various fungal diseases such as candidiasis and also evaluated the efficacy of such
formulations. (Ghorab et al. 2011; Mundada and Avari 2011). Emulgel preparations
have been explored for benefits in combating infections caused by fungi.
Researchers are trying to develop emulgels of different drugs which may be helpful
in treating several dermatological disorders (Utreja et al. 2011; Caddeo et al. 2013;
Rahmani-Neishaboor et al. 2013).

1.1 Benefits of Emulgel Drug Delivery System

Emulgels are usually used as topical drug delivery system, but they can be admin-
istered through other routes of administration (i.e. buccal, rectal, etc.). It has
numerous advantages in the field of cosmetics and dermatology. It could serve as a
potential drug delivery system in context of better stability, longer retention time and
incorporation ability of various drugs. Benefits of emulgel are summarized in Fig. 2.

1.1.1 Incorporation of Lipophilic Drugs

In the gel formulation, the hydrophobic drug does not get easily incorporated in
system due to its limited solubility which in turn affects its release profile. Emulgel
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is a promising carrier system for lipophilic drugs. Since, emulgel formulation
contains an emulsion system, lipophilic drug can be easily incorporated in the oil
phase of preparation. This feature of emulgel provides improved stability and better
release of therapeutics from the formulation.

1.1.2 Improved Loading Efficiency

Several nano-sized particulate and vesicular carrier systems show dose dumping or
drug leakage due to their structure resulting in poor entrapment efficacy. However,
gel-based system has a network of polymer with emulsion environment that can
easily entangle the drug, which results in a greater loading of drug than others.

1.1.3 Greater Stability

Emulgels depict better stability as compared to other topical formulations such as
creams and ointments. Creams exhibit problem of phase inversion or cracking
whereas, rancidity is the most common problem associated with ointment prepa-
rations employing oil. Usually, emulgel-based preparations do not show such
problems.

1.1.4 Feasibility of Manufacturing with Low Cost

Ingredients like oil, polymer, etc. which are used in the manufacturing of emulgels
have low cost and an ease of availability which in turn decreases the cost of

EMULGEL AS DRUG
DELIVERY SYSTEM

Controlled release

Incorporation of 
Lipophilic drugs

Low manufacturing cost

No intensive sonication

Greater stability

Improved loading
efficiency

Fig. 2 Advantages of emulgel as drug delivery system
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emulgel. Preparation methods for the emulgel are less complicated and tedious
which do not require any specialized instruments.

1.1.5 Controlled Release

The drug molecules are entrapped in the network-like structures of emulgel, which
results in a slow and controlled release of entrapped drug.

1.1.6 No Intensive Sonication

The ultrasonication is required in most of the vesicular preparations which may
cause degradation of the entrapped drug due to heat generation or high sonication
energy but, formulation methods for emulgel do not require any sonication step
(Panwar et al. 2011; Djordjevic et al. 2003).

2 Formulation Considerations for Emulgel

In recent years, several novel polymers have been discovered which provide
enhanced gelling ability to the emulgel. Efficient emulsifiers are employed to
decrease surface and interfacial tension and viscosity builders to increase the vis-
cosity of the aqueous phase, resulting in a successful emulgel formulation (Gupta
et al. 2010). By using the appropriate type and amount of gelling agent and oil
phase, the rheological behaviour of emulgel could be effectively controlled.

2.1 Oil Phase Selection Criteria

Emulgel is the composite of simple emulsion with a gel and is gelled with the help
of an appropriate gelling agent. On the basis of applications and compositions, the
emulgels are of two types O/W (oil-in-water) and W/O (water-in-oil). The basic
criteria for the selection of oil phase and relative quantity primarily depends on the
final use of emulgel formulation. Various lipids of natural or synthetic origin are
used as oil phase in different pharmaceutical- and cosmetic-based emulgel formu-
lations. Numerous types of oil used in the formulation and development of emulgel
have different characteristics and applications (Khan et al. 2013). The types and
concentration of oil phase must be optimized during the development of emulgel
formulation. The effect of oil phase can be assessed with the help of evaluation
parameters like viscosity, permeability and stability. Geranium is one of them
which is significantly employed for the formulation and development of emulgel
due to its insecticidal and antibacterial activity. Geranium emulgel formulations are
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applied in staunch bleeding, healing of wounds, ulcers, skin diseases and treatment
of diarrhoea, dysentery and colic diseases. (Koshkaryev et al. 2011; Bowey et al.
2012). Emulgel containing garlic may be effectively used in burning wound healing
(Ibrahim and Shehata 2012).

An investigation of ethanolic extracts of some plants like Arnelianobilis,
Garcianaindica, Boehaviadiffusa, Solanum albicaule, Vitexnigundu, Buniunpersicum,
Acacia concinna and Albizialebbeck demonstrated their antimicrobial potential against
the bacterial and fungal species due to the presence of several essential oils as chemical
constituents. (Sawant and Torchilin 2010).Molecule quercetin serves as an antioxidant
and is available in different types of formulations, i.e. creams or gels but its high
penetrability was explored when formulated in emulsion-based preparations. Hence,
several oils which are obtained from various biological sources showed their ability in
the development of emulgel preparation and also potentiated the effect of drug due to
their own therapeutic value. Several oil phases employed for the manufacturing of
emulgel are being discussed in Table 1.

Shahin et al. (2011a, b) utilized the jojoba oil as oil phase and formulated the
clotrimazole containing antifungal emulgel. The combination of both jojoba oil and
clotrimazole produces the synergistic effect and effectively reduced the inflamma-
tion (Shahin et al. 2011a). Different animal models have been used to describe this
anti-inflammatory effect to combat inflammation (Habashy et al. 2005). Perioli et al.
(2008) developed a buccal emulgel formulation by using neutral lipid glycerol
behenate as oil phase (Compritol®888ATO). This emulsion system was effectively
prepared using low to medium oil phase content (oil to water ratio is from 0.3 to
0.4). The viscosity of the formulation was acceptable for syringeability and
injectability in case of parenteral administration with the help of pre-filled syringes
(Perioli et al. 2008). Liquid paraffin and mineral oils can also be used as oil
components for many emulgel preparations (Deveda et al. 2010; Khullar et al.
2012). The type of gelling agent and amount of both emulsifier and oil phase affect
the drug release pattern from the emulgel system. This was analysed by the use of
23 factorial designs. Different evaluation parameters like physical appearance,
rheological behaviour, drug release, antifungal property and stability were used to
investigate this emulgel system. The liquid paraffin in low amount with high
concentration of emulsifier satisfied the criteria of material of choice for the
HMPC-based emulgel formulation. Cetostearyl alcohol was employed as oil phase
for the formulation of a vaginal emulgel. This vaginal emulgel containing benzy-
damine (0.5% w/w) was evaluated for mucoadhesion force, rheological behaviour
and release characteristic and compared with marketed vaginal cream of Tantum
Rosa. It was observed that cetostearyl alcohol containing emulgel explored highest
adhesion force about 0.57 N. The oil phase present between the chains of polymeric
network produced an open and stretched structure having an ability to attach the
various groups onto the mucosal surface. At that time, cetostearyl alcohol due to its
emulsification characteristics participated in the emulsion stability. Several oil
phases employed in the emulgel formulations which affect drug release feature and
other properties are described in Table 2.
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Table 2 Improved results of drug employed with different oil system incorporated in Emulgel

Oil phase with
their property

Concentration
to be used (%
w/w)

Drug of interest Outcomes References

Liquid paraffin;
Moisturizer,
emollient

5 Chlorphenesin,
itraconazole
ketoconazole,
miconazole and
mefenamic acid

An inverse
correlation was
observed between
the oil phase
concentration and
rate and extent of
drug release

Deveda et al.
(2010),
Mohamed
(2004), Jain et al.
(2010) and
Khullar et al.
(2012)

Jojoba oil;
Antifungal,
antioxidant.

30 Clotrimazole Formulation of
emulgel with a
combination of
two gelling agents
(i.e. carbopol and
HPMC) presented
greater drug
release

Shahin et al.
(2011a)

Compritol 888
ATO; High
melting point
lipid, provides
controlled or
delayed release

1–3 Flurbiprofen Formulation with
low to medium oil
phase content (oil
to water weight
ratio of 0.3–0.4%
w/w) was
considered as an
effective carrier

Perioli et al.
(2008)

Isopropyl
myristate;
Emollient,
penetration
enhancer

5–10 Ketorolac There was no
significant change
in release rate of
drug

El-Setouhy and
El-Ashmony
(2010) and
Ibrahim and
Shehata (2012)

White Vaseline;
Moisturizer,
hypoallergenic

7.2% Benzydamine This emulgel
formulation
exhibited excellent
mucoadhesivity
with efficient drug
release as
compared to
marketed
preparation

Perioli et al.
(2009)

White Vaseline;
Moisturizer,
hypoallergenic

26.64 Kanamycin White Vaseline
based emulgel had
better stability and
rheological
properties and
significant
antimicrobial
efficacy against A.
madurae

Lopez-Cervantes
et al. (2009)
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Other types of oils or lipids like paraffin wax, cetostearyl alcohol and oleic acid
may also be utilized in the emulgel as oil phase. Paraffin wax has shown crystalline
property as oil content. Paraffin wax when employed as phase change material
(PCM) has several benefits over others due to its comparatively high latent heat,
chemical inertness and low vapour pressure. When paraffin is distributed in aqueous
phase, the paraffin/water emulsion is produced. This emulsion is more efficient due
to its higher accelerated exchange of heat and insignificant thermal resistance
(Golemanov et al. 2006). The topical preparation of emulgel having 2.5%
Transcutol as penetration enhancer produced 1.7 times more enhanced flux and
permeation coefficient as compared to marketed formulations such as cream and
ointment. Fatty acid such oleic acid may be used as an oil phase of emulsion
component of emulgel. Oleic acid is a mono-unsaturated omega-9 fatty acid present
in various vegetable and animal fats (Villarreal-Lozoya et al. 2007).

2.2 Selection Criteria for Emulsifier

Emulgels are usually formulated by the mixing of oil and water and gelled by the
addition of suitable gelling agent but they are thermodynamically unstable. For
stability enhancement a suitable emulsifying agent should be employed in appro-
priate amount, which leads to lowering of interfacial tension between oil and water
phase and subsequently results in the development of a thermodynamically stable
emulgel. Improved stabilization of dispersed globules with emulsifying agents is
demonstrated in Fig. 3.

An ideal emulsifier has a proper HLB (hydrophilic lipophilic balance) value and
ability to develop stable emulsion system (Sklenar et al. 2012). Trial and error
method is employed to determine the type and amount of emulsifier (Singh et al.
2011; Zhang et al. 2012). Non-ionic surfactants tweens which have HLB values
more than 9 can be used to formulate the O/W emulsion-based emulgel system
while lipophilic surfactant of HLB value less than 9 can be employed for the
formulation of W/O emulgel system.

Generally a combination of emulsifiers should be used during preparation of an
emulgel. Tween 20 is oriented in the aqueous phase while span 20 is arranged in oil
phase (Jain et al. 2010; Khunt et al. 2012). Chemically both are sorbitan lauric acid
esters and contain same cyclic structure. However, additional polyoxyethylene units
are present in the structure of Tween (Kerwin 2008; Shen et al. 2011). Span
20/Tween 20 blend produces more stable emulsion as compared when Tween or
Span system is used alone (Vilasau et al. 2011). Pemulen is a polymeric emulsi-
fying agent which was employed in the emulgel meant for buccal administration.
Pemulens is tailored with hydrophobic copolymer acrylic acid (Acrylates/C10–C30
alkyl acrylates) and could serve as primary emulsifying agent of o/w emulsion as
well as viscosity modifier. It has a small lipophilic portion which gets introduced
into oil droplets while larger hydrophilic portion produces a microgel around the
droplet leading to a stable o/w emulsion system (Szűcs et al. 2008). Usually,
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surfactants employed in the emulgel formulation have toxic properties and may
create some health-related issues. To minimize this problem, surfactant of natural
origin may serve as an alternative. These bio-surfactants are obtained from several
microbial species. Bio-surfactants are highly sticky in nature and show both
hydrophilic and hydrophobic characteristics due to the presence of short-chain fatty
acid tail and large polar head groups. Bio-surfactants effectively reduce the surface
tension as well as interfacial tension same as chemical surfactant. They have lower
toxicity, higher biodegradability, greater compatibility with environment, potential
foaming ability and highest stability and activity at extreme temperature and pH.
These characteristics make them a better commercial alternative of chemical
emulsifying agents.

2.3 Gelling Agent Selection Criteria

Emulgel requires gelling properties which can be fulfilled by using a gelling agent
which provides a gelled structure. Gelling agents are of two types either natural or

Water 
Phase

Polar 
group

Hydrocarbon 
chain

Outward oriented monolayer of emulsifying agent

Fig. 3 Improved stabilization of dispersed globules with emulsifying agents
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synthetic. Addition of gelling agent into emulgel system gives thixotropic proper-
ties (Singla et al. 2012). According to the Swedish National Encyclopedia (1989–
1996) (Lee et al. 2009), thixotropy is “characteristic feature of viscous or gel-like
structures”. These structures are converted into liquid state when stress is applied
and when the pressure is lowered, they regain the previous viscous consistency. In
thixotrophy process, a reversible transition is shown between the gel and sol (gel–
sol–gel transition). This phenomenon occurs due to the time-dependent changes in
the viscosity under the influence of pH, temperature or change in the component
without any alteration in the system volume. The schematic representation of
thixotropic behaviour of emulgel is shown in Fig. 4 (Mewis and Wagner 2009).

Gel–sols–gel behaviour provides improved stability and higher bioavailability to
the system (Jain et al. 2013a, b). However, stability of emulgel system can be
influenced by several factors such as temperature, pH, amount and combination of
polymers, modification in polymer, introduction of ions (cations or anions) into the
system. Hydroxy propyl methyl cellulose (HMPC) is a semi-synthetic polymer used
in the emulgel preparation. It has polymeric chains with network structure inter-
connected via cross-linking (Barreiro-Iglesias et al. 2003).

Gelling agent affects the release characteristic of drug from the emulgel (Jain and
Jain 2015b). It has been observed that the rate of drug release and concentration of
gelling agent shows a reciprocal relation. The emulgel formulation demonstrated
the non-Newtonian shear thinning behaviour with small or without thixotropy. The
viscosity of system can also be affected by the concentration or type of gelling
agent. Stability studies in several stress conditions like centrifugation, higher
temperature or longer storage expressed greater stability of emulgel formulations
containing low concentration of Carbopol or a combination of two gelling agents as
compared to other preparations (Shahin et al. 2011a). Emulgel of HPMC showed
better drug release property than Carbopol emulgel (Mohamed 2004). Polymer
chains get expanded by the neutralization of aqueous dispersion of polymer with
the help of NaOH, which formed a clear stable gel. For complete hydration of
polymer, the gel should be stored at 4 °C for 24 h followed by addition of oil phase.
Pemulen is a polymeric emulsifier which also has a mucoadhesive property.
Pemulen as a gelling component is best suited for oral administration of emulgel.

Shear Stress

Thixotrophy

On standing

Gel Sol

Fig. 4 Thixotropic behaviour of gel (gel–sol–gel property)
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On the basis of rheological analysis, it was concluded that mucoadhesive
polymer pemulen based emulgel formulation showed better retention time than
marketed formulation in oral cavity for the treatment of local inflammation. The
polymeric acrylic emulsifier used in the emulgel preparations is providing better
consistent stability as well as mucoadhesivity which results in longer retention time
and reduced number of dose (Perioli et al. 2008).

The concentration and characteristics of gelling agent used in the emulgel
preparation are described in Table 3.

Various types of natural, synthetic and semi-synthetic gelling substances are
employed for the formulation of emulgel. Natural gelling agents have many limi-
tations because they are sensitive for the microbial contamination. So, instead of
natural gelling compound, several synthetic or semi-synthetic gelling agents may be
employed. Usually cellulose-based synthetic or semi-synthetic derivatives are
employed as gelling agent. Sodium carboxymethyl cellulose is the most commonly
used cellulose derivative. Sodium CMC shows higher stability in an autoclave
during sterilization so suitably used in the formulation of sterile jellies.
Sodium CMC as gelling agent in 5% concentration was employed in the colocynth
topical gel, having anti-inflammatory property. This colocynth gel decreased the
64.95% oedema more significantly than volteran emulgel.

2.4 Penetration Enhancers Selection Criteria

From the absorption point of view, skin is the most potent barrier for several
molecules or drugs. Skin has several barrier layers to hinder the drug absorption
from the topical preparations. Several compounds referred as penetration enhancers
have been employed to promote the drug absorption from the skin into the blood.
These substances enhance the penetration ability of drug moieties via skin.
Penetration enhancers may follow different mechanisms for the improved absorp-
tion. They may disrupt the highly arranged lipid structure of stratum corneum or
interact with protein present between the cells, fluidize the lipid channels which are
present between corneocytes or increase the partitioning of the drug as co
enhancer/solvent into the stratum corneum. Some enhancers act both on non-polar
and polar pathways by changing the multi-laminate route for penetration (Benson
2005). Penetration enhancers which are used in the topical emulgel formulations for
improved absorption are listed in Table 4.

3 Formulation Methods

Different methods are employed for the manufacturing of emulgel by using several
types of formulation additives. Mohamed (2004) described one method of prepa-
ration in his research. This emulsion system (o/w or w/o) was formed followed by
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incorporating the gelling agent to form an emulgel. For the emulgel formulation,
initially aqueous phase should be developed by dissolving Tween into the purified
water. Preservatives like methyl and propyl paraben are dissolved in the propylene
glycol solvent resulting in formation of another solution and both the solutions are
then mixed together. Finally, aqueous phase is formed and kept aside. Second phase
of emulsion is oil phase which is formed by dissolving Span 20 in light liquid
paraffin.

Both oil phase and aqueous phases are heated up to 70–80 °C separately, then
both phases are blended with each other with constant stirring up to the room
temperature. HPMC or Carbopol as gelling agent is dispersed in the water to form
gel phase. Then both emulsion phases and gel are mixed together in ratio of 1:1
with gentle stirring. Perioli et al. (2008) also described another method for the
development of emulgel (Perioli et al. 2008). They reported design and charac-
terization of emulgel for buccal purpose. Three steps are required for the prepa-
ration of emulgel (1) dispersion of polymer in water resulting in formation of
polymeric solution, (2) neutralization of the aqueous dispersion of polymer with
base and (3) emulsification of oil phase with aqueous phase. Pemulen 1621 (TR-1)
in three different percentages 0.3, 0.4 and 0.5%, w/v is needed for the manufac-
turing of polymeric aqueous phase. Polymeric dispersion is prepared by the addi-
tion of deionized water with uninterrupted stirring at 900 rpm, at room temperature
for 20 min time period utilizing a mechanical stirrer, which is equipped with
impellers of three helical blades. Then, sodium hydroxide solution (18% w/v) is
introduced into the prepared polymeric dispersion to form neutralized polymeric
slurry with ultimate pH value of 5.5, 6.0 and 6.5. In this neutralization process, the
elongation of polymeric chain occurs resulting in the formation of a stable gel.
Before introducing the oil phase, the polymeric gel should be stored at 4 °C for
24 h for complete hydration of polymeric gel. When hydration is over, oil phase in
different ratios 0.5, 1.0 and 1.5 is added into polymeric dispersion at 80 °C and
800 rpm with continuous stirring. The temperature of entire system is allowed to
cool down with a controlled pH. Shahin et al. (2011a, b) reported a different
protocol for the development of clotrimazole emulgel as a drug delivery system. In
this method, drug is dissolved in oily phase (jojoba oil) of emulsion which contains
Span 60 (Shahin et al. 2011b). This surfactant dispersion is carried out by

Table 4 List of Penetration enhancers

Dosage form Penetration or permeation enhancer Usual concentration (% w/w)

Gel Oleic acid 1

Lecithine 5

Urea 10

Isopropyl myristate 5

Linoleic acid 5

Emulgel Clove oil 8

Menthol 5

Cinnamon 8
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continuous stirring at 75 °C with subsequent cooling up to room temperature fol-
lowed by the incorporation of Carbopol into the oil phase. In second step, Brij-35 is
added into the propylene glycol followed by incorporation of this solution into
water to form aqueous phase. And finally, oil phase is incorporated into the aqueous
phase and is mixed with overhead mixer at 10,000 rpm for about 10 min to prepare
an emulsion system. This emulsion system is subjected for homogenization at
10,000 rpm for less time as stated above (about 5 min) Suitable gelling agents such
as triethanolamine (formulation having Carbopol either alone or in combination)
and/or HPMC is introduced into the previously prepared emulsion and is contin-
uously stirred with overhead mixer for 45 min at 200 rpm to get stable emulgel
formulation. Figure 5 represents the general method for the formulation of emulgel.

4 Routes of Administration for Emulgel Formulation

Generally emulgel is applied topically because it prolongs the retention of drug so
that the drug can easily act either locally as well as systemically. Due to its
emulsion nature, it can improve the drug penetration into the skin and easily gain
access in the blood and provide an appropriate pharmacological response.

Oil Phase Water Phase
Emulsification

(Clove oil, castor oil, liquid 
paraffin, propylene glycol)

(Water or  alcohol)

Water in Oil (W/O) 
type emulsion

Oil in Water (O/W) 
type emulsion

Incorporation into 
gel (Carbopol 934 

or HPMC etc.)

Emulgel

Fig. 5 Schematic representation of method of preparation of emulgel
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Oral route shows first pass metabolism, topical application of formulation over-
comes this problem. But as compared to the other routes, topical formulation shows
limited bioavailability due to the presence of several barriers in the skin (i.e. epi-
dermis, dermis and hypodermis, etc.). However, topical route is the most preferred
route for the application of emulgel drug delivery system. Rectal, buccal, vaginal
and nasal routes have also been investigated for the application of emulgel for-
mulation. It can be directly employed on to the mucus membrane providing an
increased rate and extent of absorption (bioavailability) thereby improving the
efficacy of emulgel. Various routes for the emulgel drug delivery administration are
summarized with several aspects in Table 5.

5 Characterization of Emulgel

Emulgel is formulated using any of the optimized method employing suitable
materials like oil, gelling agent and sometimes penetration enhancer. The prepared
emulgel should follow the ideal and combined characteristics of emulsion and gel.
These emulgel formulations successfully exhibited their effect either on site of
application or action site. Emulgel drug delivery systems were evaluated for several
characterization parameters (Ellaithy and El-Shaboury 2002; Mohamed 2004;
Kasliwal et al. 2008; Singla et al. 2012).

5.1 Physical Evaluation

Colour, homogeneity, phase separation and consistency are the various parameters
measured for the physical characterization of emulgel formulations.

5.2 Rheological Behaviour

Since emulgel is a viscous preparation, determination of rheological behaviour is a
mandatory requirement. For this, different types of viscometers are employed. The
cone and plate viscometer with spindle 52 is used to measure the viscosity of
several emulgel formulations at 25 °C. (Perioli et al. 2008; Shen et al. 2015).

5.3 Spreading Coefficient

Mutimer et al. (1956) proposed the apparatus used for the determination of emulgel
formulation. This instrument consists of a wooden block, which is attached with a
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pulley at one terminal. This technique is employed to determine the spreadabilty on
the basis of “Slip” and “Drag” properties of emulgel formulations. A ground glass
slide is set on this wooden block. An emulgel under study with an excess quantity
(about 2 g) is put on this ground slide. Another glass slide of dimension same as
ground slide is put onto the emulgel and connected with hook. A weight of 1 kg is
put on the top of both the slides for definite time (about 5 min) which helps in air
expulsion and makes a uniform emulgel film between the slides. If emulgel is
present in excess, it can be scrapped off from the edges of instrument. To pull the
top plate, a definite weight (about 80 g) is placed in the pan. With the aid of the
string connected to the hook, the time (in seconds) taken by the top slide to cover
the 7.5 cm distance is recorded (Mutimer et al. 1956).

5.4 Swelling Index

Swelling index is an important characteristic of the emulgel formulation. For the
measurement of swelling index, 1 g of emulgel preparation was put on a porous
aluminium foil which was kept in a 50 ml beaker containing 10 ml of 0.1 N sodium
hydroxide. This emulgel sample was removed at a definite time interval. Swelling
index can be determined by the following formula:

Swelling index ðSW)% ¼ wt � w0

w0
� 100;

where

(SW) % Equilibrium percentage swelling,
Wt Weight of emulgel after swelling at time t,
W0 Initial weight of emulgel at zero time.

5.5 Extrudability Study of Topical Emulgel (Tube Test)

Extrudability Study is a fundamental test used to calculate the force needed to
extrude the topical preparation like emulgel from tube. This technique is employed
for the measurement of applied shear in the area of rheogram which corresponds to
the rate of shear, exceeding the yield value and showing the consequent plug flow.
This evaluation technique is used for the determination of emulgel extrudability
based on the percentage quantity of emulgel and extrusion of emulgel from lac-
quered collapsible tube of aluminium with the use of weight in grams which
necessitated extruding at least 0.5 cm emulgel ribbon in time of 10 s. If more
amount was applied then it showed greater extrudability. This operation was per-
formed three times (triplicate) and average value was measured for this study. The
following formula can be used to calculate the extrudability:
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Extrudability ¼ Appliedweight to extrude emulgel from tube ðin gÞ
Area ðin cm2Þ :

5.6 Drug Content Determination

Emulgel is a potential carrier for the drugs applied topically, so drug content
determination is the most critical evaluation parameter. For this, 1 g sample of
emulgel was dissolved in a suitable solvent to prepare a solution proceeded by
filtration to obtain a clear solution. This clear solution was analysed for drug content
using suitable analytical instrument

5.7 Ex Vivo Bioadhesive Strength

Bioadhesive strength can be measured by modified analytical two pan balance
method.

5.8 In Vitro/Permeation Studies

Franz diffusion cell is employed for the in vitro release or permeation studies.

5.9 Skin Irritation Test (Patch Test)

Skin irritation test is performed on the rat’s shaven skin and a total set of eight rats
can be used. After the application of emulgel, various effects like colour change,
change in appearance of rat’s skin were observed up to 24 h. If any symptoms of
irritation were explored in more than two rats, the analysis ought to be repeated. In
the case of the absence of any irritation, test can be ascertained as pass.

5.10 Stability Studies

Various oils and ingredients from natural origin are used for the manufacturing of
emulgel formulation. Proper storage conditions like temperature, humidity and
container, etc. should be employed. Hence, stability studies are performed for
emulgel formulation. The prepared emulgel formulations are kept in five collapsible
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tubes of aluminium and proceeded for stability studies under 5, 25 °C/60% RH,
30 °C/65% RH and 40 °C/75% RH conditions for 3 months’ time duration. In
every 15-day time interval, samples are withdrawn from these formulations and
analysed for several evaluation parameters such as physical appearance, pH, rhe-
ological behaviour, drug content and drug release profiles (Niazi 2009).

6 Marketed Preparations

Some emulgel formulations are commercially very popular for the treatment of
several diseases and ill conditions. Voltaren Emulgel is a white gel having pleasant
fragrance with non-greasy property. This Voltaren Emulgel contains drug
diclofenac sodium (as diclofenac diethylamine) in 1% w/w concentration which
acts as a non-steroidal anti-inflammatory molecule. It shows potential benefits in the
case of inflamed tendons, ligaments, muscles and joints suffering from trauma as
well as in soft-tissue rheumatism and localized rheumatic conditions. Similar types
of formulations are manufactured by Torrent Pharma with trade name Diclomax.
They are employed significantly in various conditions like in localized forms of
soft-tissue rheumatism, e.g. tendovaginitis, shoulder-hand syndrome, bursitis,
rheumatic diseases, osteoarthritis of the spine and peripheral joints, periarthropathy,
inflammation of the ligaments, tendons, muscles, and joints due to trauma, sprains,
strains and bruises. Another type of emulgel is Kleraderm Gaia Emulgel which is
used for vaginal antiseptic purpose (Arnstein 2012). Its pH should be same as the
physiological pH of vagina in order to avoid any irritation and inflammation. Gaja
Emulgel is used for the treatment of vaginal dryness, dehydration and redness.
Pantho Eva is a marketed formulation of emulgel which produces softening or
moisturizing effect on the skin. It is usually prescribed for anal fissures, nipple
fissures, wounds, burns, ulcers and skin dryness resulting from exposure to sun
rays. These formulations are enlisted in Table 6.

7 Future Perspectives

Most of the drugs which are generally used in formulation of dosage form are either
weakly acidic or basic, hence they show poor solubility which is the significant
problem while developing any formulation. Some drugs having hydrophilic char-
acteristic, create problems during development of any new drug delivery system.
Hydrophobic nature of drug leads to poor water solubility and less bioavailability.
The delivery of such type of drugs has several challenges for biological system. The
hydrophobic drugs can be easily formulated as oil-based preparations. Numerous
drug delivery systems, i.e. cream, ointment, lotion and paste are used for topical
applications. Generally, these topical preparations contain different oleaginous
bases like petrolatum, bees wax or vegetable oils. These bases due to their suitable
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hydrophobic property do not produce any interaction with water resulting in an
excellent emollient action. But, these oleaginous bases decrease the drug release
from the dosage forms and produce thick and greasy consistency. However,
gel-based formulations create an aqueous atmosphere for the drug moiety which
provides better dissolution and faster drug release as compared to other topical
preparations. Emulgel is a suitable topical drug delivery system for lipophilic drugs
where oily phase contains the drug molecule. According to future prospects,
emulgel drug delivery system will be potentially useful for the delivery of several
hydrophobic drugs as well as hydrophilic drugs. These advantages prove that
emulgel is an efficient and productive drug delivery system than the other topical
dosage forms.

8 Conclusion

Emulgel is a non-sticky, non-greasy formulation and incorporates both types of
drugs, i.e. lipophilic and hydrophilic. Emulgel provides better drug entrapment; drug
release and no irritation at the application site make it a better and an efficient drug
delivery system as compared to other topical formulations. It has dual characteristics
of formulation, i.e. emulsion and gel hence, provides effective sustained and con-
trolled release and minimizes some problems such as dose dumping which are
common in many sustained and controlled release formulations. Conventional

Table 6 Different marketed preparations

Brand name of
product

Incorporated drug Manufacturing
company

Voltaren emulgel Diclofenac diethyl ammonium Novartis Pharma

Miconaz H
emulgel

Miconazole nitrate, Hydrocortisone Medical union
Pharmaceuticals

Excex gel Clindamycin, Adapalene Zee laboratories

Pernox gel Benzoyl peroxide Cosme Remedies Ltd

Lupigyl gel Metronidazole Lupin Pharma

Clinagel Clindamycin phosphate Allantoin Stiefel
Pharma

Topinate gel Clobetasol propionate Systopic Pharma

Kojivit gel Kojic acid, Dipalmitate Arbutin, Octinoxate Micro Gratia Pharma

Acent gel Aceclofenac, Methyl salisylate, Capsaicin Intra labs India Pvt Ltd

Avindo gel Azithromycin Cosme Pharma
laboratories

Cloben gel Clotrimazole, Beclomethasone,
Dipropionate, Neomycin

Indoco Remedies

Nadicin cream Nadifloxacin Psychoremedies

Zorotene gel Tezarotene Elder Pharmaceuticals
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emulsion formulations have several problems such as cracking, creaming, phase
separation, coalescence and phase inversion but, when they will be formulated with
gel all such problems could be overcome and an emulgel with improved stability can
be developed. Various dermatological problems and diseases can be easily managed
or cured by the application of emulgel, because it can be formulated with a vast
variety of drugs and developed as an emerging and potential drug delivery system.
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