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Preface

This book throws light on sustainable polymers from the perspective of researchers
constantly looking for alternatives to conventional petroleum-based plastics in order
to reduce global environmental impact. There has been significant development in
the area of sustainable polymers. This book focuses on the vital elements of sus-
tainable polymers for applications ranging from commodity to biomedicine. This
book consists of 17 chapters which describe existing technologies for sustainable
polymers and their synthesis mechanisms along with their future prospects even-
tually connecting a pathway between the contemporary environment and sustain-
able future.

Chapter 1 begins by describing various strategies for synthesizing biomedical-
grade polymers. Developing materials for biomedical applications necessitates
choosing appropriate methods of synthesis and post-synthesis techniques to over-
come the clinical drawbacks associated with several conventional materials.
Medical-grade polymers are often employed for the applications in vivo along with
certain medical devices that remain in contact with the body. In this context, the
chapter underscores the methods of polymerization for synthesizing various poly-
mers and the effect of reaction route on the properties of the polymers. Additionally,
biodegradable and non-biodegradable polymers and their uses in medical applica-
tions are elaborated along with the effect of various factors on the properties of the
polymers. Furthermore, there is a discussion on the existing medical-grade poly-
mers have been featured from the perspective of their extraordinary characteristics.

Chapter 2 deals with sustainable routes towards the synthesis of poly
(e-caprolactone) (PCL), which is a biodegradable polymer. The conventional reaction
pathways to the production of PCL are demonstrated with a focus on alternative
methods such as biomass sources and microbial synthesis. This is followed by pro-
viding a glimpse of the prospects of sustainable routes in chemical industries.

Chapter 3 deciphers the utilization of greenhouse gas “carbon dioxide” in
developing polymers or their precursors. The potential of carbon dioxide as a
monomer has been extricated by detailing several pathways for synthesizing
polymers with carbon dioxide in their backbone. Further, the chapter brings to light
existing technologies to make polymers from carbon dioxide along with the
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challenges it faces. Exploration of such unique strategies in making polymers
would build a route towards a sustainable future.

Chapter 4 discusses the production, characterization and applications of
biodegradable polyhydrox-yalkanoates (PHAs). The chapter begins by providing a
historical overview of PHAs and its essential properties. The production of PHAs
from microorganisms using various extraction techniques is highlighted. This is
followed by the characterization techniques adopted for the analysis of PHAs and
determination of their biodegradability. The noteworthy applications of PHAs in the
medical, agricultural and industrial sectors are manifested along with addressing the
challenges in PHA production.

Chapter 5 presents the concept of alternating copolymers based on amino acids
and peptides. The chapter focuses on recent developments in amino acid and
peptide-based alternating architectures, their interesting properties and applications
as bio-inspired nanomaterials, in inclusion chemistry, catalysis, sensing, tissue
engineering, molecular electronics, molecular separation technology, etc.

The fabrication methods for sutures are discussed in Chapter 6 with their
stimuli-responsive aspects. The chapter begins by introducing the characteristics of
a suture followed by the classification and selection of an ideal suture material
along with the fabrication techniques. The chapter also focuses on biodegradable
sutures based on resorbable polymers and composites which are extended to various
stimuli-responsive sutures and their applications in vivo supported by several case
studies.

Chapter 7 highlights thermo-responsive polymers and concerns associated with
their biocompatible nature to be utilized in biological applications. The chapter
strategically describes various polymerization techniques for the synthesis of
thermo-responsive biocompatible polymers with a special emphasis on Lower
Critical Solution Temperature (LCST) of most polymers. The nature of repeating
units of the polymer is stated to govern the thermo-responsive behavior along with
the biocompatible nature of the polymers.

Chapter 8 reports the use of Ionic Liquids (IL) as solvents in Reversible
Addition-Fragmentation chain Transfer (RAFT) process which is applied for the
polymerization of methacrylates. The polymerization kinetics of methacrylates in
IL is also presented along with the recovery and reuse of IL with the aim of
improving the sustainability of the reaction process.

The usage of cellulose derivatives such as cellulose acetate, cyanoethyl cellulose
and ethyl cellulose is employed in the creation of electrically and optically func-
tional materials as described in Chapter 9. The chapter further highlights the series
of investigations carried out for improvement of dielectric constant, birefringence
control and dual mechanochromism for possible industrial applications.

Chapter 10 focuses on the spatio-selective surface modification of individual
compartments yielding a novel type of shape-shifted microcylinders via
surface-selective click chemistry in conjunction with surface-initiated Atom
Transfer Radical Polymerization (ATRP). Further, the discussion has been extended
to the microparticles with fully orthogonal surface patches that take advantage of a
combination of chemically orthogonal polylactide-based polymers and their
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fabrication via electro hydrodynamic co-jetting to yield rarely reported multifunc-
tional microparticles. The potential of micro particles in controlled drug delivery
has been delineated.

Chapter 11 outlines the development of cellulose nanocrystals from biomass
sources such as lignocellulosic sources and algal and bacterial sources. Further,
various techniques are highlighted for the extraction of cellulose nanocrystals
including acid hydrolysis, enzymatic hydrolysis, mechanical and oxidation meth-
ods, combined processes, followed by their purification and fractionation.
Moreover, the composites based on cellulose nanocrystals and their mechanical and
rheological properties are discussed along with the surface modification strategies
with the aim of obtaining improved overall properties.

The development of biodegradable nanocomposite foams is outlined in
Chapter 12 which reports the use of poly (lactic acid) (PLA) as the matrix material.
A brief discussion on different techniques of fabrication, their economic viability
and industrial feasibility in regard to the polymeric foams has been made along with
the effect of nanofillers on the properties of the foam. Further, the effect of nano-
fillers on the degradation of PLA has been remarked. The tailor-made properties of
PLA-based nanocomposite foams may be employed in various aspects of research.

Chapter 13 details the preparation and characterization techniques for micro- and
nanocrystalline cellulose using chemical, bacterial and mechanical methods. This is
followed by a discussion on natural fibres and degradable green composites along
with different mechanisms of biodegradation. An overview of structure-property
correlations of biodegradable co-polyester composites has been presented for their
possible applications in smart packaging, functional coating on films and flexible
conducting materials along with the biomedical applications.

The most widely reported bio-based polyester is poly (L-lactic acid) (PLLA)
known for its mechanical properties and biodegradable nature. However, its slow
crystallization rate and lower crystallinity are known to hinder commercial use.
Chapter 14 reports the usage of silk nanocrystal (SNC) in the PLLA matrix to
overcome the potential drawbacks of PLLA. In this context, extensive crystalliza-
tion studies are conducted using differential scanning calorimetry (DSC) and small-
and wide-angle X-ray scattering (SWAXS) to identify the effect of SNC on the
crystallizability of PLLA.

Chapter 15 focuses on the fabrication of smart textiles from stereocomplex poly
(lactic acid) (PLA) nanocomposite nanofibers. The incorporation of various organic
and inorganic nanofillers such as cellulose nanocrystals, silk nanocrystals titanium
dioxide, clay nanoparticles and zinc oxide into the matrix of biodegradable stere-
ocomplex PLA is underlined with the aim of extracting the advantages of both
types of fillers in developing smart textiles with biodegradable characteristics.

The life cycle assessment (LCA) of the most extensively studied polysaccharide,
i.e. chitosan, is presented in Chapter 16. The chapter deals with the purpose,
methods and variants of LCA, featuring the history of chitosan along with the
different routes of fabrication and related approaches from available resources for
tailor-made properties including various design parameters, environmental impacts,
product formulation steps, use of different agents and others. Additionally, the
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chapter presents the importance of chitosan in day-to-day life along with its envi-
ronmental impact on various applications such as food packaging films, edible
coatings, focculants and adhesives.

Chapter 17 addresses the trends and advances in the biodegradation of con-
ventional plastics such as polyethylene terephthalate (PET), polyethylene (PE) and
polystyrene (PS) under different environmental conditions by incorporating
enzymes and microbes for disintegration and assimilation of plastics. The chapter
thus aims at providing a broader aspect of conventional plastic biodegradation, its
degradation mechanisms and an overview on viable bioremediation of plastic waste
along with the discussion on the current status of techniques used for degradation,
characterizing degraded plastics and factors affecting their biodegradation.

Guwahati, Assam, India Vimal Katiyar
Amit Kumar

Neha Mulchandani
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Chapter 1
Synthesis Strategies for Biomedical
Grade Polymers

Neha Mulchandani and Vimal Katiyar

Abstract Developing materials for biomedical applications necessitates choosing
the appropriate methods of synthesis and post synthesis techniques to overcome the
clinical drawbacks associated with several conventional materials. Medical grade
polymers are often employed for the applications in vivo along with certain medical
devices that remain in contact with the body. However, several factors affect the
biocompatibility of the polymers along with their degradation inside the body. Tai-
loring the routes of polymerizationmay serve as an effective strategy to overcome the
current scenario. In this regard, the current chapter highlights the methods of poly-
merization for synthesizing various polymers and the effect of reaction route on the
properties of the polymers. Additionally, the biodegradable and non-biodegradable
polymers and their uses in medical applications have been elaborated along with the
effect of the various factors on the properties of the polymers. Further, the discussion
has been narrowed down to depict some of the commercially available polymers in
medical applications with their extraordinary characteristics.

Keywords Biomedical · Polymers · Synthesis · Non-biodegardable ·
Biodegradable

1 Introduction

The natural polymers such as cellulose, cotton and silk have been utilized by the
man since the ancient ages for multiple purposes. Natural polymers have also been
employed for various biomedical applications such as wound healing and sutures
as they resemble the biological tissues [1]. Over the years, the concept of synthetic
polymers was evolved. The natural and synthetic polymers may be biodegradable
or non-biodegradable depending on their chemical structure. The polymers have
been exploited for solving the most common therapeutic problems ranging from
cardiovascular diseases, dental, soft tissue prostheses and skeletal replacement to
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sensory and neural systems [2]. Synthetic polymers explored for human therapy
may be regarded as toxic materials as a result of the impurities or low-molecular
weight compounds leaching out from the material into the body fluids. In the past
few decades, extensive studies have been carried out pertaining to the adaptabil-
ity of foreign materials into the living systems and severe concerns of synthetic
plastics have been witnessed [3]. Considering the functional duration of the thera-
peutic materials, the biomedical polymers may be classified as prosthetic systems
and temporary aids. The prosthetic systems may be regarded as materials that are
used to replace the diseased tissues or organs and must remain functional during the
life of the person which usually consist of the biostable compounds. On the other
hand, temporary aids are required for a shorter duration which usually varies with
the healing time. The examples of temporary aids may be sutures, staples, wound
dressings, bone fixation devices (plates, nails, screws, pins), artificial skin, etc. [4,
5]. Additionally, the use of polymers is also witnessed in extracorporeal applications
including tubing, catheters, ocular devices, dialysis membranes, etc. The quality of
human life has been enhanced due to the extending functionality of the human body
systems (due to the action of biomedical implants) beyond their expected lifespan.
The U.S. Food andDrugAdministration (FDA) defines themedical device as amedi-
cal instrument/in vitro reagent/implant/apparatus or a similar entity that is utilized in
the diagnosis, treatment or prevention of a disease or that which affects the structure
of the body function and which is incapable of achieving its own intended function
[6]. While developing materials for medical applications, it is essential to determine
the compatibility, toxicity and side effects of the material which may depend on
several factors. The polymerization mechanism can govern the factors affecting the
compatibility of the material in vivo, and thus, the reaction pathways may be tailored
to design materials for the intended use. In this context, the current chapter focuses
on the polymerization mechanisms involved in synthesizing the polymers followed
by the discussion on several biodegradable and non-biodegradable polymers for var-
ious medical applications. The commercially existing polymers are also highlighted
along with the material considerations for medical applications.

2 Methods of Polymerization

Polymers may be referred to as long-chain compounds or macromolecules which are
composed of several short-chain monomers. Polymers are usually organic in nature
apart from a few exceptions. The concept of addition and condensation polymer-
ization, the two well-known methods of polymerization was given by Carothers in
1929. Addition polymerization may be referred to the reaction wherein the short-
chainmonomers combine to form the long-chain polymerswithout the elimination of
any by-products. On the other hand, condensation polymerization involves the elim-
ination of smaller molecules (usually water) upon reaction of two or more types of
monomers to yield the long-chain polymers (the exception being polyurethane) [7].
The addition and condensationmethods are based on the structure/composition of the
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polymers. In case of addition polymerization, the structural formula of the repeating
unit is same as that of the monomeric units which is not true for condensation poly-
mers. Further, the classification of polymers according to their mechanism of growth
(mechanism of polymerization) may be done as: chain-growth polymerization and
step-growth polymerization.

2.1 Chain-Growth Polymerization

In this mechanism, the monomers are added to the site of the growing polymer, and
the reaction proceeds by the formation of the growth centre. The polymers formed
through chain-growth mechanism include polypropylene (PP), polyvinyl chloride
(PVC), polyethylene (PE), teflon, polymethyl methacrylate (PMMA), etc., which
involve the unsaturated monomers as the precursors.

2.1.1 Free Radical Polymerization

The polymerization proceeds through the initiation (decomposition of an initiator
into free radicals under the influence of external factors), followed by propagation
(growth of the chain) which is finally terminated by the combination or disproportion
[8].

2.1.2 Ionic Polymerization

Ionic initiators are employed in this kind of polymerization. Here, the initiator trans-
fers its charge to the monomer thereby making it reactive and leading to the chain
growth. This kind of polymerization usually takes place in the presence of a solvent.
This may be further classified into anionic and cationic polymerization depending
on the ionic nature of the initiator. Styrene-based monomers may undergo anionic
polymerization [9], and the olefinic monomers may be polymerized through cationic
pathways [10].

2.1.3 Coordination Insertion Polymerization

The organometallic catalysts are used for this kind of polymerization to occur. The
polymerization of the most widely used synthetic polymers such as PP and PE
involves the use of heterogeneous catalysts (Zeigler–Natta) which are usually the
aluminium cocatalysts or titanium tetrachloride. These catalysts impart linearity to
the polymers along with the ability to yield high-molecular weight polymers [11].
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Scheme 1 Formation of polyurethane

2.2 Step-Growth Polymerization

The step-growth polymerization occurs when the monomers consist of two or more
functional groups present as end groups. The presence of more than two end groups
leads to the formation of branched or cross-linked structures leading to the forma-
tion of thermosetting polymers. Unlike chain-growth polymerization, the molecular
weight of the polymer depends on the conversion of the monomer in case of step-
growth polymerization as the degree of polymerization (Dp) will increase with the
increased conversion ofmonomer. The polymers usually formed through step-growth
mechanism include polyamides (PA) and polyurethanes (PU). For instance, in the
case of PU, the isocyanate and hydroxyl groups react to form the urethane linkage as
shown in Scheme 1. The structure of PU resembles to that of condensation polymer;
however, there is no elimination of other molecules [12].

2.3 Branched Polymers

The branched polymers may also be synthesized by employing the chain-growth
or step-growth means. The synthesis of branched polymers using the step-growth
mechanism is described below:

2.3.1 Star Polymers

The condensation of X-Y monomer usually leads to the formation of star polymer.
This reaction proceeds with the functional monomer containing functional groups
of X or Y. The reaction mechanism is shown in Scheme 2 [13].

Scheme 2 Star polymer
obtained from X-Y monomer
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2.3.2 Dendrimers

The polymers that are highly branched and follow a regular geometric pattern are
known as dendrimers. These are found to have excellent rheological properties and
are made by either divergent or convergent methods. The regions of the dendrimer
molecules include the core, interior and outer periphery. Multiple steps are involved
in the synthesis of dendrimers. Further, the dendrimers like star polymers have been
developed with novel architecture which are capable of reaching the high-molecular
weight in few steps [14].

The various synthesis routes described above have been used in synthesizing dif-
ferent polymers for targeted applications. The commercial aspect is essential when
synthesizing polymers on a commercial scale without compromising on the desired
properties such as toxicity, biocompatibility, duration of usage and post implanta-
tion effects for biomedical purposes. In order to meet the criteria for the medical
applications, the variation in the synthesis parameters such as the type of initiators,
catalysts, solvents and additives along with the sterilization mechanisms must be
carefully made. Several natural and synthetic polymers are already in use in various
medical applications, of which a few are described in the subsequent sections.

3 Biodegradable and Non-biodegradable Polymers

Compared to the conventional materials used in biomedical applications such asmet-
als, ceramics and glasses, the polymers offer a wide range of flexibility to develop
materials with a variety of structures along with the desired physical, chemical,
mechanical and biomimetic properties. The polymers may be classified as degrad-
able and non-degradable and both the classes of polymers have been extensively
explored for various biomedical uses. The schematic diagram depicting the various
biodegradable and non-biodegradable polymers for biomedical applications is shown
in Fig. 1.

3.1 Non-biodegradable Polymers and their Medical Uses

Several non-biodegardable polymers such as PP, PE, PA, polyethers and polytetraflu-
oroethylene (PTFE)/teflon are employed inmedical applications. PE and PP (olefins)
are known to be hydrophobic materials with inert nature. They have been explored
in making tubings for blood supply and heart valve, respectively [15, 16]. The use of
ultra-high-molecular weight PE (UHMWPE) has been reported for artificial joints
[17]. Also, the use of PP in hernia repair is noticeable; however, it is also known to
disrupt the surrounding tissue over a period of time [18]. Therefore, several warnings
have been laid on the usage of the material in certain medical applications. Further,
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Fig. 1 Biodegradable and non-biodegradable polymers for medical applications

Nylon 6 and Nylon 6, 6 are the most commonly employed polyamides on a commer-
cial scale. Due to the ability of nylon to be formed into fibres, it has been used as a
reinforcing agent in biomedical applications such as hard tissue engineering [19, 20].
Teflon is known to be a hydrophobic and non-degradable material which has noticed
application in vascular grafts [21]. Additionally, PMMA has witnessed a widespread
use in orthopaedics and dental applications. They have also been used as hydrogels
for haemocompatible coatings along with the contact lenses [22].

3.2 Biodegradable Polymers and their Medical Uses

3.2.1 Natural

The polymers derived from natural sources which are biodegradable in nature have
also been exploited for their use in medical applications. Various natural biodegrad-
able polymers include chitosan, collagen, starch, alginates, polyhydroxyalkanoates
(PHA), etc.

Collagen: The naturally occurring collagen is a fibrous protein which is present in
all mammals and provides structural stability to the tendons, ligaments, bones, teeth,
blood vessels, etc. [23]. Collagen exists as a triple-helix structure which is formed
by the three polypeptide chains [24]. It is available in different forms ranging from
type I to type X. The most abundant form of collagen is type I which is present in
tendons, bones, skin and cornea; whereas, type II collagen is present in cartilage,
invertebral discs and hyaline cartilage. Type III collagen is present naturally in blood
vessels, skin, internal organs, etc., and type IV is present in membranes surrounding
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the cells. Type V collagen is similar to type I in terms of its chain structure; however,
it does not contain the fibrillary structure [25]. Due to the biocompatible and non-
toxic nature of collagen and its ability to be processed into various forms, it has
been utilized in various biomedical applications including surgical sutures, wound
dressings, treatment of scars, etc. Additionally, collagen is used for the drug delivery
systems, tissue engineering scaffolds, vascular grafts, tissue sealants, dental implants,
implant coatings, substitutes for bone grafting, etc. The prediction of the degradation
rate of collagen in vivo is difficult as it can be degraded both by enzymatic and
hydrolytic means [26, 27].

Chitosan: Chitosan is the deacetylated derivative of chitin with D-glucosamine
repeating units. The degree of crystallinity of chitosan is dependent on the degree of
deacetylation. It is soluble only in acidic media. It is a biocompatible and non-toxic
material along with possessing fungistatic, haemostatic, anti-tumoural and wound
healing properties [28]. Chitosan has been widely used in drug delivery and tis-
sue engineering applications. The degradation of chitosan in vivo often occurs by
enzymatic hydrolysis. Also, the degree of deacetylation affects the degradation of
chitosan. For instance, the material with a higher degree of deacetylation retards the
degradation; whereas, that with a lower degree of deacetylation enhances the rate of
degradation. Much rapid degradation of chitosan may occur by derivatizing it with
other side chains which may possibly lead to the alteration in the chain packing,
thereby increasing the amorphous region [29–31].

Polyhydroxyalkanoates: PHAs are the polyesters derived from bacteria or
microbes, viz. A. eutrophus, R. rubrum, Rb. spaeroides [32, 33]. These are bio-
compatible and biodegradable materials and also explored for various biomedical
applications. Poly(hydroxybutyrate) (PHB) is a class of PHA which is one of the
most widely studied material as it has the properties similar to that of PE and PP.
It is a thermoplastic, hydrophobic material which can be melt processed. The glass
transition temperature (T g) of PHB is ~9 °C with Tm being 177 °C which is near to
its degradation temperature. PHB degrades into crotonic acid, and the processing of
PBH is thus difficult as compared to other materials. Due to this reason, it has been
blended with other polymers such as PVC, polyvinyl acetate (PVAc), poly(ethylene
oxide) (PEO) and polysaccharides to improve its processability. PHAs degrade into
CO2 and water in the time frame of ~6 months, and the degradation (enzymatic) of
these polymers usually depends on several factors such as temperature, pH and com-
position. PHB has been utilized in several medical and surgical devices along with
sutures, drug delivery systems, bone plates, other absorbable materials, etc. [34, 35].
Furthermore, the copolymer of hydroxybutyrate and hydroxyvalarate (PHBV) has
been used in orthopaedic applications while exploiting its piezoelectric properties
[36, 37].

3.2.2 Synthetic

Poly(glycolic acid): Poly(glycolic acid) (PGA) is hydrophilic, linear aliphatic
polyester with a high melting point (225–230 °C) [38]. The degradation of PGA
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is usually encountered by bulk erosion through ester hydrolysis [39, 40]. The degra-
dation of PGA may be regarded as biphasic, with the hydrolysis of its amorphous
region followed by the crystalline region. The use of PGA has been widely explored
in sutures, wherein the degradation may occur between 1 and 3 months. Further,
varying the pH may also affect the hydrolysis of PGA along with the crystallinity
which may be considered as the controlling factor [41, 42].

Poly(lactic acid): Poly(lactic acid) (PLA) is also a linear aliphatic polyester. How-
ever, the presence of an extra methyl group in PLA (as compared to PGA) imparts
hydrophobicity to it and leads to the increased solubility in organic solvents due to the
presence of more amorphous regions [43]. The two enantiomeric forms of PLA are
well-known, viz. poly(d-lactic acid) (PDLA) and poly(l-lactic acid) (PLLA) which
are due to the presence of a chiral centre [44, 45]. The degradation of PLA leads to the
formation of lactic acid which is naturally present in the human body. Hence, PLA
is regarded as biocompatible; however, an increase in the lactic acid concentration
in vivo may lead to the inflammatory reactions resulting in tissue necrosis [46, 47].
Due to its relatively slower rate of degradation, PLLA has been explored widely for
orthopaedic fixation devices such as bone plates, pins and screws which require the
implant stability for a longer duration unlike sutures. The tumourogenicity of PLLA
plates (20 × 10 × 1 mm) was evaluated by Nakamura et al. along with medical
grade PE plates as controls. The plates were implanted in vivo into male Wistar
rats and the tumourogenicity was evaluated for 2 years. The tumours (mesenchymal
malignant) observed were nearly similar in case of both PLLA and PE plates, and it
was found that the shape of PLLA plates was intact after 2 years with small holes
on their surface as determined from scanning electron microscopy (SEM). Thus, the
comparison of PLLA with medical grade PE suggests the application and potential
of PLLA in orthopaedic applications [48].

Poly(lactic-co-glycolic acid): In order to control the physical and mechanical
properties of the material, copolymerization is considered to be an effective strategy.
In that context, poly(lactic-co-glycolic acid) (PLGA) which is a copolymer of PLA
and PGA has received a considerable interest in various biomedical applications
including sutures [49–51]. Furthermore, the degradation rate of PLGA is highly
dependent on the individual comonomers and usually those with the equimolar ratios
are more susceptible to hydrolysis. However, the drawback of copolymerization may
be the “autocatalysis” which would lead to the heterogeneous degradation thereby
creating a differential rate of degradation and affecting the desired properties [52, 53].

Poly(ε-caprolactone): Yet, another biodegradable polymer widely explored for
biomedical applications is poly(ε-caprolactone) (PCL). PCL is found to be in a rub-
bery state at room temperature (T g ~ −60 °C) with the lower melting point (Tm ~
60 °C). It has been studied alone as well as in combination with other polymers, i.e.
blending, [54] copolymerization [55], grafting [56], etc., which has led to the forma-
tion of copolymers/blends with tailored properties for targeted applications [57]. The
degradation of PCL also occurs in two steps; however, its rate of degradation is much
slower than that of PLA. The degradation rate of PCL may further be enhanced upon
copolymerization with DL-lactide [58]. Tailoring the rate of degradation by copoly-
merizing with other suitable polymers may significantly expand its applicability in
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various fields such as orthopaedic fixation devices and scaffolds for bone regenera-
tion. [59]. Additionally, the degradation rate is governed by the molecular weight,
crystallinity andmolecular architecturewhich are the parameters important to be con-
sidered while developing materials for biomedical applications [60]. PCL has been
used as a controlled release agent in various domains due to its high permeability
[61, 62].

Polyanhydrides: Belonging to the class of hydrolytically unstable polymers,
polyanhydrides are highly reactive materials which may exist in the aromatic or
aliphatic form or the combination of these. These materials are explored for the con-
trolled drug release applications; however, at elevated temperature, these polymers
may react with the drug thereby becoming unstable [63, 64]. These are usually brit-
tle materials but the copolymerization may be an effective strategy to increase their
mechanical properties. For instance, the copolymers of 1,6-bis(carboxyphenoxy)
hexane and methacrylated sebacic acid are found to have the mechanical properties
similar to that of the cortical and trabecular bone along with biocompatible nature.
Thus, these materials may be potential candidates for orthopaedic applications [65].

Furthermore, the functionalizable biomedical polymers received a great interest in
medical uses due to their ability to carry the bioactive agents and release them at the
targeted site. The biodegradable polymer after releasing the bioactive agent would
undergo degradation inside the body and be eliminated by the metabolic pathways.
Considering the importance of functionalized polymers, Lenz and Guerin prepared
the polymers (polyesters and polyamides) based on aspartic acid and malic acid to
be used as synthetic drug carriers. The developed polymers were designated to be
non-toxic in nature and may be utilized effectively in vivo [66]. The biomedical
applications of a few biomedical polymers, copolymers and their composites are
given in Table 1.

Table 1 Biomedical applications of biodegradable polymers, copolymers and their composites

Polymer/copolymer/composite Biomedical application Reference(s)

Chitosan Biological adhesive [67]

Alginate Tissue engineering and surgical tissue
adhesion

[68, 69]

Gelatin Wound healing [70]

PLA-PGA Orthopaedic [71]

PLA/chitosan/keratin Bone tissue engineering [72]

PHBV/PLA Sutures [73]

PEEK Surgical implants, orthopaedics and
oral implants

[74–76]

PHA Tissue engineering [77]

(continued)
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Table 1 (continued)

Polymer/copolymer/composite Biomedical application Reference(s)

PMMA Drug delivery and bone cements [78, 79]

PCL Drug delivery [80]

PLGA Biosensors [81]

PLA/starch/PCL Drug delivery [82]

PU Urinary catheters and stents [83, 84]

nano-HA
(hydroxyapatite)/collagen/PLA

Bone scaffold [85]

4 Considerations for Biomedical Applications

4.1 Selection of Initiator and Catalyst

Tin octoate and various tin alkoxides have been tested widely for in vitro and in vivo
applications. Tin alkoxides have been explored in the synthesis of block and star-
shaped copolymers. A notified difference has been observed in the toxicity between
Sn2+ and Sn4+ as the cell growth is restricted in case of alkoxide initiators (Sn4+).
Reducing the amount of tin content, while using alkoxide initiators, is crucial for the
biomedical applications. The commercial medical polymers have been restricted to
the limit of 20 ppm of residual tin by Food and Drug Administration (FDA), and
beyond this, thematerials would usually be regarded as toxic. In spite of the immense
work reported on the lab-scale development of polymers using such initiators, their
large-scale reaction has been very limited. With the aim of exploiting such systems
for the industrial production, a large-scale polymerization (50 g) of PCL has been
reported by Stjerndahl et al. using 1-di-n-butyl-stanna-2,5-dioxacyclopentane as an
initiator. The reaction of the polymer with 1,2-ethanedithiol resulted in the residual
amount of tin content of ~23 ppm which was close to the limit set by FDA [86].

The conventional metal-based catalysts reported for the ROP of ε-caprolactone
although lead to the formation of polyesters with controlled molecular weight, these
catalysts may impart toxicity and add to the environmental pollution. Due to these
reasons, the application of such materials is restricted for biomedical applications.
Various other organocatalysts have been explored for the ROP of ε-caprolactone,
but they also lead to the toxicity issues along with several other drawbacks. In this
regard, the enzymatic synthesis of PCL has been reported by Duchiron et al. wherein
they utilized natural amino acids as initiators, viz. cysteine (Cys) and methionine
(Met). The functional group (thiol) present in Cys permits the grafting, branching and
cross-linking; whereas, the functional group of Met (thioether) permits the control
over the thermal resistance of the polymer (by sulphonation). Strategically, the direct
polymerization of ε-caprolactone was carried out using amino acids with andwithout
the functional groups. The reaction carried out with amino acids in the presence of
the functional groups led to the enhanced conversion and solubility in the reaction
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medium and improved affinity with the catalyst binding sites. The resultant polymer
chains consisted mainly of PCL homopolymers and such a polymerization reaction
is ought to be an efficient strategy for the development of functionalized polymers
with tailored macromolecular architecture for biomedical applications [87].

PCL, which is found to have substantial potential in various biomedical applica-
tions such as wound healing, controlled drug delivery, prostheses [88] often employs
the utilization of metal-based catalysts. The lanthanide-based catalysts are non-toxic
and may be considered as suitable materials for synthesizing polymers directly for
biomedical applications. Barbier-Baudry et al. have proposed a mechanism for the
synthesis of PCL by microwave irradiation using lanthanide halides. As compared
to the conventional methods of synthesis, microwave-assisted synthesis may aid in
synthesizing PCL with higher selectivity and yield, shorter reaction time along with
improved purity of the products. This would serve as an efficient and economi-
cal method for the solvent-free synthesis of PCL with controlled molecular weight
without involving the purification step of catalyst. Such a polymerization procedure
may be economically viable for the commercial production of PCL for biomedical
applications [89].

4.2 Sterilization Techniques

In order to use the polymers as medical devices, their sterilization (destruction of
living species on the surface) is an essential criterion. The properties of the medical
devices/implants must remain intact post sterilization, i.e. the surface or the bulk
properties along with biocompatibility must not be affected by the sterilization pro-
cedures (gamma irradiation, plasma treatment, steam autoclaving, etc.) [90]. The
sterilization of such devices using carbon dioxide (CO2) has also been explored at
mild conditions [91, 92]. As liquid CO2 (obtained by compressing beyond its critical
point, 304.2 K and 7.38 MPa) is economically viable as compared to supercritical
CO2, Jimenez et al. reported the biocompatibility of medical grade with liquid CO2

by testing the mechanical properties of the biomaterials before and after sterilizing
with CO2 (single cycle). The commercial polymers used by them were low density
polyethylene (LDPE), high density polyethylene (HDPE), UHMWPE, polystyrene
(PS), PU, silicon rubber (SI), PMMA, poly(ethylene terephthalate) (PET), natu-
ral rubber latex (NRL), ethylene propylene diene monomer (EPDM), polycarbon-
ate (PC), acrylonitrile-butadiene-styrene (ABS), poly(vinylidene fluoride) (PVDF),
poly(phenylene oxide) (PPO), nylon (PA), PVC, acetal and teflon. The mechanical
tests were performed after exposing the polymers to CO2 at 6.5 MPa (ambient tem-
perature). The decrease in the tensile strength for ABS, PVC, PMMA and PC was
significant; whereas, a slight decrease was observed in case of PET. An increase
in Young’s modulus was observed for PVC and PS which may be attributed to the
increased crystallinity, and a decrease inmodulus was evident for PMMAwhichmay
be accounted for the induced plasticization effect. A compromise in the bulk strength
was found in case of amorphous polymers, and therefore, such polymers were found



12 N. Mulchandani and V. Katiyar

unsuitable for sterilization with CO2. On the other hand, crystalline polymers may
be considered to be compatible with the proposed sterilization process. However,
these polymers must have the ability to withstand the multiple sterilization cycles in
order to be adapted for clinical uses [93].

5 Commercially Available Medical Grade Polymers

5.1 Silicone Rubbers

The subdermal devices that are implanted inside the body are usually made of sili-
cones which have been commercialized since 1943 [94]. Typically, the reduction of
silica leads to the formation of silicon (Si) which then reacts with methyl chloride to
yield dimethyl dichlorsilane. The reaction of this material with water leads to the for-
mation of the polymer. The reaction mechanism is shown in Scheme 3. The silicone
polymers serve as the precursors for the silicone rubber (SR) which is cross-linked to
form the vulcanized rubber. The SRs utilized for the medical applications are made
by incorporating vulcanizing agent and fillers, except the additives [95]. The vulcan-
ized rubbers may be further classified based on the temperature of vulcanization as
room temperature vulcanizing (RTV)-type SR [96] and heat vulcanizing (HV)-type
SR.

The RTV-type rubbers may be classified as the two-component types (presence of
catalyst) and one-component types (no catalyst required) [97, 98]. One-component

Scheme 3 Formation of silicone polymer from silica
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types are used as medical adhesives. Further, stannous octoate is the most widely
adapted catalyst (for medical applications) in case of two-component-type RTV. It
has been reported that the medical grade RTV SR upon vulcanization with stan-
nous octoate and implanting in the body does not exhibit any reaction; whereas, the
SR vulcanized with catalysts such as dibutyl tin dilaurate exhibits (used in industrial
application) severe reactionwith the tissues of the body [99]. This clearly suggests the
disagreement of the industrial grade silicone for medical applications. On the other
hand, the medical grade HV-type rubbers available are Silastic 370, Silastic 372 and
Silastic 373 [100]. These materials usually incorporate silica as the filler which is
essential for the rubber hardening. In case of medical grade SR, dichlorobenzoyl
peroxide is used as a vulcanizing agent unlike sulphur which is used for the vulcan-
ization of organic rubber [101, 102]. Thus, the medical grade SRs are synthesized
by the alternative strategies (unlike industrial) for biomedical applications/therapy.

5.2 Polyaryletheretherketones

Polyaryletheretherketone (PEEK) is a chemically inert material which is insoluble
in almost all solvents at ambient conditions. For the biomedical applications, the
inertness and insolubility are advantageous; however, these properties render the
polymer difficult to be manufactured. The synthesis of PEEK requires high temper-
ature (300 °C) which may be carried out in the presence of diphenyl sulphone or
benzophenone solvents [103, 104]. Electrophilic and nucleophilic routes have been
used for manufacturing of PEEK. PEEK produced from the electrophilic routes is
thermally unstable and requires endcapping for being processed and usually leads to
the formation of a gel while processing at high temperatures. The PEEK production
from the electrophilic routes has thus gained little commercial interest. On the other
hand, nucleophilic route has gained much interest as it provides a straightforward
path to the production of PEEK [105]. In order to synthesize high-molecular weight
PEEK, very high temperature is required (>300 °C). PEEK was commercialized by
ICI as “Victrex PEEK” in 1987 which involved the use of difluorobenzophenone to
control the molecular weight. The T g of PEEK is ~143 °C and its Tm is ~343 °C due
to which it remains in the glassy state at room temperature. Further, the utilization of
PEEKwas witnessed for the long-term implant applications after the development of
PEEK-OPTIMA by ICI in 1998. Since then, several grades of PEEK were commer-
cially made available with different trade names. The implantable PEEK materials
have been highlighted in Table 2. PEEK-OPTIMA is commercially available in three
grades, viz. general purpose grade, medium-flow grade and easy-flow grade which
are designated as OPTIMALT1, OPTIMALT2 and OPTIMALT3, respectively. The
medical grade PEEK polymers are found to have the melting temperature ~340 °C
along with possessing well melt stability [106]. The conventional methods of plastic
processing are employed for the processing of medical grade PEEK including injec-
tionmoulding, extrusion, compressionmoulding, etc. It is noteworthy tomention that
the synthetic route may probably alter the biocompatibility of PEEK, and therefore,
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Table 2 Commercially available PEEK materials for implant applications

Sr. No. PEEK trade name Commercial producer References

1. OPTIMA Invibio Ltd., the UK [109]

2. Zeniva Solvay, LLC [110]

3. Keta-Spire Solvay, LLC [111]

4. OXPEKK Oxford Performance Materials, CT [112]

5. VESTAKEEP I Evonik, Germany [113]

6. Victrex Victrex, the UK [114]

care must be taken to choose the manufacturing route while developing materials
for medical applications. Furthermore, PEEK has also been utilized in combination
with reinforcing agents such as carbon fibres for orthopaedic and spinal implant
applications [107, 108].

6 Summary

Thevarious biodegradable andnon-biodegradable polymerswith their applications in
themedical field have been discussed in the chapter. The effect of the catalyst, initiator
and sterilization techniques on the properties of the polymers has been demonstrated
which suggests that developing medical grade polymers by tailored routes may be
an efficient strategy. Further, the potential of polymers in medical applications is
witnessed through the range of commercially available grades of PEEK and silicone
rubbers. It may be inferred that tailoring the reaction pathway may lead to multiple
advantages while developing polymers for intended medical applications.
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Chapter 2
Sustainable Routes for Synthesis
of Poly(ε-Caprolactone): Prospects
in Chemical Industries

Munmi Das, Bishnupada Mandal and Vimal Katiyar

Abstract Environmental concerns associated with the hazardous and toxic
petroleum resources have created an imperative need to fabricate new biodegradable
materials having practically identical properties as that of the present polymericmate-
rials at a comparable expense. The selection and utilization of agricultural products,
such as biomass are regarded as an intriguing and sustainablemethod to lessen surplus
farm wastes and further transformation to other value-added products making itself
the most attractive replacement of fossil resources. Plastics are habitually stained by
food and other organicmatter, whichmakes their recycling unrealistic and inadmissi-
ble.Contrary to that, biodegradable polymers are naturally recycledbybiological pro-
cess, i.e., enzymatic activity of microorganisms such as bacteria, fungi and algae, and
the breaking down of polymer chains occurs by chemical hydrolysis when disposed
to the bioactive environment. Recently, biosynthetic pathway utilizing ring-opening
polymerization (ROP) of biomass-derived ε-caprolactone has grasped recognition
because ofmild reaction requirements, recyclability and ease of processing.Thus, this
polymerization can be considered as a sustainable and environment-friendly green
chemistry approach to develop bio-derived biodegradable poly(ε-caprolactone).

Keywords Sustainable · Bio-derived · Biomass · Poly(ε-caprolactone) ·
Ring-opening polymerization · Lactones

1 Introduction

Poly(ε-caprolactone): Petroleum-based biodegradable polyester Poly(ε-
caprolactone) (PCL) is one of the first polymers to be synthesized in the early
1930s by the Carothers group, but was soon replaced by quicker resorbable poly-
mers [1, 2]. PCL is well known for its inherent biodegradable and biocompatible
nature, which directs its use in the food packaging industry, drug delivery systems,
resorbable sutures and in tissue engineering [3]. The production route of PCL is

M. Das · B. Mandal · V. Katiyar (B)
Department of Chemical Engineering, Indian Institute of Technology Guwahati, Guwahati,
Kamrup, Assam 781039, India
e-mail: vkatiyar@iitg.ac.in

© Springer Nature Singapore Pte Ltd. 2020
V. Katiyar et al. (eds.), Advances in Sustainable Polymers, Materials Horizons: From
Nature to Nanomaterials, https://doi.org/10.1007/978-981-15-1251-3_2

21

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1251-3_2&domain=pdf
mailto:vkatiyar@iitg.ac.in
https://doi.org/10.1007/978-981-15-1251-3_2


22 M. Das et al.

comparatively economical in comparison with counterpart aliphatic polyesters,
hence its use in the development of biomedical devices is highly beneficial. PCL is
a linear, aliphatic semicrystalline biodegradable thermoplastic polyester consisting
of hexanoate repeating units, obtained by ring-opening polymerization (ROP) of
ε-caprolactone (obtained from crude oil through chemical conversion) [4]. Figure 1
illustrates different synthetic routes to obtain poly(ε–caprolactone). PCL can be
achieved as a result of (a) condensation of 6-hydroxycaproic acid, (b) ROP of
ε-caprolactone or (c) radical ROP of 2-methylene-1,3-dioxepane. Of all these three
techniques, ring-opening polymerization is the widely studied one [5].

Over the last twodecades, PCLhas regained attention into the biomaterials domain
of tissue engineering with the advantage of having satisfactory viscoelastic and rheo-
logical properties over other aliphatic polyesters and has become a suitable material
for manufacturing large range of implants [6, 7].

PCL is one of the hydrophobic industrially accessible biodegradable polymers
with low melting point range (58–64 °C), good chemical and oil resistance, lower
viscosity and easily processable thermal properties. It has a glass transition temper-
ature (T g) of−60 °C, indicating the semicrystalline nature of PCL which empowers
easy moldability at relatively low temperatures [8, 9]. The properties of PCL, such as
poor mechanical property, low glass transition temperature and melting point, can be
improved by blending or by cross-linking with other materials with superior proper-
ties to make it suitable for large-scale industrial applications and also to manipulate
the rate of microcapsulated drug release [10–12]. However, PCL possesses inherent
rubbery characteristics with a comparatively higher elongation at break of nearly
600% and acts as a good toughening material when used alone or enhancing the

Fig. 1 Different routes to synthesize poly(ε-caprolactone)
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Table 1 Solubility parameters of PCL in different solvents at room temperature [16]

Solvent Chloroform DCM Benzene Cyclohexanone Acetone Acetonitrile DMF Alcohol

Solubility Good Good Good Good Low Low Low Insoluble

property of blends [13]. The dissolution of PCL in different solvents is dependent
on the temperature (Table 1); for example, it is slightly soluble in acetone at room
temperature, but the solubility can be improved by increasing the temperature to
50 °C.

Although the biodegradation and hydrolysis rate of PCL depends on its molecu-
lar weight, environmental conditions and degree of crystallinity, there are numerous
microbes and fungi capable of completely degrading PCL [9, 14]. Abiotic degrada-
tion was studied in phosphate buffer and biotic degradation in soil, lake and seawater,
sewage, sludge and in compost [15]. The amorphous phase of PCL is first degraded
during the biodegradation process, which causes an increase in the degree of crys-
tallinity, without a remarkable change in the molecular weight. Cleavage of ester
bonds occurs in the next stage resulting in the weight loss of PCL. The polymer
degrades at high temperature by chain-end scission while random chain scission is
observed at low temperatures [14].

2 Ring-Opening Polymerization of ε-Caprolactone

Lactone polymerization is mostly performed in bulk or solution than in emulsion or
dispersion [17]. Bulk polymerization reactions are carried out at high temperatures
between 100 and 150 °C, while solution polymerization is carried out below room
temperature (25 °C) to avoid side reactions (inter- and intramolecular transesteri-
fication) [18]. Conventional step-growth polymerization leads to the production of
polyesters with excess monomer residues and side-products, making ring-opening
polymerization the widely used route, especially using anionic and covalent initia-
tors. The use of alkali-metal alkyls and alkoxides leads to rapid and quantitative
polymerizations, but a few transesterification reactions are also observed leading to
a broadened molecular weight distribution (MWD) [19, 20].

Ring-opening polymerization (ROP) of lactones and associated monomers is the
most efficientmethod of composing biocompatible and biodegradable aliphatic poly-
meric polyester materials. ROP enables a higher degree of control in terms of molec-
ular weight and molecular weight distribution (Mw/Mn) compared to step-growth
processes, i.e., polycondensation reactions. Original polymer topologies can also
be obtained, primarily via ROP of monomers that contain prochiral centers using
stereochemistry. The use of suitable initiators and catalysts promotes the monomer
activation and controls the rate of ROP. The driving force for the polymerization in
ROP processes depends on the reactivity and nature of the cyclic ester. It is there-
fore compulsory to select strongly active initiators and catalysts to achieve highly
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Fig. 2 Reaction scheme depicting acyl-oxygen scission of lactone

stable lactones [21–23]. Many organometallic compounds, such as oxides, carboxy-
lates and alkoxides are considered to be effective initiators of controlled polyester
synthesis using ROP of lactones, and the polymerization mechanism is dependent
on the chosen initiator [24, 25]. Stannous octoate, also known as tin(II) octoate is
extensively used as a catalyst in the ROP of ε-caprolactone, and the molecular weight
of PCL could also be tuned utilizing low molecular weight alcohols [26]. ROP of
ε-caprolactone can be achieved either by anionic, cationic, free radical, zwitterionic,
monomer activated or coordination–insertion reactionmechanism.Anionic and coor-
dination–insertion ring opening, however, are the most commonmechanisms as they
contribute to achieve high molecular weight polyesters [18, 27, 28].

2.1 Anionic Ring-Opening Polymerization

Alkali metals and their complexes with crown ethers are examples of effective ini-
tiators used in anionic polymerization. This type of polymerization can be carried
out either through a living or non-living mechanism, depending on the parameters of
the reaction such as type of initiators and monomers. The initiation of the reaction
takes place with the nucleophilic attack of a negatively charged initiator on the alkyl-
oxygen or the carbon of the carbonyl group leading to the development of linear
polyester [29–34].

The polymerization of β-lactones can be done by using potassium methoxide and
potassium tert-butoxide complexes with 18-crown-6 as initiators. In the polymeriza-
tion of ε-caprolactone or lactide, the reaction is initiated by the acyl-oxygen scission,
resulting in the formation of an alkoxide ion as a propagating species (Fig. 2). How-
ever, if ε-CL is polymerized using potassium tert-butoxide, a considerable amount
of cyclic oligomers is formed due to the backbiting reaction, and this production of
oligomers can be reduced by using lithium tert-butoxide in an apolar solvent [32].

2.2 Coordination–Insertion Polymerization

Coordination–insertion polymerization is extensively used to develop aliphatic
polyesters of well-defined structure. This polymerization technique mostly uses var-
ious aluminum and tin alkoxides and carboxylates with vacant ‘d’ orbitals acting
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Fig. 3 Lactone
polymerization using
coordination–insertion
mechanism

as corresponding coordination initiators. These initiators are effective in producing
stereoregular polymers with narrow molecular weight distribution along with well-
defined end-groups. In coordination–insertion polymerization (Fig. 3), the monomer
is inserted into the initiator’s metal-oxygen bond via acyl-oxygen scission [35–37].
ROP of lactones in the presence of these organometallic initiators results in both
inter- and intramolecular transesterification reactions, thereby leading to increased
polydispersity of the polyesters [38, 39].

These transesterification reactions are dependent on the factors such as tempera-
ture, reaction time, concentration of initiator or catalyst and nature of the monomer
(lactone/lactide) used [40, 41]. The rate of ROP is affected in high temperatures
because of the disintegration of some catalyst or initiators thereby expanding the
side reactions. Moreover, the extent of these side reactions also increases with the
increasing flexibility of the polymer backbone [42]. Initiators such as tin (II) carboxy-
lates and oxides and tin (IV) alkoxides are widely used in the ROP of caprolactone
[43]. As mentioned earlier, due to the better solubility in lactones and most of the
organic solvents, stannous octoate is extensively used to catalyze/initiate ROP of
lactones [44]. Also, the production of high molecular weight PCL with a PDI less
than 2 was observed using tin (IV) alkoxide [45]. Some other initiators used for
ROP are aluminum alkoxides, lanthanide alkoxides, etc. [46, 47]. There are also
reports of using enzymes and lipozyme IM 20, as a catalyst in the polymerization
reaction between 15-hydroxypentadecanoic and 16-hydroxyhexadecanoic acids to
obtain macrocyclic mono- and oligolactones [48].

3 Caprolactone from Biomass

Considering the environmental concerns of using toxic and harmful petroleum-based
products, the prospects of using agricultural residues to synthesize caprolactone
provide an opportunity to eliminate and regenerate value-added products, thereby
improving the process economy and making it a renewable, less-costly and sustain-
able approach [49]. Thaore et al. evaluated a bio-based synthetic pathway to develop
caprolactone from corn stover, a biomass residue. In their study, they also revealed
the energy and material balances, cost efficiency of the process and the depletion
of greenhouse gas (GHG) emissions. The reaction conditions and energy require-
ment involving the transformation of corn stover to caprolactone were integrated and
optimized using simulation study in Aspen PlusTM [50].
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Fig. 4 Biosynthetic pathway demonstrating the isolation and extraction of ε-caprolactone from
biomass

Moliner et al. developed a class of unsaturated chiral γ-lactones from levoglu-
cosenone (LGO), a pyrolysis product of acid-treated cellulose with superior optical
properties discovering application in the preparation of medicines, aromatizers and
antivirals [51]. Figure 4 illustrates the biosynthetic pathway to prepare caprolac-
tone from biomass. The intermediate products in this reaction series are fructose,
5-hydroxymethyl furfural (HMF) and 1,6-Hexanediol. HMF is obtained as a result
of dehydration of fructose catalyzed by ammonium salts such as triethyl ammonium
chloride (TEAC) at high temperatures [52].

3.1 Extraction of Hydroxymethylfurfural from Biomass

The evolution in the field of renewable non-conventional biomass energy captivated
comprehensive recognition because of the fast depletion of non-renewable conven-
tional fossil resources keeping environmental integrity in focus. Solid waste ligno-
cellulosic biomass materials such as tree trunks, barks, leaves, rice straw, rice husk,
wheat straw, wheat husk, corn stover and corncob, coconut shell and palm shell, cas-
sava pulp and sugarcane bagasse are the most copious biomass materials obtained as
agricultural residue, arboricultural residue and available around the globe. Lignin,
cellulose and hemicellulose are the main building blocks of these types of biomass
materials, and these building block substituents can deliver green value-added chem-
icals and renewable transportation fuels by incorporating various technologies. The
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bio-based green compounds obtained by transforming this biomass consist of the
latent property of producing bio-based plastics and valuable fine chemicals [53].

5-Hydroxymethylfurfural (HMF) is one of such fine chemicals which is obtained
from hexose after the acid-catalyzed dehydration reaction, and it has various applica-
tions which deliberates its property of platform chemical during the synthesis of bio-
fuels and valuable intermediate chemicals [54]. It is an important organic compound
which produces bio-based plastics, valuable chemicals and transportation fuels. The
manufacturing of HMF is done using edible glucose and fructose which suppresses
the food source while the focus is now shifting toward the use of lignocellulosic
biomass materials as a raw material such as sugarcane bagasse. The experimental
studies were performed on sugarcane bagasse by maintaining the operating tempera-
ture at 200 and 300 °C to study the temperature effect and reaction time of 3–30 min
to yield HMF from batch reactor consisting of slurry mixed with 10 ml of water and
1.2 g of solids. Among these experimental insights, the maximum yield of HMF is
obtained at temperature 270 °C and at time 10 min. This study revealed that the yield
of HMF decreases as the reaction temperature goes beyond 300 °C and the time of
reaction longer than 30min, and this happens because of intensified decomposition of
HMF and its polymerization to yield formic acid and char accordingly [55]. Regular
methods to convert biomass into HMF are described below.

Hydrolysis using Hot Compressed Water Hydrolysis reaction of cellulose and
hemicellulose delivers sugar and furan-based chemicals at numerous conditions [56].
Hydrolysis for biomass conversion using hot compressed water (HCW) got wide
range of interest among thermochemical degradationmethods [57]. In this technique,
wet biomass can be directly processed under several operating conditions which
avoids the tedious pretreatment of biomass.Watanabe et al. carried out the process of
hydrolysis using HCW for glucose adding H2SO4 and NaOH solutions for catalytic
study. They reported the results as the acid catalyst H2SO4 encouraged the HMF
production and base catalyst NaOH encouraged the isomerization of glucose into
fructose [58]. Chareonlimkun et al. experimented co-hydrolysis/dehydration reaction
for sugarcane bagasse, rice husk and corncob using HCW adding TiO2, ZrO2 and
TiO2–ZrO2 as catalyst at the temperature range of 473–673 K. The results show the
highest yields of furfural and 5-HMF with other by-products, viz. glucose, fructose,
xylose and 1,6-anhydroglucose [59].

Microwave Radiation The microwave radiations were discovered in 1947 and con-
tinuously got the interest of researchers and were developed over a period of time.
Operating wavelengths for microwave ovens are either 12.2 cm and 2.45 GHz or
32.8 cm and 915 MHz; the electromagnetic field generated by microwave radiations
in these conditions produces energy effective homogeneous heating. Production of
5-HMF from sugars and polysaccharides usingmicrowave radiation in homogeneous
and heterogeneous heating environment gives high selectivitywith lowconversion. In
this study, conditions were optimized where fructose and 9 mol% HCl combine with
potassium bromide (KBr) in water–acetonitrile mixture of ratio 1:2 volume/volume
heated at 160 °C for 1 min produces 91% of 5-HMF [60]. Riisager et al. conducted
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Fig. 5 Synthesis of methyl-ε-caprolactone from p-cresol [63]

experiments to study the influence of different parameters which affects the above-
mentioned scheme. They deliberately calculated the influence of temperature, pH,
microwave power and residence time on 5-HMF yield. When diluted fructose of 27
wt% added with 0.01 M HCl undergoes microwave radiation at 200 °C for 1 s, it
delivers 52% fructose conversion with 33% 5-HMF yield. If the reaction takes place
for 60 s, the fructose conversion will be 95% which will yield 53% 5-HMF [61].

Carbonization and Sulfonation For the production of HMF from waste biomass,
a strategic technique is followed where carbon is sulfonated and used as a catalyst.
The novel technique of sulfonated bamboo-derived carbon (SBC) is ready as a one-
pot synchronized carbonization and sulfonation method where the sulfonating agent
used is p-toluene sulfonic acid. This technique uses single step process rather than
going for uneconomical two step carbonization followedby sulfonation.The catalysts
prepared by this method help in yielding the 92.1% HMF by dehydration of fructose
[62].

4 Caprolactone from Petroleum Resources

While not much work is reported to synthesize caprolactone from petroleum-derived
components, Lundberg et al. explained a techno-economic analysis involving the
production of methyl-ε-caprolactone from p-cresol, extracted conventionally from
coal tar. According to their conceptual study, the conversion of p-cresol to methyl-ε-
CL will take place mainly in two steps, (a) hydrogenation of cresol to form methyl-
cyclohexanone followed by purification of ketone and (b) Baeyer–Villiger oxidation
to obtain methyl-ε-CL as shown in Fig. 5.

5 Microbial Synthesis of Caprolactone

Researchers have been trying to use isolated enzymes frommicroorganisms as a cat-
alyst in the biotransformation of cyclohexanone into ε-caprolactone for nearly three
decades. It has been concluded in a study that the fungus Fusarium oxysporum f.
sp. ciceri NCIM 1282, possessing redox activity is competent enough to take part in
biotransformation reaction with remarkable activity and selectivity. Following this,
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Mandal et al. usedwhole cell of this fungus to produce ε-caprolactone from cyclohex-
anone in high selectivity (99+%). The inherent redox activity of F. oxysporum con-
verted cyclohexanone to cyclohexanol initially followed by caprolactone formation
[64].Also in 2005,Xie et al. reported themicrobial synthesis of 4-Hydroxy-6-methyl-
2-pyrone, also known as triacetic acid lactone (TAL) with the highest concentration
and a yield of 6%, from glucose by utilizing TAL-synthesizing enzyme activity of
S. cerevisiae, which was cultured in a fermented-controlled condition expressing
mutant Y1572F 6-MSAS [65].

6 Future Prospects in Chemical Industries

The inherent properties of poly(ε-caprolactone) such as hydrophobicity, higher
molecular weight and flexibility empower its application as a blending material to
improve properties of PCL copolymers. PCL is also used extensively as a preliminary
component for the synthesis of other polymers, for example, polyurethanes (PUs)
and thermoplastic PUs (TPUs), thereby making it a competitive commodity in the
polymer market today. The blends and copolymers of PCL have gained attention as
they are capable of developing novel polymers suitable for remarkable biomedical
applications. However, with an increase in the consumption of this polymer, there
also lies a question in replacing its synthesis route by a sustainable approach to make
it more environment-friendly and less expensive.

Moreover, in today’s scenario, the environmental concerns related to the use of
petroleum-based resources, in terms of waste management and disposal, pose a seri-
ous threat to human society and the atmosphere. The use of biomass as a source not
only will reduce the consumption of depleting petroleum resources but also will pro-
vide a greener and economic approach to obtain important monomers from biomass.
Various strategies are formulated to acquire efficient and sustainable bio-based plas-
tics from biomass nowadays which could be recycled, reused and utilized in packag-
ing and biomedical applications. The study on the production of ε-caprolactone from
bioresources has not yet been implemented experimentally, but it can be presumed
that this pathwaywill lead to an inexpensive and sustainable approach that eliminates
waste disposal and environmental concerns.
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Chapter 3
Polymers from Carbon
Dioxide—A Route Towards a Sustainable
Future

Neha Mulchandani and Vimal Katiyar

Abstract Carbon dioxide, which is one of the major causes of global warming,
has posed alarmed issues with constant rising levels. It is, therefore, important to
look forward into its alternate uses and reduce the global environmental impact.
Various strategies for utilizing the greenhouse gas into possible-end products have
been explored considering its abundant, non-toxic and renewable nature. However,
the low reactivity of carbon dioxide has restricted its use in large-scale applications.
The current chapter highlights the reaction mechanisms for fixing carbon dioxide
into useful polymers and the challenges associated with it. The potential of carbon
dioxide as a monomer along with the role of catalyst has been discussed. The exist-
ing technologies for developing polymers from carbon dioxide along with the future
scope and applications have been portrayed. An emphasis has been laid on devel-
oping biodegradable polymers using greenhouse gas as the precursor with possible
chemical routes and their limitations. The concept of sustainable polymers has been
focused in terms of utilizing the greenhouse gas as precursor for developing the
polymers with high yields using industrially viable approaches.
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1 Introduction

Carbon dioxide (CO2) is a greenhouse gas which is available in abundant amount
in the atmosphere. The average lifetime of CO2 molecule may be considered to be
of the order of ten years before it is dissolved into the oceans [1]. CO2 is not only
available in the large amount in the atmosphere but is also regenerative in nature as
it gets integrated with the natural cycle. The constant rise in the CO2 levels has led
the researchers to focus towards the mitigation [2] or finding alternate uses of this
greenhouse gas in order to reduce the global environmental impact [3–6]. In order
to reduce the greenhouse gas from further accumulating in environment, the strat-
egy of capturing CO2 has been adopted by several researchers. However, converting
CO2 into useful end products is preferred over storing it because of its non-toxic,
renewable and inexpensive nature [7–11]. One such possibility is exploring its poten-
tial in developing monomers/precursors which would be utilized for the synthesis
of polymers [12, 13]. Conventional polymers are usually derived from petroleum-
based feedstock which is available in limited amount on the planet. At the current
rate of consumption of petroleum-based feedstock, these resources are predicted to
be exhausted by the next century [14–17]. Additionally, burning of fossil fuel leads
to the accumulation of CO2 in the atmosphere at a rate which is significantly higher
than its usage by green plants during photosynthesis [18]. Thus, finding the alterna-
tives for the petroleum-based resources is a prime concern of the present age [19,
20]. Considering this situation, using CO2 as a precursor in the synthesis of poly-
mers would not only reduce the human dependence on the fossil fuels but would also
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reduce the accumulations of the potential greenhouse gas in the atmosphere along
with developing polymers from a greener route. This strategy may aid in combating
the ongoing environmental issues. The interesting properties of CO2 at supercrit-
ical conditions, i.e. the viscosity and surface tension of CO2 being comparable to
that of gases while its solubility parameter, density and dielectric constant being
comparable to that of liquids have witnessed its exploration in replacing the organic
solvents [21–23]. However, it is difficult to fix CO2 in the chemistry of polymeriza-
tion due to its low reactivity and usually requires extreme conditions of temperature
and pressure for its reaction. Catalysis is perhaps, one of the best solutions to over-
come the thermodynamic stability of the most abundant C1 resource [24–26]. The
current chapter describes the potential of the carbon dioxide as a monomer in syn-
thesizing polymers/precursors for polymers and the mechanism involved therein.
The possible exploitation of CO2 for the effective synthesis of polycarbonate, poly-
lactone, poly(limonene oxide), etc., have been discussed followed by the existing
technologies for the commercial production of polymers from CO2. The challenges
associated with the existing technologies have been briefly described along with the
future directions to it.

2 Carbon Dioxide: Potential as a Monomer

One of the most fascinating discoveries is the synthesis of aliphatic polycarbonate
by the ring-opening copolymerization of CO2 with epoxides. Epoxides are the cyclic
ethers containing a three-atom ring, and their high reactivity is accounted for their
strained ring structure which is due to the equilateral triangle formed by the ring. It
is known that catalyst plays a crucial role in fixing CO2 in the backbone of polymers.
Additionally, the catalyst lays an essential effect on the yield, properties and appli-
cations of the polymers that are produced. In view of this, Trott et al. have reported
the important findings in the field of catalysis for the ring-opening polymerization
of CO2 and epoxide [27].

2.1 CO2/Epoxide Copolymerization

The copolymerization of CO2 with epoxidewas successfully carried out by Inoue and
co-workers in 1969 using organometallic catalysts [28]. They reported the synthe-
sis of high molecular weight polycarbonates by alternating copolymerization of CO2

with propylene oxide. Polycarbonates have been conventionallymanufactured indus-
trially by using bisphenol A (BPA) and phosgene precursors which are known for
their harmful (during foetal development) [29] and toxic natures [30], respectively.
Polycarbonates have been used substantially in food packaging, and the researchers
have found that BPA tends to hydrolyze and release from the food packages caus-
ing an increased exposure to human health [31]. This has led the scientists to focus
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towards developing plastics that are devoid of BPA [32]. In the work reported by
Inoue et al., various organometallic catalysts were tested for the copolymerization of
CO2 and propylene oxide to yield polypropylene oxide. Among various catalyst sys-
tems, diethylzinc/water (1:1) systemwas found to be themost effectivewhich yielded
the methanol insoluble copolymer at 20–50 atm CO2 pressure and 80 °C. Owing to
its high efficiency, the same catalyst system was chosen for the copolymerization of
CO2 with other epoxides such as ethylene oxide, isobutylene oxide, styrene oxide
and epichlorohydrin which were found to be soluble in methylene chloride. Their
study led to the development of polypropylene carbonate with highmolecular weight
(Mn(osm.) = 115,000). Further extending the copolymerization of CO2/epoxide,
the authors studied the copolymerization of CO2 with 1,2-epoxycyclohexane (cyclo-
hexene oxide, CHO) and 1,4-epoxycyclohexane [33]. In order to conduct the copoly-
merization, the catalyst andmonomer (epoxide) were incorporated into the autoclave
equipped with a magnetic stirrer which was followed by adding CO2. The reaction
was conducted at room temperature with CO2 pressure of ~50 atm. To the reaction
mixture, benzene was added to dilute it, followed by washing with HCl and water
and subjecting it to freeze drying. They found that the diethylzinc/water system did
not result in the copolymerization or homopolymerization of 1,4-epoxycyclohexane,
whereas the catalyst systemworked efficiently for 1,2-epoxycyclohexane suggesting
the anionic character of copolymerization. Thermogravimetric analysis (TGA) was
conducted, and the synthesized copolymer was found to degrade around 300 °C.
Further, an important aspect of stereochemistry was highlighted with a focus on the
existence of cis and trans isomers of 1,2-epoxycyclohexane. They concluded that the
carbon atom configuration where ROP of epoxide took place (at the site of attack),
the cleavage of C–O bond led to the inversion and yielded the product with trans con-
figuration. However, the drawback of the Inoue’s process was the formation of cyclic
carbonate as a by-product which resulted from the back-biting of the growing poly-
mer chain. The heterogeneous nature of the catalyst resulted in the lack of control of
the active-site which possibly led to the formation of copolymers with high polyether
content. Since the breakthrough achieved by Inoue’s group, the researchers began to
direct their efforts towards improving the efficiency and selectivity of catalysts and
its derivatives.

Mechanism
Darensbourg et al. had prepared zinc(II) phenoxides as homogenous catalysts
with available active sites for the copolymerization of CHO and CO2 to obtain
poly(cyclohexene carbonate) (PCHC) with high molecular weight (Scheme 1) [34].

Scheme 1 Synthesis of poly(cyclohexene carbonate) from cyclohexene oxide
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Table 1 Parameters for the reaction of CO2 with epoxides

Copolymer system Catalyst p (CO2) (bar) T (°C) t (h) References

CO2 + PPO ZnEt2/H2O 20–50 80 48 [35]

CO2 + CHO ZnEt2/H2O ~50 RT 45 [12]

CO2 + CHO Zn(II) phenoxides ~55 90 69 [34]

CO2 + CHO Zn-fluoroalkyl ~57 60–172 24 [36]

The reaction was carried out at 90 °C under 800 psi of CO2 for 69 h (Table 1).
They obtained high conversion of cyclohexene oxide to the final polymer with high
turnover (more than 350 g polymer/g Zn). This was followed by the development
of CO2 soluble Zn-based catalyst for the synthesis of polycarbonates by Super et al.
[21]. They synthesized fluoroalkyl monoester by using maleic anhydride, tridecaflu-
orooctanol, solution of triethylamine in toluene reagents followed by its purification
and its reaction with zinc oxide in order to form Zn-fluoroalkyl catalyst. They further
utilized the catalyst for the reaction of CHOwith CO2 at ~850 psi of CO2 (its vapour
pressure). They fixed the catalyst to monomer ratio and varied the temperature for
synthesizing the series of polymers. The maximum yield of the polymer (440 g poly-
mer/g Zn) was achieved at 110 °C. Further, a series of reactions were carried out with
varying the pressure (1000–5000 psig) and fixing the temperature and time to 110 °C
and 24 h, respectively. The maximum conversion and selectivity were achieved at
2000 psig pressure being ~75% and ~55%, respectively.

2.2 CO2/Alkyne Copolymerization

Copolymerization of CO2 with alkynes involves the carbon–carbon triple bonds as
the building blocks for the reaction. This is a unique technique developed to yield
poly(alkanoate)s with high weight average molecular weight (Mw ~ 31,400). The
reaction of CO2 with alkyl dihalides and diynes in presence of Ag2WO4 catalyst,
Cs2CO3 additive along with N,N-dimethylacetamide (Scheme 2) was reported by
Song et al. which resulted in poly(alkanoates) with high yields (~95%) possessing
superior thermal and chemical stability [37]. The reactions were conducted at very
mild conditions (80 °C, 12 h). Such efficient and robust reaction resulting in high
yield of the final productmay be considered as an industrially viable process. Further-
more, the reaction of CO2 with alkyl dihalide and triphenylamine (TPA) containing

Scheme 2 Polymerization reaction of dienes, alkyl halide and CO2 in presence of Ag2WO4 and
Cs2CO3
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diyne led to the formation of telechelic polymer via step-growth polymerization.
The synthesized telechelic polymer can be used for the synthesis of high molecular
weight functional polymers by continuously adding alkyl dihalide in presence of
catalyst and CO2. The direct conversion of CO2 into useful end products such as
poly(alkanoate)s reports the potential of the greenhouse gas in useful chemical reac-
tions under mild conditions. The synthesized poly(alkanoates) may be considered as
polyesters due to their structure and may be hydrolyzed under alkaline environment
at ambient conditions in few minutes which makes them as promising materials for
biomedical as well as engineering applications. In this regard, utilization of CO2 for
the development of end product that is biodegradable lays a significant impact and
may be a solution to the current environmental issues.

Mechanism
See Scheme 2.

2.3 CO2/Olefin Copolymerization

The copolymerization of CO2 with olefins has been a subject of broad interest;
however, it is restricted by the propagation step which is endothermic; and on several
occasions, homopolymerization of olefin takes place due to the reaction failure. In
this regard, Nakano et al. have adopted a unique strategy to overcome the barriers
associated in the reaction by using a lactone intermediate. The copolymerization of
CO2 with 1,3-butadiene led to the formation of 3-ethylidene-6-vinyltetrahydro-2H-
pyran-2-one (lactone) which was followed by the homopolymerization of lactone
[38] as shown in Scheme 3. The synthesized copolymers consisted of 33 mol% CO2

which was consistent with the theoretical values. Furthermore, they extended their
research to develop one-pot copolymerization process of CO2 and butadiene along
with one-pot terpolymerization process which was considered to be a sustainable
and scalable process. They had used a mixture of dienes such as butadiene, isoprene
and 1,3-pentadiene by varying their molar ratios and reacted with CO2 in presence of
palladium acetylactenoate, triisopropylphosphine and ethylene carbonate at 80 °C.
The reaction time was varied from 3 to 20 h for the mixture of dienes. Furthermore,
the synthesized lactones were subjected to polymerization in presence of 1-1′-azobis
(cyclohexane-1-carbonitrile) and zinc chloride which resulted in the formation of
terpolymers, i.e. (CO2/butadiene/isoprene and CO2/butadiene/1,3-pentadiene) with
molecular weights (Mn) 5,500 and 16,000 and yields of 46% and 35%, respectively.

Scheme 3 Copolymerization of CO2 with butadiene by radical polymerization
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Additionally, the glass transition temperature of these polymers was found to be
63 °C and 33 °C, respectively. The authors concluded that their process had the
potential to be utilized on a large scale in order to synthesize the synthetic polymers
via a green and sustainable route.

Mechanism
The selective telomerization of 1,3-butadiene with CO2was carried out by Balbino
et al. to develop lactones [39]. The catalyst used was Pd/phosphine along with p-
hydroquinone, N,N-diisopropylethylamine and acetonitrile as solvent. They used a
series of phosphines as shown in Table 2 to be used as ligands for the Pd catalyst.
They carried out the reactions at 30 bar pressure of CO2 and 70 °C for 5 h. The major
products obtained were lactones and dimers. They also found that the telomerization
reaction did not take place in the absence of phosphate ligand. The turnover number
(TON) obtained by usingPTpOMEwas 4500with 96%selectivity yielding δ-lactone.
The reaction was deactivated after 5 h by 1,3-dialkylimidazolium ionic liquids.

2.4 CO2/Diol Copolymerization

The direct copolymerization of CO2 with diols was attempted by Kadokawa et al. by
taking into consideration the conventional processes which usually require high cost
or hazardous chemicals for the production of polycarbonates. The reaction of CO2

with p- and m-xylelene glycols was carried out in presence of condensing agents
to yield poly(xylylene carbonate) [40]. Furthermore, the direct copolymerization
of CO2 with 1,4-butanediol was carried out by Tamura et al. wherein the catalyst
used for the reaction was cerium oxide (CeO2) in presence of 2-cyanopyridine as a
promotor [41]. They carried out the reactions in an autoclave wherein they inserted
the catalyst, promotor along with 1,4-butanediol. They purged the reactor with CO2

(1 MPa) thrice followed by pressurizing the autoclave with CO2 (5 MPa) at room
temperature. Later, they heated the autoclave to 433 K (CO2 pressure: 12 MPa)
under constant stirring followed by immersing in water bath to achieve cooling.
The mixture of THF and 1-hexanol was used as solvents which were added to the
liquid phase. The resulting co-oligomers were precipitated followed by filtration and
analysed by gas chromatography coupled with mass spectrometer (GC-MS), nuclear
magnetic resonance (NMR), size exclusion chromatography (SEC), high-pressure
liquid chromatography (HPLC) and matrix-assisted laser detection ionization-time
of flight (MALDI-TOF). The reaction possibly takes place in the following steps
which is shown in Scheme 4.

1. 1,4-butanediol adsorbs on the surface of CeO2 resulting in alkoxides.
2. CO2 is inserted into the alkoxide and species resulting in the formation of

carbonates.
3. The nucleophilic attack of oxygen (present in alkoxide) to the carbonates leads

to the formation of carbonate.
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Table 2 Phosphines used as ligands for the Pd catalyst

Sr.
no.

Ligands Structure

1. PPh3 [Triphenylphosphine]

2. Dan2phos

3. PTmmCF3
[tris(m,m-di-trifluoromethylphenyl)
phosphine]

P

CF3 CF3

CF3F3C

CF3F3C

4. PToME [triphenylphosphine]

P

CH3

H3C

CH3

(continued)
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Table 2 (continued)

Sr.
no.

Ligands Structure

5. PTpME

P

CH3

H3C CH3

6. PTpOME
[tris-(p-methoxyphenyl)-phosphine]

4. The water (H2O) produced in the above step is removed by the hydration of
2-cyanopyridine to 2-picolinamide in presence of CeO2.

5. The reaction of carbonate with the co-oligomer results in the formation of
polytetramethylene carbonate.

Mechanism
See Scheme 4.

2.5 Other Methods

2.5.1 Polymethacrylates from CO2

It is possible to obtain five-membered cyclic carbonates by the reaction of CO2 with
epoxides under mild conditions. However, these reactions suffer from the drawbacks
of the multiple steps required to transform CO2. For instance, poly(methacrylates)
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Scheme 4 Polytetramethylene carbonate formed by the reaction of 1,4-butanediol, cerium oxide
and CO2

(utilizing CO2) are usually prepared by two-step reaction and require an additional
purification process along with high reaction time. To overcome these drawbacks,
Ochiai et al. proposed a single-step reaction for the radical polymerization of glycidyl
methacrylate (GMA) along with CO2 fixation [42]. They carried out the radical
polymerization of GMA under CO2 environment (1 atm) and lithium bromide (LiBr)
and 2,2-azobisisobutyronitrile (AIBN). They conducted the reactions in N-methyl
pyrrolidinone (NMPy), N,N-dimethyl formamide (DMF), 1,4-dioxane (Diox) and
dimethyl sulfoxide (DMSO) solvents. The poor solubility of LiBr in Diox resulted
in the negligible fixation of CO2. The reactions carried out in presence of NMPy at
lower temperature led to the decrease in the CO2 incorporation ratio as well as the
yield which may be due to the polymerization reaction occurring much faster than
that of CO2 fixation. It was found that the LiBr could control the carbonation degree.
The trials had been made by employing benzoyl peroxide as an initiator which was
not effective possibly due to the lower conversion of themoieties with double bond or
side reactions (may be speculated as the colour of obtained after the polymerization
was red). The typical reaction scheme for the radical polymerization of GMA along
with CO2 fixation is shown in Scheme 5.

Mechanism
See Scheme 5.
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Scheme 5 Synthesis of poly(gycidyl methacrylate) from CO2

2.5.2 Bioderived Epoxides from CO2

Although several epoxides have been explored for the reaction with CO2, not much
focus has been laid on the bioderived epoxides. d-limonene is the cyclic monoter-
pene which is usually extracted from the orange peel. Limonene oxide is available
in abundant amount which is structurally similar to cyclohexene oxide and has low
cost. The alternating copolymerization of limonene oxide and CO2 was reported by
Byrne et al. under mild conditions to yield polycarbonates [43]. The copolymeriza-
tion was carried out using β-diiminate zinc acetate as catalyst. They observed that
the catalyst led to the formation of regioregular polycarbonate with high selectivity
of trans isomer at 25 °C and 100 psi pressure of CO2. The resulting copolymer was
found to have a narrow molecular weight distribution with >99% carbon linkage.
Furthermore, Kindermann et al. reported the reaction of limonene oxide with CO2

in presence of Al(III) complex catalyst to develop poly(limonene) dicarbonate [44].
They mixed limonene oxide (cis/trans mixture), bis-triphenylphosphine iminium
chloride (PPNCl) and catalyst and placed inside the stainless steel reactor followed
by purging with CO2 thrice. The reactor pressure was increased to 15 bar with tem-
perature 45 °C, and the reaction was carried out for 48 h. The resulting material was
poly (limonene carbonate) which was dissolved in dichloromethane and oxidized at
0 °C using 3-chlorperbenzoic acid for 12 h to form poly(limonene-8,9-oxide carbon-
ate). Further, PPNCl was used as a nucleophile to copolymerize the epoxide with
CO2. They were able to obtain the polycarbonates with glass transition (T g) as high
as 180 °C and highmolecular weight (1.3–15.1 kg/mol) through sequential approach.
The reaction mechanism is shown in Scheme 6. The developed polycarbonates find
applications as precursors for the coating materials, and formation of polymer blends
with tailored properties.

Mechanism
See Scheme 6.
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Scheme 6 Poly(limonene)
dicarbonate from cis/trans
limonene oxide

3 Existing Technologies for Making Polymers from CO2

Novomer Inc. (USA) founded by Geoffrey Coates (Cornell University graduate) has
initiated the production of polyols (copolymers resulting from epoxides and CO2)
which have the applications in light-weight polyurethane foams. The Novomer tech-
nology may also be adopted by Ford Motor Co. to use polyols in the cushions of
the automobile seats. This will indeed lay a great impact on the society [45]. Also,
the industrial production of poly(propylene carbonate) has been witnessed in China
which aims at producing poly(propylene carbonate) (average mol wt. of tens of
thousands) by using diethylzinc-glycerol system (Nd(CCl3COO)3) [46]. NornerTM,
a Norway-based company has also actively been involved in the development of
CO2-based polycarbonates. It has been able to design a continuous process for the
production of polycarbonates and is aiming towards developing pilot scale process
and commericialization of the product [47]. Researchers from Rutgers University
have established a startup “RENEWCO2” which is the outcome of the project carried
out under Prof. Charles Dismukes. They have developed an electrochemical method
to convert CO2 and water into polymers using the nickel and phosphorous-based
catalysts [48]. A German-based company “Covestro” headed by Markus Steilemann
has developed CO2-based polyols which are used to make the synthetic sports floor-
ing. They have made a novel CO2-based binder for sports flooring which has been
installed at the Crefelder Hockey and Tennis Club which is one of the leading hockey
facilities in Germany. These CO2-based materials are replacing ~20% of fossil fuels
that are required for the production of polymers [49].

4 Current Challenges and Future Scope

Utilization of CO2 as a feedstock for the development of sustainable polymers could
be a possible approach in reducing the human dependence on the non-renewable
resources that are currently being utilized for the production of plastics. The resulting
polymers by fixing CO2 may serve as good candidates for replacing the conventional
plastics due to their attractive properties such as biodegradability and biocompati-
bility. CO2-based polymers may also be explored in biomedical applications such
as implants. The most widely explored polycarbonate from CO2 is quite similar
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to the currently used thermoplastics in terms of its characteristics such as being
processed by the conventional moulding techniques. Due to its easy processabil-
ity, it has obtained a commercial acceptance. However, the lower glass transition
temperature of these materials restricts their usage in certain applications and thus
blending with conventional polymers such as polyethylene (PE) and polypropylene
(PP) may serve as an effective strategy in achieving optimum properties for end-
use applications. Nevertheless, the complete potential of these materials is yet to
be explored as the technological development is still at an early stage. Addition-
ally, the other polymers/copolymers such as poly(methacrylates), poly(lactones) and
poly(methacrylates) require insights into the chemistry to scale up the process to
a commercial level. These methods, if developed may bring a global transforma-
tion in terms of replacement of various petroleum-based precursors and thus reduce
the global environmental impact. Furthermore, the cost of the polymers plays an
important role in commercialization of the product. It requires a great deal of sci-
entific effort in lowering the cost of the CO2-based polymers in order to compete
with the existing fossil-based polymers. Thus, it can be said that the development of
CO2-derived polymers has given a pathway for adopting a renewable and non-toxic
route in order to save the planet from further worsening but the complete revolution
towards sustainability would require cost-effective strategies.
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Chapter 4
Production, Characterization,
and Applications of Biodegradable
Polymer: Polyhydroxyalkanoates

Sushobhan Pradhan , Pritam Kumar Dikshit
and Vijayanand S. Moholkar

Abstract The usage of petroleum-based polymers by the human beings has
enhanced the quality and comfort of life in the recent decades. These polymers
are extremely persistent in the environment, and none of the conventional techniques
can effectively degrade such polymers. A remedy to this issue is the application of
biodegradable polymers from different organic sources. Biodegradable polymers are
comprised of monomers that are linked with one another through various functional
groups with unstable links in the backbone. During degradation, these polymers are
broken down into molecules that are degradable by conventional biological tech-
niques. Biodegradable polymers have been synthesized from four different sources:
agro-resources, microorganisms, biotechnological renewable sources, and classical
chemical synthesis. Polyhydroxyalkanoates (PHAs) are one of the prime substitutes
for conventional plastics because they are derived from renewable feedstock by fer-
mentation and are completely biodegradable upon disposal. The fermentation route
for the synthesis of PHAs is one of the best substitutes for petroleum-derived poly-
mers. PHAs have excellent physical characteristics, such as low toxicity and high
molecular weight, and they can be naturally produced from several carbon sources
using numerous microorganisms. Moreover, they possess mechanical and physical
properties similar to synthetic plastics such as polyethylene and polypropylene like
tensile strength and melting point, etc. More than 300 different types of bacteria,
including both gram-positive and gram-negative strains, produce PHAs. In order to
reduce the production cost of PHAs, several inexpensive substrates, such as whey,
malt, soy and starch waste, palm oil, beet, and cane molasses, are being used. In the
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recent past, several invasive weed biomasses have been used in the microbial fer-
mentation process for the production of PHAs. This invasive alien species (IAS) is
non-native to an ecosystem and when introduced outside its natural habitats, affects
the native biodiversity in almost every ecosystem. Hence, the production of Poly(3-
hydroxybutyrate) (PHB) using these invasive weeds is a brand new technology for
the production of biodegradable polymers. Various blends like copolymers have been
developed to improve the cost, performance, andphysical properties ofPHAs.Several
PHA nanocomposites have been developed to enhance mechanical properties. PHAs
degrade into carbon dioxide andwater under aerobic conditions and tomethane under
anaerobic conditions without any harmful products. These biopolymers can also be
degraded either by thermal mode or by enzymatic hydrolysis. The last two decades
have seen a shift from bio-stable materials to biodegradable (i.e., hydrolytically and
enzymatically) materials for medical and related applications. Initially, PHAs were
used in the packaging industry, but their importance was later shifted to the medical
industry, pharmacological, and agricultural sectors. This chapter addresses the syn-
thesis and benefits of PHAs over petroleum-derived polymers, their biodegradable
characteristics, and applications in several sectors.

Keywords Biodegradable polymer · Polyhydroxyalkanoates · Fermentation ·
Microorganism · Copolymers · Carbon substrate

1 Introduction

The world has witnessed the consumption and side effects of fossil fuel derivatives
for the last two centuries. This extensive usage of petrochemical derived polymers is
accountable for worldwide ecological imbalance in several sectors: the plant king-
dom, aquatic and terrestrial life, food chains, and stability of the earth’s atmosphere
[1]. These polymers are extremely persistent in nature, and an alarming accumulation
of such plastics have caused problems in safe disposal, recycling, landfilling ofwaste,
bio- or photo-degradation, and incineration. Therefore, the demand for biodegradable
polymers has become an urgent need of the hour. Biodegradable polymers consist of
monomers that are linked with each other through various functional groups having
unstable links in the backbone. Several biologically accepted molecules form in the
course of the degradation process of these polymers. Biopolymers are usually devel-
oped from four different sources: biomass/agricultural products, microorganisms,
biotechnologically renewal sources, and chemically synthesis route. A schematic of
various types of biodegradable polymers has been illustrated with examples in Fig. 1
[2].

Among several categories of biodegradable polymers, polyhydroxyalkanoates
(PHAs) are one of the most promising alternatives to replace the petroleum-derived
polymers because of their excellent physical properties. They resolve the problem of
the accumulation of conventional non-biodegradable polymers. These polymers are
commonly produced by a wide variety of microbial routes. They can be degraded
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Fig. 1 Classification of
biodegradable polymers

under both aerobic conditions (with water) and anaerobic conditions (methane and
water). PHAs are the polyesters, which consists of various repeated chains of hydrox-
yalkanoates (HAs) with different side chains. It is reported that more than 150 types
of (R)-3-hydroxy fatty acids have been identified as part of the PHA family [3].
Because of biodegradability and biocompatibility characteristics, PHAs are of inter-
est for potential research and its commercialization. Saturated, unsaturated, branched,
and substituted alkyl groups [4] can replace the monomer unit R group in PHAs.
Polyhydroxybutyrate (PHB) is the most common and simplest polymer of PHAs
family. These polymers are produced intracellularly with an excess of carbon source
and essential elements required for growth like carbon, oxygen, nitrogen, phospho-
rus, sulfur, hydrogen, etc. in a limiting condition. Despite the several advantages of
PHA over petroleum-derived polymers, the high cost of production of PHA limits
its extensive use and makes it inefficient in replacing the conventional plastics. Pro-
curement of pure carbon sources, sterilization of equipment to prevent contamination
and pathogenic activity, lower production capacity of fermentation reactors, and the
requirement of pure solvents during the extraction process enhance the cost of pro-
duction [5]. Therefore, in order to reduce production, the cost use of waste organics
like industrial sludge, agricultural and food waste, lignocellulosic biomass will play
a vital role. Moreover, recently researchers have been focusing on the preparation
of mixed cultures (or recombinant microbial strains) compared to refined cultures,
which is commercially viable [6]. A typical flowsheet has been illustrated in Fig. 2
to analyze several pathways for the production of PHAs, which includes both con-
ventional and economical routes. This chapter provides a systematic study about
PHA-producing microbes and potential carbon substrates, metabolic pathways for
their production, extraction and characterization of PHAs, its biodegradability nature,
and applications in several sectors.
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Fig. 2 Pathways for the production of PHAs

1.1 Historical Overview

Maurice Lemoigne first synthesized polyhydroxyalkanoates (PHAs) in 1923, using a
gram-positive bacteria Bacillus megaterium as a carbon storage compound [7, 8]. He
described the biodegradable polymer as an ether-insoluble lipid in a French journal.
During the period of 1923–1951, he published 27 articles and postulated that PHBcan
be produced by a variety of microorganisms [9]. In 1958, WilkinsonMacre observed
that by increasing the concentration of carbon sources like glucose and nutrient
elements like nitrogen, accumulation ofB.megaterium granules increased [10]. Later
on, researchers synthesized P(3HB) using several microorganisms of bacteria genera
like Pseudomonas, Azotobacter, Hydrogenomonas, Chromatium, a cyanobacterium,
andmany others during 1959–1973 [11]. In 1974,Wallen et al. first reported that PHA
can be synthesized by extracting the carbon source from activated sludge [12]. Later,
numerous compounds of PHAs were developed by several microorganisms using
different carbon sources. In 1990s, Alcaligenes eutrophus was used for production
of PHB, which accumulated up to 75% of dry cell weight [13]. The bacterium was
later renamed asRalstonia eutropha, which was again retitled toWautersia eutropha.
At present, R. eutropha is one of the most promising microorganisms that have been
discovered for efficient production of PHAs from several carbon sources.

1.2 General Structure and Classification
of Polyhydroxyalkanoates (PHAs)

PHAs are polyesters of HAs and the general structure formula is given in Fig. 3a
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Fig. 3 Structure of polyhydroxyalkanoates (PHAs)

with its IUPAC nomenclature. In Fig. 3a, the commonly used polymers are shown by
varying the pendant group R. Generally, based on the monomer units, the PHAs are
classified into three different categories. Short-chain-length (scl) PHAs are composed
of monomers with 3–5 (C3–C5) carbon atoms. Carbon numbers ranged from 6 to
14 (C6–C14) are categorized as medium-chain-length (mcl) PHAs. Similarly, the
long-chain-length (lcl) PHAs have carbon atoms greater than 14 (>C14). The most
commonly produced PHAs are scl-PHAs that possess a tensile strength as high as
polypropylene. Most mcl-PHAs are elastomeric and semi-crystalline in nature. lcl-
PHAs are very infrequent and are the least studiedmaterials among all types of PHAs
[14]. Depending upon the type of monomer present in the PHAs, it can be divided
into two types: homo-polymer PHA and hetero-polymer PHAs. If the monomer unit
consists of one type of 3-hydroxy fatty acid, then it is called as homo-polymer PHA.
Hetero-polymer PHA contains more than one type of fatty acid of varying chain
length [15]. A schematic of hetero-polymer or copolymer PHA has been shown in
Fig. 3b. The polymers can be biosynthesized by a wide range of microbes (i.e., gram-
positive and gram-negative bacteria) as an intracellular carbon source and energy
storage compounds.

1.3 Physical Properties of PHA

The physical properties of scl-PHAs and mcl-PHAs are given in Table 1 [3, 5, 16].
It can be observed that different scl-PHAs and mcl-PHAs show a wide distribu-
tion ranging from wooden fibers to petroleum-based polymers (i.e., polyethylene
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Table 1 Comparative physical properties analysis of scl-PHA and mcl-PHA

scl-PHA mcl-PHA

Melting point Tm (°C) ~180 ~60

Glass transition temperature Tg (°C) ~ 0 ~ −40

Tensile strength (MPa) Lower Higher

Average molecular weight Higher Lower

Crystallinity (%) 70 40

Tensile strength Higher Lower

Extension to breakage Lower Higher

Elasticity Lower (brittle) Higher

and polypropylene). The mcl-PHAs have lower glass transition temperatures, crys-
tallinity, molar mass, and tensile strength compared to scl-PHA. They also have a
wide range of melting temperatures varying from 170 to 180 °C and high elongation
at break compared to scl-PHA.mcl-PHAs are flexible and elastomeric, but scl-PHAs
are stiff and brittle in nature [14, 17].

Similarly, Table 2 shows major physical properties of PHAs, polypropylene,
HDPE, and LDPE [18–20]. The PHAs possess similar material properties as
polypropylene, whereas polypropylene has better mechanical properties compared
to PHAs. In addition, it can be observed that the physical properties can be altered
by introducing a co-monomer into the polymer backbone.

Table 2 Physical properties of PHB, P(3HB-co-3HV), polypropylene, HDPE, LDPE

P(3HB) P(3HB-co-3HV) Polypropylene HDPE LDPE

Melting point
Tm (°C)

162–181 64–171 160–169 130–137 105–125

Glass
transition
temperature
Tg (°C)

−4 to 18 −13 to 10 −14 to −6 −125 to −
90

−125 to −
90

Tensile
strength
(MPa)

19–44 1.8–51 28–40 20–40 7–17

Tensile
Young’s
modulus

1.2–4 0.14–8.7 1.1–2 0.7–1.4 0.14–0.3

Elongation at
break (%)

0.8–4.5 1–970 20–75 100–1000 200–900

Density 1.18–1.26 1.18–1.26 0.90–0.91 0.95–0.97 0.92–0.93

Crystallinity
(%)

50–80 53–56 50 79.8–81 43
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2 Production of PHAs

Biologically derived polymers have created significant impacts on petroleum-derived
polymers in terms of the green synthesis method and environmental friendly applica-
tions. Biotechnological production of PHA is carried out via two routes: (1)microbial
fermentationmethod and (2) plant-based production system. Significant research has
been carried out toward bacterial production of PHAs in recent years, and substantial
efforts are in progress to improve the production process [21, 22]. The worldwide
production of bio-based polymers is expected to reach 17 million tons (~3 times
higher) by the end of 2020 in comparison to 5.1 million tons in 2013 [23].

2.1 PHA-Producing Microorganisms

The biopolymers, PHAs, are synthesized bymicroorganisms as an intracellular prod-
uct for storage of carbon and energy under nutrient-limited conditions [24]. In the
presence of excess carbon source and limitation of nitrogen, phosphorus or oxygen
in the growth media facilitates microorganisms to synthesize PHAs as an energy
reserve material [25]. In 1926, French scientist Lemoigne first discovered poly (3-
hydroxybutyrate) (PHB) in B. megaterium cells [26]. Since the discovery of PHB,
more than 90 various bacterial genera and up to 300 species (both gram-positive
and gram-negative) have been recognized as PHAs producers in both aerobic and
anaerobic conditions [27, 28]. However, Cupriavidus necator, formerly known as
A. eutrophus or R. eutropha, is one the most widely used strain for the production
of PHAs. This was the first bacterial species used in the industrial production of
P(3HB-co-3HV) copolymer by Imperial Chemical Industries (ICI) [23]. Types of
PHAs depend on the bacterial strain used for the production process, and the produc-
tion can reach up to a level of 90% dry cell weight depending on the microorganism
used. PHAs production process categorizes bacteria community into two groups. In
the first group, the PHAs are not accumulated as growth associated product, and
they are often produced as energy reserve materials upon depletion of phosphorus,
magnesium, nitrogen, or oxygen in the medium. For example, the bacteria such as
R. eutropha, P. oleovorans, and P. putida belong to this group, whereas the second
group does not require any nutrient limitation to accumulate PHAs, and these are
accumulated during growth phase [29]. Recombinant Escherichia coli belongs to
the second group [30]. The list of PHA-producing genera reported in the literature is
provided in Table 3 [31]. From the past several years, PHAs have been known to be
an intracellular product, as it accumulates in the cytoplasm of bacterial cells. How-
ever, Sabirova et al. reported extracellular production of PHAs using a genetically
modified Alcanivorax borkumensis SK2 strain [32].

In addition to several wild-type PHA producer strains, certain efforts have also
beenmade todesigngenetically recombinant strainswith improved features for PHAs
production. Introduction of appropriate genes into non-PHA-producing strains such
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Table 3 List of genera known to be the producer of PHAs

Acidovorax Clostridium Leptothrix Rhodobacter

Acinetobacter Comamonas Methanomonas Rhodococcus

Actinobacillus Corynebacterium Methylobacterium Rhodopseudomonas

Actinomycetes Cupriavidus Methylocystis Rhodospirillum

Aeromonas Cyanobacterium Methylomonas Rubrivivax

Alcaligenes Defluviicoccus Methylosinus Saccharophagus

Allochromatium Delftia Methylovibrio Shinorhizobium

Anabaena Derxia Micrococcus Sphaerotilus

Aphanothece Ectothiorhodospira Microcoleus Spirillum

Aquaspirillum Erwinia Microcystis Spirulina

Asticcaulus Escherichia Microlunatus Staphylococcus

Azomonas Ferrobacillus Moraxella Streptomyces

Azospirillum Gamphospheria Mycoplanaa Synechococcus

Azotobacter Gloeocapsa Nitrobacter Syntrophomonas

Bacillus Gloeothece Nitrococcus Thiobacillus

Beggiatoa Haemophilus Nocardia Thiococcus

Beijerinckia Haloarcula Nostoc Thiocystis

Beneckea Halobacterium Oceanospirillum Thiodictyon

Brachymonas Haloferax Oscillatoria Thiopedia

Bradyrhizobium Halomonas Paracoccus Thiosphaera

Burkholderia Haloquadratum Paucispirillum Vibrio

Caryophanon Haloterrigena Pedomicrobium Wautersia (Cupriavidus)

Caulobacter Hydrogenophaga Photobacterium Xanthobacter

Chloroflexus Hyphomicrobium Protomonas Zoogloea

Chlorogloea Klebsiella Pseudomonas

Chromatium Lamprocystis Ralstonia

Chromobacterium Lampropedia Rhizobium

as E. coli can enable the microorganism to synthesize biopolymers. Wang et al.
reported an accumulation of 90% P(3HB) by using genetically modified E. coli
strain [33]. Several studies also reported a successful integration of PHA-producing
gene from various microorganisms such as C. necator, Pseudomonas aeruginosa,
Alcaligenes latus, Thiocapsa pfennigii, and Streptomyces aureofaciens, into a E. coli
strain [23]. These recombinant strains hold several advantages over the wild type of
PHA-producing strains in terms of higher production capacity and diversity in the
substrate selection.

Apart from using pure cultures of wild or recombinant strains, several studies
also reported the use of the mixed microbial culture as an effective technique for
PHA production. Different microorganisms belonging to several groups carry out
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PHA synthesis in the mixed culture. The major advantages of using mixed cultures
in comparison with pure cultures are reduction in process costs, exclusion of steril-
ization process, and minimum control requirements. The other advantage of mixed
culture is its ability to utilize a wide range of substrates, including agro-industrial
wastes. Ashby et al. observed an increase in PHA content and maximum substrate
(glycerol) utilization through mixed cultures of Pseudomonas corrugate and Pseu-
domonas oleovorans [34]. Mixed cultures also proved favorable for PHA production
using effluent from the starch and wood mill industry [35, 36]. However, low PHA
content and less volumetric productivity (cell mass) are themajor drawbacks of using
mixed cultures in the PHA production process. These limitations can be surmounted
by strain development and improving fermentation methods.

2.1.1 Metabolic Pathways

Three major pathways such as fatty acid β-oxidation, de novo fatty acid synthesis,
and carbohydrates biosynthesis associated with the metabolism of PHA are depicted
in Fig. 4 [37]. Microorganisms that follow the de novo biosynthesis pathway utilize
glucose, gluconate, or acetate as carbon source,while fatty acids are utilized as carbon
source in a β-oxidation pathway [38]. The enzymes responsible for PHA synthesis
and their respective coding genes are the same in different bacteria. PhaA, PhaB, and

Fig. 4 Metabolic pathways of PHA synthesis
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PhaC are someof the essential coding genes synthesizing β-ketothiolase, acetoacetyl-
CoA reductase, and PHA synthase enzymes, respectively. At the same time, few other
secondary genes required for PHA formation are PhaE, PhaF, PhaZ, and PhaP. Most
of the bacteria such as C. necator, Aeromonas hydrophila, or Pseudomonas stutzeri
follow the common three-step pathway for PHA biosynthesis using acetyl CoA as
the precursor. Acetyl CoA, the end product of carbohydrate metabolism, is further
converted into acetoacetyl CoA followed by 3-hydroxybutyryl CoA, the substrate
for PHA synthesis. Fatty acid β-oxidation and de novo fatty acid synthesis are the
two other pathways for PHA synthesis apart from the above-mentioned pathway.
Maximum amount of PHA is reported to be produced from a fatty acid synthesis
pathway [37]. The produced polymer composition is directly related to the substrate
composition used for the growth of the microorganisms. Short-chain volatile fatty
acids are reported to be the most suitable substrates for the PHA production by
bacteria [39].

2.2 Substrates for PHAs Production

Appropriate substrate selection improves biomass yield, reduces fermentation cost,
and aids in an easy separation of product from fermentation mixture. Selection of
carbon source for PHA production primarily depends on the microorganisms used
in the fermentation process. The substrate for PHAs production varies from simple
commercial sugars (glucose, sucrose, glycerol, etc.) to innumerable waste prod-
ucts including industrial, agricultural, and food waste. All together, the substrates
for PHAs production can be divided into three different categories: (i) simple sug-
ars (monosaccharides), (ii) triacylglycerol, and (iii) hydrocarbons [40]. Most of the
microorganisms favor the usage of simple sugars as their carbon source, while others
use triacylglycerol and hydrocarbons as their carbon sources for PHA biosynthe-
sis. The structural composition of PHAs varies with the use of different carbon
sources and microorganisms, which subsequently affects its further applications.
For example, several PHA-producing Pseudomonas species have the capability of
incorporating functional groups such as phenyl, phenoxy, halogens, branched alkyls,
olefin, and esters into the PHAs chain when they are grown over substrates contain-
ing the respective functional groups [41]. Kim et al. investigated the effect of using
36 various carboxylic acids containing carbon substrates on the PHA production by
Pseudomonas putida KCTC 2407. Physical properties of PHAs can be significantly
improved by incorporating suitable functional group into PHA chain. These groups
can be further modified by chemical reactions to extend the potential applications
of PHA as biodegradable polymers and possible applications in the medical sector.
Table 4 represents production of PHAs using various carbon sources as a substrate.
More details about the substrates can be found in the following sections [13, 35, 36,
42–93].
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Table 4 Production of PHAs from various feedstocks

Carbon
source/waste
feedstock

Microorganisms Fermentation
mode

PHA content (%) Reference

Commercial sugars

Glucose Bacillus cereus Batch 47.9 [57]

Pseudomonas
mendocina
NK-01

Shake flask
(batch)

51.2 [89]

Pseudomonas
stutzeri 1317

Batch 52 [63]

Pseudomonas
putida �gcd
(recombinant)

Fed-batch 67.1 [77]

Escherichia coli
(mutant)

Batch 11.9 [88]

Pseudomonas
aeruginosa
ATCC 9027

Batch 10.8 [81]

Ralstonia.
Eutropha

Fed-batch 73.8 [13]

Escherichia coli
K24KP
(recombinant)

Aerobic batch 37.2 [42]

Sucrose Cupriavidus
necator
(recombinant)

Fed-batch 74.3 [43]

Alcaligenes latus Fed-batch 50.0 [90]

Glycerol Escherichia coli
K24KL
(recombinant)

Fed-batch 63 [73]

Cupriavidus
necator DSM 545

Fed-batch 62 [50]

Shimwellia blattae
(recombinant)

Two-step
fed-batch

30.7 [83]

Starch

Starch Bacillus cereus
CFR06

Batch 48 [62]

Starch Azotobacter
chroococcum

Batch 46 [67]

Cornstarch
(extruded)

Haloferax
mediterranei

Repeated
fed-batch

24.2 [64]

Corn starch
(extruded)

Haloferax
mediterranei

Fed-batch 50.8 [55]

(continued)
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Table 4 (continued)

Carbon
source/waste
feedstock

Microorganisms Fermentation
mode

PHA content (%) Reference

Potato starch Ralstonia
eutropha

Fed-batch 55 [60]

Industrial waste

Crude glycerol Pandoraea sp.
MA03

Batch 63.6 [56]

Crude glycerol Mixed microbial
consortia

Batch 47 [72]

Crude glycerol Mixed microbial
culture

Batch 59 [59]

Wood mill effluent Two different
cultures

Aerobic batch 29 [35]

Starch industry
wastewater

Mixed cultures Sequencing batch 60–65 [36]

Palm oil mill
effluent

Comamonas sp.
EB172

Fed-batch 59 [93]

Olive oil mill
effluent

Lampropedia
arbour and
Candidatus
Meganema
perideroedes

Anaerobic
fermentation and
aerobic batch
sequencing

– [44]

Kraft cellulose
mill effluent

Sphingopyxis
chilensis S37 and
Wautersia sp.

Batch – [86]

Paper mill waste Plasticicumulans
acidivorans

Sequencing batch 77 [65]

Paper mill waste Defluviicoccus
vanus/Candidatus
Competibacter
phosphatis

Aerobic/anaerobic
process

42 [46]

Food wastes

Extruded rice
bran: extruded
corn starch (1:8)

Haloferax
mediterranei

Repeated
fed-batch

55.6 [64]

Wheat bran Halomonas
boliviensis LC1

Batch 34 [87]

Molasses Escherichia coli
(recombinant)

Batch 75.5 [82]

Crude palm kernel
oil

Burkholderia sp.
USM (JCM
15050)
(recombinant)

Fed-batch 66 [54]

(continued)
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Table 4 (continued)

Carbon
source/waste
feedstock

Microorganisms Fermentation
mode

PHA content (%) Reference

Crude palm kernel
oil

Cupriavidus
necator
(recombinant)

Fed-batch 66 [69]

Palm kernel oil Cupriavidus
necator
(recombinant)

Fed-batch 79 [48]

Whey Haloferax
mediterranei

Fed-batch 66 [68]

Whey Haloferax
mediterranei

Batch 53 [75]

Whey Thermus
thermophiles
HB8

Batch 35.6 [76]

Whey permeate Cupriavidus
necator mRePT

Batch 25 [79]

Soy bean and
rapeseed oil

Cupriavidus
necator H16

Two-stage batch 57 [85]

Waste frying
rapeseed oil

Cupriavidus
necator H16

Batch 67.9 [74]

Waste frying
sunflower oil

Cupriavidus
necator H16

Batch 52.4 [74]

Corn oil Psuedomonas
species

Batch 35.63 [53]

Sugarcane vinasse Haloferax
mediterrranei

Batch 70 [47]

Malt waste Alcaligenus
eutrophus
DSM1124

Batch 70 [92]

Soy waste Alcaligenus
eutrophus
DSM1124

Batch 32.57 [92]

Restaurant waste Recombinant E.
coli pnDTM2

Batch 45 [58]

Restaurant waste Cupriavidus
necator H16

Continuous
feeding

87 [61]

Lignocellulosic biomass

Wheat straw Burkholderia
sacchari DSM
17165

Fed-batch 72 [51]

Rice straw Bacillus firmus
NII 0830

Batch 89 [84]

(continued)
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Table 4 (continued)

Carbon
source/waste
feedstock

Microorganisms Fermentation
mode

PHA content (%) Reference

Sugarcane
bagasse

Burkholderia sp Fed-batch 48 [71]

Sugarcane
bagasse

Cupriavidus
necator

Batch 57 [91]

Parthenium
hysterophorus
and Eichhornia
crassipes

Ralstonia
eutropha

Batch 8.1–21.6 [80]

Wastewater

Cassava starch
wastewater

Bacillus
tequilensis MSU
112

Sequencing batch 79.2 [52]

Cassava starch
wastewater

Cupriavidus sp.
KKU38

Batch 61.6 [78]

Brewery
wastewater

Activated sludge
consortium

Stirred batch
reactor

39 [45]

Food processing
wastewater
effluent

Activated sludge
consortium

Batch 60.7 [66]

Olive oil mill
wastewater

Wastewater
microbes

Stirred batch
reactor

11.3 [49]

Tomato
wastewater

Activated sludge
consortium

Batch 20 [70]

2.2.1 Commercial Substrates

Carbohydrates are mainly classified into three groups including monosaccharides,
disaccharides, and polysaccharides. Monosaccharide carbohydrates are a simple
sugar that cannot be hydrolyzed further, whereas disaccharides and polysaccha-
rides can be hydrolyzed to form monosaccharides. PHA-producing microorganisms
can directly utilize monosaccharides and disaccharides for PHA production, while
polysaccharides need to be hydrolyzed to simple sugars prior to the fermentation.
Starch, hemicellulose, and cellulose belong to the polysaccharides category.

The simplest sugar, glucose, is the most widely used carbon source for PHA
production. Several wild types of strains such as R. eutropha, Bacillus cereus, P.
aeruginosa, and genetically modified strains of E. coli, P. putida have been used
for PHA production using glucose as substrate. Kim et al. reported 73.8% PHA
accumulation by using R. eutropha strain in a fed-batch process applying glucose as
the carbon source [13]. In another study, Poblete-Castro et al. adopted various fed-
batch strategies to improve mcl-PHAs production from glucose using metabolically
engineered P. putida strains [77].
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The other substrate for PHA production is sucrose, a disaccharide composed
of two monosaccharides, glucose, and fructose linked via a glycoside linkage. R.
eutropha (renamed as C. necator), the most wildly used microorganism in PHA
production cannot utilize sucrose as a carbon source directly [94]. However, other
wild strains such as Azotobacter vinelandii, A. latus, and Hydrogenophaga pseud-
oflava have been identified to produce PHA by utilizing sucrose directly [95, 96].
These microorganisms hydrolyze sucrose into glucose the wild type of strains, sev-
eral recombinant strains are also reported for the direct utilization of sucrose as a
carbon source. Zhang et al. reported PHA production in a recombinant Klebsiella
aerogenes by inserting a PHA synthesis gene fromR. eutropha [97]. In another study,
sucrose-utilizing gene fromMannheimia succiniciproducens was introduced into R.
eutropha, which enabled the cells to utilize sucrose for PHA production [94]. The
recombinant R. eutropha produced approximately 0.0046 g L−1 h−1 of PHA in a 5-L
batch fermenter with sucrose as a substrate.

Glycerol, one of the important commercial chemicals, has been used as a sub-
strate for the production of various fine chemicals, which includes lactic acid, 1,3-
propanediol, dihydroxyacetone, ethanol, biohydrogen, etc. Someof the recent studies
also focused on the production of PHA from pure glycerol. Using pure glycerol as
substrate, 63 and 30.7% PHA content are accumulated with the help of recombinant
E. coli and Shimwellia blattae strains, respectively [73, 83].

Even though utmost efforts have been taken to compete with the petrochemi-
cal plastics, biopolymers are still unattractive due to their higher production cost
and inferior material properties. Production cost is one of the main constraints in
commercialization of biopolymer as compared to conventional polymers. The major
fraction of production cost is associated with the carbon substrates, and the cost of
the substrate has been reported to contribute about 28–50% of the total production
cost [98, 99]. To make the PHA production process economical, worldwide research
has been focused on the utilization of several waste materials as carbon source [100].
Wastes or by-products obtained from the biodiesel industry, palm oil industry, paper
mill, foodwaste, agricultural sector, animal wastes, andmanymore wastes have been
explored as a potential carbon substrate for PHA production. More details about the
substrates and PHA production processes are described in the subsequent sections.

2.2.2 Starch

Starch is a polymeric carbohydrate consisting of glucose monomers joined by gly-
cosidic linkage. Several plants such as rice, wheat, potatoes, cassava, and maize are
known to be the producers of starch. However, many bacterial strains lack the ability
to produce α-amylase, the key enzyme responsible for starch hydrolysis. Therefore,
α-amylase synthesis gene from external source is essential for starch hydrolysis and
to use it as carbon source for PHA production. Along with saccharified waste potato
starch, the R. eutropha strain resulted a biomass yield of 179 g/L with PHAs con-
tent 55% (w/w) of CDW in a fed-batch process [60]. In another study, Chen et al.
reported 50.8% (w/w) PHA accumulation in H. mediterranei using an enzymatic
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extruded cornstarch as a substrate in a fed-batch operation [55]. In these studies, sac-
charification of starch was carried out by the enzymes from an external source (i.e.,
commercial enzymes) prior to the main PHA production process. Halami et al. iso-
lated α-amylase producing native B. cereus CFR06 strains from soil sample, which
could accumulate about 48%of PHA after 72 h of fermentation in a starch-containing
medium [62]. These studies clearly indicate a higher production of PHAusing starchy
food wastes as the substrates with minimal or no pre-saccharification process.

2.2.3 Industrial Wastes

Effective utilization of industrial wastes for value-added products are considered as
an economical solution to reduce production cost, while simultaneously addressing
the environmental issues. Waste from biodiesel industry and effluents from palm
oil, paper, olive, and wood industry have been used as a substrate for the PHA
production using various microbial strains. More details about the industrial wastes,
microorganisms used and PHA content are listed in Table 4.

Nowadays, biodiesel is considered as one of the major alternative green fuels for
petroleumdiesel. The global biodiesel production is expected to reach 32 billion liters
(8.2 billion gallons) by the end of the year 2020. This would concurrently produce 2.6
million tons (5.9 billion gallons) of crude glycerol, amajor by-product from biodiesel
industry [101]. On theweight basis, approximately 1 kg of crude glycerol is produced
as a by-product for every 9 kg of biodiesel. The effective utilization of enormous
quantity of crude glycerol for PHA production is a viable solution to trim down the
production cost of both biodiesel and biopolymers. Freches and Lemos reported a
final PHA content of 59% from acclimatized mixed microbial cultures using crude
glycerol as substrate in a sequencing batch reactor (SBR) [59]. de Paula et al. reported
PHA production from biodiesel-derived crude glycerol by newly isolated Pandoraea
sp. from Atlantic rainforest in Brazil [56]. PHA accumulation by this strain ranged
from 49.0 to 63.6% CDW using crude glycerol as substrate, which reported to be
higher than the pure glycerol. Presence of NaCl contaminants in crude glycerol
enhanced biopolymer accumulation in Pandoraea species.

Effluents from wood mill, palm mill, olive oil mill, paper mill, etc. are rich in
organic sources, which are further converted to value-added chemicals including
PHA. Palm oil mill effluent (POME), rich in carbohydrate, protein, lipids, nitroge-
nous compounds, and minerals, provides nutritious support for bacterial growth con-
currently degrading the waste to reduce its environmental hazard [102]. Zakaria et al.
isolated eleven potential PHA-producing strains from the treated palm oil wastew-
ater [93]. Among the isolated strains, Comamonas sp. accumulated highest PHA
content (44%) and they exhibited a wide range of substrate utilization. Hassan et al.
recommended a two-stage process for the PHA production from POME [103]. In
the first stage, production of acids, particularly acetic and propionic acids was car-
ried out in the anaerobic process, which was subsequently converted to PHA using
Rhodobacter sphaeroides at the second stage. This study also reported inhibition
effect of formic acid in PHA production process and a decrease in PHA content
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from 67 to 18% was noticed with an increase in formic acid concentration. A three-
stage treatment (anaerobic and aerobic) of olive oil mill effluent for PHA production
was investigated using activated sludge, dominated with Lampropedia arbour and
Candidatus Meganema perideroedes species [44]. Volatile fatty acid (VFA) content,
the most direct precursor for PHA production, was increased from 18 to 32% at the
first stage (anaerobic) of the process. Similarly, Jiang et al. reported that the PHA
production from the organic-rich paper mill effluent in a three-stage process [65].
The conversion of paper mill effluent to VFA is carried out in the first stage, followed
by the enrichment of PHA-producing bacteria, and later maximizing their storage
capacity at the second and the third stages of the process, respectively. This process
accumulated maximum PHA content up to 77% of cell dry weight within 5 h of
enrichment process. Similarly, Bengtsson et al. reported a three-stage process for
PHA accumulation (42%) using glycogen accumulating organisms, and observed a
total PHA yield 0.10 kg per kg of influent soluble chemical oxygen demand [46].
Further, the optimization of process and purification of the final product is required
to make the process more economical and feasible for an industrial-scale production.

2.2.4 Food Wastes

Food wastes are one of the major form of wastes generated worldwide, starting from
harvesting of the crop to the end of life [104]. Food and Agriculture Organization
(FAO) estimated that one-third of the world food production is lost or wasted dur-
ing this process. It was reported that approximately 89 million tons of food waste
are produced by the EU-28 Member States in 2012 [105, 106]. Many developing
countries are observing significant increase in the quantity of food waste in recent
years due to the increasing population growth, increase in food consumption, and
lack of proper treatment process. A sustainable, economic, and efficient alternative
for the conversion of these surplus food wastes to several value-added products can
simultaneously reduce environmental pollution and health risk hazard caused by the
perishable food waste. These food wastes are rich in proteins, carbohydrates (e.g.,
cellulose, hemicellulose, starch, and sugars), minerals, oils and fats, which can be
used as a substrate for microbial or enzymatic processes. The exploitation of food
waste for the production of several value-added products (lactic acid, biohydrogen,
ethanol, and biogas) has been reported in past several years. PHA, another value-
added product produced from various food wastes using microbes, is summarized in
Table 4. These wastes include rice or wheat bran, molasses, whey, palm kernel oil,
soy waste, malt waste, restaurant waste, waste frying oils, etc.

Whey, the major by-product from cheese-making process, has been extensively
studied for the production of PHA. Whey is a rich source of lactose, proteins,
fats, vitamins, and other essential nutrients that does not require any extensive pre-
treatment step for the use in the fermentation process conducted by microorganism
[107]. Most of the studies reported the use of recombinant E. coli for the production
of PHA, as the wild microbial strains have limited ability to utilize lactose directly.
Studies reported the use ofHaloferax mediterranei, Thermus thermophilesHB8, and
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C. necator for whey fermentation, and the final PHA content varied from 25 to 66%
[68, 75, 76, 79].

Recently, various plant oils from household and industry have also used as an
economic substrate for PHA production. Oils produced from industries such as palm
oil [54], soybean oil [85], sunflower oil [108], olive oil [53], and from household such
as waste frying rapeseed and sunflower oil [74, 85] are successfully tested for the
production of PHA. These oils are devoid of costly pre-treatment processes, and they
can be directly added to the fermentation media as carbon source for the production
of PHA. A study by Taniguchi et al. reported the conversion of various waste edible
oils and fats for the production of PHA using R. eutropha H16 strain [85]. A highest
PHA yield of 83%, and final cell dry weight 6.8 g/L were observed from this study
with the use of palm oil with lard as carbon sources. Production of copolymer poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) occurred instead of pure PHBwhen
tallow was used as the carbon source. In another study, Obruca et al. reported the
utilization of waste frying oils (rapeseed, palm, sunflower) as a carbon source in
fermentation using C. necator H16 microbial strain [74]. The cell dry weight and
PHB content using these substrates varied in the range from 10.8 to 11.9 g/L and
from 52.4 to 67.9%, with a higher PHB production level from waste frying rapeseed
oil. Other than whey and oils, studies also reported the use of several other food
wastes such as molasses, wheat bran, rice bran, malt waste, soy waste, sugarcane
vinasse, and restaurant waste as an economical carbon source for the production of
PHA. Nielsen et al. have given a detailed review of the utilization of various food
wastes for the production of PHA [109].

2.2.5 Agricultural Waste and Lignocellulosic Biomass

In recent years, agricultural wastes and its coproducts have become the major con-
tributor of waste into the environment, and its annual global production has reached
16 million metric tons [110]. Stubble burning of these lignocellulosic wastes such as
sugarcane bagasse, rice straw, rice husk, corn stover, wheat straw, and wood chips is
the major source of environmental pollution in many agrarian countries. Cellulose
(40–50%), hemicellulose (25–30%), and lignin (15–20%) are the three major con-
stituents of lignocellulosic biomass, with some amount of extractives such as ash,
proteins, pectins [111, 112]. Cellulose is a homo-polymer, consisting of a linear chain
of D-glucose linked with a β-1,4 glycosidic bond, whereas pentose sugars (xylose,
arabinose), hexose sugars (glucose, galactose, mannose), glucuronic acid, and uronic
acids are the major components of hemicellulose. Lignin is a complex polymer of
aromatic ring compounds (sinapyl, coniferyl, and p-coumaryl alcohols) that pro-
vide mechanical strength to the plant cell wall. Pre-treatment of biomass partially
removes the hemicellulose and lignin fractions, which also decreases the cellulose
crystallinity and improves the porosity of biomass for accessibility of enzymes or
acids to hydrolysis [113]. Hydrolysis of biomass releases hexose and pentose sugars,
which are subsequently used in fermentation for production of various value-added
products.
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Sindhu et al. reported the utilization of hemicellulosic rich, acid hydrolyzed rice
straw hydrolysate for the production of PHB using Bacillus firmus NII 0830 strain
[84]. Acid hydrolysis was carried out in the presence of 2% (w/w) H2SO4 for the
release of pentose sugar. The bacterium accumulated 1.697 g/L of PHB with a final
cell mass 1.9 g/L, after 90 h of fermentation using pentose hydrolysate without any
prior detoxification. Another study by Cesario et al., used wheat straw hydrolysate
in batch and fed-batch fermentation, which resulted in a PHB production of 0.7
and 0.72 g of PHB/g of CDW, respectively [51]. The microorganism Burkholde-
ria sacchari DSM 17165 has the ability to utilize both C6 and C5 carbon sugars
(i.e., glucose, xylose, and arabinose) in hydrolysate for the PHA production. Sug-
arcane bagasse is one of the other abundant agricultural wastes used in the PHB
production using Burkholderia sp and C. necator microbial strain [71, 91]. Apart
from the agricultural waste, limited studies also explored the possible utilization
of invasive weeds as potential feedstock for the production of PHA. In one of our
studies, we selected two different invasive weeds such as Eichhornia crassipes and
Parthenium hysterophorus as substrates for PHB production using R. eutropha strain
[80]. Biomasses were hydrolyzed using dilute acid pre-treatment (1% v/v H2SO4)
and enzymatic hydrolysis (cellulase and cellobiase) process for obtaining pentose
and hexose-rich hydrolyzates. These hydrolyzates were further fermented separately
using R. eutropha strain, and the PHB content in dry cell mass varied in the range of
8.1–21.6% w/w with yield 6.85 × 10−3–36.41 × 10−3% w/w of raw biomass. Sig-
nificant variation in thermal properties of the produced polymers derived from two
different hydrolyzates was noticed. Higher maximum thermal degradation observed
for PHBderived from hexose-rich hydrolyzate, whereas the pentose-rich hydrolyzate
derived PHB showed higher glass transition temperature.

Further research on effective utilization of other invasive weeds and mixed ligno-
cellulosic feedstock for biopolymer production need to be carried out. Combination
of suitable pre-treatment techniques can increase the fermentable sugars production,
which can be further used for higher PHA yield.

2.2.6 Wastewater

The production of PHA using cassava starch, brewery, and wastewater obtained from
food processing industry has gained much attention in recent years due to the use of
mixed microbial culture and open reactors despite a costly sterilization process. The
treatment of wastewater for removing impurities and organic content with a simul-
taneous production of biopolymers is an efficient solution to address the problems
of environmental pollution. Chaleomrum et al. investigated the potential of cassava
starch wastewater for PHA production using Bacillus tequilensis in a sequencing
batch reactor (SBR) [52]. The effect of different inlet COD concentrations in cas-
sava starch wastewater on the treatment efficiency and the PHA production was
determined. Highest PHA production (79.2%) was reported with a COD concen-
tration of 4000 mg/L, while the maximum COD removal efficiency (94.8%) was at
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5000 mg/L COD. The PHA accumulation of 58 and 43% (w/w) was reported using
swine wastewater and paper and pulp wastewater, respectively [114, 115].

3 PHAs Extraction from Microorganism

PHAs are intracellular polymers, i.e., they are stored inside the extracted cells post-
fermentation cycle. Therefore, extraction of these polymers is often complex and
expensive. Many researchers have developed various economical methodologies
for extraction of the intracellular PHAs. Before performing any extraction tech-
nique, the cells are harvested after fermentation by centrifugation at low temperature
(~10 °C). The centrifugation should be performed at lower temperature to prevent
damage/disruption to the cells. The biomass should be freeze dried or lyophilized
prior to performing the extraction of PHAs.

3.1 Solvent Extraction

The solvent extraction method is commonly used for recovery of PHAs from micro-
bial cells; it is divided into two phases. First, the breakage of cellular membrane is
done by solubilization of PHA molecules. Several researchers observed that solvent
containing at least one hydrogen and one chlorine atoms provide best recovery of
PHA with high purity. Using solvents like 1,2-propandiol, or glycerol formal, or
diethyl succinate, or butyrolactone, 79–90% of PHB recovery can be achieved with
purity ranging from of 99.1 to 100% [116]. The cellular debris can be removed by
suitable filter papers to get dissolved PHA solution. Then, the soluble PHA is sub-
jected to precipitation in the form of granules using non-solvent such as alcohols and
hexane. Repeating the precipitation step up to three times yieldsmaximum amount of
PHAs precipitate [117]. The precipitated PHB can further be dried at room temper-
ature or in vacuum oven to evaporate all the residual solvents to get PHB in powder
form.

3.2 Digestion Method

For extraction of PHAs, the digestion method is a potential alternative to solvent
extraction, which can be achieved by either enzymatic or chemical reactions. Appli-
cations of surfactants like sodium dodecyl sulfate (SDS) not only disrupt the cellular
membrane but also break the membrane to make micelles and phospholipids [116].
The surfactant (betaine) and chelate aqueous system help in solubilization of pro-
tein and non-polymeric cellular materials [118]. After solubilization of all non-PHA
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components, the PHA molecules are released to the solution surrounded by the sur-
factants. The chemical digestionmethod is achieved by addition of chemicals such as
sodium hypochlorite followed by addition of chloroform. After addition of sodium
hypochlorite, the entire solution is stabilized into three phases. The first or upper
phase is the hypochlorite solution, the second or middle phase consists of cellular
debris, and the third or bottom phase is the PHA dissolved in the chloroform. The
chloroform soluble phase is separated by filtration which can be further precipitated
by addition of non-solvent solution [119]. Similarly, the enzymatic digestion for
extraction of PHA is achieved by proteolytic enzyme digestion, which minimized
the degradation of HB polymer [120]. Similarly, Kathiraser et al. reported the per-
formance of the enzymatic degradation of PHAs cells using Alcalase enzyme, SDS,
and EDTA and obtained a purity of 92.6% [121].

3.3 Mechanical Disruption

Cellular disruption of bacterial cells using mechanical agitation method is a very
widely used technique for extraction of PHAs as it is economically viable possessing
lesser chance of degradation to PHA polymers. It is an environmentally friendly
method because no chemicals are required and contamination of PHA polymer can
be minimized. This method can be categorized into two categories such as solid
shear and liquid shear methods. The extraction method using bead mill includes
solid shear method, and high-pressure homogenization includes liquid shear method
[116, 122]. The beadmill is comprised of a vertical cylinder-grinding chamber where
the microbial cells are allowed to enter at the base and flow through the annular
space between the rotor and the stator exiting at the top. The heat generated during
the homogenization process is minimized by cooling water supply in the jacket
around the chamber [116]. The efficiency of cells disruption is a strong function of
bead loading, agitation speed, cell concentration, residence time distribution, bead
diameter, and geometry of loading chamber, etc. For large-scale PHA cell disruption,
high-pressure homogenization is one of the most effective mechanical methods for
extraction. This extraction process involves homogenization under high-pressure via
an adjustable and restricted orifice discharge valve. This extraction process depends
on operating pressure, number of passes, valve design, and operating temperature
[122]. However, this process is not efficient for low biomass concentrations inside
the homogenizer [122].

3.4 Supercritical Fluid Extraction

Usage of supercritical fluids is one of the latest technologies for extraction of PHAs
because of its physical properties such as high density, low viscosity, and less tox-
icity. Because of lower viscosity with almost negligible surface tension, the speed
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of percolation is very high resulting in better diffusion of fluid for extraction pro-
cess compared to liquid solvents [123]. A wide range of supercritical fluids such
as carbon dioxide (CO2), ammonia (NH3), and methanol (CH3OH) can be used for
recovery of PHAs. Hejazi et al. reported that the application of supercritical CO2 in
addition to methanol results in 89% recovery of PHB polymer from microbial cells
obtained from R. eutropha. As reported by Williams et al., extraction of PHAs using
supercritical fluid results in recovery of 100% pure PHA, which is 150 times less
contaminated compared to PHAs produced from other methods [124].

3.5 Aqueous Two-Phase Extraction

Aqueous two-phase extraction method is one of the potential alternatives for extrac-
tion of PHAs using microorganism such as B. flexus. Aqueous two-phase systems
are observed when two immiscible phases coexists. Such scenario is observed when
the two polymers show chemical incompatibilities in nature and are present at low
concentrations. Similar aqueous phase can also be observed when one of the poly-
mers and inorganic phase are present at low concentration at the same time. During
the extraction process, enzymatic hydrolysis of B. flexus cells is done followed by
introducing polymer-salt two-phase system to recover PHAs. During this process,
high molecular PHAs are obtained with purity of around 97% [122]. This method of
PHA extraction is relatively less time consuming along with lesser cost and lesser
energy consumption. In some cases, the two phases are observed as water and non-
volatile phase. The isolation, purification, and recovery of PHA are done by water
phase. The cellular debris can be recovered from the bottom layer as it settles down
during extraction process. This method is an environmentally viable and effective
non-solvent method for isolation of PHA from bacterial cells [123].

3.6 Ultrasound-Assisted Extraction

Ultrasound-assisted cell disruption is a new potential alternative for the extrac-
tion of PHA. The ultrasound waves are very effective for the rupture of cell
walls/membranes, emulsification, and homogenizing, as it focuses on a localized
volume [80]. It employs the instantaneous sinusoidal movement of a soundwave in
a liquid medium. During sonication process, formation of microbubbles takes place,
which leads to the generation of cavitation phenomena. Cavitation process or phe-
nomena is controlled by two forces, viz. pressure force and inertial force, under
the influence of pressure variation induced by ultrasound acting simultaneously on
the radial motion of the bubble. The dominant force between these two forces gov-
erns the expansion of the bubble in the rarefaction half cycle, which is governed
by the amplitude of the ultrasound wave. During the compression half cycle, the



4 Production, Characterization, and Applications of Biodegradable … 73

inertial force dominates over pressure force resulting in the compression of the bub-
ble. This phenomenon continues until the bubble is compressed to extremely small
size (minimum radius or maximum compression). Further variation in any force will
result in transient collapse of the bubble. Temperature and pressure can reach up to
~5000 K and ~50 MPa, respectively, during the transient collapse [125]. As the bub-
ble collapses during cavitation, it generates high-energy (temperature and pressure)
concentration in a very small (nano) spatial and temporary scale [126]. The tran-
sient collapse of bubbles leads to chemical (generation of free radicals) and physical
(shockwaves and micro-turbulence) effects [127]. During the cavitation process, the
sonic/vibrational energy is converted into mechanical energy due to conservation
of momentum, resulting in generation of high-pressure shockwave causing the cell
disruption.

4 Characterization of PHA

A number of PHA homo-polymer and copolymers have been developed through dif-
ferentmicrobial process in order to fulfill the researchgap for biodegradable polymers
for the last five decades. To understand the chemical compositions, crystallinity, glass
transition temperature, thermal properties, mechanical properties, molecular weight,
etc. of PHAs, physical, and chemical characterizations are very important for their
quantification and identification and are discussed in the following subsections.

4.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy helps to identify the functional groups and quantifies of PHA
content present in the polymer chain by observing magnetic field around the nucleus
of the atom. The chemical shifts for methyl, methylene, and methine groups are
observed in the range of 1.25–1.28, 2.17–2.65, and 5.25–5.26 ppm, respectively,
for 1H NMR of scl-PHA (e.g., polyhydroxybutyrate). Similarly, for 13C NMR the
corresponding chemical shifts are observed in the range of 19.95–21.4, 31.09–41.3,
and 67.8–68.5 ppm, respectively. The –C=O group is observed in 13C NMR, which
is in the range of 169.31–170 ppm [128–130]. Formcl-PHAs (e.g., P(3HB-co-3HV))
the methyl, methylene, and methine groups are detected at 1.26–1.6, 2.3–2.7, and
5.2–5.25 ppm, respectively. For detection of –C=Ogroup, the chemical shift observed
in 13C NMR is in the range of 169.1–169.5 ppm [131–133]. A summary of the NMR
characterization results for both scl-PHA and mcl-PHA is presented in Table 5.
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Table 5 Summary of functional groups observed from NMR and FTIR analysis for scl-PHA and
mcl-PHAs

Group or moiety Chemical Shift (ppm) Group or moiety Wave number (cm−1)
1H NMR 13C NMR

– CH 5.2–5.26 67.8–68.5 – CH 2962–2853

– CH2 2.17–2.7 31.09–41.3 – C = O 1742–1709

– CH3 1.25–1.6 19.95–21.4 – C–O or –C–C 1300–1000

– C=O 169.1–169.5 – OH 3460–3407

4.2 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy is used to identify the organic functional groups present in PHAs
by measuring absorption of infrared radiation as a function of wavenumber. For both
scl-PHA and mcl-PHAs (including copolymer), the range of wavenumber shifts for
different moieties is in the similar range. The absorption of hydroxyl groups (–OH) is
observed in the range of 3460 to 3407 cm−1 for wide range of PHAs [134, 135]. The
major strong bands are observed for carbonyl (–C=O) and unsaturated ester (–COO)
groups and are within the range of 1742–1709 cm−1 [128, 136]. The coupling of
–C–O and –C–C intense stretches are observed in the range of 1300–1000 cm−1.
For methine (–CH) group, mild stretch vibrations have been observed in the range
of 2962–2853 cm−1 [121]. The details of wavenumber shifts ranges for all types of
functional groups present in different types of PHAs are summarized in Table 5.

4.3 X-Ray Powder Diffraction (XRD) Analysis

X-ray powder diffraction measurement helps to understand the crystalline nature
and morphology of PHAs. In the XRD profile of PHAs, two strong intense peaks
are observed around 2θ = 13° and 17° having miller indices of (020) and (110),
respectively, suggesting the α-PHB crystal and orthorhombic unit cells appeared
on the plane. Relatively weaker reflections are observed at around 2θ = 21° and
22°, which corresponds to miller indices of (101) and (111), respectively for α-PHB
crystal. Other similar weaker reflections are observed at 2θ = 26° and 27° showing
(130) and (040) reflections, respectively [128, 137, 138]. Senhorini et al. reported that
the crystallinity (χc) of PHAs can be calculated by measuring the area of crystalline
and amorphous peaks. The empirical formula is stated as follows:

χc = At − Aa

At
× 100 (1)
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where At and Aa are the areas under crystalline and amorphous peaks [139].
Bhaskaran et al. reported a comparative study for crystallinity (χc) of PHAs syn-
thesized from palm oil in which the χc of PHAs are observed in the range of 34–52%
[135]. Therefore, from the observation of peaks and calculation of χc of different
PHA samples, it can be concluded that the PHAs are partially crystalline in nature.

Similarly, the apparent crystal size (Dhkl) of PHA samples can be determined by
Scherrer’s equation, which is stated as follows:

Dhkl = Kλ

β0 cos θ
(2)

where K is the geometrical shape factor, β0 is the half width (radian unit) of the
reflections corrected for instrumental broadening, θ is the peak position, and λ is the
wavelength (nm) [140]. Mottin et al. reported that the average sizes for PHB film,
nanofibers, and crystals are observed in the range of 19–79 nm. [137].

4.4 Differential Scanning Calorimetry (DSC)

The thermal properties of PHAs such as melting point, glass transition temperature,
and crystalline temperature on heating and cooling can be obtained from differential
scanning calorimetry (DSC) analysis. Apart from these properties, the crystallinity
(χc) of PHAs can be calculated from DSC curve by measuring the melting enthalpy
or heat of melting (Hf ). The degree of crystallinity can be estimated by the following
equation:

χc(Percentage) = Hf

H100%
× 100 (3)

where H100% is the fusion enthalpy of 100% crystal PHB, which is 146 J/g [141].
The crystallinity of PHB obtained from soy waste and commercial PHB is in the
range of 46–53% [142], whereas the corresponding value for PHB copolymer, e.g.,
P(3HB-co-3HV) lies within 39–47% [141]. The crystallinity range is similar to the
values obtained fromXRDanalysis confirming the partial crystalline nature of PHAs.
The melting point range of PHB obtained from molasses, corn steep liquor, and soy
waste using differentmicroorganisms (i.e.,C. necator andB.megaterium) are around
169–177 °C. The crystalline temperature on heating (T hc) and cooling (T cc) and glass
transition temperature (T g) for corresponding PHBs is in the range of 40–48, 86–114,
and−1–1 °C, respectively [142, 143]. It has also been reported that the melting point
and glass transition temperatures of PHA copolymers decrease with increase in 4HB
(hydroxybutyrate) and HH (hydroxyhexanoate) content over 3HB content. Cheng
et al. reported that for co-polyester P(3HB)(4HB), as the 4HB content increases from
0 to 40%; the melting point was decreases from 173 to 51 °C, the glass transition
temperature decreases from −6 to −20 °C, and the crystallinity decreases form 59



76 S. Pradhan et al.

to 0.5%. Such variations in thermal properties are due to destruction of crystalline
structure of PHB, which not only affect the surface free energy, but also change
the biocompatibility nature of the polymers. In addition to this, the differences in
crystallinity and molecular weight of different polymer matrices result change in the
aforementioned thermal properties [144, 145].

4.5 Thermogravimetric and Differential Thermogravimetric
Analysis (TGA and DTG)

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is an analytical
technique that helps to analyze the thermal properties such as thermal stability, resis-
tance, and rate of degradation that are measured as a function of temperature or as a
function of time. The decomposition of PHAs can be categorized into three different
phases. The first phase or initial phase ofmass loss results due to evaporation of phys-
ically adsorbed impurities and solvents during the fermentation process. The second
stage of mass loss is the major degradation step, which occurs after the melting point
of a particular PHA polymer. In this stage, the β-chain scission process results in
cleavage of –C–O and –C=O bonds in ester functional group with the formation
of crotonic acid. During this heating process, the crystalline regions are destroyed
and depolymerization of hemicellulose results in rapid mass loss of PHAs [80]. The
third and final degradation stage occurs after residual mass left in the PHA sample, in
which the rate of mass loss is negligible. Several researchers have assessed the ther-
mal stability by analyzing the quantitative details of weight loss (e.g., 5% mass loss)
with respect to temperature. The temperature at 5% mass loss of PHB obtained from
recombinant A. hydrophilawas in the range of 226–235 °C. The corresponding mass
loss for copolymers such as P(3HB-co-4HB-co-3HHx), P(3-HB-co-3-HV), P(3HB-
co-3HHx), P(3HB-3HV-3HHx), and P(3HB-co-3H4MV) lies within 247–306 °C,
respectively [146–150]. The temperature details of PHAs at 5% mass loss with their
compositions are given in Table 6 [146–150]. Therefore, it can be concluded that the
incorporation of various monomers such as 4HB, 3HH, 3HV, and 3H4MV provides
more thermal stability to the polymer as it has shown higher thermal degradation
temperature. The rate of mass loss of PHAs with respect to temperature is mea-
sured by differential thermogravimetric (DTG) analysis which is obtained from the
first derivative of the weight loss curve, and it indicates the thermal stability with
respect to temperature at which maximum degradation occurs in the polymer matrix.
He et al. studied the DTG analysis of three different types of PHAs such as PHB,
P(HB 70 mol%: HV 30 mol%), P(HB 85 mol%: HHx 15 mol%) in which the max-
imum degradation temperatures are observed at 349, 352, and 359 °C, respectively.
They observed that copolymers (e.g., P(HB-HV) and P(HB-HHx)) have higher ther-
mal degradation temperatures relative to homo-polymer PHAs such as PHB, and
hence, the thermal stability of such polyesters improves by increasing the number of
structural hydrocarbon units [151].
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Table 6 TGA analysis of 5% mass loss temperature (T5%) of different types of PHA

Type of copolymer Composition of
PHAs (mol%)

T5% mass loss
(°C)

Name of the strain

P(3HB) 3HB: 100 226–235 Recombinant A.
hydrophila

P(3HB-co-4HB-co-3HHx) 3HB: 73.8, 4HB:
5.1, HH: 21.2

257 Recombinant A.
hydrophila

P(3HB-co-3HV) 3HB: 80, 3HV: 20 247–253 Alcaligenes eutropha

P(3HB-co-3HHx) 3HB: 57%, 3HH:
43%

285 Recombinant
Cupriavidus necator

P(3HB-3HV-3HHx) HB: 5.4, HV: 9.9,
HH: 86.7

273 Recombinant A.
hydrophila

P(3HB-co-3H4MV) 3HB: 81, 3H4MV:
19

306 Burkholderia sp.

4.6 Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) is primarily used for analysis of biologi-
cal, polymeric and macromolecule samples to estimate weight-average molecular
weight (Mw) and number average molecular weight (Mn). The polydispersity index
(Mw/Mn) which is a measure of molecular mass distribution is defined as the ratio of
average molecular average to the number average molecular weight. The two types
of molecular weights and polydispersity index are shown in Table 7, for a wide range
of PHA samples. From Table 7, it can be observed that the weight-average molecular
weight (Mw) of several homo- and hetero-polymers lies in between 9 and 16 × 105

Da [146, 148–150, 152]. The PHA copolymer containing HHx monomer unit poses
lesser molecular weight compared to P(3HB). The lower molecular weight of such
copolymers is due to the higher accumulation of PHA synthase (bulkier monomer
like HHx) containing both soluble bound and granule bound PHA synthase [149].
Mizuno et al. have studied the time-dependent change of molecular weight of PHAs

Table 7 Molecular weight analysis of several PHAs

Type of PHA sample Mw
(105 Da)

Mn
(105 Da)

Mw/Mn

P(3HB) 9–16 1.66–8.4 1.7–2.9

P(3HB-co-32 mol% 3HHx) 3.47 2.24 1.55

P(4HB) 8.54 4.87 1.75

P(HV) 10.56 8.15 1.3

P(3HB-co-77 mol% 3HV) 9.24 1.59 5.8

P(3HB- 6.6 mol% 4HB- 19.5 mol% 3HHx) 7.61 5.54 1.37

P(3HB-5.4 mol% 3HV- 9.9 mol% 3HHx) 3.73 1.71 2.17



78 S. Pradhan et al.

by extracting the cultured cells at different time intervals. It is observed that weight-
average molecular weight drastically decreases from 19.3× 105 Da to 1.46× 105 Da
between 14 and 72 h of cell cultivation. Such rapid reduction of molecular weight is
because of depolymerization of intracellular PHA at late stationary growth phase for
a particular microorganism [153]. Since higher molecular weight PHAs are useful
for several domestic and industrial applications; therefore, the reduction inmolecular
weight of such polymers should be avoided by optimizing the culture time period.

4.7 Mechanical Properties (Tensile Strength, Young’s
Modulus, and Elongation at Break)

The principal mechanical properties of polymers that govern response of the polymer
to mechanical forces are: tensile strength, Young’s modulus, and percentage elon-
gation. In this section, mechanical properties of several types of PHAs have been
discussed. A comparative study between different types of PHAs (e.g., scl-PHA,
mcl-PHA, and copolymer) and petroleum-derived polymer has also been summa-
rized in Table 8, to understand the mechanical viability of PHA [117, 148, 149,
154]. From Table 8, it can be observed that for P(3HB-co-HHx) polymers, there is a
sharp decrease in both tensile strength and Young’ modulus. Therefore, it suggests
that as the monomer fraction of HHx increases from 32 to 70 mol%, the polymer
become more brittle and stiff. All the P(3HB-co-HHx) polymers have elongation
at break up to 107% indicating a better elasticity compared to polyethylene and
polypropylene. Based on the mechanical properties observed, it can be inferred that
the P(3HB-co-HHx) polymers are gluey and sticky [149]. Similarly, the P(3HB-co-
3HV) polymer possesses much better mechanical properties (in all the three cases)
compared to the simple polymer like P(3HB), whereas it possesses better stiffness
(i.e., Young’s modulus) compared to polyethylene and polypropylene. The copoly-
mer P(3HB-co-3HV-co-4HB) with 34% 3HV and 55% 4HB have similar stiffness
compared to polypropylene and HDPE, whereas the copolymer with 3% 3HV and
93% 4HB have comparable elasticity like polypropylene, HDPE, and LDPE [154].
Zhao et al. study the mechanical properties of terpolyester such as P(3HB-co-3HV-
co-3HHx), by varying the mol% of HV and HHx. They observed that with varying
HHx concentration from 10 to 13%, the elongation at break varies from 277 to 481%,
with a reduction in Young’s modulus from 319MPa to 110MPa, respectively. There-
fore, the introduction of HHx decreases the mechanical strength and improves the
stiffness/flexibility of PHAs [148].
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Table 8 Comparative study for mechanical properties of PHAs and petroleum-derived polymers

Polymer sample Young’s modulus
(MPa)

Elongation at break
(%)

Tensile strength
(MPa)

P(3HB) 3.5 0.4–5 40–43

P(3HB-co-32% #HHx) 101 856 8

P(3HB-co-43% #HHx) 75 481 5

P(3HB-co-56% #HHx) 12 368 1

P(3HB-co-60% #HHx) 3 424 1

P(3HB-co-70% #HHx) 1 1075 1

P(3HB-co-3% 3HV) 2900 – 38

P(3HB-co-9% 3HV) 1620 37 190

P(3HB-co-14% 3HV) 1500 35 150

P(3HB-co-20% 3HV) 1450 32 120

P(3HB-co-25% 3HV) 1370 30 70

P(3HB-co-40%
3HV-co-50% 4HB)

503 4 9

P(3HB-co-34%
3HV-co-55% 4HB)

618 3 10

P(3HB-co-23%
3HV-co-66% 4HB)

392 5 9

P(3HB-co-12%
3HV-co-76% 4HB)

142 9 4

P(3HB-co-6%
3HV-co-84% 4HB)

118 300 9

P(3HB-co-3%
3HV-co-93% 4HB)

127 430 14

P(3HB-co-5%
3HV-co-3HHx)

63 123 2

P(3HB-co-3HV-co-12%
3HHx)

135 108 5

P(3HB-co-1%
3HV-co-10.7% 3HHx)

319 277 10

P(3HB-co-2.4%
3HV-co-13.4% 3HHx)

110 481 8

P(3HB-co-5.4%
3HV-co-11.7% 3HHx)

291 340 16

Polypropylene 590 435 27

High-density
polyethylene

640 576 19

Low-density
polyethylene

50–156 126–700 13–79
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5 Biodegradability of PHAs

The ultimate advantage of PHAs that distinguishes it from other biopolymers is
due to its biodegradability and biocompatibility characteristics. These polymers can
be degraded under both aerobic and anaerobic environments [155]. The final prod-
ucts after the degradation of PHA are carbon dioxide and water in aerobic environ-
ments, whereas the end products during anaerobic degradation are carbon dioxide,
methane, and water [156]. Moreover, they can also be degraded via thermal degra-
dation, enzymatic hydrolysis, using microbial depolymerases, and by enzymatic
and non-enzymatic hydrolysis in animal tissues [155]. The biopolymer is made up
of 100% organic and bio-based resources having multiple degradable options. The
carbon cycle of biopolymers is shown in Fig. 5 to have a better understanding on
life cycle of biopolymers [157]. The degradation period ranges from few months
in anaerobic condition and up to few years in brackish water. However, the rate of
degradation can be accelerated under the application of UV light. As reported by Lee
et al., it takes 6, 75, and 350 weeks for PHB to degrade in anaerobic condition, soil,
and saline water, respectively [158]. During the degradation process, the microor-
ganisms develop extracellular PHA depolymerases resulting in the conversion of
PHAs into water-soluble oligomers and monomers as a carbon source. Similarly, the
PHA-producing microorganisms hold the capability to degrade the PHA intracellu-
larly. The PHA depolymerase break the polymer to hydroxyalkanoic acid [159]. It is
biocompatible showing no lethal effect on animals for biomedical applications [124].
There are some generalized concepts, i.e., physical and chemical properties on which
the biodegradability nature of PHA depends. The rate of biodegradation decreases
with increase in melting point, stereo-regularity, and crystallinity of the polymer,
whereas low molecular weight PHAs are prone to biodegradation. Biodegradation

Fig. 5 Carbon cycle of biopolymers
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of PHA depends on several factors such as temperature, pressure, moisture, surface
area, pH, and microbial effect in disposal environment [156]. Mergaert et al. studied
the effect of temperature on biodegradation of simple PHA and its copolymer [160].
They noticed that for PHB, the weight loss was observed at 40 °C, which is higher
compared to 28 °C for P(3HB-co-20% 3HV), because of the increase in microbial
activity. Similarly, at higher temperature the rate of degradation for P(3HB-co-3HV)
was very fast compared to PHB. It has also been observed that, with an increase in
HV content in the copolymer, the rate of degradation increases [160].

6 Application of PHAs

The applications of PHAs have attracted not only the researchers but also the indus-
tries because of its competitive physical properties such as mechanical properties,
crystallinity, and melting point with polyethylene and polypropylene. In this section,
applications of PHAs in medical, agricultural, and industrial sector are discussed.

6.1 Medical Sector

The PHAs having higher mechanical strength are extensively used for preparation
of medical scaffold in the form of screws, pins, etc. These PHAs are durable, harm-
less and help in the stem cell growth, and cartilage repair [161]. The PHAs can
be used for enhancing the mechanical strength of bone tissues by copolymerizing
with hydroxyapatite. Scaffolds made from PHBV coated with collagen are used to
repair injured spinal cord. The fabrication of fibers and tubes into P(3HB)-co-HHx
is used for curing Achilles tendon injury observed in rats. Because of biodegrad-
ability characteristics, PHAs can be easily placed inside the body as a carrier for
controlled drug release [162]. PHAs such as P(3HB) and P(HB-co-HV) are used for
healing the wounds of domestic animals. Due to promising mechanical properties,
P(4HB) can be used to prepare suture, clinical meshes, etc. In spite of several medical
applications, preparation of pure PHAs through industrially viable method must be
developed to increase the demand for PHAs in medical sector [163]. The poly(ester
urethane) based on poly(3-hydroxyhexanoate-co-3-hydroxyoctanoate) (PHHxHO)
in the synthesis is more hydrophobic and used for synthesis of wound remedial and
hemostatic materials. The graft copolymers contains poly(methyl methacrylate) as
backbone and PHB as side chain. These graft polymers are commercially used as
orthopedic application in the form of acrylic bone cement [164]. Similarly, PHAs
such as PHB and PHBV help in activation of blood enzymes. These phenomena are
achieved by reducing the concentration of LPS endotoxins from 100 to 120 U/g to
20 U/g using bacteria such as A. eutrophus and a recombinant strain of E. coli [165].
The nonwoven PHB sheets are used in preparation of effective superficial conduits
for treatment of peripheral nerve and spinal cord injuries. For diseases like hernias
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and gastrointestinal tract, PHB is proposed for repairing the soft tissues. However, all
the applications are verified on animals like rats. Similarly, P(3HB-co-3HV) mem-
branes are used for treatment of jaw bone defects and in growing the height of the
rat mandible [166]. PHAs have also shown potential applications in diagnostic and
therapeutic disease treatments. 3-HB has been commercially used for the prepara-
tion of low-cost point-of-care device for treatment of diabetic ketoacidosis (DKA) to
help hyperglycemic patients. Moreover, 3-HB monomer is useful to maintain blood
levels for the epilepsy and neurodegenerative disorders [167]. Some of the PHAs
are used for anti-microbial treatment, e.g., 3-hydroxy-n-phenylalkanoic acid is used
to counter-attack the universal strains like Listeria monocytogenes, which has the
ability to grow at both extremely high and low temperatures and low pH [168].

6.2 Agricultural Sector

The PHA nanocomposites are used as plastic mulch in the cultivated land to pre-
vent the growth of weeds and suppress the evaporation from the soil. They act as a
protective layer to preserve the vital ingredients in the soil. It not only reduces the
labor cost but also helps in ecofriendly recycling process [169]. The PHAs act as
bacteria inoculants to improve nitrogen fixation in plant kingdom using strains such
as Azospirillum. The plant growth is observed to be very consistent (irrespective of
carriers) having intracellular PHA with Azospirillum brasilense strain [155]. The
strain shows a greater permanence to withstand UV radiation, heat, osmotic pres-
sure, etc. PHAs help in applying control release fertilizers by embedding pesticides
in PHA polymer (e.g., P(3HB-3HV)) matrix to control the pest activity in farmer’s
crop fields. The copolymer gradually degrades by bacteria, microscopic algae, and
fungi. However, it is essential to optimize the polymer to pesticide ratio and regulate
the application of pesticide to obtain best mechanism to prevent pest activity [14,
155]. PHAs can also be used to act as a career to prevent herbicidal action to destroy
invasive weeds from soil. Loading the chemicals like Zellek Super on poly(3HB-co-
3HV) as carrier is one of the most effective methods during tillering phase on plants.
Release of such pesticides in a controlled way helps in diminishing its adverse effect
on human health, environment, and ecology [155].

6.3 Industrial Sector

The P(3HB-co-3HV) is thermoplastic copolymer which is being used by BIOPOL®
for preparation of coat papers and paper boards, electrical appliances packaging, fish-
ing nets and ropes, and several types of containers for storage of shampoo, razors,
and motor oil. Another biopolymer produced by NodaxTM company synthesizes
copolymer using P(3HB) and small amount of mcl-PHA. These polymers are avail-
able in the forms of foams, fibers, latex, and films [155]. PHAs have been applied
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for renewable biofuel production by hydrolysis of PHAs followed by esterification
that produces 3-hydroxyalkanoates methyl esters. These biofuels have similar energy
content compared to bioethanol. Because of high glass transition temperature (Tm),
PHB has limited applications in packaging industries. However, the glass transition
temperature can be increased by incorporating hydroxyvalerate, which extends its
application in packaging industry [170]. PHAs are also being used as toners for
printing purposes and adhesives for coating applications [171].

7 Challenges in PHAs Production

Because of similar properties like petroleum-derived polymers and biodegradability
characteristics, PHAs have acquired much consideration toward several academia
research groups and industries. However, many factors limit its production for sev-
eral manufacturing industries. It is estimated that PHAs are approximately 15 times
more expensive than the conventional polymers [23]. The cost of PHAs production
increases due to the carbon source substrates used for microbial growth. The usage
of pure carbon sources such as glucose, fructose, and xylose constitutes significant
amount of production cost to PHAs as their price is increasing very fast. Therefore,
extraction of carbon sources from activated sludge, industrial waste, and food waste
(rice, whey, malt, etc.) would be helpful in reducing the substrate cost. Similarly,
with the advancement of technologies, the production of petroleum resources such
as crude oil and shale gas increases significantly, and hence, the production cost of
petroleum-derived plastics is not going to increase drastically in near future [172].
Hence, lowering the PHA cost is still a crucial challenge for industries. As it can be
observed from the above-mentioned sections, the structure and physical properties
of different types of PHAs (i.e., scl-PHA,mcl-PHA, and copolymers) are not similar
and lie in a wide range of values. Therefore, it affects the economic situation of
PHA-producing industries.

Apart from the basic challenges mentioned above, there exist a few technical
challenges associated with the production process. The major limitation is the deter-
mination of optimized growth conditions of bacteria and production of microbial
cells. Lower fermentation time results in reduction of PHAs yield, whereas higher
fermentation time results in degradation of physical properties (as mentioned in
Sect. 4.7). The entire synthesis process is extremely tedious and time consuming
(takes several weeks to complete), which includes inoculum preparation, fermenta-
tion growth, lyophilization, extraction of PHA, and drying. One apparent limitation
of the bioprocessing industries includes operation through batch process or non-
continuous process, and fed-batch systems during synthesis process. This results in
consumption of fresh water and additional energy requirements for sterilization pro-
cess [172]. The conversion of PHA from its carbon source is another vital challenge
for synthesis of PHA. Conversion of the substrates to PHA varies from 10 to 89%
depending on the type of strains and carbon sources used [4]; however, the con-
version of polyethylene and polypropylene can be achieved close to 100% from its
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monomer. It can be noted that the 89% conversion of substrate to PHA is extremely
difficult to attain and can be achieved under certain rigorous conditions and only for
few particular types of PHA. Another critical factor that affects the economics is
the oxygen limitation during high cell density culture. Supplying enough oxygen to
obtain aerobic condition can increase the running cost of PHA production [158, 173].
Since PHA is an intracellular polymer, the extraction method results in additional
costs of production. The solvent extraction of PHA leads to the accumulation of
harmful wastes in the environment causing disposal and recycling issues. Moreover,
the extraction methods such as digestion method are very expensive [23], whereas
mechanical methods have abundant energy requirements for breakage of cell wall
for releasing the PHA polymer. Thus, combination of latest mechanical method like
ultrasonication with the usage of reduced amount of solvent like chloroform could be
an effective alternative in terms of energy requirements for extraction of intracellular
polymers [128].

8 Conclusion

This chapter has attempted to present a comprehensive discussion on various facets
of microbial production (both upstream and downstream) and characterization of
the biodegradable polymer of PHA. In addition, different aspects of biodegrada-
tion of PHAs, applications of PHA in several sectors, and challenges in commercial
scale PHA production have also been discussed. PHAs were first synthesized in
1923 and since then, particularly after 1959, the developments in the preparation of
scl-PHA, mcl-PHA, and copolymers have been quite phenomenal. From the prop-
erties of PHAs, it can be inferred that PHAs are one of the potential alternatives
to substitute the conventional petroleum-derived polymers (e.g., HDPE, LDPE, and
polypropylene). Approximately 90 various bacterial genera and up to 300 microor-
ganism species were found to be PHA producers in both aerobic and anaerobic
conditions. Carbon substrates such as commercial sugars, starch, industrial and food
waste, biomass, and wastewater help in production of PHAs, along with different
microorganisms, having PHA content in a wide range of 10–89%. These biopoly-
mers are intracellular in nature, and therefore, several extraction methods have been
proposed in this chapter to obtain pure form of PHA. Characterization techniques
such as NMR and FTIR help in detection of functional groups present in PHA after
extraction process. 1H NMR helps in detecting –CH, –CH2, and –CH3 functional
groups, whereas 13C NMR helps in detection of additional –C=O moiety in the form
of chemical shifts. However, all the moieties can be observed in FTIR analysis by
measuring absorbance as a function of wavenumbers. The crystalline nature of PHAs
can be studied using various characterization techniques like XRD and DSC analyt-
ical tools. The crystallinity of PHA can be determined by measuring the area under
the crystalline and amorphous region or using Scherrer’s equation fromXRDdiffrac-
togram. FromDSC curve, the crystallinity can bemeasured frommelting enthalpy of
PHA samples. It has been observed that the PHAs are partially crystalline in nature
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having crystallinity in the range of 34–53%. The properties such as melting point,
crystallinity, tensile strength, and Young’s modulus can be varied to a wide range by
copolymerization of PHA depending upon the requirements and applications. The
TGA andDTG analysis have shown that better thermal properties can be achieved by
synthesizing copolymers of PHAs compared to simple PHB polymers. These poly-
mers have excellent biodegradability and biocompatibility characteristics depending
on several factors such as temperature, pressure, moisture, surface area, and pH of the
disposal environment. They can be degraded in a few months to a few years in both
aerobic and anaerobic conditions to carbon dioxide, methane, and water. However,
cost of production, duration of fermentation process, and selection of ecofriendly
extraction mechanisms are a few major challenges in commercial synthesis of PHA.
It is anticipated that with advancement in basic research aimed at cheaper carbon
sources and high yielding strains, commercialization of PHAs can be realized in near
future.
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Chapter 5
Alternating Copolymers Based on Amino
Acids and Peptides

Ishita Mukherjee, Krishna Gopal Goswami and Priyadarsi De

Abstract Controlling the monomer sequence along the polymer chain leads to the
development of a special class of synthetic copolymers, and they are known as alter-
nating copolymers when the two comonomers are placed in a regular exchanging
fashion. Themonomer sequence control plays an important role to regulate the differ-
ent bulk properties such as conductivity, rigidity, biodegradability, as well as mimic
the properties of the sequence defined biopolymers like DNA, RNA, enzymes, and
proteins. Very recently, different synthetic strategies have been explored to mimic
the monomer sequences in synthetic polymeric materials. An enormous combination
of several desired functionalities has been attached with the electron donor styrene,
stilbene or electron acceptor maleic anhydride or N-substituted maleimide moieties
to produce strictly alternating backbone and their properties have been extensively
investigated. Nowadays, functionalities like amino acids and peptides, essential and
fundamental components of protein biopolymers and alive entities extending from
bacteria to humans with a variety of enormities from nano to macro dimension, are
widely used to design an extensive range of block or random copolymers with signifi-
cant assets and applications, as they can play critical responsibility in both functional
and structural levels. The multifaceted biological features of these moieties help to
generate bioactive and biocompatible materials. However, the properties associated
with their alternating architecture have not been broadly studied. By providing a
quick look on different types of alternating copolymers, in this book chapter, we aim
to focus on recent developments of amino acid and peptide-based alternating archi-
tectures, their interesting properties and applications as bioinspired nanomaterials,
in inclusion chemistry, catalysis, sensing, tissue engineering, molecular electronics,
molecular separation technology, and so on.

Keywords Alternating copolymers · Amino acids and peptides · Biopolymers ·
Building block

Authors Ishita Mukherjee and Krishna Gopal Goswami are contributed equally to this work.

I. Mukherjee · K. G. Goswami · P. De (B)
Department of Chemical Sciences, Polymer Research Centre and Centre for Advanced
Functional Materials, Indian Institute of Science Education and Research Kolkata, Mohanpur,
Nadia, West Bengal 741246, India
e-mail: p_de@iiserkol.ac.in

© Springer Nature Singapore Pte Ltd. 2020
V. Katiyar et al. (eds.), Advances in Sustainable Polymers, Materials Horizons: From
Nature to Nanomaterials, https://doi.org/10.1007/978-981-15-1251-3_5

95

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1251-3_5&domain=pdf
mailto:p_de@iiserkol.ac.in
https://doi.org/10.1007/978-981-15-1251-3_5


96 I. Mukherjee et al.

1 Introduction

The field of macromolecular architecture and its applications has been extensively
explored over the last two decades particularly in the devise of complexmacromolec-
ular designs with significant advances [1, 2]. Copolymers, a long macromolecular
chain comprised of at least two monomers of unlike chemical nature, can be usually
classified as random or statistical copolymers, block or segmented copolymers, graft
copolymers, star polymers, alternating copolymers, periodic copolymers [3], gradi-
ent copolymers [4], and aperiodic copolymers [5] relying on various distributions of
monomers along the chain (Fig. 1) [6]. One of the principal objectives in the field
of precise macromolecular chemistry is to regulate the sequential arrangement of
monomers in the as-prepared polymer chains [7, 8]. Sequence modulation in poly-
mer materials is of tremendous interest as the polymer properties rely both on the
monomer constitution and their arrays which critically determine higher-order poly-
mer conformation in addition to polymeric bulk properties and applications [9, 10],
as witnessed in various existing biopolymers, for instance, proteins, DNA, and RNA
[11]. This molecular facet appears vital for adjusting subnanometric features like
molecular recognition, biocatalysis, molecular encoding of information, and there-
fore emerging novel generations of polymeric materials after learning from biopoly-
mers [12]. Consequently, an extensive array of the novel sequence defined polymer-
based nanomaterials have been newly emerged via iterative [13, 14], step-growth
[15], chain-growth, template [16], multiblock [17, 18] chain shuttling mechanism to
yield periodic pattern or kinetic strategies [19, 20].

In this regard, an alternating copolymer is a special class of sequence defined
polymers where two comonomers are arranged in a regular exchanging fashion [21],
leading to r1r2 = 0 where r1 and r2 denote the ratio of the rate constant of homoprop-
agation to cross-propagation [22]. Copolymerizations of electron donor styrene (also

Fig. 1 Various types of copolymers from two different monomers. Reprinted with permission from
Ref. [23]. Copyright (2017) Elsevier
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stilbene) with electron acceptor maleimide or maleic anhydride are mostly used to
produce strictly alternating backbone [23]. The phenyl ring of styrene can be func-
tionalized with desired functionalities, and also various N-substituted maleimide
moieties can be used to prepare varieties of strictly alternating copolymers. Sev-
eral emerging applications like nanoelectronics, photonics, biotechnologies, and
alternative energies are generated from these novel structures [24].

Amino acids and peptides, the major building block of protein biopolymers, are
the natural key ingredients to facilitate life [25]. These molecules have engrossed
immense attention over the last few decades as their bioactive, biodegradable, and
biocompatible nature leads to potential biomedical applications [26, 27].Amino acids
and peptides offer an exciting platform for the fabrication of nanoscale biocompatible
materials as a promising alternative of synthetic compounds through self-assembly
or co-assembly of two or more kinds of building blocks ensuing progressively more
complex nano-assemblies with distinctly different features comparing to the basic
mono-structures [28, 29]. Recently, an extensive range of block or random copoly-
mers with significant properties has been designed with amino acid or peptide-based
building block with significant possessions and applications [30, 31], though the
properties associated with their alternating architecture have not been broadly stud-
ied. This chapter summarizes the recent developments of amino acid and peptide-
based alternating constructions by presenting an overall discussion on different types
of alternating copolymers with their interesting applicative side as catalyst, bioin-
spired nanomaterials, tissue engineering scaffold, in inclusion chemistry, molecular
electronics, molecular separation technology, etc.

2 Different Synthetic Strategies

Monomer sequence control in polymers can be achieved via numerous synthetic
strategies which include both biological (e.g., DNA templates) and synthetic chem-
istry concepts to countenance the synthesis of macromolecules with diverse chem-
ical structures [12]. The simplest examples of such controlled sequence arrange-
ments are the alternating copolymers, composed of two monomer units [10]. The
copolymerization of electron-rich styrene with electron-accepting maleic anhydride
or N-substituted maleimide representing such monomer pairs has been extensively
investigated since the early 1940s [32]. The successful synthesis of the alternating
copolymers from these monomers was attained in conventional free-radical copoly-
merization (FRP) using 2,2′-azobisisobutyronitrile (AIBN) as the initiator [33, 34].
Apart from common organic solvents, for instance, tetrahydrofuran (THF) andN,N ′-
dimethylformamide (DMF), supercritical carbon dioxide (CO2) was also used to
accomplish an ultrahigh molecular weight alternating copolymer from styrene and
maleic anhydride. By increasing the free volume and segmentalmotion of the copoly-
mer chain, CO2 restricts its precipitation from the solvent leading to the emergence
of a highmolecular weight polymeric structure [35]. As reported in the literature, UV
irradiation was also efficiently incorporated for preparing alternating copolymers at
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room temperature [36]. Though traditional free-radical polymerization has been con-
veniently implemented to fabricate alternating copolymers, it suffers from some lim-
itations while the amount of in feed maleic anhydride is less than 50 mol% resulting
in amixed assemblage of copolymer and homopolymer [23]. A strong compositional
drift was reported for two random copolymer samples where the resultant polymer
chains were rich in maleic anhydride and styrene content at low and high masses,
respectively [37]. Nevertheless, if one starts with imbalanced monomer ratio with
low maleic anhydride content, the polymerization will begin as an alternate copoly-
merization till the entire maleic anhydride is incorporated. After that, the excess
styrene will be homopolymerized ensuing the in situ formation of a block copolymer
composed of a poly(styrene-alt-maleic anhydride) block and a polystyrene segment
[38].

Successful utilization of both nitroxide mediated polymerization (NMP) and
reversible addition-fragmentation chain transfer (RAFT) polymerization for styrene
and maleic anhydride system was reported in the literature. Hawker and cowork-
ers have investigated the controlled copolymerization of maleic anhydride via
NMP resulting in the occurrence of a unique, single-step production of function-
alized block copolymers from a 9:1 amalgamation of styrene and maleic anhydride
[39]. Wang et al. described an effective strategy to prepare poly(styrene-co-maleic
anhydride)/SiO2 hybrid composites by NMP which permits a facile control over the
molecular weight distributions and architecture of grafted copolymers onto solid sur-
faces [40]. Williams and coworkers have reported the successful fabrication of alter-
nate copolymers fromnucleobase-enclosed styrenemonomerswithmaleic anhydride
through theRAFTpolymerizationprocess usinghexafluoroisopropanol as the solvent
[41]. Several other reports are there where RAFT has been found fruitful for synthe-
sizing alternating copolymers [42, 43]. Other than NMP and RAFT polymerization,
atom transfer radical polymerization (ATRP) can also be effectively employed to
copolymerize styrene and N-substituted maleimides [44, 45]. Based on it, Lutz and
coworkers have presented a sequence-modulation tactic to tune conventional alter-
nating behaviors by time-dependent introduction of small amounts of ultra-reactive
maleimide monomer during the controlled polymerization of an excess of styrene
monomer leading to the local functionalization of polymer chains [19, 46]. However,
ATRP seems incompatible with styrene and maleic anhydride comonomers, owing
to the interaction between maleic anhydride and the copper complex as used for such
polymerization process. Apart from this, Heuts et al. successfully employed catalytic
chain transfer polymerization to synthesize styrene–maleic anhydride copolymers in
presence of low spin [bis(difluoroboryl) dimethylglyoximato] cobalt(II) complex
[47].

Still, so far, the above discussion was mainly focused on the alternating copoly-
merization of styrene and maleic anhydride or N-substituted maleimide monomers.
There are many other examples where different structural units have been utilized to
prepare alternating polymer networks.Coates and coworkers have optimized the ring-
opening alternate copolymerization of succinic anhydride with propylene oxide to
synthesize a fresh array of semicrystalline polyesters [48]. A catalyst driven sequence
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control strategywas developed byThomas et al. to produce highly alternating copoly-
mers from a combination of enantiomerically pure but dissimilar monomers [49].
The successful synthesis of alternating polyacetylene was recently reported by He
and coworkers through the regioselective anionic polymerization of butadiene deriva-
tives [50]. Literature reports also revealed the usefulness of condensation polymer-
ization to formulate the alternating structures [51]. Tsuji and Arakawa have recently
employed this process to synthesize alternating stereocopolymer, poly (L-lactic acid-
alt-D-lactic acid) from chiral hydroxyalkanoic acids [52]. Generally speaking, con-
tinuous efforts are still made to design artificial polymeric structures with controlled
sequence which may open up numerous opportunities to switch the structure–prop-
erty relationship in tomorrow’s polymer science. Figure 2 schematically represents
different synthetic procedure to synthesize alternating copolymer architectures.

Fig. 2 Schematic illustration of the different synthetic strategies of alternating copolymers
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3 Mechanistic Models on Styrene–Maleic Anhydride
Radical Copolymerization

There has been a resurgence of attention in the study of styrene–maleic anhydride
copolymerization from a mechanistic point of view as it shows a strong tendency
to form alternating structures. Numerous studies have been endorsed to ascertain
the underlying reason behind this alternating tendency which has been argued very
much in the literature [38]. Several models are demonstrated to rationalize this alter-
nation behavior. The earlier Mayo-Lewis model recommended the dependence of
the propagation rate constant on both the terminal radical and the arriving monomer
[53]. Though it could be successfully utilized to relate the copolymer composition
with monomer feed composition, it suffers limitation to justify the correlation of rate
constant versus monomer feed composition [23, 54]. Another model is the penulti-
mate unit model (PUM) which could be incorporated to account for the deviation
from Mayo-Lewis model [55]. Apart from the terminal radical, the rate constant of
monomer addition also depends on the penultimate monomer unit as depicted in this
model [56, 57]. The third model is the complex participation model (CPM) which
could be employed to elucidate both the copolymerization kinetics and the copoly-
mer composition in addition to monomer sequence distribution [38]. As the styrene
monomer is an electron-rich monomer, it is susceptible to form charge-transfer com-
plexes via the interaction with the electron-poor maleic anhydride monomer that
has been confirmed by spectroscopic evidences [58, 59]. Based on this, the CPM
model has been established, which suggests the participation of single monomer as
well as the charge-transfer complex in the copolymerization [60, 61]. Nevertheless,
there are still some doubts about the involvement of charge-transfer complexes in
the copolymerization as evidenced by literature [62]. The underlying mechanism of
the alternating behavior is still a topic of discussion and continuous efforts are made
to find out the exact reason behind this copolymerization.

4 Recent Development of Alternating Copolymers
Containing Amino Acids and Peptides

Over the last few decades, amino acids and peptides are widely used to design an
extensive range of copolymers containing two or more amino acids at the side chain
[31] or main chain peptide [63]. Primary synthesis and conformational investiga-
tion of alternating poly(γ -benzyl D, L-glutamates) [64] and alternating copolypep-
tide, poly(Lys-Phe) [65] are already reported in the literature long before. Primarily,
the copolymer sequencing toward alternating, block or random orientations is pre-
sented and regulated by relative reactivity ratios of two diverse amino acid-based
monomers. Further, information on sequencing was dictated by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectroscopy. As dictated
by Gross and coworkers, the evident selectivity of several protease enzymes for
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addition of either L-Et-Leu or L-(Et)2-Glu to propagate chain ends with extreme
sequencing leading to alternating, random, and block orientations was estimated
from relative reactivity ratios, which was calculated during protease-catalyzed co-
oligomerizations of γ -ethyl-L-glutamate (L-(Et)2-Glu) with L-leucine ethyl ester
(L-Et-Leu) monomer (Fig. 3) [66].

Various molecular techniques like solid-phase peptide synthesis, native chemi-
cal ligation, Staudinger ligation, N-carboxyanhydride (NCA) polymerization, and
genetic engineering are adopted facilitating the rapid, adaptable, and orthogonal
synthesis of main chain peptide-based materials [23]. The amino acid sequence
in a peptide can be regulated by the genetic engineering method, though several
limitations are associated with this technique like more laborious technique than
others, significantly lower yield, use of natural amino acids only unless additional
efforts are applied [67, 68]. The molecular devices required for the assembly of
precisely designed sequence defined materials are especially genetic engineering,
ring-opening polymerization (ROP), and solid-phase peptide synthesis leading to a
fruitful transition from fundamental research to industrial application.

Rationally designed cyclic alternating polypeptide facilitates the production of a
novel organic nanotubes with specified internal diameter and surface characteristics
having potential applications in several industries and educations like chemistry,
biochemistry, and material sciences, which includes mimicking biological channels
and porous structures, investigating physical and chemical properties of restricted
molecules, controlling properties and expansion of inorganic andmetallic clusters, or
designing novel optical and electronic devices [69]. An eight-residue cyclic peptide
with an alternate sequence cyclo[-(D-Ala-Glu-D-Ala-Gln)2-] was considered as a
subunit with the postulation of cyclic peptide with an even sequence of alternating D-
and L-amino acids. A low-energy flat ring-shaped orientation can be adopted by them
with all approximately perpendicular backbone amide functionalities to the plane of
the adoptedβ-sheet structure resulting backbone–backbone intermolecular hydrogen
bonding (Fig. 4). The alternating D- and L-sequence results from the peptide side
chain necessarily lying at the outside of the ensemble to prepare the most wanted
hollow tube structure at the core.

Recently, a unique alternating peptide peptoid copolymer was prepared via one-
pot Ugi four-component reaction polymerization of dipeptides in aqueous solution
involving a primary amine, an aldehyde, an isocyanide, and a carboxylic acid. Thus,

Fig. 3 Possible sequence selectivity of proteases during oligomerization reaction of γ -ethyl-L-
glutamate (E) with L-leucine ethyl ester (L) monomer. Reprinted with permission from Ref. [66].
Copyright (2008) American Chemical Society
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Fig. 4 a A two-dimensional representation of the chemical structure of the peptide subunit (D
or L refers to the amino acid chirality). b Peptide subunits are shown in a self-assembled tubular
configuration emphasizing the antiparallel stacking and the extensive network of intermolecular
hydrogen bonding interactions (for clarity only backbone structure is presented). Reprinted with
permission from Ref. [69]. Copyright (2013) Nature Chemistry

a quasi-quantitative pathway of α-amido amide compounds with high atomic effi-
ciency has been developed due to potential biomedical applications of polypeptides
and polypeptoids, analogous to N-substituted amino acids [70]. Despite the simplest
dipeptide, glycyl-glycine (Gly-Gly), for a trial reaction, the amino acid sequence on
the final structure of the peptide-alt-peptoid copolymers was highlighted by choos-
ing several dipeptides like glycyl-alanine (Gly-Ala) and L-alanyl-glycine (Ala-Gly)
(Fig. 5a). A great attention has been paid on those water-soluble peptide-based alter-

Fig. 5 a Synthesis based on Ugi four-component reaction, b synthesis of the poly(peptide-alt-
peptoid) macromonomer as well as the corresponding graft and block copolymers with acrylic acid
andN,N ′-dimethylacrylamide (DMA), and c their thermoresponsive properties in aqueous solution.
Reprinted with permission from Ref. [70]. Copyright (2017) The Royal Society of Chemistry
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nating copolymers and their derivatives with acrylic acid, graft copolymerization
with N,N ′-dimethylacrylamide (DMA) by free-radical polymerization or modifica-
tion with carboxylic acid terminated polyethylene glycol (PEG), due to their sig-
nificant thermoresponsive properties exhibiting a range of lower critical solution
temperature (LCST) leading to several biomedical applications (Fig. 5b, c).

Another interesting example of amino acid-based alternate architecture isMAX1,
a sequence defined peptide containing 20 amino acids [71]. It is fully soluble in aque-
ousmedia, adopts randomcoil conformation, and can transfer toβ-hairpin conforma-
tion to facilitate a targeted self-assembly structure into a rigid cross-linked hydrogel
by applying exogenous stimulus like pH [34], temperature [72], ionic strength [73]
of cell growth media. Kretsinger et al. demonstrated the cytocompatibility of the
hydrogel toward NIH 3T3 murine fibroblasts generated fromMAX1 including alter-
nating sequence of lysine and valine residues oriented on two β-strands edges. They
can be crinkled and self-assembled under treatment of buffered concentrated saline
solution, i.e., cell growth media (Fig. 6) [74]. Cytotoxicity was measured in a quali-
tative pathway using a live/dead cell viability analysis. Here, calcein-AM hydrolysis
in live cells produced a green fluorescent signal while ethidium homodimer gener-
ated a red fluorescent signal only in dead cells. The non-cytotoxicity of the hydrogel
surface was exhibited by Fig. 7, where that cell viability on the hydrogel surface
was comparable to that of the control TCTP surface. Due to non-toxic nature toward
fibroblasts cells, porosity, biocompatibility, supportive properties to cell adhesion
both in presence and absence of serum protein and proliferation, the hydrogel meets
the preliminary mechanical and cytocompatibility requirement to act as an attractive
candidate of tissue engineering scaffold.

Selectivity of pH-triggered supramolecular polymerization can be regu-
lated by amino acid-based alternating peptide. In neutral buffer, self-assembly
of phenylalanine-lysine (FK)- and phenylalanine-glutamic acid (FE)-composed

Fig. 6 aModel for the folding and self-assembly ofMAX1.bFolded sequence ofMAX1.Reprinted
with permission from Ref. [74]. Copyright (2005) Elsevier
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Fig. 7 Live/dead cytotoxicity assay on 40,000 cells/cm2 murine NIH 3T3 cells 5 h after introduc-
tion onto a 2 wt% MAX1 hydrogels or b TCTP control plates. Viable cells fluoresce green and
compromised cells fluoresce red. Scale bar represents 100 μm. Reprinted with permission from
Ref. [74]. Copyright (2005) Elsevier

amphiphilic alternating dendron shaped peptides 1 and 2 can happen to generate
a distinct 1–2 copolymers. pH can control the selective turn off of the negative or
positive charges on the oppositely charged comonomers [75], hence leading to selec-
tive homopolymerization based on stimuli-responsive opposite comonomer release
phenomenon. This was the first report of a supramolecular polymerization in solu-
tionwith the ability to reversible switch over between three differential compositions:
homopolymer of 1, 1–2 copolymers, and homopolymer of 2 where different states to
be homopolymer of 1 (pH > 10), copolymer of 1–2 (neutral pH) and homopolymer
of 2 (pH < 4) were postulated (Fig. 8) [76].

Conformational properties of amino acid-based alternating copolymers are reg-
ulated by salt effect and pH, though the consequence is somewhat different from
amino acid-based statistical copolymers due to differential basic architecture. As
reported in the literature, the alternating copoly(L-leucyl-L-lysine), however, does
not exhibit coil to α-helix conformational switching like its statistical analog. But
the precise alternating arrangement along the polymeric chain could result in a β-
sheet orientation composed of hydrophilic and hydrophobic residues at two terminal
sides. In the hydrophilic end, salt addition or pH enhancement could neutralize the
repulsion among the positively charged amino groups of lysine side chains [77]. Dif-
ferent anions present in the salts are postulated to generate coil to β-sheet conforma-
tion of alternate amino acid-based architecture through different mechanism. ClO−

4 ,
specifically, bind to the positively charged side chain group, whereas β-structural
orientation is dictated by SO2−

4 due to the intermolecular hydrophobic interactions
between the leucyl residues of adjacent chains and ionic interactions between one
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Fig. 8 a Chemical structures of the C3-symmetric dendritic peptide comonomers 1 and 2; b their
pH-regulated supramolecular polymerization into homopolymer of 1 and 2, at high and low pH,
respectively, and 1–2 copolymer at neutral pH. Reprintedwith permission fromRef. [76]. Copyright
(2015) WILEY

SO2−
4 and two NH+

3 groups of two neighboring polymers. Hence, the absence of spe-
cific binding capacity toward polycation by SO2−

4 unlike ClO−
4 dominantly regulates

the mechanistic pathway.
The pH-induced conformational transition of an alternating amphiphilic peptide

with an amino acid sequence Phe-(Leu-Glu)8 can regulate the structural control of
peptide-gold nanoparticles, where the surface of the nanoparticle is covered by the
peptide chain [78]. The sequence defined alternating amphiphilic peptide surface
adopts a α-helical conformation along with a substantial extent of a random coil
and β-sheet arrangements under basic condition, whereas β-sheet structure was the
dominant orientation for the peptide material under acidic environment. These con-
formational changes lead to morphological differentiation of the peptide coated gold
nanoparticle assembly from globular to nanosheet structure by changing pH leading
to intermolecular hydrogen bonding among the surface peptide (Fig. 9). The core
gold nanoparticles could be fixed to the β-sheet assembly of the surface peptides,
generating a useful system for new molecular tools with quantized properties.

Alanine and lysine containing sequence defined peptides (AKA3KA)2 (AK2) pro-
duce an alternating architecture with flexible PEGmoiety. Hence, a multiblock poly-
meric fusion material has been developed to imitate the molecular structure and
design of natural elastin. The peptide (AKA3KA)2 (AK2) is an essential structural
component of the cross-linking structural biomolecules like proteins, e.g., mechan-
ically active tissues to provide elastic property. Natural elastin-like mechanical
strength could be introduced to a peptide-polymer hybrid hydrogel synthesized by
covalently cross-linked alternating copolymers composed by hexamethylene diiso-
cyanate and lysine side chains in the peptidic blocks (Fig. 10) [79]. Furthermore,
PEGwas substituted by an amphiphilic ABAblock copolymer composed of PEG end
blocks and a poly(propylene oxide) (PPO) center block, known as pluronics (F127).
These types of copolymers can self-assemble into micelles leading to various confor-
mational and assembly characteristics of AK2 peptide under various environments
(Fig. 11) [80]. Helical property and thermal stability of F127 micelles connected
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Fig. 9 Morphological changes of the alternating amphiphilic peptide, Phe-(Leu-Glu)8 coated gold
nanoparticle assembly from the globular to nanosheet structure by changing pH. Reprinted with
permission from Ref. [78]. Copyright (2008) American Chemical Society

peptide materials are improved significantly as compared to the free peptide.
In contrast, amino acid-based alternating approach has opened a new dimen-

sion to develop a series of interesting, novel, biodegradable, and biocompatible
materials called polyesteramides (PEAs) having potential applications in agricul-
tural fields, drug delivery system, and tissue engineering scaffold. The potential
thermal and mechanical properties of PEAs were introduced by the biodegrad-
ability of polyesters, substantial thermomechanical activities, and hydrogen bond-
forming ability of polyamide functionality. The ring-opening bulk polymerization of
morpholine-2,5-diones is an established technique for synthesizing alternating PEAs,
called polydepsipeptides, which consist of alternating monomer units from α-amino
acids like aspartic acid or lysine and α-hydroxy acids [81, 82]. Hence, a wide vari-
ety of polydepsipeptides could be prepared with different functionality and reactiv-
ity [83]. Copoly(L-lactide-depsipeptide)s [84] or poly(L-lactide)-polydepsipeptide
block copolymers [85] are produced by the copolymerization of morpholine-2,5-
diones with L-lactide which can be utilized for drug-loaded microspheres genera-
tion. This method has some limitations to the production of polyesteramides from
α-amino acids and α-hydroxy acids as such cyclic compounds are difficult to synthe-
size from bulky monomers. A direct reaction between cyclic esters and amino acids
can also generate PEAs.Melt polymerization of E-caprolactone with 6-aminocaproic
acid or 11-aminoundecanoic acid has been reported to prepare desired PEAs where
the tensile strength is dictated by the amino acid portions in the primary mixture [86,
87]. Bulk copolymerization of E-caprolactone and shorter amino acid, β-alanine,
with extensive properties and biomedical applications are recently explored which
is schematically represented in Fig. 12 [88].

Stereocomplexation can be achieved by using amino acid-based alternating strate-
gies with potential applications in biomedical hydrogels and micelle or vesicle type
microspheres for drug delivery systems [89, 90]. 12-mer sequence defined alternating
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Fig. 10 a Chemical structure and b schematic representation of synthesis of covalently cross-
linked elastin-mimetic hybrid polymer. Reprinted with permission fromRef. [79]. Copyright (2009)
American Chemical Society

architecture composed of L-leucine (Leu) or D-leucine (leu) and 2-aminoisobutylic
acid (Aib) produced a helical conformation of peptide chain and from theN-terminal
residue, a poly(sarcosine) block was incorporated as expressed in Fig. 13 [91]. The
molecular assembly from themixtures of those block amphiphilic polypeptides trans-
forming from planner sheet to vesicle upon heating is explained by stereocomplexa-
tion between right-handed and left-handed helical structure in hydrophobic core area
of the sheet conformation [92, 93]. Right-handed helical amphiphilic peptide-based
material was introduced to second-generation dendrimer at its eight terminal posi-
tions as a hydrophobic block, therefore leading to the supramolecular assembly as a
consequence of stereocomplexation.



108 I. Mukherjee et al.

Fig. 11 a Chemical structure of alanine-rich, lysine-containing peptide with a sequence of Ac-
(AKA3KA)2-NH2 (AK2, top) and vinylsulfone terminated pluronic F127, b transmission electron
micrographs of peptide/F127 hybrid. Reprinted with permission from Ref. [80]. Copyright (2011)
WILEY

Fig. 12 Synthesis of
alternating copolymer from
E-caprolactone and
β-alanine. Reprinted with
permission from Ref. [88].
Copyright (2014) Elsevier

Collective H-bonding and hydrophobic interactions lead to the generation of
multiblock nanoparticle possessing elastin-mimetic property consisting an alternat-
ing sequence of poly(acrylic acid) (PAA) and alkyne-terminated, valine and glycine-
rich peptide, (VPGVG)2 (VG2) via the step-growth polymerization with potential
application as pH-responsive drug delivery systems [94]. Biomedical applications
of amino acid-based alternating polymers are further extended in several fields like
bone repair, which is sluggish and complex physiological practice, biosensing appli-
cations [95], e.g., peptide-mimetic alternating copolymers (PMACs), synthesized by
the copolymerization of ε-Z-lysine with hexamethylene diisocyanate (HDI), acted
as an antibacterial delivery vehicle to transfer growth factors which were used to
control bone repairing process [96].
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Fig. 13 The diagrams of molecular design: a the cartoon-like diagram of a co-assembling second-
generation dendrimer template bearing amphiphilic right-handed block peptides (yellow helix)
with amphiphilic left-handed block peptides (red helix), b the schematic diagram of the second-
generation dendrimer core emphasized on the generation number. Reprinted with permission from
Ref. [91]. Copyright (2012) The Royal Society of Chemistry

A novel and interesting traditional fluorophore-free water-soluble dual pH- and
thermoresponsive fluorescent poly(styrene-alt-maleimide) skeleton-based copoly-
mer was recently explored by our group through amino acid-based sequence-
controlled copolymerization [43]. The thermoresponsive properties originated from
the diethylene oxide side chain attached to maleimide moiety and the pH-
responsiveness instigated from the deprotected leucine-appended styrene backbone.
Thus, pH/thermoresponsive fluorescence activity in water was observed due to
“through-space” π–π interaction between the benzene ring and the neighboring car-
bonyl group of the maleimide unit. This leucine containing alternating copolymer
was further explored for speedy, selective, and sensitive detection of a well-known
explosive nitro compound, picric acid (PA), in a 100% aqueous medium utilizing
their nonfluorophore fluorescence property through determination of fluorescence
quenching efficiency expressed in Fig. 14 [97].
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Fig. 14 a Synthesis of Boc-protected alternating copolymer (PP) and its subsequent deprotection
under acidic conditions to afford the target macromolecular probe, deprotected polymer (DP).
Fluorescence images of PP in tetrahydrofuran (THF) and N-methyl-2-pyrrolidone (NMP) and DP
in water upon excitation with UV light at 366 nm. Naked-eye observation of fluorescence quenching
under UV light: b in the solution state upon the addition of picric acid (PA) to the aqueous sensor
solution, and c in the solid state upon adsorption of the PA solution on the sensor spot on a TLC
plate. Reprinted with permission from Ref. [97]. Copyright (2017) The Royal Society of Chemistry

5 General Applications Originated from Alternating
Architectures

Several applicative sides such as catalysis, molecular recognition, generation of
biodegradable materials have been opened up from the alternating sequence-
controlled polymeric architectures leading to the generation of microstructural peri-
odicity, single-chain functional groupdistributions, and complicatedmacromolecular
architectures [98]. Poly(styrene-alt-maleic anhydride) backbone supported copoly-
mers displayed a selective detection for definite dialkylammonium ions or other
size-specific complexations via inclusion complex formation where the crown ether
moiety was formed by cyclo copolymerization [99]. Again, heterogeneous solid
acid catalytic activity in organic transformation [100]; a new, recyclable, highly
activePdmodifiedheterogeneous catalyst for Suzuki andSonogashira cross-coupling
reactions under “green” condition [101]; preparation of surfactant-free modified
latexes [102]; fuel cell application [33]; drug release application [103]; fluores-
cence “OFF–ON” response to several selective metal ions and solution pH [42];
nanotube self-assembly behavior [104]; guest molecules entrapment, release proper-
ties along with multiple end group modified dendritic side chains [105]; generation
of polyhedral oligomeric silsesquioxane (POSS)-based organic–inorganic hybrid
materials having alternating architecture with enhanced thermal properties [106],
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self-assembly behavior in aqueous solution [107], unusual fluorescence behavior in
solid and solution state [34]; preparation of well-defined polyelectrolyte with com-
plex microstructure [108] were explored from the same alternating skeleton with
selective modification of side chain functionality attached to styrene or maleic anhy-
dride/maleimide. Sequence control copolymer microstructure like their amorphous,
crystalline or semicrystalline nature can finely tune the material properties with
potential applications [109].

Synthesis of alternating copolymers with the cluster of bulky functional groups
snatched a great attention as impenetrable well-designed clusters presenting in many
biological organisms exhibited a crucial role in biological detection procedures sus-
ceptible of many applications [110]. Interactions with biomolecules can be exhibited
by multivalent dendritic structures through introducing into the polymeric mate-
rials. Sterically crowded alternating polymer backbones based on functionalized
stilbenes and maleic anhydride/functionalized maleimides lead to the generation
of new anionic polyelectrolytes with tunable charge densities [111] with variable
solution properties like dissociation or aggregation behavior [112]. A 2,3,4,5,6-
pentafluorostyrene (PFS)-based alternating copolymer bearing –NH2 and –SO−

3
functional groups was originated as a capable organocatalyst for a Henry reac-
tion between benzaldehyde and nitromethane [113]. Nanoporosity originates from
the tert-butyl group deprotection of alternating copolymer containing tert-butyl
carboxylate-functionalized stilbene or styrene and N-phenylmaleimide resulting in
carbon dioxide capture properties [114]. Nitrogen adsorption/desorption applica-
tions can also be promoted by the hypercross-linked alternating sequence [115].
An interesting class of toothbrush like alternating graft copolymers with biocom-
patible PEG or polycaprolactone (PCL) can act as a potent drug career [116]. A
novel approach, amphiphilic alternating copolymer brush (AACPB) opens a new
dimension in applications like self-assembly [117], lithium salt-induced microphase
separation, high-temperature ionic conductivity [118], and so on. The alternating
copolymers consisting an anhydride functionality and a carbon-to-carbon double
bond like twisted 1,3-butadiene in each replicate were conveniently applied for the
polymer-surface alteration by several post-polymerization reactions, thermosetting
and successive degradation process [119]. Low cytotoxicity and high serum compat-
ibility of sugar responsive polymersomes with alternating architectures facilitated
the application as elegant insulin delivery careers and the glucose level in the sur-
roundings controlled the release properties [120]. Recently, a potential application
for sterically stabilized nanoparticles in the area of foam stabilization was explored
by styrene and N-phenylmaleimide-based alternating architectures [121].

Nowadays, amino acids or peptide functionalized alternating architectures
have attained a significant interest as those units can self-assemble into ordered
nanostructures like the assembly of diphenylalanine leads to the core detection
motif of Alzheimer’s β-amyloid [122]. Well-defined nanotube with potential self-
assembly application is reported from peptide functionalized alternating copolymer
of poly(2,3-dihydroxy butylene-alt-butylene di-thioether) (P(DHB-a-BDT)) [123].
The application of the peptide-based alternating polymers in various technological
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utilizations, self-organization properties, piezoelectric devices, energy storage com-
ponents, devices with light-emitting properties, superhydrophobic surfaces for self-
cleaning, metal-organic frameworks, composite strengthening, ultra-sensitive sens-
ing devices, 3D hydrogel scaffolds for inorganic ultra-structures, tissue engineering,
and drug delivery purposes is investigated extensively [124].

6 Conclusions

The generation of huge and assorted collections of alternating copolymers has devel-
oped an exciting and creative area of progressive polymer sciences, where several
novel functionalities could be oriented along the polymer backbone leading to an
innovative functional polymer structure. In this chapter, we presented an overall
discussion on different types of alternating copolymers, different synthetic strate-
gies, mechanism, their interesting properties, and several applications along with
the recent developments of amino acid and peptide-based alternating constructions.
Peptide-based substances present an outstanding platform for the development of tis-
sue engineering scaffold, targeted drug delivery systems, inclusion chemistry, molec-
ular recognition and as substrates for regenerative medicine with the demand for
several newly emergent technologies. Though a large number of synthetic strategies
like solid-phase synthesis, ring-opening polymerization, NCA polymerization etc.
are available for the production of these materials, defined regulation of the amino
acid sequence in higher molecular weight peptides can only be generated by genetic
engineering method. But several drawbacks associated with this method like lower
yield, more laborious technique than others have led to additional, more fascinating
approaches like side chain modifications of styrene and maliemide units through
amino acids [43, 97]. Hence, several modified molecular tools involving amino acid
sequence in the main chain and side chains are adopted for the creation of these
alternating peptide-based compounds with potential applicative sides. However, the
evolution and bridging between fundamental research and industry applications still
remain elusive. Those peptide composed materials have the extensive and prospec-
tive viewpoints including self-assemblies that not only acquire unique chemical and
physical properties, but also responsive nature, functional self-healing or wound-
healing capacity, and catalytic activities. However, both the academic and industrial
sectormust realize and should construct an attempt to bridge the gap existing between
fundamental research and industrial applications.
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Chapter 6
Fabrication of Stimuli-Responsive
Polymers and their Composites:
Candidates for Resorbable Sutures

Deepshikha Das, Neha Mulchandani, Amit Kumar and Vimal Katiyar

Abstract Sutures are known to facilitate wound healing and recently, a significant
attention has been laid on the development of different classes of materials, their
properties to enhance tissue approximation and wound closure. The advancements
in the suture technology have introduced different types of sutures such as barbed
sutures, antimicrobial sutures, drug-eluting sutures. The biostable and bioresorbable
materials have received importance in augmentation and proper growth of the tissues
due to their extraordinary characteristics. Furthermore, the biodegradable polymeric
sutures have been explored for suture applications due to their efficiency, both in
terms of property and application. In this regard, the current chapter highlights the
various biodegradable polymers as possible candidates for sutures along with their
essential properties and applications. Moreover, the utilization of different biofillers
for fabricating sutures along with various fabrication techniques is discussed. Addi-
tionally, an impact is laid on the development of ‘stimuli-responsive sutures’ in order
to tailor the behavior of the suture for subjected applications by using external agents
or stimulus. These materials respond to small changes that can be both physical and
chemical environment. Electric field, magnetic field, radiation are some of the stim-
ulants that can be used based on the polymer used and nature of the application (cell
adhesion, nerve regeneration, drug delivery, degradation control, antimicrobial, etc.)
of suture. Magnetic responsive composite materials possess fine tuning properties
which find their potential in biomedical, cell guidance and controlled drug release
study (hyperthermia effect). A good understanding in terms of application and phys-
ical phenomena is portrayed which would help in developing the stimuli-responsive
materials and devices in the biomedical field.
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1 Introduction

The development of biomaterials in today’s era is one of the significant research
challenges evolving in the areas of medicine and tissue engineering. Based on
their behavior in the living tissue, these materials are divided into biodegradable
and bio-absorbable materials. Biodegradable polymer-based materials are nowadays
becoming an obvious choice for preparation of biomaterials for their degradable
behavior, compatibility with living system and non-toxic nature. The biodegrad-
able polymers degrade into the host and are removed thereafter, whereas the impor-
tance of the resorbable biopolymers eliminates this process and gets metabolized
therein. Biodegradable polymers are in use for various versatile applications such as
packaging, cosmetics, textile applications and one of the most prominent emerging
fields is biomedical. Till date, a number of polymers have been explored for their
biodegradable nature and compatibility with most of the living tissues. The most
important among these are polyglycolic acid (PGA), polylactic acid (PLA), poly
(E-caprolactone) (PCL) and copolymers of different biodegradable polymers [1].

The biodegradable and bio-absorbable polymers used for the biomedical appli-
cations must possess essential properties for their safe medical use. The removal
of the implant post-healing often requires re-surgery which may be painful. The
materials used as implants must therefore absorb inside the body, possess good
mechanical strength, easy processability, controllable surface nature and retention
of strength during in vivo and in vitro analysis. Such properties have therefore pro-
moted these classes of materials as one of the prime replacement for the conventional
orthopaedics transplants, tissue engineering substance, drug delivery application,
surgical applications, etc. [2].

Recently, the use of biodegradable polymers as surgical sutures has been com-
mercially increased. These materials are replacing the conventional suture materials
almost in all the different surgical cases. However, different modifications have been
carried out by different groups in order to improve the properties of suture apart
from only the mechanical support such as fabrication of composites, variation in the
spinning technique, coating the surface of the suture. In order to get the controllable
performance of suture under external fields and tailor the properties like antibacterial
activity, cell adhesion stimuli-responsive materials are studied in the form of matrix
or filler. Electric field, magnetic field, pH, chemical environment are the stimulus
studied majorly. In this chapter, a detailed survey of biodegradable polymeric mate-
rials as sutures and the scope of stimuli-responsive sutures and their fabrication are
discussed [3].

2 Suture

Suture is a biomedical device which is used to ligate blood vessels by upholding
tissues together to expedite wound healing. It has both natural and synthetic origins.
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Physicians have used suture to close wounds for at least 4000 years [4]. The wound
closure implies eradication of dead space, evenly distributed tension along deep
suture lines, maintenance of tissue tensile strength and approximation of the closure.
Although there are various developed materials for wound closure management such
as staples, screws, tape, and adhesive, sutures are found to be the most widely used
ones. Sutures have witnessed enormous growth since the past two decades. Sutures
are considered to be the largest group of biomaterials which constitute a huge market
exceeding $1.3 billion annually [5]. A significant growth of surgical sutures features
in the case of healthcare industry, for both absorbable and non-absorbable suture-
based products. Since the early times, different plant- (cotton, silk) and animal-based
(animal gut, horse hair), metal- and steel-based sutures have been utilized. Recently,
various synthetic biomaterials such as polydioxanone, polyglycolic acid (PGA) are
being used as suture materials. Sutures provide the flexibility and stability during
wound management which are usually the shortcomings observed in other wound
healing products. Different kinds of sutures may be fabricated such as absorbable,
antimicrobial, barbed, coated sutures based on the targeted applications [6]. Roberts
et al. in the year 1983 reported a comparative study between PGA sutures and tradi-
tional catgut in 190 patients undergoing episiotomy. They found edema disease was
significantly reduced in case of PGA-based suture compared to the catgut suture [7].
In the year 1988, Singhal et al. reviewed emerging trends on sutures and its biodegrad-
ability based on PGA and its copolymers [8]. In the year 2006, Li and Yuan studied
about the progress on synthetic-based absorbable polymeric sutures [9]. A general
comparative study was made upon closure materials for vascular devices by Hon
et al. in the year 2009. They focused on the mechanism of sutures and their potential
in serving homeostasis [10].

2.1 Characteristics of Suture

The ideal properties of suture for fulfilling the increasing demands of wound-closure
issues are described below:

• It must be biocompatible, biodegradable and bioresorbable.
• It must have adequate mechanical strength and impart flexibility.
• It must have knot-pull strength and straight-pull strength and knot security [11].
• It must evoke inflammatory response.
• It must have an acceptable shelf life.
• It must have permeability and help in healing process.
• It should be non-toxic and should not support bacterial growth.
• It should be easily handled.
• It must have slow absorption rate with the healing of the wound.
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3 Classification of Suture Materials

Sutures are originally made from natural and synthetic polymers. It can be classified
into different categories based on their nature of degradation, size, texture and
structure, and commercial surgery notation.

Filament Structure Texture Degradation Size

Monofilament
Multifilament
Pseudo-filament

Smooth
Barbed

Absorbable
Non-absorbable

US Pharmacopeia (USP),
European Pharmacopeia (EP)

On the basis of the structure and number of strands, sutures may be classified as
monofilament, multifilament, and pseudo-filament [12].

Monofilament sutures: These are single-stranded materials. These impart less
resistance while passing through tissues and are also less prone to infection. These
are easily tied down andmust be handled carefully. Because of their simple structure,
these can lead to breakage of the suture strand.

Multifilament sutures: These are comprised of many strands of filaments twisted
and braided together. Themultifilament sutures rendermuch highermechanical prop-
erty with appropriate flexibility and pliability than the monofilament ones. These are
sometimes coated to enhance handling properties and are applicable in intestinal
procedures. These are called as pseudo-filament sutures.

The sutures for wound closures may further be categorized on the basis of their
texture and surface design as follows:

Barbed sutures: These sutures generally contain spikes on their surfaces for deep
wound closures and possess sharp projections or barbs which help in anchoring of
the sutures to tissues in a linear fashion, thereby eliminating the need to knot. The
barbed sutures have widened their applications in complex reconstructive surgical
procedures.

Smooth sutures: The smooth sutures are tightly knotted around the tissues of bones.
These correspond to the response to inflammation and bacterial growth. These are
not recommended for minimally invasive surgeries.

On the basis of nature of degradation, sutures may be classified as:
Absorbable sutures: These sutures undergo rapid degradation in tensile strength

within 60 days. These are used to hold wound edges temporarily. These are prepared
fromanimal origin and synthetic polymers.These can alsobe coated for easyhandling
and visibility in the tissue. The natural-based sutures are absorbed by body enzymes,
and the synthetic polymers are hydrolyzed by breaking the polymer chains.

Non-absorbable sutures: These sutures are not digested by enzymes or hydrolyzed
into the living tissue.These aremadeupof non-biodegradablematerialswhich remain
repressed within the host tissue. There is a need for postoperative removal. These
comprises of single or multiple filaments. The fiber strand conforms to the USP for



6 Fabrication of Stimuli-Responsive Polymers and their Composites … 125

its size and composition. These are of different types, coated or uncoated, dyed, etc.,
to enhance visibility.

There are different standards to select size of suture for surgery. One of such
standard is ‘US Pharmacopeia’ (USP), according which the size of the suture
indicates the diameter denoted by the number of zeroes. The number of zeroes is
inversely proportional to the strand diameter. The smaller the diameter, the lesser is
the strength of the suture [5].

Sr. No. Size Use Diameter (mm) (natural)

1. 7-0 or smaller Opthalmology 0.070–0.099

2. 6-0 Blood vessels 0.100–0.149

3. 5-0 Face, neck, blood vessels 0.150–0.199

4. 4-0 Mucosa, neck, hands, limbs,
tendons, blood vessels

0.200–0.249

5. 3-0 Limbs, trunk, gut, blood vessels 0.300–0.339

6. 2-0 Trunk, fascia, viscera, blood
vessels

0.400–0.399

7. 0 or larger Orthopedics 0.400–0.499

3.1 Selection of Suture

The ability of the sutures to facilitate wound healing directly correlates to the size and
tensile property of the suturing material. The tensile strength of any suture material
should also balance the tensile strength of the healing tissues. The tensile strength of
the knot denotes the force in pounds which the suture strand resists before it breaks
when tied a knot. The size of the suture signifies the diameter, which is denoted by
the number of zeroes. The number of zero’s is inversely proportional to the diameter
of the suture. For example, size 5-0 or 00000 is smaller in diameter than size 4-0 or
0000. The smaller the diameter, the lesser is the strength of the suture. The selection
of any suture material takes into account the layers of wound closure, tension around
the wound and location of the suture [4].

• Suture must be selected on the basis of strength retention and finely structured
material which also correspond to the strength of tissue.

• In case of slow healing tissues, non-absorbable sutures and in the case of fast
healing tissues, absorbable sutures must be used.

• When the foreign bodies prevail in the contaminated tissues, multifilament sutures
must be avoided and monofilament should be used.

• In the case of cosmetic surgeries, monofilament materials such as polypropylene,
PP, and nylon are used for the proper closure and recovery of tissues.
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• In the presence of fluids such as in urinary tracts, monofilament materials are used
to prevent from causing stone formation and precipitation.

3.2 Fabrication of Sutures

The suture material can be synthesized by fiber spinning process. The ingredient can
be directly from nature (cotton, catgut etc.), synthesized polymers (degradable, non-
degradable), or metallic. The spinning process involves two steps, i.e., conversion of
polymers into fibers such as extrusion or spinning of fibers and further post-spinning,
i.e., drawing of fibers and heat treatment. Different spinning methods are selected
based on the nature of material and thermal stability of materials. Post-treatments
are conducted in order to achieve better properties or tailored surface nature [13].

The major steps involved in the fiber production are:

• Spinning
• Drawing
• Post-treatment.

The spinning techniques may be classified as:

• Melt spinning
• Solvent spinning

– Dry spinning
– Wet spinning
– Dry-jet wet spinning

• Electrospinning.

Melt spinning technique:

The melt spinning process is the primitive method used for the production of fibers
which is a solvent-free process and based on simple extrusion process. It is the
most eco-friendly route used for the fiber fabrication. The schematic of the melt
spinneret is shown in Fig. 1. The polymers having degradation temperature much
higher than their melting temperature may be subjected to melt spinning in order to
be spun into fibers. The production speeds are normally high. The polymer melting
point and its solubility in organic/inorganic solvents are to be known when using
this technique. This method is mainly used for the polymers such as polyesters,
polyamides, polyolefins. After melting at higher temperatures, the melt is forced
to pass through the spinneret at high pressure around 10–20 MPa and temperature.
The molten strands are then cooled while it solidifies. One of the characteristic of
the melt spinning is that the strands are extruded from the melt which are solidified
by exchange of heat within the medium. Eling et al. 1982 fabricated poly (l-lactic
acid), PLLA-based melt spun fiber at 185 °C and used hot furnace for the thermal
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Fig. 1 Schematic of melt
spinneret

treatmentwhich led to the production of PLLAfiberwith 0.5GPa tensile strengthwas
achieved [14]. Charuchinda et al. studied the effect of spinning temperature, drawing
speed, polymer properties on the melt spinning of PCL. Increase in the drawing ratio,
spinning temperature led to the reduction of the fiber diameter, whereas increase in
the drawing ratio led to the increase the strength of melt spun fiber [15].

Solvent spinning technique:

The solution spinning, although complex, is suitable for the polymers which do not
meet the requirements for melt spinning and such polymers may be spun if they
are dissolved in a suitable solvent. The polymer then dissolved, swells, and forms
a completely homogeneous solution. The polymers prepared by this process can
be directly spun without intermediate processing such as polyacrylonitrile (PAN).
The spinning pressures are usually 0.5–4 MPa, which is less than that in melt. The
polymers with a very high molecular mass, i.e.,Mw around 250,000 can also be spun
which is not the case in melt spinning because the limiting viscosity at zero shear η0

and the spinning pressure increases in proportion to M3.4
w . In the solution spinning,

the effect of molecular mass on viscosity can be compensated by appropriate dilution
[16]. However, the concentration used should not be low since this will affect less
polymer throughput and increase the cost of solvent recovery. This is classified into
as (a) dry spinning technique and (b) wet spinning technique.

Dry spinning technique:

In the dry spinning process, the polymer solution is spun in the presence of hot
gas where the temperature is higher than the normal boiling point of the solvent. The



128 D. Das et al.

evaporation of the solvent by the drying gas along the spinning path is determined
mainly by its rate of diffusion through the strand, which decreases with the solidi-
fication rate. Solidification occurs because of the decrease in solvent concentration
and the associated increase in viscosity. In this process, the strand bears a residual
solvent content of 5–25 wt%. This is desirable because it plasticizes, thereby facili-
tating the subsequent drawing of the filament. The residual solvent is removed later
in the process. The spin–draw ratio is based on the extrusion rate of the spinning solu-
tion [17]. The schematic of the dry spinning process is shown in Fig. 2. Gogolewski
and Pennings 1985 fabricated nylon-6 filaments from nylon-6 solution using solvent
mixture of formic acid and chloroform followed by hot drawing in the temperature
range 200–240 °C and the strength of fiber was reported to be 1 GPa [18]. PLLA fiber
of high strength was drawn by dry spinning followed by hot drawing by Leenslag
and Pennings [19] with 2.1 GPa tenacity and 16 GPa modulus.

Wet spinning technique:

In the wet spinning process, the polymer is dissolved in a nonvolatile solvent which
necessitates a subsequent reverse reaction. In this process, the polymer solution is
spun into a liquid coagulating bath. The heat exchange within the spinning medium
is not responsible for solidification of the strand. Instead, solidification results due to
coagulation caused by phase separation which is induced by a component of the spin
bath which is incompatible with the polymer which is a non-solvent [20]. Um et al.
[21], utilized wet spinning technique to fabricate silk fibroin filaments using formic
acid solvent and methanol coagulation bath. With decrease in the drawing ratio, the
fracture stress decreased and the elongation increased for the fibers [21].

Fig. 2 Schematic of dry
spinning
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Fig. 3 Schematic of
electrospinning

In the electrospinning process, the polymer solution ormelt is drawn to continuous
fiberwith diameter ranging from fewmicrons to nanometerswhich is shown in Fig. 3.
It is processed under the influence of an electric field. Voltage difference, solution
viscosity, nozzle type, etc., influence thefiber property [20].Huet al., 2014, fabricated
different polymer-based electro-spun fibers for drug delivery application with variety
of surface properties [22]. Matthews et al., 2001, fabricated collagen nanofiber by
electrospinning technique. Acid soluble collagen was used and voltage difference
was 15–30 kV. The fibers were applied for tissue engineering application [23].

4 Biodegradable Suture

Biodegradable Polymers

The biodegradable polymers have been sparked by the recent advances in the fields of
biomedical, packaging, textiles, etc. Biodegradable polymers break down into stable
end products under physiological conditions. When a neat polymer, blended product
or composite is obtained completely from renewable resources, it may be consid-
ered a green polymeric material [24]. Biodegradable polymers can be either natural
or synthetic. Natural polymers such as protein, polysaccharide, and nucleic acid are
degraded in the biological systems by oxidation and hydrolysis [25]. For the synthetic
polymers, enzymatic degradation is witnessed, wherein the microbes utilize the car-
bon backbone as a carbon source when is required. This technique offers a solution
to biodegradable waste management. However, the emerging research and interest
have focused the attention of biodegradable polymers for biomedical applications
owing to their biocompatibility (in some cases) [26]. In the terms of biocompat-
ibility, biopolymers offer an alternative to traditional biodegradable materials and
non-biodegradable polymers. The polymeric biomaterials can be broadly classified
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as enzymatically degradable and hydrolytically degradable polymers. Bioabsorbable
polymers can be blended to improve their overall functional properties. These are
processed to fabricate different objects such as fibers, films, screws, plates, sutures
which are cost-effective too. The fundamental aspects of biodegradability are

• The effect of polymer structure on biodegradation.
• The effective relationship between degradation and absorption.

The polymer structure on biodegradation is important to understand the correct
approach for the production of composites, the properties of the biopolymers and how
well they recombinewith the natural polymers such as polypeptides, polysaccharides,
polynucleotides, fibers, etc. Biodegradable polymers, mostly used for biomedical
applications in tissue engineering, should have parallel rate of absorption and cur-
ing. It depends on the location of the tissue or organ in the human body. These should
maintain the desired strength, modulus and function until the tissues are completely
cured by minimizing unwanted side effects. The synthetic polymers, on the other
hand, remain in the host after their practical functions are lost. Although, for most of
the biodegradable polymers, the complete decomposition rate is much slower than
the curing rate of bio-tissues, the products are likely to reside in the cured tissues
even after the therapy. The rate depends on many factors which includes the chem-
ical composition of the main chain and side groups, the state of aggregation, extent
of crystallinity, hydrophilic–hydrophobic balance, surface area, and morphological
behavior of the polymermaterial. It is also strongly affected by the primary and higher
order structure, solid-state structures of the polymer. The polymer surface area also
becomes the main factor for biodegradability. A polymer having both hydropho-
bic and hydrophilic characteristic serves better for biodegradation by hydrolysis
reactions [1]. Sir John Charnley successfully made the first clinical application of
biomaterial which dates back 50 years ago, poly(methyl methacrylate) (PMMA), an
acrylic cement which was used to attach a femoral head prosthesis [27].

4.1 Biodegradable Polymer-Based Suture (BPBS)

Generally, the sutures are made from natural and synthetic origins. The synthetic
polymers possess acceptable mechanical strength and their rate of degradation along
with the shape can be easily modified. Their hydrophobic surfaces and cell recog-
nition signals can be easily tuned. The polymers which are derived from natural
resources are likely to possess the advantage of cell support and cell proliferation.
These kind of natural polymers bear poor mechanical properties and are costly when
the supply is limited [28]. The natural sutures are usually made of catgut or recon-
stituted collagen, cotton, silk. The two naturally absorbable sutures (types) available
in the market are catgut and regenerated collagen. Catgut is available as plain catgut
(untreated) and chromic gut (tanned by chromium trioxide).Since 1930s, catgut has
been used as the staple absorbable suture material, whereas silk and cotton are used
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as non-absorbable materials. These sutures are noted for their toughness and tenac-
ity. The basic constituent of catgut is collagen and is the major structural protein
found in all multicellular organisms. These sutures are coated with glycerin to elim-
inate the requirement of alcohol packing. During the early 1970s, absorbable syn-
thetic polymer PGA was developed and its copolymer is commercially available as
a suture material. The absorbable sutures are established to behave favorably both
in vitro and in vivo [29]. Owing to their controlled manufacturing processes and
reproducible properties, these kinds of biomaterials have received a great deal of
interest in the biomedical field [30]. The advantage of synthetic absorbable sutures
is their reproducibility and degradability within a biological environment which
enables them to minimize undesirable reactions in the tissues after the sutures dis-
continued their function. These synthetic-based sutures have replaced the natural
ones for the wound-closure management. A braided suture marketed as Vicryl® is
a copolymer of (glycolic acid/lactic acid), GA/LA mol/mol composition. Further, a
homopolymer of GA is a braided suture commercially available with the trade name
Dexon®. The most susceptible monofilament suture till date is Maxon®, which is
a segmented block copolymer of glycolide and E-CL. Another commercial suture
named as Panacryl® is a copolymer with a high LA/GA ratio [31]. The copolymers
of linear aliphatic polyesters like PLA, PGA which are also biodegradable in nature
are frequently used in tissue engineering [32] and as in vivo degradable surgical
sutures which achieved (US Food and Drug Administration) FDA recognition for
medical use. The other linear polyesters which are also used in tissue engineering
applications are polyhydroxylbutyrate (PHB), PCL. PCL though possessing a slower
degradation rate which is not desirable for most of the biomedical applications but,
it finds its usefulness in long-term implants, controlled drug delivery applications. It
has also appeared as a perfect candidate for fabricating suture and scaffold materials
[3]. Some absorbable natural- and synthetic-based sutures are highlighted in Table 1.

Furthermore, some of the non-absorbable polymer sutures marketed are

• Polyamide (Ethicon)
• Tantalum (B. Braun)
• Polyethylene/Polypropylene (Ethicon)
• Poly-but-ester.

4.2 Biodegradable Composite-Based Sutures (BCBS)

Biodegradable polymers have several shortcomings like low thermal stability,
mechanical strength, brittleness which are detrimental for the applicability of the
polymer. For the biomedical applications, the biocompatibility, strength sustainabil-
ity under buffer solution, mineralization, mechanical strength and processability of
the polymers are essential to be modified by using suitable reinforcement. Different
reinforcements like hydroxyapatite, silicates, carbon nanotubes are incorporated into
the biodegradable polymers in order to fabricate bionanocomposites for biomedical



132 D. Das et al.

Table 1 Commercially available sutures from natural and synthetic polymers

Natural polymers

Sr. No. Name of polymer Trade name Year of manufacture

1. Bovine origin Catgut plain Sixteenth century

2. Collagen/intestines of sheep Surgical catgut 1880 (Ethicon)

3. Collagen Chromic gut 1950–1960
(Ethicon)

Synthetic polymers

1. Polyvinyl alcohol HS-PVA braids 1931

2. PGA Dexon® 1970

3. PGA Medifit® 1974

4. PGA/PLLA(glycolide-l-lactide) Polyglactin 910
(Vicryl®)

1974

5. Poly(glycolide-l-lactide) Polysorb® 1981

6. Polydioxanone (PDS) PDS II® 1981

7. Poly(glycolide-E-caprolactone) Polyglecapron 25,
(Monocryl®)

1992

applications like tissue engineering, orthopaedic implants, suture. Some of the nano-
based material used for fabrication of composite materials maybe given as follows
[33]:

Hydroxyapatite (HAP): Hydroxyapatite (Ca10(PO4)6(OH)2), which is both osteo-
conductive and biocompatible, is used mainly for bone tissue applications as it is a
majormineral component of the bones consisting of 69wt%of the hard tissues [34]. It
is both naturally available in bones and teeth and can be synthesized to promote bone
growth, tissue repair with a Ca/P range of 1.50–1.67. In case of PLA/hydroxyapatite
composites, where hydroxyapatite serves as the filler, the alkaline part of it neutral-
izes the acidic neutralization of the PLAmatrix to make it bio-functional. The recent
research proved that nano-sized HAP (n-HAP) due to its huge surface area showed
prominent increase in protein adsorption and osteoblast adhesion than the micro-
sized ceramicHAP [35]. In the year 1992,Verheyen et al. investigated themechanical
behavior of the l-lactide/HAP biocomposite for applications in orthopaedics surgery.
Gupta et al. in the year 2017 fabricated high molecular weight stereocomplex PLA
(sPLA)/n-HAP bionanocomposites for orthopaedic implants [36].

Carbon nanotubes (CNT): These can be of single sheet (single-walled carbon
nanotubes) (SWCNTs) and multi-walled sheets (multi-walled carbon nanotubes)
(MWCNTs). Because of their regular structure and excellent electrical and mechan-
ical properties, it can find application in sensors, biomedical and electronic devices
[37]. It serves as a structural reinforcing agent for biomedical applications. Incor-
poration of SWCNTs enhances the bioactivity of the composite material. Cheng
et al. prepared CNT/PLGA composite by solvent-casting/particle-leaching method
for scaffold fabrication [38]. Also, Pan et al. prepared PCL/MWCNT composite by
solvent-casting method and found the increase of cell adhesion [39].
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Chitosan: Chitosan is a linear polymer which is obtained from the parent origin
chitin and is widely available in nature such as in certain fungi and crustaceans. It
is biocompatible, biodegradable and also possesses inherent antimicrobial property
which makes it a good candidate for biomedical applications. Chitosan promotes
wound healing and protects the cell from infection. It enhances vascularisation and
also endothelial cell proliferation. Besides, the repairing nature of the chitosan, it can
also be used a gels for therapeutic delivery to the local wound. Kashiwazaki et al. in
the year 2009 prepared HAP/chitosan composite by co-precipitation method. These
were used for fabrication of scaffolds in the rat model [40].

Cellulose: Cellulose is a naturally occurring filler which is most abundant in
nature. It has hydroxyl functional groups on its surface which helps in even mixing
for the preparation of the composite. It can be easily modified and helps in enhancing
the properties of the material. Jiang et al. have used cellulose nanocrystals which
directly acted as a nucleating agent in the PLLA/PDLA blend matrix that improved
crystallizability of the material [41].

Silk: It is a fibrous protein which is known for its biocompatibility, ease of func-
tionalization, flexible morphology and better mechanical properties. It is viable can-
didate for various tissue engineering, wound healing applications. It shows promising
in vivo response. Patwa et al. in the year 2018 preparedmagnetic silk/PLA composite
by electrospinning method and studied the cytocompatibility which is effective for
cancer therapy [42].

Silver nanoparticles: It is known for its disinfectant and antimicrobial property.
It is capable of releasing silver ions and serves as an antibacterial agent. It has a high
surface area which enhances its inhibitory property. Simone et al. prepared novel
silver treated suture and studied its antibacterial effect for the prevention of surgical
infections [43].

4.3 Advantages of BCBS Over BPBS

• The incorporation of fillers like CNT, hydroxyapatite can improve the mechanical
strength of BCBS compared to the polymer.

• Collagen, peptides, etc., can improve bioresorbability of BCBS over BPBS.
• Different magnetic materials and electrically conducting filler loaded BCBS can
be tuned for particular applications using external stimulus.

• Different composite-based sutures can be utilized for drug carrier system more
effectively as compared to the polymer system.

• The degradation behavior, especially the mechanical strength retention under
in vivo and in vitro condition, is improved for the composite.

• The surface property of BPBS can be tuned by using suitable modification and
thus biocompatibility and cell adhesion are controlled.

• In some cases, incorporation of fillers into polymeric system can improve the bone
growth as compared to the pure polymer.
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5 Stimuli-Responsive Polymers

A Brief Introduction

Polymers that respond to external stimulus exhibit dramatic changes in their prop-
erties in the presence of different environment such as pH, solvents, salts, light,
electrical, and electromagnetic radiation. These changes may include conformation,
surface, hydrophilic, and hydrophobic behavior and solubility. These kinds of poly-
mers behave intelligently in varied applications such as in biomedical, micromechan-
ical, biosensors, commodity, and packaging applications. The emerging interests in
the stimuli-responsive polymers have endured since decades and an ample amount of
work have been carried out to develop macromolecules to be crafted into smart mate-
rials. In the living cells, the macromolecules regulate their functions which respond
to changes in environment locally and these biopolymers control all the major nat-
ural processes. The initial motive using such material was to develop biomaterials
only for smart therapeutic delivery methods. Recently, many synthetic polymers
have been explored that are responsive to various stimuli and can be considered as
biomimetic leading to the development of smart applications in tissue engineering
and wound healing applications. The responsive behavior to an external stimulus is
a nonlinear behavior [44]. There are different aspects of stimuli such as to attune
the response by integrating different responsive elements for the case of biodegrad-
able macromolecules. Applications of these smart polymers in the targeted-delivery
of therapeutics, tissue engineering, bio-separations and sensors have been studied
diversely, and innumerable publications are evident in this area. Additionally, to
achieve the macromolecular assemblies (combining two or more chemical, physi-
cal, biological stimuli-responsive materials) with stimuli-responsive characteristics,
different controlled polymerization techniques have been reported such as reversible
addition–fragmentation chain transfer polymerization (RAFT), atom transfer radi-
cal polymerization (ATRP), nitroxide-mediated radical polymerization (NMRP) and
ring-opening metathesis polymerization (ROMP).

In the present days, researchers are exploring different stimulus like magnetic
field, electric field, ultraviolet, pH, ultrasonication and chemical environment to
enhance the development of suture-based stimuli-responsive materials. A schematic
representation of the external stimulus affecting the properties of the polymers is
shown inFig. 4. The fabrication of suchmulti-stimuli-responsive polymers is synthet-
ically challenging but is of active interest for their application in various biomedical
fields [45]. The development of these kinds of materials to tune the properties of the
end product can be helpful to fabricate custom-designedmaterials. The knowledge of
structure–property relationship is necessary for further development and designing
of new functional materials. Some of the stimuli components are highlighted below.
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Fig. 4 Different external stimuli that affect the properties of the polymers

5.1 Magnetic Field Responsive Polymers

These kinds of polymer materials respond to the changes in the magnetic fields.
These provide exciting applications in biomedical applications such as in controlled
drug delivery. Based on the polymer matrix, magneto-active polymers can be divided
into magneto-active elastomers and magneto-active gels. Magnetic field responsive
materials can form different materials such as magnetic cellulose, magnetic hydrox-
yapatite, magnetic carbon fibers. Different types of direct and alternating fields are
used based on the application of magnetic-based stimuli-responsive materials in
cell adhesion, antimicrobial activity and drug delivery applications. De Santis et al.
designed 3D PCL-magnetic HAP-based scaffolds that showed enhancement in cell
growth and histocompatibility in both in vitro and in vivo studies [46]. The incorpora-
tion ofmagnetic material increased the cell population by 2.2 fold higher than normal
PCL-based scaffold. Patwa et al. 2018 successfully synthesized Fe-doped crystalline
silk nano-disks (CSNs) by co-precipitation method. The polylactide/CSNs scaffolds
were prepared using electrospinning method. Under static magnetic field, this scaf-
fold showed remarkable increase in cell growth of BHK-21 by 27% for aligned PLA
composite and 40% for nonaligned PLA composite. In the presence of alternative
field, magnetic materials generate heat which is called as ‘hyperthermia’ in order
to control targeted release of drug and regulate antimicrobial activity. To obtain
the desired temperature for hyperthermia effect which is 42 °C, the magnetic field
frequency and strength were kept at 293 kHz and 12.57 kA/m respectively. The
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drug-loaded composite scaffold showed 63% reduction in cell viability. In the post-
hyperthermia effect, the cancer cells failed to resist higher temperature, resulting
in reduced cell counts irrespective of the presence or absence of drug. Using mag-
netized CSNs disk in reinforced PLA-based scaffold, it showed cytocompatibility
under magnetic effect which are capable of destroying cancer cells depicting hyper-
thermia [42]. In the similar fashion, Chertok et al. in the year 2008 used iron oxide
nanoparticles for targeted drug delivery toward brain tumor under magnetic field
[47]. Similarly, Fuchigami et al. in the year 2012 used porous iron/platinum capsules
for targeted drug delivery for cancer therapy under the guidance of magnetic field
[48].

5.2 Electric Field Responsive Polymers

These polymers that respond to the electric field and undergo change in their proper-
ties are termed as electric field responsive polymers. Such materials convert electri-
cal energy into mechanical energy which are applicable in biomechanics, actuators,
chemical separations and controlled drug delivery. The electric field can act as a
stimulus for different biomedical applications like nerve regeneration, drug deliv-
ery. In the presence of electric field, there is a variant in cell growth from cathode
to anode which can help in nerve regeneration where conductive composites and
blends are utilized as nerve conduit. Jeong et al. in the year 2008 fabricated the
blends of polyaniline (PANI)/poly(l-lactide-co-E-caprolactone) PLCL doped with
camphorsulfonic acid using electrospinning process. They found the conductivity
value around 0.0138 S cm−1 for 30:70 v/v of the blend. There was a significant
enhancement in the cell adhesion in the blends (PACL) than that in the neat PLCL
fibers. These were considered as potential candidates for studying the effect of elec-
tric field to improve desirable cell activity for tissue engineering applications. These
blends were also used for modeling of the system to study the effect of electric field
on the mitochondrial activity of the NIH-3T3 cells. In case of higher loading, i.e., at
20 mA, the cell culture showed enhancement in the activity on the blends [49]. Wei
et al. in the year 2007 fabricated electroactive polymer using aniline and oligopep-
tide. They used PC12 neuronal-like cell lines to check the neurotrophic cell growth
and found significant cell adhesion and proliferation [50]. Huang et al. in the year
2008 synthesized multiblock copolymer using PLA and aniline pentamer by group-
shielding approach and fabricated scaffold pertaining better mechanical strength,
excellent electroactivity, and biodegradability. The copolymer showed improved
cell adhesion and proliferation in the in vitro studies. Under the effect of electric
field, the copolymer also showed enhancement in cell differentiation of rat neuronal
pheochromocytoma PC12 cells. This copolymer possessed the properties in vivo as
nerve regeneration scaffold materials in tissue engineering applications [51]. Simi-
larly, Hu et al. in the year 2008 fabricated electrically active cell using chitosan and
aniline pentamer [52]. In the similar way, Rivers et al. synthesized biodegradable,
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conducting blend using pyrrole and thiophene via degradable polyester for tissue
engineering application [53].

5.3 Temperature and pH Responsive Polymers

The thermal nature of the environment also acts as stimulus for some applications
where polymer and composites are thermosensitive. The change in temperature alters
the solubility of the components. It is specially observed for the colloid systems
[54]. Peng et al. synthesized PEG-based random copolymer having thermosensitiv-
ity. Change in sol–gel behavior was reported at 25–39 °C from %T value because of
lower critical solubility temperature change. Thermo-responsive gels and hydrogels
incorporated with drug can be controlled by varying temperature. In some of the
cases, activity of enzyme can be controlled by altering temperature. Shape memory
polymers are also utilized as stimuli-responsive materials for fabrication of biomed-
ical devices. Property of this kind of polymers also can be controlled by varying
temperature [55].

Biodegradable polymer-based gel characteristics are based on the nature of the
polymer, cross-linker as well as physical condition like pH and temperature.Marsano
et al. showed that network formation between chitosan and polyvinylpyrrolidone is
dependent on different pH condition. It swells around pH = 4, whereas shrinks at
pH=9 [56].Dai et al.well described howpHcanbe used as stimulus for drug delivery
in different gel, micelle and copolymer systems [57]. Yan et al. noticed that pH can
alter surfacewettability betweenoil towater for surface treated fabrics. Fabric showed
super hydrophobicity at pH = 7, however, noticed to have hydrophilic nature at
pH= 12 [58]. Efficiency of chitosan-based drug carrier under pH change also inves-
tigated by Hua et al. Chitosan-based conjugate graft copolymer was prepared in
two steps. First chitosan–lilial conjugate was synthesized using DMF solvent and
then graft polymerization was conducted with carboxyl terminated PNIPAM. It was
observed that lilial was not released from chitosan core at neutral pH up to 72 h,
whereas 70% of lilial was released after 30 h at 4.5 pH [59]. Zhang et al. 2007
investigated release behavior of anticancer drug Paclitaxel which is water insoluble
in nature using P (N-isopropylacrylamide-co-acrylic acid) block and a biocompat-
ible hydrophobic polycaprolactone (PCL) block polymer. Faster drug release was
reported at higher temperature and lower pH [60].

5.4 Chemical Environment, Photo Effect, Sonication
and Other Stimulus

Chemical environment of living system is different and based on the components as
well as pH. This also can act as stimulus for targeted applications such as glucose-rich



138 D. Das et al.

condition can be treated using glucose oxidase-based conjugate systems. Glucose
oxidase and polyacrylic acid-based hydrogels are found to be active and glucose
responsive [61].

The activity of some of the polymers can be controlled by the enzymatic action.
The blood clotting and hydrolysis of peptide have been investigated by different
groups under different enzymatic conditions. Effect of protease enzyme on E. coli
cells was investigated by Ulijin et al. by entrapping in a protein–gelatin mixture
hydrogel. It was observed that transglutaminase enzymes are only active in the cal-
cium ion’s environment, and exposure to Ca2+ can also enhance enzymatic crosslink-
ing [62]. Similarly, other chemical environments like antigen, thiol can act as stimulus
for different targeted applications.

The photoresponsive polymers can vary their property when subjected to irradia-
tion of light. This can control the efficiency of some of the biomedical applications
like tissue engineering, protein bioactivity and drug delivery. Also, UV and near-
infrared irradiations have been utilized to different drug delivery investigations by
different groups.

Ultrasound also utilized as stimulus by different groups for controlled drug release
studies. It gives local shock which can disrupt the shell of drug-loaded system and
based on the amplitude, controlled release can be done.

Stimulus and Suture Application

Incorporation of stimuli-responsive ingredients in the formof biodegradable polymer
or reinforcement for targeted environment application, suture is a lucrative area of
research. Drug-coated suture can be applicable for both external healing and internal
wound healing. Drug-loaded gels which are responsive to external stimulus can be
utilized in order to control the release depending on the nature and location of wound.
In the above-mentioned section, magnetic guidance of cell adhesion, hyperthermia
controlled antibacterial, and drug deliverywere discussed. The similar can be utilized
for suture application which will serve both holding of stitches and control recovery
based on application. Electro-spun fibers having conductive nature are utilized for
nerve regeneration. These sutures also can serve the purpose for eye injury or any
internal organ malfunction case. Orthopaedic application of suture has huge range of
utilization of stimulus responsive suture. Bone growth, cell proliferation, biocompat-
ibility, bioresorbability all can be controlled using suitable polymer-reinforcement
composition under stimulus like pH, enzyme. Thus, control of behavior of biomedi-
cal application of suture has a huge importance for simplification and more effective
medical treatment. Researchers across the world are investigating in various routes to
fabricate smart suture or stimuli-responsive suture which are capable of addressing
various wound healing issues based on the application and need.
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6 Resorbable Sutures: In Vitro and In Vivo Studies

In vitro studies involve the examination of biological entities outside the living body,
whereas the in vivo studies involve the examination of the entities within the living
organisms and cells. Cell adhesion, cytotoxicity, bone regeneration, load bearing
capacity under simulated body fluid, etc., are need to be studied for both in vitro and
in vivo technique prior to implementation of any biomedical devices. The properties
of suture also require in vivo and in vitro activity along with mechanical, surface
property, etc. In the year 1992, Verheyen et al. fabricated PLLA/hydroxyapatite
(HA) composites using in situ polycondensation of l-lactic acid in the presence of
HA. The monomer to catalyst ratio was varied during the polycondensation. Tensile
strength was 136.5 MPa in 600 M/I ratio and 30 wt% of HA. In vitro studies showed
degradation in molecular weight with time in phosphate-buffered solution (PBS). In
case of both in vitro and in vivo studies, all materials were found to retain their initial
weight after six months [36].

Similarly, Kim et al. in the year 2006, fabricated poly(lactide-co-
glycolide)/hydroxyapatite composite scaffold using gas foaming and particulate
leaching (GF/PL) method. Commercial HAP was used for this particular work.
PLGA/HAP/NaCl was mixed in a ratio of 1:1:9 loaded into a disk mold and com-
pressed and exposed to high pressure CO2 gas. NaCl was leached out using distilled
water. In vivo analysis showed that HAP enhanced the cell growth and the GF/PL
scaffold exhibited enhanced bone regenerationwhen compared to the SC/PL scaffold
[63].

Okada et al. in the year 1990 reported in vivo and in vitro studies of the commercial
suture. Collagen and pepsin were added to PBS solution for in vitro analysis. The
results indicated the hydrolysis from surface of suture, wherein the fiber diameter
decreased upon hydrolysis. The degradation of suture was found to accelerate in the
presence of enzyme. In case of in vitro analysis, no cellular infiltration was noticed
[64].

In the year 2007, Im et al. prepared poly(p-dioxanone) (PDO) and its copolymer
by conjugate spinning method. The method used was conventional bulk ROP. The
suture retained about 70 and 55% of its original linear tensile strength after two
and four weeks of incubation. Strength retention percentage decreased with time
in the in vivo degradation test. It was completely absorbed after 180–210 days of
implantation, whichwas slightly faster than some of the commercially available PDO
sutures [65].

Makela et al. [66] reported the in vitro study of the strong bio-absorbable self-
reinforced/PLLA sutures (SR/PLLA) to investigate the mechanical properties in
comparison with polyglyconate (Maxon®) and polydioxanone (PDS) sutures. PLLA
was melt spun with die exit diameter of 1.5 mm and hot drawn with an oven tempera-
ture of 120 and 140 °C and drawing ratio of 7. The filament diameter was 0.3–0.7mm
whichwas found to increasewith the density. The crystallinity of the suturewas found
to be 64–71%. The highest elongation found was ~62% for 0.3 and 0.5 mm sutures.
The thicker sutures were found to fail at their knots [66].
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Lee et al. prepared poly(lactic-co-glycolic acid) (PLGA) particles by loading
dexamethasone (DEX, a model drug) using water–oil emulsion technique. They
modified the surface of the DEX/PLGA particles using plasma treatment followed
by dispersing in polyethyleneimine (PEI) to enhance its hydrophilicity. They used
the absorbable braided suture (composition: 10% lactide, 90% glycolide) for immo-
bilizing the PEI/DEX/PLGA particles onto the surface of the sutures to develop
functional suture absorbable sutures [67]. The in vitro studies showed that the parti-
cles remained on the surface of the suture along with the sustained release of DEX
during 4 weeks. They developed technique did not alter the mechanical properties
of the suture. Thus, an indigenous strategy was developed to fabricate drug-eluting
sutures which may be potential candidates for wound healing at the surgical sites
along with anti-inflammatory response.

Being aware of the hydrolysis of the absorbable sutures resulting from the chain
scission in the amorphous regions and hypothesizing that the rate of hydrolysis of
suture would be directly dependent on the temperature, Cannizzo et al. evaluated
the absorbable sutures, i.e., Monocryl and Maxon® used in fish surgery [68]. They
maintained the sutures in the filtered water over a period of 8 weeks at 4, 25 and 37 °C
temperature. In case ofMonocryl, the tensile strength decreased after 2weeks at 25 °C
which was not the case at 4 °C. There was no decrease in tensile strength in case
of Maxon® at 4 and 25 °C. Further, the Monocryl suture was found to disintegrate
after 4 weeks at 37 °C and the tensile strength of Maxon® was decreased over a
period of 6 weeks. It was concluded that the tensile strength of absorbable sutures
was found to reduce slowly at ambient temperature as compared to that of the body
temperature. Thus, such sutures when used for the fish surgery would be retained for
a longer duration as the fishes usually reside in the water below 25 °C.

7 Future Perspectives

The utilization of novel resorbable copolymers and composite systems has a notewor-
thy development in various biomedical fields; however, the study of such materials
needs to be extensively carried out for the development of sutures for targeted sur-
gical sites. Different stimuli like magnetic, electric field, pH are found to govern
the properties of biomaterials for drug delivery, cell adhesion, nerve regeneration
applications which can be implemented by fabricating stimuli-responsive sutures.
The drug-loaded gels and hydrogels can be used as a novel coating for synthetic- and
natural-based sutures for wound healing, antimicrobial activity and drug delivery.
Thus, the fabrication of stimuli-responsive polymers and composites can address
both the mechanical support for wound healing as well can effectively serve for
the recovery of wound under controlled conditions. The use of novel biodegradable
polymer, protein, peptide in combination with different nanomaterial under vari-
ous stimuli may also be explored and novel formulations may be developed for the
targeted wound healing supported by essential in vitro and in vivo studies.
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Chapter 7
Biocompatible Thermoresponsive
Polymers: Property and Synthesis

Varnakumar Gayathri, Nagaraju Pentela and Debasis Samanta

Abstract Thermoresponsive polymers are responsive to slight changes in temper-
atures. In many cases, particularly with N-isopropylacrylamide group as repeating
unit, the temperature at which the change takes place falls in physiological range.
Hence, such polymers can be used for biological applications, even though biocom-
patibility ismajor issue inmany cases. There is no universal solution to this; however,
copolymerization is one strategy to address the issue. Choice of polymerization pro-
cess also emerges as critical standpoint in several cases. In this chapter, such issues
have been discussed with special emphasis on lower critical solution temperature
(LCST) of most polymers. In certain cases, polymers with upper critical solution
temperature (UCST) have been described briefly. Finally, the description along with
schematic representation of preparation of various biocompatible thermoresponsive
polymers using various controlled living radical polymerization techniques has been
presented with references (total 86 references).

Keywords Thermoresponsive · Biocompatible · RAFT · ATRP polymers
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LCST lower critical solution temperature
UCST upper critical solution temperature
PDI polydispersity index
NIPAM/NIPAAm/NIPAm/NIPAAM N-isopropylacrylamide
PNIPAM/PNIPAAm/ PNIPAm/PNIPAAM poly(n-isopropylacrylamide)
PLL poly(l-lysine)
VP vinyl pyridine
PAM polyacrylamide
PHB poly[(r)-3-hydroxybutyrate]
HMTETA hexamethyltriethylenetetramine
PS polystyrene
EBiB ethyl 2-bromoisobutyrate
DCM dichloromethane
DMF n,n-dimethylformamide
PEG polyethylene glycol
PCL polycaprolactone
PCLDMA polycaprolactonedimethacrylate
Me6TREN tris [2-(dimethylamino)ethyl]amine
DMSO dimethyl sulfoxide
PPO poly(propylene oxide)
MPC 2-methacryloyloxyethyl

phosphorylcholine
PMPC poly(2-methacryloyloxyethyl

phosphorylcholine)
bpy 2,2’-bipyridine
Me4Cyclam 1,4,8,11-tetramethyl-1,4,8,11-

tetraazacyclotetradecane
TsOH ρ-toluenesulfonic acid
DEA 2-(1,3-dioxan-2-yloxy)ethyl acrylate
DMDEA 2-(5,5-dimethyl-1,3-dioxan-2-yloxy)

ethyl acrylate
OEGA oligo(ethylene glycol) acrylate
DE-ATRP deactivation enhanced atom transfer

radical polymerization
PEGMEMA poly(ethylene glycol) methyl ether

methylacrylate
PPGMA poly(propylene glycol) methacrylate
EGDMA ethylene glycol dimethacrylate
poly(A-Pro-OMe) poly(n-acryloyl-l-prolinemethylester)
BDB benzyl dithiobenzoate
CTA chain transfer agent
DMA n,n-dimethylacrylamide
AIBN azobisisobutyronitrile
ADMO (n-acryloyl-2,2-dimethyl-1,3-

oxazolidine)
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PADMO poly(n-acryloyl-2,2-dimethyl-1,3-
oxazolidine)

HEMA 2-hydroxylethyl methacrylate
BSPA benzylsulfanylthiocarbonylsulfanyl

propionic acid
PAGA poly(acryloyl glucosamine)
EIPPMMA 4-(1-ethyl-1H-imidazo[4,5-

f][1,10]phenanthrolin-2-yl) phenyl
methacrylate]

PVPhol poly(vinylphenol)
FITC fluorescein isothiocyanate
PDS pyridylsulfide
DTT dithiothreitol
OEG oligoethyleneglycol
VCL vinylcaprolactam
AA acrylic acid
DODAB dimethyldioctadecylammonium

bromide
DBTTC dibenzyltrithiocarbonate
EGDMA ethyleneglycoldimethacrylate
MBA N,N’-methylenebisacrylamide
PHMPA poly((n-2-hydroxyproply)-

methacrylamide)
P(OEG-A) poly(oligoethylene glycol methyl

ether acrylate)
P(OEG-MA) poly-(oligoethylene glycol methyl

ether methacrylate)
CDTB cyanopentanoic acid dithiobenzoate
BSPA 3-(benzyl sulfanylthio

carbonylsulfanyl)-propionic acid
CDB cumyldithiobenzoate
PPEGMAxTTC poly[poly(ethylene glycol) methyl

ether methacrylate]-trithiocarbonate
DT dithioester
MEO2MA poly(2-(2-methoxyethoxy)ethyl

methacrylate
PVPip poly(n-vinylpiperidone)
VAc vinylacetate
LDH lactate dehydrogenase
PNASME poly(n-acryloylsarcosine methyl

ester)
C2NVP 3-ethyl-1-vinyl-2-pyrrolidone
NVP n-vinylpyrrolidone
MHEX s-(1-methyl-4-hydroxyethyl acetate)

o-ethyl xanthate
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Mw molecular weight
MADIX Macromolecular design by

interchange of xanthate
MeO2VAc oligo (ethylene glycol) vinyl acetate
ABCN 1,1’-azobis-(cyclohexanocarbonitrile)
BMDO 5,6-benzo-2-methylene-1,3-

dioxepane
MDO 2-methylene-1,3-dioxepane
TEMPO (2,2,6,6-tetramethylpiperidin-1-

yl)oxidanyl
MePEGMA poly(ethylene glycol) methyl ether

methacrylate
AN acrylonitrile
HEA 2-hydroxyethyl acrylate
FRP free radical polymerization
DEGEA diethylene glycol ethyl ether acrylate
DHHA/PDHHA dihydroxyhexyl

acrylate/poly(dihydroxyhexyl
acrylate)

MA methyl acrylate
OEGMA oligo(ethylene glycol) methyl ether

methacrylate
POEGMA poly[oligo(ethylene glycol) methyl

ether methacrylate]
OEGMEAs oligo(ethylene glycol) methyl ether

amines
CPADB 4-cyano-4-

((phenylcarbonothioyl)thio)pentanoic
acid

PFP(M)A pentafluorophenyl(meth)acrylate
PFPA pentafluorophenyl acrylate
MEO2MAM diethylene glycol methacrylamide
MEO2AM diethylene glycol acrylamide
mPEG methoxy poly(ethylene glycol)
AAm/AM acrylamide
APEG α-acryloyl-ω-

methoxypoly(ethyleneglycol)
CMC critical micelle concentration
DOX doxorubicin
PVP polyvinylpyrrolidone
CMPC cyanomethyl

methyl(4-pyridyl)carbamodithioate
LbL layer by layer
OEtOxA oligo(2-ethyl-2-oxazoline)acrylate
TA tannic acid
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CROP cationic ring-opening polymerization
P[VBTP][Cl] poly(triphenyl-4-

vinylbenzylphosphonium
chloride)

P[VBuIm][Br] poly(3-n-butyl-1-vinylimidazolium
bromide)

P2VP poly (2-vinylpyridine)
PHEA poly(2-hydroxyethyl acrylate)
PEA poly(ethyl acrylate)
PEGMA poly(ethylene glycol) methacrylate
Hex Hexylamine

1 Introduction

Responsive polymers or smart polymers are categorized under the class of “smart
materials”whichundergounique reversible changes/transitionswith respect to chem-
ical, physical, or biological external stimuli. Conventional external stimuli associated
with responsive polymers are temperature, electromagnetic radiation, electric field,
ionic strength, mechanical stress, pH, chemical agents, enzyme substrates, etc. The
reversible changes associated with the physical or chemical external stimuli may
cause change in conformation, shape, hydrophilic–hydrophobic behavior in aque-
ous medium, solubility, and molecular assembly [1]. These reversible changes arise
as a consequence of involvements of secondary forces like hydrogen bonding and
hydrophobic interactions between polymermoiety and solvent, van derWaals forces,
and electrostatic interaction [2, 3]. Responsive polymers can further be distinguished
based on the external stimuli, and it can restrict to a single stimulus or more than one
stimulus to acquire desirable properties. Exterior to different responsive polymers,
thermoresponsive polymers have been extensively studied which can be elucidated
as smart polymers which experience volume phase transition in aqueous medium at
a definite temperature to emerge a change in solubility. Thermoresponsive polymers
can be segregated into two different categories according to critical parameters such
as lower critical solution temperature (LCST) and upper critical solution temperature
(UCST) (shown in Fig. 1 [4, 5].

Polymeric systems associated with LCST (Fig. 2) undergo coil-to-globule tran-
sition as results of phase separation from hydrophilic to hydrophobic at LCST in
aqueous medium. The driving force for any polymeric system to show phase separa-
tion at LCST is enthalpy (�H) and entropy (�S). Below the LCST, the interactions
between hydrophilic moiety of a polymeric system and water molecule result in neg-
ative enthalpy and negative entropy which is vital for a given system to be miscible
in a given solvent. So below the LCST, these polymers will form a hydrogen bond
with the water molecule to provoke complete solubility in water medium. Above the
LCST, an elevation in entropy is caused which stimulates the breaking of hydrogen
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Fig. 1 Phase diagrams of thermoresponsive polymers with LCST and UCST property [1]

Fig. 2 Examples of thermoresponsive polymers

bond and increases the interaction between hydrophobic groups within the polymeric
system causing the phase separation in aqueous medium [1, 4, 6]. The perfect bal-
ance between hydrophobic and hydrophilic moieties within the polymeric system
provides LCST nature for these responsive polymers. Thus by disturbing the balance
between hydrophilic–hydrophobic moieties, LCST of the responsive polymers can
be altered. Addition of copolymer will affect the interactions of hydrophilic moiety
with water molecule, and interaction between the hydrophobic groups within poly-
meric system will result in altering of LCST property [7–9]. In polymeric systems,
the ability of the hydrophilic unit to form hydrogen bond with the water molecule is
increased during the addition of hydrophilic copolymer which leads to an elevation
in LCST. Similarly, addition of hydrophobic copolymer restricts the arrangement of
water molecule near to polymeric system and facilitates the hydrophobic interactions
within the polymer to cause aggregation of polymer above LCST [10]. On the other
hand, some polymeric systems exhibit different types of thermoresponsive behavior
than that of LCST-based polymers. Those polymers will exist as two phases (insol-
uble) below the critical solution temperature, whereas above the critical solution
temperature they will exist as a single phase (soluble) in a solvent. Such polymeric
systems are classified as upper critical solution temperature (UCST)-based polymers.
In the case of polymeric systemswith UCST behavior, the driving forces which bring
about phase separation are positive entropy and enthalpy below the UCST and nega-
tive entropy and enthalpy above the UCST. As a result below the UCST, the polymer



7 Biocompatible Thermoresponsive Polymers: Property … 151

is insoluble in water medium and above the UCST it is soluble [1]. In order to
show UCST behavior in aqueous medium, the moieties within the polymeric system
should have strong interactions (polymer–polymer interaction) than the interaction
between water and polymer at lower temperature [11]. In addition to that, polymers
can be made to showUCST behavior by increasing the interactions between polymer
moieties; Plamper et al. reported that in the presence of trivalent counterion LCST-
based polymer poly(N,N-dimethylaminoethyl methacrylate) showedUCST behavior
in aqueousmediumdue to the increased polymer–polymer interactions [12]. Because
of the uniquephase separationbehavior, responsive polymers arewidely used inmany
fields of research as a catalyst, sensors, drug delivering systems, and diagnostics. The
vital criteria for any system to be used as a drug or as a drug carrier arewater solubility,
nontoxicity, biocompatibility, and biodegradability. However, being nonbiodegrad-
able/nonbiocompatible had restricted the wide range of usages of responsive poly-
mers in biomedical applications. Attaining biocompatibility/biodegradability and
tuning of LCST/UCST point is crucial for adapting thermoresponsive polymers as a
tool in biomedical field. Thus, biocompatible thermoresponsive polymers are mainly
prepared by various controlled radical polymerization techniques like atom trans-
fer radical polymerization (ATRP), reversible addition–fragmentation chain transfer
(RAFT) polymerization, and nitroxide-mediated polymerization (NMP) to get poly-
mers with suitable end group for easy copolymerization, desired molecular weight,
low polydispersity index (PDI). For example, Cheng we et al. reported PNIPAM-
g-poly(amino ester)s which showed LCST behavior similar to that of PNIPAM. In
this copolymer, PNIPAM provided suitable LCST behavior and poly(amino ester)s
moiety provided biodegradability along with pH-responsive nature [13].

2 Selected Thermoresponsive Polymers and Their Behavior

2.1 Poly(N-Alkylacrylamide)

List of commonly available poly(N-alkylacrylamide)-based thermoresponsive poly-
mers is given in Table 1. Out of several poly(N-alkylacrylamide)-based polymers,
poly(N-Isopropylacrylamide) (PNIPAM) is extensively studied thermoresponsive
polymer to display sharpLCSTat 33 °Cwhich closely resembleswith biological body
temperature and room temperature [4, 14] and hence can be used for applications like
drug delivery [15, 16]. Secondary force which plays a vital role during phase separa-
tion of PNIPAM-based polymer is “hydrogen bonding.” Phase transition of PNIPAM
at LCST occurs due to the intramolecular coil collapsing resulting from the breaking
of hydrogen bond followed by intermolecular aggregation of a collapsed molecule to
form globular form [17]. During the phase transition of PNIPAM from coil to glob-
ule, four thermodynamically stable states such as coil, crumbled coil, molten globule,
and completely collapsed globule (with ~60% of water in its hydrodynamic volume)
were reported by Wang et al. He also stated that LCST of PNIPAM was elevated by
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Table 1 Common poly(N-
alkylacrylamide)-based
thermoresponsive polymers
[1]

Poly(N-alkylacrylamide)-based thermoresponsive polymers

S. no. Polymer LCST point (°C)

1. Poly(alkylacrylamide) –

2. Poly(N-isopropylacrylamide) 33

3. Poly(N-cyclopropylacrylamide) 47

4. Poly(N,N-diethylacrylamide) 33

5. Poly(N-ethylacrylamide) 82

6. Poly(N-propylacrylamide) 22

7. Poly(N-methylacrylamide) –

1–2 K while replacing water by deuterated water [18]. The presence of alkyl group
in poly(N-alkylacrylamide) has a high influence on the existence of LCST property.
As the number of carbon or alkyl groups on N-substitution increases, the interac-
tion between hydrophobic groups within the polymeric system increases which in
turn results in decreasing LCST of poly(N-alkylacrylamide)-based polymers [19].
In the case of poly(N-acrylamides) where alkyl group is hydrogen, the thermore-
sponsive property itself is lost as a consequence of unbalancing between hydrophilic
and hydrophobic groups in polymeric system, whereas for PNIPAM, the presence
of isopropyl group provides phase separation property to this polymeric system by
forming hydrogen bond with water molecule below the LCST and loss of hydrogen
bond above the LCST [20]. Even though numerous poly(N-alkylacrylamide)-based
responsive polymers are available, LCST behavior at high temperature (>50 °C)
has limited the use of such responsive polymers. While in the case of poly(N,N ′-
diethylacrylamide), despite having LCST at ambient temperature, its dependence on
the tacticity of the polymeric system has limited its usages [21], whereas PNIPAM
has a sharp LCST at 33 °C which is nearly independent of molecular weight, chain
length, concentration, and tacticity, and hence has extensive applications in many
fields. PNIPAM-based cross-linked polymers exhibit type-II swelling behavior; i.e.,
it will undergo continuous swelling–deswellingwith induced temperature [22]. How-
ever, LCST range of PNIPAM is easily tuneable to the desired temperature range by
altering hydrophilic–hydrophobic balance by incorporating copolymers. LCST of
PNIPAM can be dropped by tagging hydrophobic side chain and can be elevated by
tagging hydrophilic side chain [4, 23]. Block copolymer PNIPAM-b-PLL was syn-
thesized by ring-opening polymerization, and LCST behavior was studied by Zhao
et al. He reported that incorporation of hydrophilic poly(l-lysine) as a comonomer at
the end on PNIPAMhas affected the LCST of PNIPAMmoiety to higher temperature
(33.5 °C) at low pH (pH= 5.0). At lower pH, the protonation of PLLmoietywill raise
LCST point, whereas at higher pH (pH = 11.0) the deprotonation of PLL provides
hydrophobic nature to PLL unit which leads to dropping of LCST point [24]. Karir
et al. reported that PNIPAM-co-poly(l-tyrosinamide)-based copolymers possessed
LCST at higher temperature (35 °C) which was expected since poly(l-tyrosinamide)
is moiety and is hydrophilic in nature [25]. Hong et al. reported Pd nanoparticles
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immobilized on PNIPAM-co-4-VP copolymers with LCST causing an increase in
LCST of PNIPAM [26]. However, Yifei fan et al. showed that in starch-g-(PAM-
co-PNIPAM), the content of PNIPAM moiety also plays a vital role. He concluded
that the block copolymer consisted of 10–25 mol% of NIPAM repeating unit causes
lacking of LCST behavior due to the low concentration of PNIPAMmoiety whereas
the copolymer with 50mol% of PNIPAMmoiety exhibited LCST behavior at around
68 °C due to high PNIPAM content [27].

2.2 Poly(N-Vinyl Caprolactam) (PVCa)

Poly(N-vinyl caprolactam) (PVCa) is an example of thermoresponsive polymer
which is categorized under the class of poly(N-vinylamide)-based polymer. The
nonionic PVCa polymer is soluble in water, and its chemical structure contains the
repeating unit which consists of a seven-membered lactam ring with a hydrophilic
amide group directly bonded to the hydrophobic vinyl group. PVCa exhibits LCST
around 32 °C with a conformational transition from expanded coil to compact glob-
ule in aqueous medium. The phase transition of PVCa is assisted by the hydrogen
bond between hydrophilic amide group and water molecule below the LCST and the
extrusion of water molecule above the LCST. Below the LCST, the lactam ring will
exist in a chair conformationwhich allows high hydration and prevents the interaction
between hydrophobic groups within the polymer to make it water-soluble. Above
the LCST, the increased motion of bounded water molecule will cause dehydration
of polymer to result in precipitation of polymer [28]. LCST of PVCa is similar to
PNIPAM; however, unlike PNIPAM its LCST depends on its molecular weight and
concentration [29]. Jones et al. reported that LCST of PVCa can be altered by altering
the molecular weight of polymer macromolecule [30]. The elevation in molecular
weight or concentration of polymeric system in solution causes dropping of LCST
of thermoresponsive polymer [31]. By exhibiting Flory–Huggins type-I phase tran-
sition (i.e., swelling behavior of cross-linked polymer will be discontinuous with
respect to the induced temperature), it is on contrary to PNIPAM which shows type-
II transition [32] and the phase transition of PVCa consists of biphasic systems
which have first transition point at 31.5°C (dehydration of polymeric system) and
second transition point at 37.5 °C (removal of water molecule followed by increased
hydrophobic interactions) resulting in polymer molecule separation [1]. Compared
to PNIPAM, PVCa-based polymers are more biocompatible and relatively less toxic
in nature. Biocompatibility and low toxicity arise from a fact that the amide bond
which is present in lactam ring is stable to hydrolysis below the LCST [29, 33, 34].
Being more biocompatible than PNIPAM, PVCa-based thermoresponsive polymers
possess many interesting applications in biomedical field [4].
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2.3 Poly(Methyl Vinyl Ether) (PMVE)

Poly(methyl vinyl ether) (PMVE) falls under the category of poly(vinyl ether)-based
thermoresponsive polymers which shows type-III phase transition behavior. PMVE
exhibits thermoresponsive property at LCST of 35–37 °C which is in close resem-
blancewith the biological temperaturewhichmakes them suitable formany biomedi-
cal applications. Even though it is having LCST close to biological environment tem-
perature, its applications are limited because the difficulties arise during the synthesis
of PMVE-based polymers [35, 36].

2.4 Poly(N-Ethyl Oxazoline) (PEtOx)

PEtOx is a nonionic thermoresponsive polymer which comes under the category of
poly(2-alkyl-2-oxazoline). It displays thermoresponsive behavior at LCST of 62–
65 °C [37]. The thermoresponsive property or LCST of poly(N-ethyl oxazoline) can
be easily alteredwithin the range of 35–80 °C since it strongly depends on themolecu-
lar weight, concentration aswell as the composition of copolymer. PEtOxwill exhibit
thermoresponsive property in aqueous medium only if the molecular weight of the
polymers falls under the range of 20–500 kDa [22]. Similar to the phase transition
of PNIPAM, PEtOx involves hydrogen bonding to show LCST property [38]. The
higher LCST (~65 °C) of PEtOx-based polymers alongwith their sensitivity to unpro-
tected functional groups makes them unsuitable for biomedical applications. Despite
having drawbacks, it can be used for drug delivery applications due to the fact that
it can form micelles above the LCST point [39]. Furthermore, the poly(oxazoline)-
based polymers resembling in structure with polypeptides are biocompatible due to
the presence of tertiary amide group which is resistant to hydrolysis [40].

2.5 Poly(Acrylic Acid-Co-Acrylamide)

This is an example of thermoresponsive polymer which possesses UCST.
Poly(acrylic acid-co-acrylamide) exhibits UCST around 25 °C, above which it may
be changed from hydrophobic into hydrophilic in nature [41].

3 Synthesis of Thermoresponsive Polymers in Solution
Using Different Polymerization Techniques

Recent developments on the wide range of applications of thermoresponsive poly-
meric systems are facilitated by certain phenomena like tunable LCST/UCST based
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on the required applications and biocompatibility. Both LCST/UCST and biocom-
patibility can be achieved by the incorporation of suitable copolymer at the end
of thermoresponsive polymer. Hence, the synthetic methods for thermoresponsive
polymers may require synthesis of homopolymer with a suitable end group which
can allow easy functionalization to form copolymer with required LCST/UCST point
while retaining biocompatibility and biodegradability. Hence, radical polymerization
is most frequently used for the synthesis of polymers [42]. Particularly, conventional-
free radical polymerization can be used to synthesize such polymers because of
several advantages like moderate reaction temperature, wide range of monomers
utilized, formation of high molecular weight polymer, and tolerance against solvent
impurities, oxygen, and moisture. The drawbacks associated with the conventional
radical polymerization are: (a) their inability to control themolecular weight and PDI
(due to fast chain growth which in turn leads to immediate termination to form chains
with a different length/molecularweight), (b) difficulty to formblock copolymer (due
to the absence of suitable end group for further copolymerization), (c) difficulty on
controlling the tacticity of a polymer [43]. In order to address the abovementioned
drawbacks, controlled/living radical polymerization (CLRP) can be used for syn-
thesizing thermoresponsive polymers as well as copolymers. The advantages of this
technique include (a) control over molecular weight as well as PDI (fast initiation to
form all the chains with equal length which in turn will control the termination step),
(b) suitable end group for easy functionalization of a homopolymer to form copoly-
mer, (c) controlled tacticity of a polymer, (d) formation of polymer with required
molecular weight (required molecular weight of the polymer can be achieved by
tuning the monomer/initiator ratio) [44]. The major advantage of CLRP is during the
polymerization most of the chains exist in the form of dormant species, so there is an
equilibrium maintained between active chain and dormant chain to reduce the termi-
nation step. The equilibrium between active chain and dormant species is responsible
for the synthesis of polymers with very low PDI [45, 46].

Figure 3 represents the major types of CLRP based on free radical generation step

Fig. 3 Types of controlled living radical polymerization (types of dormant species are mentioned
within bracket)
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and dormant species formed during the polymerization [45]. As shown in Fig. 3, the
well-established polymerization techniques used for the synthesis of thermorespon-
sive polymers are atom transfer radical polymerization (ATRP), reversible addition–
fragmentation chain transfer (RAFT) polymerization, and nitroxide-mediated poly-
merization (NMP). As mentioned earlier, these CLRP polymerizations exhibit equi-
librium between active species and dormant species. Furthermore, they are tolerable
with many functional groups [47].

3.1 Atom Transfer Radical Polymerization (ATRP)

Ever since the first report of ATRP made by Matyjaszewski for styrene polymer-
ization using 1-phenylethyl chloride (initiator) and CuCl/2,2′-bipyridine (catalytic
system), ATRP has been used extensively as a versatile tool for polymerization of
various monomers. [48] As shown in scheme 1, ATRP technique involves a crucial
step, i.e., reversible addition of halogen atom to dormant species which reinforce
its utility for carrying out polymerization techniques in various fields based on its
applications [49, 50]. Other advantages associated with ATRP techniques are (a)
possibility to achieve polymer with desired molecular weight by tuning the ratio
between monomer and initiator, (b) ability to attain low PDI (<1.5) [51], (c) high
rate of initiation step than that of propagation step leads to the uniform growth of
all the chains to yield polymer chains with almost equal length, (d) the equilibrium
between active species and dormant species continues to keep the concentration of
active species low and dormant species high which in turn reduces the termination
step from the initiation step (persistent radical effect) [52], (e) reversible addition
of halogen atom to provide living nature to the polymer chains, (f) easy functional-
ization of polymer chain due to the presence of end-capped halogen atom to form
copolymers/macromolecular architectures [46, 53].

Most of the thermoresponsive homopolymers and degradation products of them
were nonbiocompatible and toxic in nature; therefore, copolymerization is often car-
ried out by incorporating biocompatible or degradable blocks with it in order to
achieve biocompatibility. In order to conduct the copolymerization extensively the
polymer needs to have a living end group. Hence by providing polymer with liv-
ing end, ATRP emerged as a versatile tool for homopolymer and block copolymer

Scheme 1 General mechanism for atom transfer radical polymerization (ATRP)
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synthesis in both solution and surface-mediated reactions. Several reports have suc-
cessfully highlighted the synthesis of biocompatible thermoresponsive polymers and
their biocompatibility.

Jun loh et al. reported the synthesis of triblock copolymer using hydrophobic
poly[(R)-3-hydroxybutyrate] (PHB) and hydrophilic PNIPAM to form thermore-
sponsive micelles. Their synthetic methodology also involved two steps, wherein
they prepared Br-PHB-Br difunctional macroinitiator in the first step which was
subsequently used as an ATRP macroinitiator for the synthesis of (PNIPAAm-PHB-
PNIPAAm) triblock copolymers along with NIPAM and CuBr/HMTETA in dioxane
(shown in Fig. 4). Using ATRP, they carried out polymerization in a well-controlled
manner to obtain triblock copolymers with PDI in the range of 1.09–1.50 which var-
ied with variation in chain length. Those synthesized triblock copolymers exhibited
LCST property between 28 and 29 °C. They also carried out cytotoxicity studies
using MTT assay in order to examine the biocompatibility of those copolymers and
reported that (PNIPAAm-PHB-PNIPAAm) triblock copolymers were biocompatible

Fig. 4 Synthesis of triblock copolymers consisted of PNIPAAm-PHB-PNIPAAm using ATRP.
Reprinted (adapted) with permission from [54]. Copyright (2019) American Chemical Society
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and cell viability was found to be increased as PNIPAAm content in the copoly-
mer increased [54]. Vaishali et al. reported synthesis of thermoresponsive PS-b-
PNIPAm diblock copolymer. They carried out ATRP for the synthesis of amphiphilic
diblock copolymer in two steps using PS as a hydrophobic moiety and PNIPAM as
a hydrophilic moiety. At first, PS-based macroinitiator (PS-Br) (PDI = 1.09) was
synthesized using molar feed ratio of [styrene]0: [EBiB]0: [CuBr]0: [PMDETA]0
as 100:1:1:1 in anisole. Next step involved synthesis of diblock copolymer (PDI =
2.09) using molar feed of [NIPAm]0: [PS-Br]0: [CuBr]0: [HMTETA]0 as 100:1:1:1
inDCMwhere PS-Br played a role ofmacroinitiator. They have also studied the effect
of solvent and temperature for the synthesis of PNIPAM-based diblock copolymer
using PS-based macroinitiator and concluded that the polymerization did not occur
in the presence of solvents like anisole, DMF, and ethyl acetate whereas effective
polymerization took place in DCM medium. The synthesized diblock copolymer
exhibited LCST at 33.5 °C which indicated that the conformational change dur-
ing thermoresponsive behavior of PS-b-PNIPAm is in close resemblance with that of
PNIPAM-basedhomopolymers [55]. Similarly, Zhilong et al. reported the application
ofATRP for synthesis of thermosensitive triblockC18-PEGn-b-PNIPAAMmcopoly-
mer with self-assembly behavior and tunable thermoresponsive nature. PEG moiety
of block copolymer played an important role in regulating the nanostructure, sta-
bility, thermoresponsive nature as well as biocompatibility. PEG-b-PNIPAM-based
copolymers with narrow PDI ranging from 1.1 to 1.2 were synthesized using ATRP
of commercially available PEG-based surfactants and C18 precursors. Initially,
C18-PEGn-Br macroinitiator was synthesized followed by ATRP which was car-
ried out using [NIPAAM]/[C18-PEGn-MI]/[CuCl]/[Me6TREN] (60/1/1/1) to yield
C18-PEG-capped PNIPAM-based copolymers with narrow PDI. As expected, these
copolymers exhibit LCST property at higher temperature (38–41 °C) than that of
PNIPAM homopolymer due to the presence of hydrophilic PEG unit which allowed
the formation of more stable micelles. The triblock copolymers formed stable micel-
lar structure at low temperature which initially collapsed into smaller micellar form
at moderate temperature followed by aggregation at higher temperature. They con-
cluded that such thermoresponsive copolymers can be used in nanomedicines [56].
The authors conducted theATRP to obtain thermoresponsivePNIPAM-based degrad-
able hydrogel. Initially, Cl-PCL-Cl difunctional macroinitiator and PCLDMA were
synthesized separately followed by ATRP of NIPAM, Cl-PCL-Cl, PCLDMA using
CuCl/Me6TREN in DMSO, which provided corresponding PNIPAM-based hydro-
gel. They carried out cytotoxicity studies using MTT test which confirmed that the
synthesized PNIPAM-based hydrogels (concentration between 1 and 25mg/ml)were
biocompatible and non-toxic andmaybe considered as promising candidate for tissue
engineering applications [57].

Recently, Li et al. reported the preparation of PPO-PMPC-PNIPAM-based novel
doubly thermoresponsive triblock gelators. The synthetic strategy involved the syn-
thesis of PPO-basedmacroinitiator at firstwhichwas used to formPPO43-PMPC160-
Br macroinitiator using ATRP of MPC, CuBr/bpy in methanol. Further, ATRP was
carried out using PPO43-PMPC160-Br, NIPAM, and CuBr/Me4Cyclam in methanol
to yield PPO43-MPC160-NIPAM81 triblock copolymers (shown in Fig. 5). The syn-
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Fig. 5 Synthesis of PPO-PMPC-PNIPAM triblock copolymers using ATRP. Reprinted (adapted)
with permission from [58]. Copyright (2019) American Chemical Society

thesized copolymer was soluble at ~5 °C, forming PPO coremicelles between 10 and
20 °C (around the LCST of PPO chain), andmicellar gel networkwas obtained above
LCST of PNIPAM moiety, i.e., at above 33 °C. The cell viability studies indicated
that these gels were biocompatible [58].

Qiao et al. reported the synthesis of thermoresponsive copolymers poly(DEA-
co-OEGA)s and poly(DMDEA-co-OEGA)s with pendent OEG chains and cyclic
orthoester. These polymers were easily hydrolyzable due to the presence of cyclic
orthoester moiety, and the hydrolyzed products of these copolymers were found to be
more biocompatible than that of poly(meth)acrylamides which is an essential factor
for using these types of polymers for drug delivery applications. They stated that
homopolymers of DEA or DMDEA were not water-soluble at ambient condition;
therefore, these polymers were copolymerized using OEGA to give water-soluble
copolymers. As shown in Fig. 6, ATRP was carried out in anisole using DEA or
DMDEA, OEGA, EBiB, CuBr, and Me6TREN to form the copolymers in a well-
controlled manner. The synthesized poly(DEA-co-OEGA)-based copolymer (PDI
= 1.11) showed LCST behavior at 27.2 °C (heating) and at 26.8 °C (cooling),
and poly(DMDEA-co-OEGA) with PDI 1.13 showed LCST at 22.6 °C (heating)
and at 19.2 °C (cooling). They also examined the influence of molecular weight of
copolymer and content of OEGA on the cloud point of copolymer and reported that
by altering the ratio between hydrophilic/hydrophobic moieties LCST of the ther-
moresponsive polymers can be altered. In order to extend the application of these
copolymers for drug delivery systems,MTT assaywas carried out for poly(DMDEA-
co-OEGA), and the cell viability of these copolymers as well as their hydrolyzed
products was found to be similar to that of PEG-based polymers. Hence due to their
thermoresponsive property as well as pH-induced hydrolysis, these copolymers may
be regarded as biocompatible drug delivery system [59].
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Fig. 6 Synthesis of poly(DEA-co-OEGA)s and poly(DMDEA-co-OEGA)s. Reprinted (adapted)
with permission from [59]. Copyright (2019) American Chemical Society

Hongyun tai et al. had reported the ATRP of monofunctional (PEGMEMA and
PPGMA) as well as multifunctional vinyl monomers (EGDMA) to obtain copoly-
mer with biocompatibility, thermoresponsive property as well as photocrosslink-
ablity. The deactivated ATRP method was carried out using PEGMEMA, PPGMA,
EGDMA, CuCl, CuCl2 (to provide deactivation), and bpy in butanone to obtain
PEGMEMA-PPGMA-EGDMA copolymer (shown in Fig. 7). The synthesized
copolymers exhibited LCST behavior at 32 °C which is similar to that of PNI-
PAM. They stated that these biocompatible polymers can be used in applications
like wound healing and tissue engineering [60].

Fig. 7 Synthesis of PEGMEMA-PPGMA-EGDMA via deactivation enhanced ATRP (DE-ATRP).
Reprinted (adapted) with permission from [60]. Copyright (2019) American Chemical Society
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3.2 Reversible Addition–Fragmentation Chain Transfer
(RAFT) Polymerization

Reversible addition–fragmentation chain transfer (RAFT) polymerization is a more
versatile technique for the synthesis of polymers in a well-controlled manner with
low PDI. Even though ATRP techniques provide well-controlled polymers with low
PDI, their applications were limited for certain monomers like acrylamide-based
monomers. On the other hand, RAFT technique arose as a successful tool for con-
trolled polymerization due to their capability of polymerizing varieties of monomers.
In RAFT, chain transfer agent plays important role in controlling the polydispersity
index (PDI) of the polymer (Scheme 2). Similar to ATRP, RAFT also yields the
polymer with living end group [46].

Several reports have been published exploring RAFT for the synthesis of ther-
moresponsive polymers with biocompatibility and low toxicity. Mori et al. reported
l-proline-based thermoresponsive polymer, poly(N-acryloyl-l-proline methyl ester)
abbreviated as poly(A-Pro-OMe) which was synthesized using RAFT polymer-
ization technique. They carried out RAFT using A-Pro-OMe (monomer), ben-
zyl dithiobenzoate (abbreviated as BDB (CTA)), AIBN (initiator) in chloroben-
zene solvent at 60 °C (shown in Fig. 8). Fixing the molar feed ratio of [A-Pro-
OME]0:[BDB]0:[AIBN]0 as 100:2:1, they were able to conduct the polymerization
in a well-controlled manner with PDI of 1.15. From the thermoresponsive study,
they found that poly(A-Pro-OMe) exhibited LCST at 15–20 °C. They also reported
the synthesis of poly(A-Pro-OMe)-co-DMA by copolymerizing poly(A-Pro-OMe)
(homopolymer)withN,N-dimethylacrylamide (DMA),which showed linear increase
in LCST with the content of DMA (composition of DMA up to 50%) [61]. The
same strategy was reported by Cui et al. where thermoresponsive (PEG-b-PADMO)
copolymer was synthesized using RAFT polymerization of PEG (hydrophilic block)

Scheme 2 General mechanism of reversible addition–fragmentation chain transfer polymerization
(RAFT)

Fig. 8 Synthesis of
poly(A-Pro-OMe) using
RAFT. Redrawn from Mori
et al. [61]
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and poly(N-acryloyl-2,2-dimethyl-1,3-oxazolidine)-PADMO (hydrophobic block).
They also synthesized PEG-based chain transfer agent at first which was fur-
ther polymerized with N-acryloyl-2,2-dimethyl-1,3-oxazolidine (ADMO), AIBN
to give PEG-b-PADMO block copolymer (PDI = 1.13–1.16). The synthesized
PEG-b-PADMO block copolymers formed micellar structure (consisted of PADMO
hydrophobic core and PEG hydrophilic water-soluble shells) at ambient temper-
ature, and the presence of PEG provides biocompatibility to those copolymers.
LCST of these block copolymers was found to be in the range of 40–72 °C (tun-
able with PADMO chain length) which was less than that of PEG homopolymer
(LCST at around 100 °C) [62]. Zhu et al. reported poly(N-isopropylacrylamide)-b-
[2-hydroxyethyl methacrylate-poly(e-caprolactone)]n (abbreviated as (PNIPAAm-
b-(HEMA-PCL)n)) copolymer with thermosensitivity and biodegradability using
RAFT polymerization technique. Initially, they carried out RAFT of NIPAAm
(monomer) using AIBN (initiator) and benzylsulfanylthiocarbonylsulfanylpropi-
onic acid (BSPA) as a CTA in THF to form PNIPAAm-BSPA as a macro-RAFT
agent. Similarly, ring-opening polymerization was carried out using 2-hydroxyethyl
methacrylate (HEMA) (initiator) and Sn(Oct)2 (catalyst) to form HEMA-PCL
block. Finally, PNIPAAm-b-(HEMA-PCL)n copolymer was synthesized by RAFT
of PNIPAAm-BSPA and HEMA-PCL. LCST behavior studies showed that such
copolymers exhibit slightly higher LCST (36 °C) than PNIPAAm homopolymer due
to the presence of carboxylic acid terminal group. Enzymatic degradation and cyto-
toxicity studies were carried out and confirmed that the copolymers are degradable
and non-toxic due to the presence of PCL moiety [63].

As shown in Fig. 9, Zhang et al. reported the synthesis of thermoresponsive block
copolymer poly(acryloyl glucosamine)-block-poly(N-isopropylacryamide), which
was abbreviated as PAGA180-b-PNIPAAM350, using RAFT polymerization to

Fig. 9 Synthetic scheme of PAGA180-b-PNIPAAm350 via RAFT and its degradation. Redrawn
from Zhang et al. [64]
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obtain narrow dispersity (with PDI = 1.25). These polymers tend to undergo micel-
lar formation above the LCST of PNIPAM; hence, PAGA180-b-PNIPAAM350 and
3,9-divinyl-2,4,8,10-tetraoxaspiro[5.5]undecane (cross-linking agent) were allowed
to react at above the LCST point and it was observed that it formed the micel-
lar systems through the formation of PAGA180-b-PNIPAAM350-b-PACLx triblock
copolymer. They mentioned that the presence of cross-linking agent in those syn-
thesized block copolymers enables thermosensitivity as well as acid degradability
in core–shell nanoparticles. LCST property of those block copolymers was stud-
ied and found out that both polymers with or without cross-linking agent showed
LCST behavior at around 28 °C. They also confirmed that due to the presence of
acid degradable groups, these polymers are easily degradable under acidic condi-
tions [64]. Li et al. reported the synthesis of nanometer-sized micellar systems with
water solubility, biocompatibility, and stimuli-responsive property (thermorespon-
sive and pH responsiveness). They synthesized amphiphilic polymers [P(NIPAAm-
co-EIPPMMA)-b-PVPhol] and [P(NIPAAm-co-HEMA)-b-PVP] using RAFT poly-
merization which was further conjugated with fluorescein isothiocyanate (FITC), a
fluorophore in order to use in bio-imaging applications. LCST studies showed that
FITC-conjugated [P(NIPAAm-co-EIPPMMA)-b-PVPhol] copolymer had the tran-
sition behavior at around 32 °C whereas FITC-conjugated [P(NIPAAm-co-HEMA)-
b-PVP] did not show transition property due to the high content of HEMA. So overall
due to the thermoresponsive PNIPAAm moiety and FITC (acid–base indicator), the
fluorescent nature of these polymers was tunable with respect to temperature as well
as pH; hence, they can be used in bio-analysis [65].

Various responsive polymers have been used as nanoscopic drug carriers
for encapsulating hydrophobic drug molecule. For example, Hyoungryu et al.
reported thermoresponsive nanogel which was composed of random copolymer with
hydrophilic oligoethyleneglycol (OEG) unit and hydrophobic pyridylsulfide (PDS)
unit as side functionalities. This random copolymer precursor was synthesized using
RAFTpolymerization followed by reactionwith dithiothreitol (DTT) causing the for-
mation of nanogels (mentioned in Fig. 10). OEG unit in a polymer is responsible for
biocompatibility, while PDSmoiety is responsible for amphiphilic nano-assembly in
water. Thermoresponsive property studies showed that these polymers exhibit LCST
behavior which depends upon the composition of PDS unit; hence, random poly-
mer which contains equal ratio of OEG:PDS exhibits LCST behavior at above 55 °C
whereas the presence of excess of PDS content decreasedLCSTpoint to around 30 °C
due to its hydrophobic nature. Biocompatibility was also confirmed by carrying out
a Alamar blue assay test, and it was found out that these nanogels exhibit biocom-
patibility even with concentration of 1 mg/ml; hence, they can be used as a potential
tool in biomedical field as a drug delivery system [66]. Similarly, another type of
nanocapsules was reported by Aguirre et al. where they employed RAFT polymer-
ization for the synthesis of random copolymers of N-vinylcaprolactam (VCL) and
acrylic acid (AA) which was further absorbed onto cationic dimethyldioctadecy-
lammonium bromide (DODAB) vesicle. RAFT of VCL and AA was carried out
in dioxane using AIBN (initiator) and dibenzyltrithiocarbonate (DBTTC) (CTA) to
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Fig. 10 Pictorial representation of nanogel precursors, polymer nanogels, and its synthetic approach
using RAFT. Reprinted (adapted) with permission from [66]. Copyright (2019) American Chemical
Society.

obtain RAFT copolymers with different lengths, i.e., VCL9-co-AA6 or VCL18-co-
AA12. Then, semi-continuous emulsion polymerization was carried out both in the
presence of cross-linkers (EGDMA or MBA) and in the absence of cross-linkers to
form thermoresponsive nanocapsule. Those synthesized nanocapsules showedLCST
behavior between the ranges of 33 and 35 °Cwhichwas independent of type of cross-
linker used. The presence of VCL in these nanocapsules provided biocompatibility;
hence, they can be used as drug carriers [67].

Shen et al. had specially studied the cytotoxic effect of water-soluble polymers
(Fig. 11); hence, the author had synthesized three water-soluble polymers, poly((N-
2-hydroxypropyl)-methacrylamide) (P(HPMA)), poly(oligoethylene glycol methyl
ether acrylate) (P(OEG-A))-based polymers with two different end groups P(OEG-
A)D (ω-dithiobenzoate end group) and P(OEG-A)T (ω-trithiobenzoate end group),
and poly-(oligoethylene glycol methyl ether methacrylate) (P(OEG-MA)) using dif-
ferent RAFT agents like CDTB or BSPA or CDB. All those polymers were syn-
thesized in a well-controlled manner with PDI in the range between 1.03 and 1.25.
They studied the cytotoxicity studies based on the effect of CTA on cells. Cell via-
bility of P(OEG-A)D, P(OEG-MA)D, P(OEG-MA)T, and P(HPMA)D was studied
using cell titer blue assay test. Results obtained from assay test showed that RAFT
polymers which were synthesized using BSPA RAFT agent do not have any sig-
nificant toxicity on cells, whereas dithiobenzoate end group-based OEG polymer
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Fig. 11 Synthesis of RAFT polymers of different monomers. Reprinted (adapted) with permission
from [68]. Copyright (2019) American Chemical Society.”

and P(HMPA) synthesized using CDTB RAFT agent showed high toxicity on cells.
Dithiobenzoate-ended P(HPMA) samples (high concentration) were highly toxic on
all the cells, whereas same sample with low concentration and trithiobenzoate end
group showed less toxic effect [68].

The author had applied RAFT-mediated aqueous dispersion polymerization suc-
cessfully for the synthesis of thermosensitive core–shell nanogel with biocompat-
ibility and antifouling property. Initially, the macro-chain transfer agent (CTA)
PEG5k-TTC or PPEGMAxTTC/DT was prepared which was used for the synthe-
sis of MEO2MA-based homopolymer and MEO2MA/PEGMA-based copolymers
(mentioned in Fig. 12). MEO2MA homopolymer showed LCST behavior at 26 °C,
whereas MEO2MA/PEGMA-based copolymers showed at 26–90 °C. In those syn-
thesized MEO2MA/PEGMA-based nanogels, the presence of PEG moiety made
them biocompatible [69]. Ieong et al. reported poly(N-vinylpiperidone) (PVPip)-
based thermoresponsive block copolymer with biocompatibility. Initially, RAFT
was carried out using VPip (monomer), AIBN (initiator), and xanthate-ethyl 2-
(ethoxycarbonothioylthio)propanoate as a CTA in dioxane to obtain PVPip with
PDI of 1.59 and the obtained polymer showed LCST behavior at 84 °C. In order
to form biocompatible thermoresponsive block copolymer, they carried out chain
extension of PVPip using RAFT where PVPip acted as a macro-CTA for polymer-
ization of vinyl acetate to form the (PVPip-b-PVAc) block copolymer (PDI of 1.27).
Due to the presence of hydrophilic PVAc moiety and hydrophobic PVPip moiety,
those copolymers can form micellar system in water. LCST property studies also
were carried out, and LCST was reported at lower temperature (55–62 °C) than that
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Fig. 12 Structure of macro-CTAs and synthesis of core–shell nanogels via RAFT dispersion poly-
merization. Reprinted (adapted) with permission from [69]. Copyright (2019) American Chemical
Society

of homopolymer from which it was synthesized. This decrease in LCST was due to
the incorporation of hydrophobic moiety PVAc into the polymer. Finally in order to
find the biocompatibility of the copolymers, cytotoxicity was measured using LDH
release study, and based on the results obtained, it was confirmed that the presence
of even high dosage of polymer (1% w/v) did not affect the LDH release. These
polymers are biocompatible and used in biofields [70]. Chen et al. reported synthesis
of poly(N-acryloylsarcosine methyl ester) (PNASME) through RAFT polymeriza-
tion and studied the effect of polymer molecular weight, polymer concentration,
terminal group, and salt on LCST property. In order to carry out these studies, they
had synthesized PNASME-based homopolymer as well as PNASME-b-PNIPAM
diblock copolymer by two steps. Initially, they synthesized PNASME-based macro-
RAFT agent (PNASME with PDI 1.09). Then, RAFT was carried out using the
synthesized macro-RAFT agent to provide PNASME-b-PNIPAM block copolymer
with PDI 1.32. PNASME170-b-PNIPAM63 showed two LCST points, i.e., one at
38 °C (corresponded to PNIPAMmoiety) and another one at 43 °C (corresponded to
PNASME moiety). They also found that above 38 °C (LCST of PNIPAM), micelles
were formed which consisted of core of insoluble PNIPAM block surrounded by
corona of PNASME block. Further heating to above the LCST of PNASME caused
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depositing of PNASME on PNIPAM core. Based on the studies carried out on deter-
mining the factors affecting LCST, it was observed that the degree of polymerization
increased from 41 to 124 and LCST was decreased from 50 to 45 °C (after 44 °C no
change was observed). They have also studied the effect of salt on LCST using anion
series as follows: CO3

2− > SO4
2− > S2O3

2− > H2PO4
− > F− > Cl− > Br− ~ NO3

−
> I− > ClO4

− > SCN−. Based on the anion series, it was observed that kosmotropes
(anions left of chloride ion) caused polyacrylamides to precipitate by strong hydra-
tion; hence, LCST was decreased. On the contrary, chaotropes (anions to the right of
chloride ion) which were less hydrated increased LCST of polyacrylamides. Besides
that, they also studied the effect of addition of urea and phenol on LCST. In the
case of PNIPAM, addition of both urea and phenol lowered the LCST whereas in
the case of PNASME addition of urea had increased the solubility of PNASME;
hence, LCST was found to be increased whereas the addition of phenol decreased
the solubility of PNASME; hence, LCST also decreased. Based on these studies,
the author claimed that by having tunable thermoresponsive property those poly-
mers can be very useful for applications [71]. Recently, Huang et al. reported syn-
thesis of well-defined thermoresponsive poly(C2NVP-co-NVP) amphiphilic block
copolymers (PDI < 1.5) utilizing RAFT technique of 3-ethyl-1-vinyl-2-pyrrolidone
(C2NVP) and N-vinylpyrrolidone (NVP), AIBN, and S-(1-methyl-4-hydroxyethyl
acetate) O-ethyl xanthate (MHEX) as a RAFT agent in ethanol. They have studied
the effect ofmolecular weight (Mw) and composition on copolymer and reported that
as the Mw increases cloud point decreased from 50.5 to 45 °C. Similarly, the cloud
point was decreased from 48 to 29 °C as the composition of C2NVP increased. They
also synthesized thermosensitive nanocarriers [P(C2NVP-co-NVP)-b-PCL] using
poly(C2NV-co-NVP) (hydrophobic unit) and polycaprolactone (PCL) (hydrophilic
unit) for use in biomaterials, drug delivery systems [72].

Similarly, poly(oligo (ethylene glycol) vinyl acetate)s-based thermoresponsive
polymers were reported by Hedir et al. in the same year where the authors employed
RAFT for the synthesis of polymer (PDI range 1.13–1.53) using oligo (ethylene gly-
col) vinyl acetate as a monomer (MeO2VAc), 1,1′-azobis-(cyclohexanecarbonitrile)
(ABCN) as a initiator, and O-p-methoxyphenylxanthate as the chain transfer agent
(CTA) (shown in Fig. 13). Thermoresponsive studies showed that the synthesized
polymer poly(MeO2VAc) exhibited LCST behavior at 83 °C; hence in order to tune
LCST property poly(MeO2VAc), homopolymer was again copolymerized with other
less active monomers, i.e., vinyl acetates (VAc) to form poly(MeO2VAc-co-VAc)s
which shows decrease in LCST point with high content of VAc and low content
of MeO2VAc in copolymer. As a further development in order to form degrad-
able polymers, poly(MeO2VAc) was copolymerized with 5,6-benzo-2-methylene-
1,3-dioxepane (BMDO) moiety to give poly(MDO-co-MeO2VAc)s which showed
LCST behavior at 76 °C. Biocompatibility of these polymers was studied using cell
viability studies [MC3T3 (murine pre-osteoblasts)] and found out that both polymer
and copolymer are not affecting the cells which proves the biocompatibility of the
reported polymers [73].
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Fig. 13 Synthetic methodology of MeOnVAc-based copolymers using RAFT/MADIX polymer-
ization. Redrawn from Hedir et al. [73]

3.3 Nitroxide-Mediated Polymerization (NMP)

Nitroxide-mediated polymerization (NMP) is developed as a controlled/living rad-
ical polymerization technique for the polymerization of different monomers. Gen-
eral mechanism of NMP is shown in Scheme 3. In NMP, the thermal process will
result in the formation of nitroxide radical which plays a major role in control-
ling the polymerization by reversible capping and decapping of growing radical
chain polymer. As a result of capping of growing chain radical with nitroxide radi-
cal (dormant alkoxyamine), the concentration of active propagating radicals will be
decreased; hence, termination step will be controlled to result in the formation of
narrow dispersed polymer [46].

Chenel et al. reported the synthesis of comb-shaped PEG-based copolymerswhich
can be used in biomedical field due to the presence of biocompatible PEG moi-
ety. They employed SG1 (N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl)
nitroxide-based initiator, MePEGMA, AN, and block builder to form well-defined
P(MePEGMA-co-AN)-SG1-based comb-shaped copolymer (shown in Fig. 14).
MTT assays were carried out in order to find the cytotoxicity, and based on the
results obtained fromMTTassay, they stated that those copolymers are non-cytotoxic

Scheme 3 General mechanism of nitroxide-mediated polymerization (NMP)
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Fig. 14 Synthesis of comb-shaped P(MePEGMA-co-AN)-SG1 copolymer by NMP and cytotoxi-
city studies. Reprinted (adapted) with permission from [74]. Copyright (2019) American Chemical
Society

even at higher dose [74]. Similarly, Popescu et al. had synthesized functional acry-
late monomers using cascade of enzymatic transacylation which were then copoly-
merized with (2-hydroxyethyl acrylate) (HEA) (hydrophilic monomer) using free
radical polymerization (FRP) or NMP. NMP of diethylene glycol ethyl ether acry-
late (DEGEA) or dihydroxyhexyl acrylate (DHHA) was carried out using block
builder, initiator, and SG1-free nitroxide to form homopolymer of poly(DEGEA)
or P(DHHA). Similarly, PDEGEA was copolymerized with HEA (hydrophilic
monomer) to form corresponding P(DEGEA-co-HEA) copolymer and PDHHAwas
copolymerizedwithmethyl acrylate (MA) to formP[(DHHA)-co-(MA). LCSTprop-
erty studies showed that PDEGEA homopolymer (synthesized via NMP) exhibited
LCST behavior at 13.2 °C whereas the same polymer (through FRP) showed LCST
at 16.5 °C. Similarly, copolymers synthesized using FRP and NMP showed dif-
ference in LCST behavior. For example, P(DEGEA75-co-HEA25) (through FRP)
showed LCST at 23.7 °C whereas P(DEGEA75-co-HEA25) (through NMP) showed
LCST property at 21.3 °C which was attributed to the reason that NMP produced
polymer with large SG1 hydrophobic end group; hence, hydrophobicity increased
and LCST decreased. Similarly, the thermoresponsive properties of DHHA-based
polymers were studied. PDHHA homopolymer does not exhibit LCST behavior for
both methods of preparation, whereas in the case of copolymers with MA it showed
similar difference in LCST between FRP and NMP method of preparation; i.e.,
P(DHHA63-co-MA37) showed LCST at 23 °C (for FRPmethod) and at 44.5 °C (for
NMP method). In this case, the polymer synthesized by NMP method showed high
LCST due to the reason that conversion of polymer to copolymer is less; hence, the
copolymer will contain high content of hydrophilic block (PDHHA) which in turn
will increase the LCST of copolymer [75].
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It was recently reported that poly(OEGMA-co-MEO2MA)-b-poly((3-[N-
(3-methacrylamidopropyl)-N,N-dimethyl]ammoniopropane sulfonate)-co-N-(3-
(dimethylamino) propyl)methacrylamide) copolymer showed both LCST and
UCST properties. Initially, poly(OEGMA-co-MEO2MA) macro-RAFT was
synthesized at first which was then further used for copolymerization to give
(poly(OEGMA-co-MEO2MA)-b-poly(DMAPMA)) copolymer (PDI 1.04–1.09).
Then, selective quaternization of poly(DMAPMA) block was performed to give
copolymer which showed both LCST and UCST properties. From the LCST
studies, it was reported that poly(OEGMA-co-MEO2MA) block induced LCST
property (60–61 °C) (tunable by altering OEGMA unit) whereas poly((3-[N-
(3-methacrylamidopropyl)-N,N-dimethyl]ammoniopropanesulfonate)-co-N-(3-
(dimethylamino) propyl) methacrylamide) block induced UCST property (10–21 °C
which depends on degree of quaternization). By having tunable LCST and UCST
property, these polymers can be used in nanomedicine field [76]. In the same
year, another type of polymer with UCST was reported by Roth et al. Here, they
carried out RAFT for the synthesis of poly[oligo(ethylene glycol) methyl ether
methacrylate] (POEGMA)-based polymers with different end groups which tends to
show UCST behavior in aliphatic alcohols. These polymers exhibit UCST property
which depends on the molecular weight, and as the molecular weight of the polymer
increased UCST also increased. In addition to that, the hydrophobic end groups
lowered UCSTwhereas the presence of aromatic group raised the UCST point. They
have also studied the effect of cosolvents on the UCST of POEGMA and found that
in chloroform where POEGMA is highly soluble UCST decreased (below −10 °C)
whereas in hexane (nonpolar solvent), the solubility of POEGMA is decreased and
in turn UCST point also increased (above 59.3 °C with 60% of hexane). In the
presence of water, UCST of POEGMA decreased sharply by forming strong H-bond
to make POEGMA more soluble [77].

Later, Chua et al. reported the synthesis of series of acrylamide-
and methacrylamide-based copolymers with ethyleneglycol (EG) as a side
chain by RAFT polymerization technique. Initially, pentafluorophenyl acry-
late/(meth)acrylate monomers were prepared which undergo RAFT homopolymer-
ization in the presence of CTA to form homopolymers poly PFPA (PDI 1.19) and
poly PFP(M)A (PDI 1.21) (shown in Fig. 15). The synthesized homopolymers were
then copolymerized with oligo(ethylene glycol) methyl ether amines (OEGMEAs)
to form polyMEOnAM (does not showLCST behavior) and polyMEOnMAM (for n
= 2, LCST at 55.8 °C). They observed that poly PFPA homopolymer does not show
any LCST property; hence, they again copolymerized it with hexylamine to form
poly[(MEO2)1-x-co-Hexx]AMwhich showed LCST behavior at 77.7 °C which was
further decreased by increasing the content of hexylamine moiety in a copolymer.
In addition to the LCST property, (meth)acrylamido PEG-based polymers exhibit
UCST behavior in alcohol. Both polyMEO2AM and polyMEO2MAM did not show
any UCST property. On the other hand, poly MEO3MAM and poly OEG350MAM
showed transition at−3.0 and 4.4 °C, respectively, which increased as the content of
OEG increased,whereas the samederivatives based on acrylamido did not exhibit any
UCST property. Cytotoxicity of acrylamide-based PEG analogues (poly MEO2AM
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Fig. 15 Synthetic methodology of acrylamide and methacrylamide-based copolymers by RAFT.
Reprinted (adapted) with permission from [78]. Copyright (2019) American Chemical Society

and poly MEO3AM) was carried out, and it was concluded that these polymers pro-
vide >85% cell viability even after 3 days with high concentration. Hence, they were
proven to be biocompatible thermoresponsive polymers [78]. Another polymer with
UCST behavior is based on amphiphilic copolymer, methoxy-poly(ethylene glycol)-
block-poly(acrylamide-co-acrylonitrile) (abbreviated as mPEG-b-P(AAm-co-AN))
which can be synthesized using RAFT andMichael-type addition reaction. Synthetic
procedure involved in the synthesis of P(AAm-co-AN) using RAFT and synthe-
sis of α-acryloyl-ω-methoxy-poly(ethyleneglycol) (APEG) separately followed by
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Fig. 16 Synthesis of P(AAm-co-AN)-b-PVP-based UCST block copolymer. Reprinted (adapted)
with permission from [80]. Copyright (2019) American Chemical Society

Michael addition of P(AAm-co-AN) and APEG to form mPEG-b-P(AAm-co-AN)-
based copolymer. Critical micelle concentration (CMC) was measured and observed
that as the content of acrylamide increased hydrogen bond interactionwithin polymer
increased; hence, CMC decreased. From the UCST behavior studies, it was shown
that those copolymers were opaque at lower temperature and became transparent at
higher temperature. In addition to that, UCST can be increased up to 65 °C by increas-
ing the concentration up to 1.0 mg/ml. From the MTT assay, those polymers were
proven to be compatible with normal cells and cancer cells. They also studied the
drug release by loading the micelles with DOX drug and found out that cytotoxicity
of free DOX was reduced after loaded within those synthesized micelles and drug-
releasing capacity was increased as the temperature increases. They reported that this
type of micelles can be a promising drug delivering system by being biocompatible
and non-toxic [79].

In another study, poly(acrylamide-co-acrylonitrile)-b-polyvinylpyrrolidone
(abbreviated as (P(AAm-co-AN)-b-PVP))-based copolymer was synthesized using
RAFT which is shown in Fig. 16. The synthesized block copolymer exhibited
UCST behavior and micelle formation in aqueous medium. Since conventional
RAFT agents were incompatible with more activated monomers (AAm and AN)
and less activated monomer (VP), they have synthesized switchable RAFT agent
cyanomethyl methyl(4-pyridyl)carbamodithioate (CMPC) which was used to
synthesize macro-RAFT agent P(AAm-co-AN) with PDI 1.37 using AN, AIBN,
and AAm in DMSO. Further, the copolymerization of macro-RAFT agent with
vinylpyridine afforded (P(AAm-co-AN)-b-PVP) block copolymer with PDI of 1.25.
Thermoresponsive studies were carried out for homopolymer and block copolymer,
and it was observed that P(AAm-co-AN) showed UCST behavior at 20 °C whereas
for the corresponding block copolymer (P(AAm-co-AN)-b-PVP) it was 30 °C.
To extend the study, they deposited the block copolymer as layer-by-layer (LbL)
film using TA as a partner molecule and synthesized thermoresponsive surface
with reversible micelle–unimer transition within range of 40–50 °C films which
can be potentially used for controlling responses of soft interfaces in biological
environments [80]. In another report, RAFT was employed for the synthesis of
ionic random copolymers P(OEtOxA)-ran-P[VBTP][Cl] and P(OEtOxA)-ran-
P[VBuIm][Br] which showed both LCST (due to the presence of LCST-based
segments P(OEtOxA)) and UCST (due to the UCST-based segments P[VBTP][Cl]
and P[VBuIm][Br]) in the presence of halide ions in H2O. This random polymers
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exhibited only LCST property when the content of poly ionic liquid (PIL) was
relatively low. Similarly, the copolymer with very high percentage of PIL (>90%)
exhibited only UCST behavior. LCST and UCST behaviors were exhibited by a
random copolymer which contained relatively high percentage of PIL in the presence
of halide ion. Synthetic methodology consisted of the synthesis of macromonomer
oligo(2-ethyl-2-oxazoline)acrylate (OEtOxA) using CROP followed by copolymer-
izing OEtOxA with [VBTP][Cl] (triphenyl-4-vinylbenzylphosphonium chloride)
and P[VBuIm][Br] (3-n-butyl-1-vinylimidazolium bromide) to give corresponding
random copolymers. As mentioned earlier, the thermoresponsive studies showed
that P(OEtOxA) showed LCST at 56.9 °C and copolymer with very high content of
P[VBTP][Cl] does not exhibit any LCST behavior. P[VBTP][Cl]-based copolymer
showed increased LCST as the content of P[VBTP][Cl] increased. In the case of
copolymer, which contains almost equal content of non ionic and ionic block;
demonstrated both LCST and UCST behavior. By having tunable thermoresponsive
property based on requirements, such polymers can be a pleasing tool as smart
materials in biomedical fields [81].

4 Thermoresponsive Polymers on Surfaces Using Different
Surface Polymerization Techniques

Often, thermoresponsive polymers are grafted on to various surfaces to make smart
surfaces which respond to external stimuli like temperature or pH [82]. Such smart
surfaces can be used as a versatile tool and bio-analytical and biomedical fields.
Controlled/living radical polymerization (CLRP) techniques have been extensively
employed as a synthetic tool to make smart surfaces.

SET-LRP andATRP can be employed for the synthesis of doubly hydrophilic graft
polymers which consisted of PNIPAM backbone and poly (2-vinylpyridine) (P2VP)
side chain. As shown in Fig. 17, initially PNIPAM-b-PHEA diblock copolymer was
synthesized using SET-LRP of NIPAM, benzyl chloride, CuCl/Me6TREN, and 2-
hydroxyethyl acrylate (HEA) in DMF. The reaction of PNIPAM-b-PHEA copolymer
with 2-chloropropionyl chloride gave macroinitiator PNIPAM-b-PHEA-Cl which
was used forATRPof 2-vinylpyridine to formPNIPAM-b-(PEA-g-P2VP) (PDI in the
range of 1.33–1.39). The synthesized PNIPAM-b-(PEA-g-P2VP) copolymer formed
micelles at above 32 °C which consisted of insoluble PNIPAM core and PEA-g-
P2VP-based corona. The author stated that those grafted copolymers can be used in
applications like biological vectors and protective shells for sensitive enzymes [83].

As shown in Fig. 18, the author had synthesized poly(2-(2-methoxyethoxy)ethyl
methacrylate co-oligo(ethylene glycol) methacrylate [P(MEO2MA)-co-OEGMA)]
copolymer abbreviated asP(MEO2MA-co-OEGMA)usingATRP.These synthesized
copolymers were further grafted on porous polymer monoliths to give copolymer-
grafted monoliths with thermoresponsive property. From the thermoresponsive stud-
ies, LCST was found at 25.7 °C for 90/10 ratio of MEO2MA/OEGMA and increased
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Fig. 17 ATRP of PNIPAM, PEA, and P2VP for the synthesis of PNIPAM-b-(PEA-g-P2VP)-based
graft copolymer. Redrawn from Feng et al. [83]

Fig. 18 Synthesis of grafted polymer consisted of P(MEO2MA-co-OEGMA) using ATRPmethod.
Reprinted (adapted) with permission from [84]. Copyright (2019) American Chemical Society
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Fig. 19 Synthesis of P(PEGMAx-co-BMDOy) copolymer brushes using ATRP. Reprinted
(adapted) with permission from [85]. Copyright (2019) American Chemical Society

as the content ofOEGMAincreased. For example, 80/20 ratio ofMEO2MA/OEGMA
showed LCST at 44.1 °C. Those grafted copolymers were applied as a stationary
phase in thermoresponsive chromatography for steroids [84].

Degradable polymer brushes were synthesized by using surface-initiated ATRP.
ATRP of cyclic ketene acetal monomer- 5,6-benzo-2-methylene-1,3-dioxepane
(BMDO) with PEGMA was carried out using synthesized surface immobilized ini-
tiator named (11-(2-bromo-2-methyl)propionyloxy)undecyldimethylchlorosilane
(shown in Fig. 19). Based on the degradability results, it was concluded that these
polymer brushes were stable under neutral or high pH while under acidic condi-
tions they were degraded and degree of degradation can be extended by increasing
the content of BMDO and decreasing pH. The author suggested that those brushes
can be an interesting platform for degradable coatings which can be used in various
applications (controlled drug release or tissue engineering) [85].

Biocompatible silicon oxide surfaces were prepared using surface-initiated NMP
of oligo(ethylene glycol) (OEG)-based monomer. As mentioned in Fig. 20, the
polymerization was initiated using TEMPO anchored on silicon oxide to give both
homopolymer- and copolymer-based surfaces which can be used in fabrication of
devices for the use as biological and chemical devices [86].

5 Conclusion

From the above discussion, it is clear that the thermoresponsive behavior and bio-
compatibility largely depend on the nature of repeating units even though fine-tuning
is possible by changing the end group or controlling the molecular weights. Biocom-
patibility is an important issue for their applications, especially for drug delivery,
which should be addressed on case-by-case basis rather than as a universal solution.



176 V. Gayathri et al.

Fig. 20 Synthesis of OEGn-based polymer brushes on silicon oxide surfaces usingNMP. Reprinted
(adapted) with permission from [86]. Copyright (2019) American Chemical Society

A biodegradable connecting linker plays an important role in improving biocompat-
ibility. The choice of polymerization technique is important since it can provide the
control over dispersity and molecular weight in various degrees. Particularly, atom
transfer radical polymerization (ATRP) has been widely used because of better con-
trol over molecular weight or choice of a particular end group. On the other hand,
RAFT polymerization techniques have been used occasionally for their versatility.
Finally, in some special cases, polymerizations have been performed on surfaces to
make thin thermoresponsive brushes, which can find applications in controlled drug
release or tissue engineering.
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Chapter 8
Reversible Addition-Fragmentation
Chain Transfer (RAFT) Polymerization
in Ionic Liquids: A Sustainable Process

Arunjunai R. S. Santha Kumar and Nikhil K. Singha

Abstract Ionic liquid (IL) is an important class of materials which have asymmet-
ric organic cation and inorganic anion. Most of the ILs remain as liquids at ambient
temperature and are non-toxic in nature. They have low-to-zero vapor pressure and
high thermal stability and have the potential to replace many volatile organic sol-
vents. They have several advantages over conventional solvents and are considered
as ‘green’ solvents. In polymer science, they are used as solvents for polymerization
as well as an additive in polymer processing. In this case, IL was used as the solvent
for the polymerization of different acrylates via a reversible addition-fragmentation
chain transfer (RAFT) process, amethod of controlled radical polymerization. RAFT
polymerization in ILwas observed to be remarkably fast. The IL used in the polymer-
ization process was successfully recovered and reused without any loss in efficiency
or efficacy. It was also observed that the presence of even a small amount of IL can
increase the rate of polymerization.

Keywords Ionic liquids · RAFT polymerization · Green solvents · Sustainable
solvents · Kinetics · Recycling · Furfuryl methacrylate · Butyl methacrylate

1 Introduction

Ionic liquids (ILs) are organic salts with asymmetric ions that remain as liquids
below 100 °C. The common ILs are made of organic cations based on imidazolium,
ammonium, and pyridiniumorganic compounds, and anions include halides, nitrates,
hexaflluorophosphates, tetrafluoro borates, fluorosulfonylamides, etc. The properties
of ILs depend on these constituting ions. There are numerous combinations of the
ions including binary and ternary mixtures which can be used to tailor-make ILs
with task-specific properties. The polarity, melting temperature, miscibility, and sol-
vation are a few examples of properties that can be easily manipulated by changing

A. R. S. Santha Kumar · N. K. Singha (B)
Rubber Technology Centre, Indian Institute of Technology Kharagpur, Kharagpur, West Bengal
721302, India
e-mail: nks8888@yahoo.com; nks@rtc.iitkgp.ernet.in

© Springer Nature Singapore Pte Ltd. 2020
V. Katiyar et al. (eds.), Advances in Sustainable Polymers, Materials Horizons: From
Nature to Nanomaterials, https://doi.org/10.1007/978-981-15-1251-3_8

183

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1251-3_8&domain=pdf
mailto:nks8888@yahoo.com
mailto:nks@rtc.iitkgp.ernet.in
https://doi.org/10.1007/978-981-15-1251-3_8


184 A. R. S. Santha Kumar and N. K. Singha

the constituting ions of the ILs, which earned ILs its rightful name ‘designer sol-
vents.’ For example, increasing the alkyl chain length of the imidazolium cation,
from methyl (Tm 125 °C) to butyl (Tm 65 °C) will reduce the melting point of the
IL with the same counter anion significantly. As they are salts, they have no mea-
surable vapor pressure, even at high temperature. Thus, they can be employed for
high-temperature solvent applications up to 350 °C at relatively low pressure. They
have thermal stability, no volatile organic content (VOC), no vapor pressure at higher
temperature, combined with its ability to recycle increases the environmental safety
of these solvents. Hence, they are referred to as ‘green’ solvents. ILs are generally
non-corrosive, non-flammable, and viscous solvents compared to common organic
solvents. Their polarity is similar to that of alcohols. ILs have been used as sol-
vents for organic reactions for more than a decade. They interact with the solutes
through weak van der Waals forces [1], dispersion forces, strong hydrogen bonding
[2], dipole–dipole, and ionic interactions [3]. In 1990, Carlin et al. [4] first used IL
as a solvent for polymerization with Ziegler–Natta catalysis. Later in 2000, Noda
et al. [5] described free radical polymerization in IL. In 2002, the first RAFT poly-
merization in IL was studied by Perrier et al. [6]. IL has been used as a solvent for a
variety of polymerization reactions like polycondensation [7], cationic polymeriza-
tion [8] other controlled radical polymerizations [9], and so on. It should be noted
that the imidazolium-based ILs deactivate the anionic initiators, and hence anionic
polymerization reaction is very tedious in ILs [10]. The ILs are known to increase
the rate of polymerization reactions and increase the yield of polymer. For example,
Vygodskii et al. [11] reported that PMMA produced in IL had molecular weight
up to 5.7 × 106 Da. Even though it has been established that ILs increase the rate
of polymerization, the exact mechanism for this positive effect is still speculative.
There have been many reviews [12–16] and books [17–21] written on this topic.

2 Polymerization of Methacrylates in ILs

TheRAFTpolymerization ofmethacrylates such as furfurylmethacrylate (FMA) and
butyl methacrylate (BMA) has been studied in different commercially available ionic
liquids like 3-butyl-1-methyl imidazolium hexafluorophosphate (BMIM[PF6]), 3-
butyl-1-methyl imidazolium tetrafluoroborate (BMIM[BF4]), and 3-ethyl-1-methyl
imidazolium ethyl sulfate (EMIM[EtOSO3]). These are room temperature ionic liq-
uids with different counterions and varying polarity. FMA, a functional monomer, is
polymerized using 2-cyano-2-propyl dodecyl trithiocarbonate (CPDTC) as a RAFT
agent, thermally initiated and studied in both organic and ionic solvents and also in
bulk conditions. BMIM[PF6] is used, and it is relatively non-polar and is immiscible
with water. The FMA is partially miscible with BMIM[PF6], where mechanical stir-
ring helps in achieving a homogenous mixture. The summary of the polymerization
reactions and the polymers obtained are listed in the following table.

Table 1 shows that the IL offers a higher monomer conversion rate, both in case
of high-temperature AIBN-initiated polymerization. It can also be noted that the
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Table 1 Summary of RAFT polymerization of FMA using BMIM[PF6] as IL and toluene as
solventa

S.
no

RAFT
agent

Solvent Time (h) Conversion
(%)

Mn, GPC
(g/mol)

Mn, theo
(g/mol)

Ð

1 CPDTC IL 1 98 9800 10,200 1.38

2 CPDTC Toluene 1 27 5100 3100 1.28

3b CPBDT IL 5 40 3600 4400 1.05

6 CPDTC Recycled
IL

1.2 95 9100 9900 1.31

7c CPDTC – 1 98 Gelled – –

8 Without
RAFT

IL 1 98 Gelled

a[M]:[RAFT]:[Initiator] = 240:4:1, Tempr = 70 °C, AIBN initiator, 2-cyano-2-propyl dodecyl
trithiocarbonate as RAFT agent. bCPBDT, 2-cyano 2-propyl benzodithioate was used as RAFT
reagent. cPolymerization is carried out in bulk at 70 °C

dispersity of the polymers obtained is narrow indicating a controlled polymerization
reaction. In case of organic solvents, the monomer conversion is found to be low,
and the molar mass distribution of the polymers is found to be broad in GPC. Also,
it should be noted that the reactions in ILs are faster than the same in organic liquids.
The polymerization is studied in bulk conditions with/without RAFT agents which
resulted in gelation, rending the product useless. The IL used is recycled using
chloroform/toluene, which is discussed later in the chapter, and the polymerization of
FMA is studied in recycled IL also. It can be seen that the polymerization in recycled
IL produces similar results as that of pure ILs, showing that ILs can be reused and it
could be an alternate ‘green’ solvent to replace the organic solvents.

The question of the miscibility of monomer and the IL is important as it would
directly affect the rate of polymerization. The FMA is polymerized with CPDTC
which has a long aliphatic non-polar chain which could stabilize the monomer
droplets in BMIM[PF6]. This would form stabilized nano-droplets of monomer in
IL and control the particle size of the polymer formed [22]. The particle size is mea-
sured to be 26 d.nm with Dynamic Light Scattering (DLS), and the histogram is
shown in Fig. 1. To investigate further, another RAFT agent without a long-chain
hydrocarbon is used to compare the particle size of the polymer. 2-cyano-2-propyl
benzodithioate (CPBDT) is used, and the results are given in Table 1 and Fig 1. The
absence of long-chain hydrocarbon leads to poor stabilization and Ostwald ‘ripen-
ing,’ and the particle size of the resulting polymer is not homogeneous (20, 1300
and 5100 d.nm) and it is found to be higher than that of the polymer polymerized by
CPDTC. To show the stabilization effect of CPDTC RAFT, TEM images are taken
of the FMA/BMIM[PF6] mixture with CPDTC and shown in Fig. 2. The CPDTC
provided good stabilization effect and a stable suspension with uniform particle size
is obtained.

BMA is a relatively non-polarmonomer found to be immisciblewith the non-polar
BMIM[PF6] IL. This gives an opportunity to study the effects of IL on amonomer/IL
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Fig. 1 Schematic representation of size variation of the particles in the presence of CPDTC (a) and
CPBDT (b) RAFT reagent in FMA and IL mixture. Reproduced from Ref. [24] with permission
from the Royal Society of Chemistry

Fig. 2 TEM image of FMA in IL in the presence of CPDTC as the RAFT reagent. Reproduced
from Ref. [25] with permission from the Royal Society of Chemistry
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Table 2 Polymerization of BMA at different reaction conditions using AIBN as initiatora

S.
no

Solvent Time
(h)

[M]/[RAFT] Conversion
(%)

Mn, Theo
(g/mol)

Mn, GPC
(g/mol)

Dispersity
(Ð)

1 Bulk 2 120 81.3 13,900 12,700 1.31

2 Toluene 12 120 68.2 11,800 10,100 1.36

3 DMF 12 120 58.8 10,300 9500 1.33

4 BMIM[PF6] 2 130 91.3 16,900 14,500 1.16

a[RAFT]:[Initiator] = 4:1, reactions carried out at 70 °C under N2 atmosphere, 2-cyano-2-propyl

dodecyl trithiocarbonate as RAFT agent. Mn,Theo =
(
ρ × [Monomer]

[RAFT] × Mw,Monomer

)
+ Mw,RAFT;

where ρ is the monomer conversion. Reproduced from Ref. [24] with permission from Elsevier

immiscible system. The polymerization of BMA is studied using RAFT agents like
CPDTC and CPBDT in BMIM[PF6] IL, DMF, toluene, and in bulk conditions. The
summary of the study with the molecular weight and dispersity index of the polymer
obtained are given in Table 2.

It is observed that ILs increase the rate of polymerization even in the case of
immiscible monomer. The monomer conversion is also found to be high and the
dispersity obtained is low compared to the organic solvents, indicating a narrow
molar mass distribution. The polymerization is found to be faster than the organic
solvents. At high polymerization rate, ILs also help to diffuse the heat generated
during the reaction [23]. BMA is also polymerized in different ILs like BMIM[PF6],
BMIM[BF4], and EMIM[EtOSO3] and found to have varying rates of polymeriza-
tion. This shows that ILs with different counter ions or different alkyl chain lengths
have varying influence on the rate of polymerization. The synthesized PBMA poly-
mer has been successfully used as a macro-RAFT to polymerize MMAmonomer in
IL, demonstrating block copolymerization in IL [24].

The polymers obtained, PBMA and PFMA, were characterized by NMR, GPC,
MALDI-ToF, and DSC analyses [24, 25]. The absence of the resonances at
δ = 6.4 ppm corresponding to vinyl protons in 1H NMR proved that there is no
unreacted monomer in the polymer. Also, the NMR spectra did not show any impuri-
ties related to ILs being entrapped in the polymer. The chemical shift corresponding
to –SCH2 proton of the RAFT, which resonates at 3.2 ppm was used to calculate
the molecular weight of the polymer. GPC analyses were carried with THF elu-
ent to determine the molecular weight and dispersity of the polymers. In the block
copolymerization of BMA and MMA, unimodal GPC traces were obtained, which
confirmed the formation of block copolymers.

2.1 Polymerization Kinetics of Methacrylates in ILs

The ILs increase the rate of polymerization in bothmiscible and immisciblemonomer
systems. To investigate the influence of ILs, we studied the polymerization kinetics
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of both FMA and BMA in ILs with various reaction conditions. The kinetic plot of
FMA polymerization is linear with the R2 value approaching unity (0.99) showing
the controlled nature of the RAFT polymerization in IL. The rate of polymerization
is higher than that of organic solvents with kapp approximately 16 times higher in IL.
Also, the dispersity of the polymer was below 1.4 throughout the molecular weight
evolution which shows that ILs do not interfere with the RAFT process.

The polymerization kinetics of BMA has been studied in different ILs and also
compared with different organic solvents. Figure 3 shows that the rate of polymer-
ization is high in IL when compared to the same in organic solvents. The kapp in IL
is approximately seven times higher than that of toluene, a common organic solvent
used to polymerize BMA. When comparing the rate of polymerization in different
ILs, the relatively non-polar BMIM[PF6] accelerates the rate of polymerization more
than the relatively polar BMIM[BF4] [26]. When compared, theKapp of FMA (6.4×
10−2 min−1) and BMA (1.4 × 10−2 min−1) in the same BMIM[PF6], where the
polarity of the FMA is closer to the IL, it is evident that the polarity of IL has a
greater influence on the rate of polymerization of the monomer.

Taking BMIM[PF6] as a model IL solvent, we studied the
kinetics of BMA polymerization using different RAFT agents such as
2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (CPCTP), 2-cyano-
2-propyl dodecyl trithiocarbonate (CPDTC) with long-chain end groups and
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (DCTMP), 2-cyano-2-propyl
benzodithioate (CPBDT) with phenyl group. As seen in Fig. 4, the RAFT agents
with dodecyl functional groups offer a higher rate of polymerization. It was
speculated that the long aliphatic chain (dodecyl) would stabilize the monomer in
IL polymerization system to form nano-suspensions of monomer droplets. This
explains the higher rate of propagation in long chain containing RAFT agents
compared to those of phenyl active groups. Therefore, a careful selection of RAFT

Fig. 3 Kinetic plots of BMA polymerization with CPDTC as RAFT agent in a different sol-
vents such as toluene, DMF, and BMIM[PF6] and b different ionic liquids such as BMIM[PF6],
BMIM[BF4], and EMIM[EtOSO3]. Reproduced from Ref. [24] with permission from Elsevier
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Fig. 4 Kinetic plots of
BMA polymerization in
BMIM[PF6] solvent with
different RAFT agents
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agent would facilitate synthesis of polymer nanoparticles by stabilizing monomers
into a nano-suspension in IL solvents.

To investigate further, we formed two binary solvents of IL and organic solvents
and studied the polymerization kinetics of BMA in them as shown in Fig. 4. The
binary solvents aremade bymixingBMIM[PF6] ILwith toluene andDMF in twopro-
portions 50:50 and 25:75 with IL as minor portion. The DMF:IL system is miscible
with BMA, and the toluene:IL system is immiscible. From the polymerization kinet-
ics of these two systems, it is evident that ILwould increase the rate of polymerization
irrespective of the miscibility with the monomer. This can be explained with the pre-
viously existing hypotheses that the IL being a viscous liquid would show ‘solvent
cage’ effect [27] or diffusion-controlled termination [28, 29] which would increase
the rate of polymerization. This would justify the increase in the polymerization
rate in the immiscible system. But in the miscible system like DMF(75%):IL(25%),
both the ‘solvent cage’ effect and the diffusion-controlled termination are negligible.
This phenomenon as explained before by Thurecht et al. [30] proves the existence of
ionic interaction between the IL and the propagating radical which forms a radical-
IL ‘complex’ [24] or a ‘protected’ radical [30, 31] which would decrease the rate of
termination and thus accelerating the rate of polymerization. From Fig. 5, it can also
be inferred that the presence of even a small amount of IL would increase the rate of
polymerization.

2.2 Recovery and Reuse of ILs

After the polymerization of the methacrylates, FMA and BMA, a small amount
of chloroform was added to the reaction mixture. The chloroform dissolves the
polymer formed but is immiscible with ionic liquid as it is a non-polar solvent.
This forms a bilayer as seen in Fig. 6. The chloroform with polymer solution forms
the upper layer, and the ionic liquid forms the bottom layer which can be easily
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Fig. 5 Kinetic plots of BMA polymerization using CPDTC RAFT agent a DMF and BMIM[PF6]
binary solvent mixtures and b toluene and BMIM[PF6] binary solvent mixtures. Reproduced from
Ref. [24] with permission from Elsevier

Fig. 6 Recovery of ionic liquid after BMA polymerization. Reproduced from Ref. [24] with
permission from Elsevier

separated by decantation. We were able to recover more than 90% of the IL used in
the polymerization. The purity of the recovered IL was checked with NMR [24]. The
recovered IL was reused up to three times, and the results are tabulated in Table 3.

It can be seen that polymerization of BMA in pure IL and recycled IL produces
similar results, and there is no change in the efficacy or efficiency of the IL after recy-
cling. The ILs were recovered after every reaction, and the recovery% depends on the
sophistication of the recovery technique. Also, we observed that toluene and hexane
can also be employed to recover BMIM[PF6] IL in methacrylate polymerization.
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Table 3 RAFT polymerization of BMA in recycled ILa

Solvent Conversion
(%)

Mn(theo)
(g/mol)

Mn(GPC)
(g/mol)

Dispersity
(Ð)

Ionic liquid
recovered
(%)

BMIM[PF6] 96 15,300 14,600 1.20 94

BMIM[PF6]—1st
recycle

92 14,200 13,300 1.22 95

BMIM[PF6]—2nd
recycle

94 14,950 12,400 1.23 94

BMIM[PF6]—3rd
recycle

93.5 14,800 14,400 1.22 92

a[BMA]/[RAFT]/[AIBN]= 450:4:1. Reactions carried out at 70 °C under N-2 atmosphere for 2 h.
Reproduced from Ref. [24] with permission from Elsevier

3 Conclusion

In summary, the methacrylates such as FMA and BMA were successfully polymer-
ized in ILs using RAFT polymerization technique. The CPDTC RAFT agent was
found to act as a stabilizer for the FMA monomer in BMIM[PF6] IL which can be
used to control the particle size of the polymer. The rate of polymerization in IL was
found to be higher than the same in organic solvents. The study on the polymerization
kinetics shows that the IL accelerates the rate of polymerization irrespective of its
miscibility with the monomer. The polarity of the IL affects the rate of polymeriza-
tion. The study with binary solvent systems shows that the presence of even a small
amount of IL would increase the rate of polymerization. The demonstration of the
recycling of ILs shows that ILs are viable alternative ‘green’ solvents, to replace
volatile organic solvents, which would improve the sustainability of the polymer
synthesis.
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Chapter 9
Creation of Electrically and Optically
Functional Materials from Cellulose
Derivatives via Simple Modification
and Orientation Control

Yoshikuni Teramoto and Kazuma Miyagi

Abstract The authors demonstrate a series of investigations that led to the creation
of functional materials from cellulose derivatives (cellulose acetate (CA), cyanoethyl
cellulose (CyEC), and ethyl cellulose (EC)), which have relatively simple structures
and are supposed to be practical for industrial use. For these derivatives,weperformed
molecular modification with introducing simple substituent or combining with dif-
ferent polymers, applied processing with deformation, and controlled the orientation
behavior of molecular chains and segments, in order to create electrical and optical
functional materials. As an optical function, we established the design guidelines
for CA-based materials that can precisely control the optical anisotropy including
zero birefringence. As an electrical function, we obtained a CyEC-based material
showing the largest dielectric constant among thermally stable organic polymers.
Very recently, we have proposed a dual mechanochromism in which by mechanical
stimulus, not only the cholesteric color changes, but also the polarity of the selec-
tively reflected circularly polarized light is reversed, utilizing the inherent cholesteric
liquid crystallinity of EC.

Keywords Cyanoethyl cellulose · Cellulose acetate · Ethyl cellulose · Dielectric
constant · Birefringence · Cholesteric liquid crystal · Selective reflection ·
Coloration · Circular dichroism

1 Introduction

Cellulose derivatives, which are the main chemical products in the wood science and
technology field, are the first man-made plastics and have still maintained their indus-
trial importance while making excellent use of their physical properties including
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spinnability, film formability, mechanical strength, and sorption performance. On the
other hand, the authors are aiming for higher performance or functionality of biomass
as a material. In addition to appealing factors as eco-materials such as “bio-based”
and “abundance of potential resources,” we believe that the further development of
cellulose derivatives can be achieved if unknown functionality can be derived based
on precise findings at molecular or molecular assembly scale.

Since the beginning of this century, we have systematically understood the ther-
modynamic and physical properties of ester derivatives and graft copolymers of
cellulosic polysaccharides. Our achievements in the 2000s [1, 2] were mainly as
follows:

– Establishment of their synthesis, purification, and structure evaluation methods
– Systematization of the thermal transition andmechanical behavior based on a clear
understanding of the molecular structure

– Detailed analysis of higher-order structural development processes such as
amorphous relaxation (physical aging) and crystallization

In this chapter, we present our recent research aspiring to the integration and
utilization of knowledge obtained by subdividing for each segment in order to derive
latent functionalities of cellulose derivatives. As functionalities to be expressed, we
targeted the optical and electrical ones of their bulk materials. For that purpose,
we decided to make use of necessary and sufficient chemical modifications and
appropriate processing techniques such as stretching and compressing for orientation
control. The main points of the research are as follows:

– The optical and electrical properties of the cellulose derivatives (such as cellulose
acetate (CA) and cyanoethyl cellulose (CyEC)) industrially produced at present or
in the past have been applied to products such as a protective film for liquid crystal
displays and abinder for organic light-emittingdisplays, respectively.However, the
function and performance leave room for further broad control by mild chemical
modification.

– The specific targets were to obtain a material with the highest dielectric constant in
organic polymers on the electrical side, and to control precisely the birefringence
in the optical aspect.

– We also noticed that the contribution to the physical properties exerted by the trunk
chain and the side chain (and its segments) of cellulose derivatives is not merely
a summation. This has the potential to develop into a basic concept for obtaining
derivatives with desirable physical properties.

– Our recent research achievement includes the application of liquid crystallinity
of cellulose derivatives. Cellulose derivatives are often capable of expressing
cholesteric liquid crystal (ChLC) in concentrated solutions and show the selec-
tive reflection of circular polarized light [3]. We prepared cellulosic/synthetic
polymer composites in the usual manner. The composite films exhibited a wide-
ranging color change over the visible region by compressing. Moreover, we found
that the circular dichroism of the films was inverted by the compression. Such a
stress-induced circular dichroic inversion of ChLC-based materials has not been
recognized in a definite form so far.
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It is an unexpected delight of the authors if the functional extension of cellulose
derivatives by the combination of simple chemical modifications or composing and
processing, demonstrated in this document, leads to the development of biomass-
based advanced materials.

2 Improvement of Dielectric Constant

2.1 Background

Dielectric constant is one of the physical properties representing the response of
dielectric materials under an electromagnetic field. When a dielectric material (nor-
mally insulator) is placed in an external electric field, the average position of the
nuclei and electrons constituting the dielectric material moves slightly from the orig-
inal position and the dipole moments thus are oriented. For conductors, the influence
of the electric field is easy to be relaxed due to themobility of free electrons; whereas,
the time scale of structural relaxation in dielectricmaterials is generally long. In other
words, the dielectric materials can accumulate charge bias (electric energy).

When developing electronic devices, it is useful to use high dielectric inorganic
substances. However, it is worth challenging to increase the dielectric constant of
organic plastics that are thermally moldable, flexible, and capable of undergoing
processing.

Many researchers have reported on poly(vinylidene fluoride) (PVDF), a commer-
cial material used in the conversion of stored to active electrical energy. In particular,
some of them have recently investigated the effects of processing conditions such as
the stretching ratio and temperature on the microstructures including crystallites and
orientation along with dielectric properties of PVDF [4–6].

On the other hand, we applied the concept of “chemical modification of cellulose
derivatives and subsequent orientation control” to improve the dielectric constant.
That is, attempts have been made to improve the dielectric properties of cyanoethyl
cellulose (CyEC) by a combination of esterification and uniaxial thermal drawing.

Cyanoethylation of cellulose endows favorable mechanical and dielectric proper-
ties [7, 8]. However, the product cyanoethyl cellulose (CyEC) exhibits a high T g and
melting temperature (Tm), which can be attributed to the strong attractive interactions
between the highly polar cyano (C≡N) groups. Such properties limit the processabil-
ity of this material. Therefore, in this study, we have made an attempt to improve the
thermal moldability of CyEC by esterifying the residual hydroxyl groups of CyEC
(DS = 2.54) [9]. On the other hand, we also expected that the esterification would
improve the stretchability of CyECby conferring highmoldability.We presumed that
the esterification would transform the originally high-crystalline CyEC into a less
crystalline material and that the increased mobility of the molecular chain segments
(with polarized cyano groups) would increase the dielectric constant. In addition, we
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assumed that a uniaxial stretching would cause orientations of overall molecules and
local segments, thereby increasing the sum of the active dipole moments.

2.2 Sample Preparation

For esterification of CyEC (cyanoethyl DS = 2.54), n-alkanoic acid (m is the carbon
number of the side chain; m = 3, 4, 5, 8, 12, and 18) was used as an attack reagent
precursor, pyridine as an acid scavenger, and p–toluenesulfonic acid as an activator.
The reactionwas carried out in a homogeneous systemusingN,N-dimethylacetamide
as a solvent. CyEC ester derivatives are denoted as Cm-CyEC, and solution cast
film (~100 μm thick) was uniaxially stretched at a stretching speed of 2 mm/min
using a hand-cranked drawing device at the vicinity of the onset glass transition
temperature (T g) under a nitrogen atmosphere. Thereafter, it was rapidly cooled to
obtain a stretched film having a thickness of 60–100 μm.

2.3 Fundamental Characterization of Cm-CyEC

In general, for fully substituted type (DS = 3) normal alkanoic ethers and esters
of cellulose, as the side chain becomes longer, the T g of these derivatives sharply
decreases, and the materials are plasticized. The original cellulose tends to form
crystals due to the strong hydrogen bonds between the molecules and hydrogen
bonds are also strong in the amorphous part, leading to the thermal decomposition
before glass transition on heating. The amorphous part of the methyl and acetylated
derivative has a T g of ~200 °C. It rapidly decreases as the side chain becomes longer
to saturate at ~60 °C at the side chain carbon number of ~5. When the side chain
becomes longer (roughly 10 ormore carbon atoms), the side chain can form a crystal-
like ordered structure, and a thermotropic liquid crystallinity is expressed as the
whole molecule [1, 10]. The liquid crystal structure to be exhibited is a cholesteric
phase in the case of ethers and a columnar phase for the esters. Thus, the thermal
transition behavior of cellulose derivatives usually depends greatly on the structure
of the binding site of the cellulose main chain and the side chain.

On the other hand, the ester ofCyEC (cyanoethylDS= 2.54), Cm-CyEC, prepared
here manifests different thermal transition behaviors because an attractive interac-
tion between the cyano groups on the cyanoethyl moiety introduced into the cellulose
main chains is remarkable, as shown in Fig. 1. That is, even if the longer side chains
are incorporated, the T g is detected at 150–160 °C, which is not much different from
that of the original CyEC (166 °C). In the medium ester side chain length (m = 3–
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Fig. 1 DSC thermograms of CyEC and its ester derivatives in the first heating. Numerals denote
the carbon number m of ester side chains. Melting points of samples are indicated by solid arrows
in (a). Panel (b) presents enlarged thermograms around Tg (indicated by broken arrows). Reprinted
with permission from Ref. [9]. Copyright© 2015, Springer Science Business Media Dordrecht

5), a three-dimensional crystalline-like ordered structure is observed by wide-angle
X-ray diffractometry (WAXD) (Fig. 2) at 210 °C (≥T g), where the measurement at
this temperature substantially corresponds to the annealing operation. When m ≥
8, the spacing between the main chains is found to expand remarkably, the three-
dimensional regular structure disappears, and the ordered structure like columnar

Fig. 2 WAXD profiles of
CyEC and its ester
derivatives (numerals denote
m), measured at 210 °C
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liquid crystal is observed as the whole Cm-CyEC. In the case of m = 18, in addi-
tion, another large periodic ordered structure is observed. In this way, the attractive
interaction between the cyano groups of the original CyEC of DS = 2.54 has a large
influence on the higher-order structure even if bulky normal alkanoic side chain is
introduced to the residual hydroxyl group.

2.4 Stretching and Segmental Orientation

The objective of preparing a series of Cm-CyEC is originally to increase both the
orientation and motility of the dipole moments. Because the reproducibility of uni-
axially thermal drawing at around onset T g is supposed to be high as an orientation
process, the thermal stretchability of as-cast films of CyEC and Cm-CyEC is investi-
gated first. Figure 3 showsm dependency of % elongation (γ ) at the break by thermal
drawing. For the specimens of Cm-CyEC with large side chains (m = 8, 12, and 18),
the thermal stretchability is great because of the internal plasticizing effect by intro-
ducing ester side chains. However, the samples with m = 3–5 display rather less
stretchability than CyEC, probably due to the attractive interaction between cyano
groups and promotion of orientation crystallization of these samples.

For the most thermoplasticized C18-CyEC, the heat stretching behaviors are fur-
ther compared with those of the original CyEC. As shown in their WAXD profiles
(Fig. 4), annealing orientation crystallization is noticeable for CyEC, but C18-CyEC
provides the profiles similar to that of the as-cast sample even after drawing and does
not appear to form a three-dimensional crystal lattice. From the X-ray fiber pattern
of C18-CyEC, it is observed that the long alkyl side chains in a state of hexagonal
packing oriented preferentially along the main chain direction.

In order to investigate the orientation of the more local segment of C18-CyEC,
the infrared dichroism has been evaluated. Focusing on C≡N stretching band
(2250 cm−1) of cyanoethyl groups and C=O stretching band (1750 cm−1) of ester
groups, Fig. 5 shows the change in the orientation function f φ of those by the ther-
mal drawing. The order parameter f φ varies from −1/2 (draw direction and dipole

Fig. 3 Percent elongation at
break of cast films of CyEC
and its ester derivatives.
Films were processed at
onset Tg. Reprinted with
permission from Ref. [9].
Copyright© 2015, Springer
Science Business Media
Dordrecht
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Fig. 4 WAXD intensity profiles of drawn films: a CyEC; b C18-CyEC. Notation γ denotes %
elongation. Reprinted with permission from Ref. [9]. Copyright© 2015, Springer Science Business
Media Dordrecht

Fig. 5 f φ values for the
cyano group of CyEC and for
the cyano and ester groups of
C18-CyEC, plotted against
γ . Reprinted with permission
from Ref. [9]. Copyright©

2015, Springer Science
Business Media Dordrecht

moment are perfectly perpendicular) to 1 (draw direction and dipole moment are per-
fectly parallel). f φ of zero indicates no preferential orientation. Since the f φ of C≡N
took positive values and increased with γ , it is confirmed that the cyano moiety is
preferentially oriented in the drawing direction. On the other hand, it is found that the
C=O groups are preferentially oriented perpendicular to the stretching axis because
the f φ of C=O at the junction part of the ester side chains has a negative value. These
data support the findings of the X-ray fiber pattern that the alkane portion of the ester
side chain of C18-CyEC and the cellulose main chain are oriented in parallel.
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2.5 Dielectric Properties

In general, the dielectric constant of a material increases as the sum of the dipole
moments in the material increases and as the dipoles move more easily. For the
as-cast films of CyEC (m = 0) and Cm-CyEC, the change of dielectric constant
with respect to m measured at 1 kHz and 25 °C is plotted in Fig. 6. The dielectric
constant decreases with increasing m. The esterification of CyEC here introduces
new C=O dipole, but at the same time essentially nonpolar alkane chains are also
incorporated. Therefore, the esterification does not simply lead to an increase in the
dipole concentration in the series of Cm-CyEC.

On the other hand, when the film sample is stretched and the dielectric constant is
evaluated, it shows the opposite behavior between CyEC and C18-CyEC. Initially,
the dielectric constants of the as-cast films of CyEC and C18-CyEC were about 16
and 9, respectively. When stretched, that of CyEC moderately decreased to ~11 with
γ = 50%, while C18-CyEC showed an increase in the dielectric constant 2.5 times
(up to ~23) for γ = 180%. A schematic for explaining this contrasting behavior
is shown in Fig. 7. As modeled in (a), CyEC develops annealing and orientation
crystallization during the thermal drawing of the film; at that time, it seems that the
C≡Nmoieties of the adjacent molecular chains are placed in anti-parallel, the dipole
moment is canceled out, and their mobility also decreases. On the other hand, as
shown in the schematic of the higher-order structure of C18-CyEC in (b), the bulky
alkane chains are oriented along the cellulose main chain in this thermally stretched
film. As a result, the free volume of both C≡N and C=O dipoles increases.Moreover,
since this sample has no crystal development such as forming a three-dimensional
lattice, the mobility of dipoles is not hindered.

In this manner, by controlling the orientation and mobility of the local segment of
the cellulose derivative, it is possible to obtain amaterial having the highest dielectric
constant (~23) as organic polymers.

Fig. 6 Plots of ε′ versus
carbon number in ester side
chain, m. Arrows indicate a
change of dielectric constant
with increasing %
elongation, γ , for drawn
films
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Fig. 7 Schematics of dipole
moment movements:
a CyEC per se; b C18-CyEC.
Arrows indicate dipole
moments. Flat plates indicate
cellulosic main chains.
Reprinted with permission
from Ref. [9]. Copyright©

2015, Springer Science
Business Media Dordrecht

2.6 Summary and Future Prospects

Many synthetic methods of cellulose derivatives have been proposed so far, and inter-
pretation of the influence of molecular composition such asDS has traditionally been
made with respect to the physical properties of the resulting bulk materials. Recently,
the effect of the introduction of plural substituents on the thermal ormechanical prop-
erties is gaining attention from the industry [11–13]. If we can effectively exploit
the local structure provided by heterogeneous side chain moieties, as shown in this
section, meanwhile, we can still develop new special properties and functionalities
that are not only mechanical properties, from cellulose derivatives.

3 Birefringence Control

3.1 Background

Graft copolymerization of cellulosic polymers is one of the possible ways to incor-
porate different polymer components at the ultrafine structure level. This not only
improves the original properties of the polysaccharide, but also leads to the intro-
duction of new functions derived from the polymers combined as grafts. In the
beginning of this century, we focused on graft copolymers mainly composed of cel-
lulose ester derivatives and aliphatic polyesters and studied the thermal transition,
mechanical properties, and evolution of molecular aggregate structure such as crystal
and amorphous structure relaxation, enzymatic degradability, and so on, in detail and
systematically [1, 2]. The points of the series of research were to prepare pure graft
copolymers (not containing oligomer impurities of ingredients to be grafted) and to
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develop discussion based on the molecular structure by eliminating speculation as
much as possible.

In the subsequent decade, we have reported the orientation control by thermal
drawing process and the expression of the optical functionalities by it [14, 15]. This
section explains its outline. Specifically, it deals with the orientation behavior and
optical anisotropy of cellulosic graft copolymers.

So far, the remarkable results have been reported on the stretching orienta-
tion behavior and optical properties of bulk materials of the closely mixed multi-
component polymers such as random copolymers [16] and miscible polymer blends
[17–19]. That is, birefringence induced by deformation (strain) of the bulk materi-
als can be designed in advance by appropriately combining two components whose
polarity of birefringence is opposite to each other. In certain cases, the original opti-
cal isotropy is maintained regardless of the degree of deformation (zero birefringent
material). There is no similar study on graft copolymers but adopting them would
have themerit that the degree of freedomof composite design is high because compat-
ibility between components is not a problem by graft copolymerization. In addition,
we are also interested in the fundamental aspect of whether the applied stress is
transferred to the trunk or graft to lead an orientation when stretching the bulk film
materials of graft copolymers.

This section covers two graft copolymer series of cellulose acetate (CA) with
poly(l-lactide) (PLLA) or polymethylmethacrylate (PMMA). A fluorescence polar-
ization technique has been employed to obtain the information about the overall
degree and the type ofmolecular orientation developed in the drawing of graft copoly-
mer films, while birefringence is used as a measure for the estimation of the state of
optical anisotropy of the drawn films.

3.2 CA-Graft-PLLA: Discontinuous Birefringence Change
Accompanying Branch Chain Length

The graft copolymers are synthesized by ring-opening copolymerization of l-lactide
initiated at the residual hydroxyl groups of CA (DS = 2.15) in the presence of tin(II)
2-ethylhexanoate, which is known to be a highly selective catalyst [20]. Further,
the graft copolymers (PVAVAc-graft-PLLA) having a poly(vinyl alcohol-co-vinyl
acetate) (PVAVAc, OCOCH3/OH = 64/32) as a main chain are prepared in the same
manner, and the products are used as comparative samples of the effect of rigidity of
the trunk polymer. As shown in Fig. 8, themolar substitution degree (MS, the number
of lactyl groups introduced per repeating unit of the trunk polymer) is quantified by
1HNMR.The graft copolymers of both series generally have a high graft density (one
graft per two repeating units of the trunk chain), and the degree of polymerization of
grafts is≤ ~5. All the products of both graft copolymer series are non-crystallizable,
and their solution cast films show no domain segregation of the two components that
constitute the trunk and side chains.
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Fig. 8 Typical 1H NMR
spectra of a CA-graft-PLLA
and b PVAVAc-graft-PLLA.
Reprinted with permission
from Ref. [14]. Copyright©

2011, Springer Science
Business Media B.V

Rectangular films charged with a 2.5-nm-long fluorescent probe molecule at low
concentration are uniaxially stretched at a temperature in the vicinity of T g. The
overall behavior of the orientation is estimated from the statistical second (<cos2 ω

>) and fourth (<cos4 ω>) moments obtained by a fluorescence polarization method.
Upon stretching, any film of both series impart a positive orientation function, i.e., f
= (3 < cos2 ω > − 1)/2 > 0, which increases with the extent of deformation. When
compared between both the graft copolymers, the CA system had high molecular
orientation even at low draw ratio, while the PVAVAc series generally exhibited
lower degree of molecular orientation. Therefore, the semirigidity of CA and the
flexibility of the vinyl chain greatly influenced the molecular orientation of each
graft copolymer, and at the same time the molecular arrangement of the entire graft
copolymers was disturbed by the introduction of the graft chains.

Birefringent phenomenon occurs based on the orientation distribution of the
anisotropic units (several Å long) of polarizability in polymer molecules in gen-
eral. Plots of birefringence vs. % elongation for film samples of the two series of
graft copolymers are shown in Fig. 9. Both CA and PLLA of acetyl DS � 2.75 have
positive birefringence. As schematically illustrated in Fig. 10, in the CA system, (i)
the polarizability at the junction part of the graft chains contributes negatively to
the stretching axis with MS of ≤0.75 and thus the birefringence (�n) decreases, (ii)
with increasing MS to ~1.5, �n increases monotonically, and (iii) when MS = 3,
the graft chains disturbed the arrangement of the entire molecules and �n decreases
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Fig. 9 Plots of birefringence versus % elongation for film samples of the two series of graft copoly-
mers, CA-graft-PLLA (a) and PVAVAc-graft-PLLA (b). Numerals inserted in the legend denote
MS values for the graft copolymers. Reprinted by partially modifying the items with permission
from Ref. [14]. Copyright© 2011, Springer Science Business Media B.V

Fig. 10 Schematic of the
orientation behavior of
polarization anisotropic unit
of CA-graft-PLLA

accordingly. That is, the change in �n with increasing MS is not monotonous. On
the other hand, the change in �n associated with increasing MS is not monotonic as
well even for the PVAVAc-graft-PLLA samples with negative birefringence as a graft
copolymer due to the original negative �n of PVAVAc in the trunk. We thus found
a subtle variation in the orientation mode (polarity and extent) of each polarizability
unit of the trunk chain CA or PVAVAc and the grafted oligo(l-lactide) by stretching
their bulk films, using �n as a probe.
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3.3 CA-Graft-PMMA: Reversal of Polarity of Birefringence
Due to Increase in Graft Chain Length

We examined the molecular orientation and optical anisotropy that are induced by
the stretching of cellulose acetate (CA)-graft-poly(methyl methacrylate) (PMMA)
films. This is a combination of trunk with positive birefringence and PMMA graft
chains with negative birefringence. The copolymers are prepared by atom transfer
radical polymerization (ATRP).

2-Bromoisobutyryl group is introduced into the residual hydroxyl group of CA
(DS = 2.15) to synthesize a macroinitiator (CAmBBr). Then, ATRP of methyl
methacrylate to CAmBBr is performed. The degree of 2-bromoisobutyryl substi-
tution (DSBBr) of CAmBBr is determined from quantitative 13C NMR. CAmBBr
samples withDSBBr = 0.40–0.73 are obtained. From the 1H-13C gHSQCNMR spec-
trum (Fig. 11) of the graft copolymers, the signals of 1H and 13C are assigned, and
MS of the PMMAgraft chain is calculated by the quantitative 13CNMR. The average
degree of polymerization (DPs) of PMMA grafts is determined from 1H NMR, and
the MS is divided by the corresponding DPs to calculate DS (DSgrafted) of PMMA
grafts of 2-bromoisobutyryl group contributing to ATRP. Themolecular composition
of the products is exemplified in Table 1. The polydispersity (Mw/Mn) of PMMA
grafts is 1.01–1.16, indicating that polymerization proceeds with ATRP.

Fig. 11 1H-13C gHSQC NMR spectrum of the graft copolymer obtained by ATRP. Reprinted with
permission from Ref. [15]. Copyright© 2013, American Chemical Society
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Table 1 Quantitative results of the molecular composition of the product

Entry MS DPS DSgrafted DSBBr

1 1.62 66.5 0.02 0.60

2 4.60 46.9 0.10 0.60

3 5.26 46.4 0.11 0.60

4 6.84 45.6 0.15 0.60

Reprinted with permission from Ref. [15]. Copyright© 2013, American Chemical Society

As a result of DSC thermal analysis, it is found that the incompatible CA and
PMMA are closely composited, since T g is single in each of the graft copoly-
mers. In addition, their T g decreases with increasing MS, and CA originally poor in
processability could be thermoplasticized by the grafting.

As a result of the fluorescence polarization measurement, it is shown that the
molecular orientation of the stretched films is in accordance with the distribution
form of the elliptic spheroid shape, and in the graft copolymers, the molecular ori-
entation decreases with the increase of the MS. This is because the contribution of
the flexibility of the PMMA graft chains becomes larger than that of the semirigidity
of the CA trunk with the increase in the amount of graft chain introduction. This
suggests that the PMMA graft chains are fixed onto the cellulosic trunk chain, the
anchoring effect is difficult to act on the graft chain terminal part, and the orientation
is easy (Fig. 12).

As can be seen in Fig. 13, �n of CA and CAmBBr is positive, but that of
graft copolymer decreased with increasing MS and DSgrafted. Furthermore, the graft
copolymer with the largest DSgrafted and MS among the investigated shows negative
�n. This is because the terminal side of the PMMA graft chain (�n < 0) contributes
more negative than the positive polarizability anisotropy of the trunk chain.

From the above, it was possible to establish a method to adjust not only the
magnitude of the birefringence of the graft copolymer but also the polarity. By this
research, we have proposed a new design guideline for optical functional materials
including zero birefringent material.

Fig. 12 Schematic of the
concept of the orientation
and birefringence including
polarity inversion for
CA-graft-PMMA. Reprinted
with permission from Ref.
[15]. Copyright© 2013,
American Chemical Society
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Fig. 13 Plots of
birefringence versus %
strain. Numerical values 1, 2,
and 4 indicate entry numbers
in Table 1. Reprinted with
permission from Ref. [15].
Copyright© 2013, American
Chemical Society

3.4 Summary

We have established a methodology to precisely control birefringence of cellulosic
graft copolymers by molecular design and characterization of accurate molecular
composition. In order to practically make use of this concept, it is necessary to
obtain the desired derivative by a simpler synthesis method.

4 Dual Mechanochromism

4.1 Background

Mechanochromic materials whose color tone changes in response to mechanical
stimuli are expected to be applied in variousways such as the visualization ofmechan-
ical damage and energy-saving-type display devices. The mode of introduction of
mechanochromism proposed so far includes the incorporation of a mechanophore (a
molecule to be colored by dynamic stimulus) into the material constituent molecules
[21] and embedding of microcapsules containing a mechanophore [22]. On the other
hand, mechanochromic materials using structural colors have also been reported [23,
24]. This is the concept of constructing a laminated structure in the order of visible
light wavelength within the materials. Because of the selective reflection of light
with wavelengths equivalent to the layer spacing, the color tone of these materials
varies with the change in interlayer spacing due to bulk deformation.

Very recently, we focused on cholesteric liquid crystals (ChLC) having a helicity
in addition to the laminated structure. ChLC selectively reflects circularly polarized
light having the same wavelength as the helical pitch and the same handedness as the
helix, so it shows not only coloration but also circular dichroism (CD). Therefore,
by using cellulosic ChLC as the basic structure of mechanochromic material [25,



210 Y. Teramoto and K. Miyagi

Fig. 14 Chemical structure
of EC

26], we expect that a novel mechanochromic material which changes CD could be
realized in addition to the color tone control known for the above ones.

4.2 Preparation of ChLC Film by Combining Cellulose
Derivative and Synthetic Polymer

Based on the method established by Nishio [27], ChLC films have been prepared
by the following procedure: ChLC is expressed by dissolving ethylcellulose (EC,
Fig. 14) in acrylic acid (AA) at high concentration; after adding a photopolymeriza-
tion initiator, the ChLC solution is molded into a film, and photopolymerization of
AA is performed by UV irradiation to obtain EC/poly(acrylic acid) (PAA) composite
films in which the ChLC structure is immobilized.

4.3 Color Tone Change by Compressing EC/PAA Films

For the prepared EC/PAA films, we accomplished color change by mechanical
stimulus and color tone recovery by heat treatment (Fig. 15).

By photopolymerization of a 47 wt% EC/AA solution, we obtained an EC/PAA
film exhibiting red color due to selective reflection of its ChLC nature. Compression
of the film at 30 °C results in a blue shift in coloration of the film as the compressive
strain increases. However, when the compressive strain exceeds a certain level, the
film tends to break; the range of change in color tone is thus limited. In this regard,

Fig. 15 Wide-ranging color change by applying compression stimuli and color recovery through
the thermal treatment of EC/PAA films
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since the T g is detected at ~120°C by DSC for the EC/PAA film, it is natural that
the film is in a glass state at 30 °C and brittle fracture is likely to occur. When
the film is compressed at 130 °C, meanwhile, no brittle fracture occurs even at a
compressive strain of 30% and a color tone change can be achieved over the whole
visible light region. From the results of WAXD measurement of the film before and
after compression, it is found that this color tone change is mainly caused by the
increase in the helical angle of the cholesteric helix by compression.

When the EC/PAA film is air-cooled immediately after being compressed at
130 °C, the shape and color tone can be fixed by the vitrification of the film, and
even if the film is left standing at room temperature for a long time, it remains in
the fixed state. Furthermore, it is revealed that when the vitrified film is subjected to
a heat treatment at 130 °C, the shape and color tone before compression could be
recovered. This is due to rubber elasticity by heating at a temperature higher than
the T g of the film.

4.4 Circular Dichroism Inversion by Compression
of EC/PAA Film

We also found that EC/PAA film shows circular dichroism reversal by mechanical
stimulus (Fig. 16). To our knowledge, there is no example reporting such phenomena
systematically not only in cellulosics but also in the whole liquid crystal field.

For circularly polarized glasses used in general 3D televisions, the left (right)
lens transmits only left (right) circularly polarized light. By using this, we can visu-
ally confirm CD. When the 47 wt% EC/PAA film before and after compression at
130 °C are observed with the 3D glasses, the reflected light mainly passes through
the left lens before compression; whereas, after compression the right lens transmits

Fig. 16 Stress-induced circular dichroic inversion of EC/PAA films
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it markedly. This result shows that the CD of the EC/PAA film is reversed from left-
handed to right-handed by compression. This phenomenon can also be confirmed
spectroscopically. That is, a positive CD signal meaning reflection of left-handed
circularly polarized light is detected before compression; whereas, a negative CD
signal meaning reflection of right-handed one is observed after compression.

4.5 Mechanism of CD Inversion

Should this inversion of CDbe due to the inversion of the helix in theChLC structure?
In this regard, Gray et al. reported a reversal phenomenon of CD in ChLC of a
concentrated aqueous solution of hydroxypropylcellulose (HPC) [28]. That is, the
polarity of the CD was reversed between the ChLC film obtained by casting after a
shear orientation and the ChLC film prepared by casting from the non-oriented state.
This is because shear-aligned HPC acts like a retardation plate in the shear-oriented
film. Therefore, the inversion of CD can occur even if the cholesteric helix itself does
not reverse.

With reference to this report, we thought that the CD would be reversed as a
result of increasing the orientation of the film by compression in our system as
well. In order to confirm this hypothesis, the following preliminary experiment was
conducted: an observation was made via 3D glasses with 60 wt% EC/PAA film
(colorless) superposed on a 47 wt% EC/PAA film (red). As a result, the reflected
light was mainly transmitted through the left lens, and a selective reflection of left-
handed circularly polarized light was seen. On the other hand, when compressing
the 60 wt% film and stacking it on the 47 wt% film, the reflected light came to pass
through the right lens despite the fact that no mechanical stimulus was added to
the latter ChLC film. This result can be interpreted as follows: when a left-handed
circularly polarized light reflected by the 47 wt% film passes through the 60 wt%
film, the 60 wt% film oriented by compression acts like a retardation plate, and the
reflected light is reversed to right circularly polarized light (Fig. 17).

As described above, the reversal of the circular dichroism due to the compression
of the EC/PAA film is likely due to the birefringence of the circularly polarized light
accompanying the orientationwithin the film.Wewould like to clarify themechanism
of this phenomenon in more detail from further experiments in the future.

4.6 Future Prospects

We found that ChLC film obtained by combining cellulose derivative and synthetic
polymer manifests a unique optical property “dual mechanochromism” which has
not been clearly recognized so far. A series of film features not only visualization of
dynamic stimulus by color change but also that of its history. As a starting point, we
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Fig. 17 Schematic image of the inversion of circular polarized light (CPL) originating from a
retardation film-like effect of the compressed EC/PAA films

would like to continue to make efforts to design useful materials that make use of
the unique features of cellulosic ChLC.
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Chapter 10
Biocompatible Anisotropic Designer
Particles

T. T. Aiswarya and Sampa Saha

Abstract In recent years, particle technologies have been broadly focused on the
manipulation of size, shape and surface chemistry. The electrohydrodynamic co-
jetting of different polymer solutions lead to a unique design of particles with mul-
tiple and distinct surface patterns of micro- or nano-compartments. Moreover, the
ability to selectively modify individual areas on the surface of a particle, cylin-
der or a fiber is another important physico-chemical property, which necessitates the
anisotropic distribution of interfacial binding sides. The current chapter will focus on
the spatioselective surface modification of individual compartments that can yield
a novel type of shape-shifted microcylinders via surface-selective click chemistry
in conjunction with surface-initiated atom transfer radical polymerization (ATRP).
Additional examples will also be discussed toward microparticles with fully orthog-
onal surface patches that take advantage of a combination of chemically orthogonal
polylactide-based polymers and their fabrication via electrohydrodynamic co-jetting
to yield rarely reported multifunctional microparticles. Finally, these microparticles
will be applied as drug delivery vehicles to carry multiple drugs and to release them
at desirable rates. Several microstructured particles are highly sought after for their
potential to present multiple distinct ligands in a directional manner for targeted drug
delivery applications.
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1 Introduction

Particle engineering has undergone a breakthrough with a continuous increase in
adaptability, tunability and flexibility of particles. The broad focus on the manipula-
tion of size, shape and surface chemistry has helped in the development of micropar-
ticles with controlled internal and external architectures, with assuring properties
for triggered drug delivery and self-assembly applications. There are many tech-
niques that are used in preparation of these materials such as controlled deformation
technique to producemonodisperse elliptical polymeric particles, swelling and phase
separationmethod and self-assembly of block copolymers [1–4]. Among thesemeth-
ods, electrohydrodynamic co-jetting (EHDC) is one of the most attractive techniques
because of its ease and simplicity (Fig. 1). In this process, different polymeric solu-
tions are injected through two or more needles arranged in side by side fashion and
flown under a laminar regime. This prevents any lateral mixing of the polymers and
provides a stable interface between the fluids leading to the formation of a droplet
at the tip of the cojoined multiple needles. The droplet formed gets converted into a
Taylor cone upon applying electric field, and electrified polymeric jet is ejected from
the tip that results in formation of millions of individual droplets [5]. The immediate
reduction in diameter of droplets takes place causing an increase in the total surface
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Fig. 1 Schematic and digital
micrograph representation of
the electrohydrodynamic
co-jetting process. Reprinted
with permission from ref.
[16]; Copyright 2014 Wiley

area of the particle due to rapid evaporation of the solvent leaving behind solidified
nano or microparticles in the collecting electrode [6]. Depending on the various pro-
cess parameters like polymer concentrations, flow rate, viscosity, voltage, etc., shape
and size of particles can be tailored. This technique also allows the formation of
multicompartmental fibers obtained from different polymeric solutions to align into
a single fiber that can be collected as a mat on the collector or a bundle of fibers on
a rotating drum collector. The ability to control the property of individual compart-
ments on the same particle allows incorporation of multiple materials and material
combinations with different sets of functionalization that can give rise to orthogonal
properties [7]. These microparticles can be applied as drug delivery vehicle to carry
multiple drugs and then releases them at the desirable rates [8, 9]. Theoretical stud-
ies about controlling self-assembly and molecular recognition show that materials
that are anisotropic in nature can be effectively used for multiple applications [10,
11]. Synthesis of non-spherical particles is currently the topic of study that has been
investigated extensively along with multiple functionalization of hemispherical part
of a sphere. These particles can be designed and recognized from each side such as
top to bottom or left to right to yield particles of pre-programmed functionality. This
approach provides a new science based on nano ormicroparticles and fibers that bring
wide opportunities to design differentmaterials with various shape and size combina-
tions. Different multicompartmental particle shapes like snow-man, dumbbell like,
acorn like, disk shape, rods, etc. like structures can be prepared in one step [12, 13].
These anisotropic particles also belong to a family of particleswhere asymmetry orig-
inates from the particles shape and chemical composition. The anisotropic particles
can also be a combination of hydrophobic and hydrophilic hemisphere thatmay act as
colloidal surfactants of intermediate hydrophobicity and can be active in stabilizing
emulsions [14, 15]. An important property that distinguishes these microparticles is
their competence to selectively modify individual surface of a particle. The current
chapter will focus on the spatioselective surfacemodification of a particular compart-
ments can yield a novel type shape-shifted microcylinders via surface-selective click
chemistry in conjunction with surface-initiated atom transfer radical polymerization
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(ATRP), patchy particles, degradable particles and applications of these material
systems and their purpose of study has been elaborately defined.

2 Fabrication of Polylactide-Based Multicompartmental
Microparticles/Cylinders/Fibers Using
Electrohydrodynamic Co-jetting Technique

As discussed above, the electrohydrodynamic co-jetting technique is one-step
method for fabricating multicompartmental particles with various shape and size
as shown in Fig. 2. Since each of the compartments can be tailored and modified
independently it can be utilized in various caseswhere two incompatiblematerials are
engineered in close proximity to one another [7, 8, 16, 17]. Selective surface modifi-
cations of individual compartments of these microparticles are completely probable.
In order to selectively modify a particular surface, it is necessary to apply orthogo-
nal immobilization chemistries [18]. In addition to this, drugs and other functional
biomolecules can directly be incorporated into particles by dissolving them along
with the polymers in the jetting solution. This gives 100% encapsulation efficiency,
unlike other encapsulation techniques such as double emulsion particle preparation
method.

Electrohydrodynamic co-jetting (EHDC) method consists of a stainless steel nee-
dle system that is connected to a high voltage power supply. A high precision syringe
controls the flow rate of individual polymeric solutions coming from the needle and

Fig. 2 Setup of electrohydrodynamic co-jetting technique used for fabrication of microparticles of
various shape and size
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high voltage controls the strength of electric field applied to the flowing polymeric
solution. Liquid droplets containing two or more polymer solutions produced by the
laminar flow are result of arrangement of capillary needles in side by side fashion.
These droplets when subjected to an electric field are seen to experience two major
forces: coulombic forces due to the external field and repulsive forces between the
surface charges on the droplet. The coulombic force exceeds the surface tension at
certain critical field strength resulting in the distortion of the droplet into a conical
shape and an electrified jet formingmillions of secondary droplets ensues from the tip
of this cone. This cone jet produces a narrow size distribution of particles. Polymeric
solutions once introduced into the needles are subjected into a required flow rate and
electric field for the formation of desired shape of the particles. It was observed that
for all polymeric solutions cone jet mode is obtained but at different applied voltages
and flow rate In response to the electric field, the compound droplet that is generated
at the tip of the capillary needle assembly distorts into a Taylor cone as a result of
applied voltage as shown in Fig. 1 [18]. Multicompartmental particles are formed on
the collector electrode as a result of solvent evaporation and particle solidification.
The mixing of polymeric solutions coming from different needle is prevented by the
rapid evaporation and laminar flow and the number of compartments formed depends
on the number of needles. This makes electrohydrodynamic co-jetting an effective
method to form particles having high drug loading capacity with uniform dispersion
of different drugs in their individual compartments to prevent drug–drug interactions.
By altering the flow rate, applied voltages, polymer concentration, etc. microparti-
cles or microfibers having multiple compartments can be produced. Spatioselective
surface modification can be done once the biphasic particles and fibers are fabricated
containing polymerswith functionality in one compartment. The functionalized com-
partment can be modified later to attach biomolecules as well as polymers on the
surface of fabricated particles. For example, the polymer architectures elaborated by
click chemistry reactions, having a higher selectivity and tolerance to a wide range
of functional groups, which can be utilized in functionalizing these particles sur-
faces [19–21]. In one of the studies, copper(I)-mediated 1,3-dipolar cycloaddition of
azides and alkynes was used for this purpose [18]. Modification of poly [lactide-co-
(propargyl glycolide)] particles is done by reacting the particles with azido–PEG-
amine in the presence of Cu+ ions, generated by the reaction of Cu2+ in presence of
sodium ascorbate. The surface modification was confirmed by confocal micrograph
image where green fluorescence of FITC used on one side of the compartment as
seen (Fig. 3).

As discussed earlier, the multifunctional microcylinders can also be fabricated
using this technique which involves fabrication of bundles of multicompartmental
fibers which are later converted to multifunctional microcylinders of desired length
[22, 23]. Fibers are formed using electrohydrodynamic co-spinning method in which
fibers are collected from the tip of the needle assembly. The multiple polymer solu-
tions are passed through the multiple needles and the single compartmental fiber is
formedwhich can be collected onto the rotating drum substrate without any breakage
to achieve an ordered alignment of fiber bundle, crucial for microcylinder fabrica-
tion. Generally, a low flow rate and low concentration of polymer, for example, poly
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Fig. 3 Biphasic microfibers with one phase labeled with ADS306PT and other phase containing
poly [lactide-co-(propargyl glycolide)]. Azido-PEG-amines were reacted with acetylene groups
and FITC were reacted with free amine groups. Uniform surface modification on phase that con-
tains acetylene groups were confirmed from green fluorescence on a single side. Reprinted with
permission from ref. [18]; Copyright 2008 Wiley

(lactic-co-glycolic acid) favors the formation of fiber in order to achieve multicom-
partmental fibers. The rotation of wheel assembly at an optimized RPM favors the
deposition of fiber in an ordered bundle for long interval of time.

As mentioned above, it is possible to achieve tri or tetra phasic fibers by simulta-
neous use of three ormore solutions in jetting process. Once the fibers are collected, it
can be converted to the microcylinders by an automated or semi-automated cryosec-
tioningmethod. In this process, fiber bundle of 1 cm is cryosectioned after embedding
it in a gel here by controlling the speed of cytochrome and the slice thickness, the
length of microcylinders can be controlled. A well-dispersed rod-shaped colloid is
obtained by ultra-sonication of suspended fibers bundle in phosphate saline solu-
tion as shown in Fig. 4. The microcylinders formed can be spatioselectively surface
modified by using Huisgen 1,3-dipolar cycloaddition reaction [22]. In this particular
study, the process is utilized for the fabrication of microcylinders having large and
small compartments that can be achieved by manipulation of the number of the nee-
dles. A small amount of acetylene functionalized PLGA, poly (lactide-co-propargyl
glycolide) was mixed with the jetting solution in one of the compartment in order
to introduce free acetylene groups in the bulk of compartment. The process was
used on four-compartment cylinder configuration. Reaction of microcylinders was
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Fig. 4 (a) Electrohydrodynamic co-spinning and cryosectioning results in fiber bundles that later
yield uniform microcylinders. (b) SEM micrograph of bicompartmental fiber bundles. Reprinted
with permission from ref. [22]; Copyright 2009 Wiley

done with biotin-(ethylene oxide) azide in the presence of copper sulfate and sodium
ascorbate resulting in the biotin immobilization in one of the compartments of the
microcylinders. Incubation of these cylinders with streptavidin favored the selective
binding of streptavidin with biotin which was confirmed using CLSM microscopy.
The red fluorescence dye tagged with streptavidin can be seen on the surface of one
of the compartments’ cylinders, shown in Fig. 5.

Fig. 5 (a) Selective surface modification of multicompartmental microcylinders. (b) Confirma-
tion of spatioselective surface modification from axial and cross-sectional CLSM micrographs.
Reprinted with permission from ref. [22]; Copyright 2009 Wiley
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3 Controlled Bending Transitions of Compositionally
Anisotropic Microcylinders

Anisotropic materials are a single material system possessing multiple properties in
different directions. Multicompartmental particles are a good example of anisotropic
particles as different compartments can be designed distinctively. In addition, Janus
particles showing two different property at two different phases is another good
system for studying anisotropic behavior [24, 25]. Interestingly, anisotropic behavior
of polymer particles can be further elaborated in controllable transitions in shape
and size of a material by changing polymer material property in directional manner.
Particles of various shape and size that further show transitions in shape or size
as a result of different conditions have vast applications such as sensors, actuators
and surface pattering. These particles which further show transition behavior can
be fabricated using EHDC technique followed by spatioselective chemistry. Various
shape changes take place as a result of changing temperature or other conditions.
Figure 6 shows how microcylinders are prepared using EHDC technique, further
brushes are grown on the cylinders to modify its properties by using click chemistry
followed by ATRP [7], and brushes in the cylinder make them responsive toward
hydrophilic environment that shows how the shape is change when subjected to
water. Different dyes are used to show different compartment which shows how the

Fig. 6 Selective surface modification of bicompartmental microcylinders with a PEGMA surface
layer. Reprinted with permission from ref. [26]; Copyright 2012 Wiley



10 Biocompatible Anisotropic Designer Particles 225

compartments are formed without getting mixed or influencing the shape of the final
particle.

Spatioselective growth of polymer brush (hydrophilic brush) from one of the
compartmentsmake the cylinder change their shape because growing polymer chains
on the soft surface face repulsive force from each other which make the cylinders to
bend in a particular direction.

Fabrication of microcylinders showing transitions in particle morphology as a
result of increasing one of the dimensions of the microcylinders (length) have been
studied by Saha et al. it shows how material shape changes by changing the length
of microparticles (Fig. 7). The study clearly demonstrates the change of shape of
material as a result of site -selective growth of polymer brushes of surface layer
leading to asymmetric expansion of one compartment. Also blending or chemical
modifications of these polymers with hydrophilic brushes result in formation of
semiporous bent architecture upon dryingwhich can be used for active and controlled
drug release applications.

Moreover, aspect ratio of the cylinder can be adjusted in order to achieve a fine
tuning from simple bent to coiled structures. Short and long cylinders show dif-
ferent bending behaviors, as short cylinders having high bending stiffness than the
long ones, curl around the cylinder ends forming a circular structure, whereas long

Fig. 7 Representative images of (a) brush free bicompartmental microcylinders of 120 mm length
(before polymerization) and after spatioselective surface-initiated polymerization of OEGMA on
microcylinders of different lengths: (b) 12 mm, (c) 50 mm, (d) 80 mm and (e) 120 mm. All
multiphasic cylinders contain around 30% of acetylene-PLGA in one compartment. (f) Measured
inner (green) and red (outer) radii of curvature versus length of biphasic microcylinders, for brush
bilayers at two different acetylene concentrations. Effect of grafting density on bending for (g)
50 mm and (h) 80 mm biphasic cylinders (after polymerization) which contains 50% of acetylene-
PLGA in one compartment. Yellow scale bars are 20 mm. Reprinted with permission from ref. [26];
Copyright 2012 Wiley



226 T. T. Aiswarya and S. Saha

cylinders form spiral structures as a result of lower bending stiffness [26]. Here, the
curvature can be tuned depending upon the length of cylinders used and amount of
functionalized polymer used while jetting. Tetra compartmental microcylinders can
also be prepared in which one compartment can be modified to change the shape of
the particles in order to avail wide range of architectures by using samemethodology.

4 Chemically Orthogonal Three-Patch Particles

Multiple patches in a single particle provide distinct and multiple properties. These
particles are highly desirable as it can present distinct and multiple ligands in a
directional manner. Preparation of these patchy particles involves different methods
such as photolithography, microfluidic, microcontact printing, dip-pen nanolithogra-
phy which suffer frommultiple steps, rigorous procedures. EHDC provided a unique
solution to it in which a particle with multiple independent compartments can be fab-
ricated and further surface modifications on each compartment are possible depend-
ing on the surface chemistry which must be orthogonal [10]. EHDC is a single step
technique by which functionalized polymers can be used while fabricating the par-
ticles and further modification of those functionalized polymers can be done. The
design of spatially controlled three-dimensional objects like microparticles can be
established by linking electrohydrodynamic co-jetting and synthetic polymer chem-
istry. The spatially controlled immobilization can be effectively used for attaching
chemically orthogonal anchor groups on the distinct surface patches of the same
particle [7]. A new method was developed by Rahmani et al. [7] combining syn-
thetic polymer chemistry with electrohydrodynamic co-jetting to create two or three
patches in microparticles that display orthogonal functionalities. Spatially controlled
orthogonal immobilization methods are used for the distribution of ligands that are
chemically distinct in a directional manner on the same microparticle. Bicompart-
mental microparticles can be synthesized with one hemispherical patch that selec-
tively displays one functional anchor group and the second compartment comprising
of nonfunctional PLGA polymer that acts as an internal reference material for the
surface reactions. Chemical orthogonality is imparted in poly (lactide-co-glycolide)
(PLGA)-based polymer when functionalized PLGA is added to different compart-
ments of the microparticles as they can guide to orthogonal surface modifications
without showing any cross reactivity (Fig. 8).

Bicompartmental particles having surface functionality in one compartment that
contains triphenylphosphine functionalized PLA (with green dye) were reacted with
azide-PEG-Biotin (PEG: polyethylene glycol) via Staudinger ligation. For imag-
ing purpose, biotin was labeled with TRITC-Streptavidin (red dye). Coexistence of
green and red fluorescence in the CLSM images confirmed the spatially controlled
surface modification (Fig. 9a). These microparticles were incubated with bovine
serum albumin (BSA) protein and tetramethylrhodamine (red dye). Incubated parti-
cles were exposed to UV light (365 nm) to initiate photo-immobilization of the BSA
to the reactive surface patch (Fig. 9b) containing PLA modified with benzophenone.
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Fig. 8 Microparticles with orthogonal functionality fabricated through EHD co-jetting technique.
Incorporation of functionalized polylactide derivatives (1–5) into different jetting solutions resulted
in compartmentalization of fibers. Reprinted with permission from ref. [7]; Copyright 2014 Wiley

Bicompartmental microparticles composed of cyclooctyne functionalized
undergo copper-free click reactions, which was verified by CLSM analysis. Selective
surface binding confirms spatially controlled surface modification of microparticles
with azide-PEG-biotin followed by the attachment of Alexa Fluor 647 Streptavidin
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Fig. 9 Microparticles containing three types of orthogonally functionalized PLA derivatives in
one hemisphere were surface modified. In (a)–(c), microparticles display polymers 3–5 in single
hemisphere are selectively surface functionalized via Staudinger ligation (a), photo-immobilization
(b), alkyne/azide click chemistry (c) Spatioselective nature of the surface modifications confirmed
through CLSM imaging. Reprinted with permission from ref. [7]; Copyright 2014 Wiley
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(magenta dye). Further experiments were conducted by immobilization of two differ-
ent functionalized PLA derivatives in different hemispheres within same micropar-
ticle. Bicompartmental particles containing hydroxyl functionalized PLA and pho-
toreactive PLA derivative (Polymer 4) in separate compartments. Localization of
various moieties in different hemispheres can be observed from Raman confocal
microspectroscopy Fig. 10a). Presence of base polymer PLGA was confirmed in
both hemispheres (red), but the PLA derivative 4 is constrained in single side (yel-
low). In the first step, the particles were reacted with BSA tetramethylrhodamine
(red dye) in the presence of UV light followed by reaction with amine-PEG-FITC
(green dye) via EDC/sulfo-NHS (Fig. 10b) chemistry.

In addition to these, Rahmani et al. have shown the fabrication of three patched
particles fabricated using PLA polymer with three different functionalities which
are orthogonal to each other as discussed before. This work clearly shows the ease
of formation of these particles as well as proper formation of the particles without

Fig. 10 Chemically orthogonal microparticles characterized through Raman microspectroscopy
(Fig. 3a), CLSM imaging (Fig. 3b). Reprinted with permission from ref. [7]; Copyright 2014Wiley
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disturbing any of the properties of the adjacent polymer present. These particles can
be used in drug delivery applications as size of the particles fabricated in EHDC
technique can be regulated by varying the concentration of polymeric solutions or
voltage. Use of multi-patched particles widens the area of research by providing
multidisciplinary applications in biomedical field starting from targeted drug delivery
to micro-machines/actuators. Multi patches systems have potential to show even
wider application areas and EHDC technique can be utilized for fabricating vast
range of materials of various size and shape that can be tuned while preparing those
particles.

5 Selective In Vitro Hydrolytic Degradation
of Compositionally Anisotropic Microparticles

In controlled drug delivery systems, biodegradable polymers are of great interest
as they provide a promising way for continuous release of drug by diffusion or
erosion mechanisms. Biodegradation process in polymers contributes toward drug
elution from thematrix which is further tuned depending upon the rate of degradation
required. Number of parameters has been identified that effects polymer degradation,
such as morphology, autocatalysis, amorphous or crystalline. [27]. In addition to
these, chemical composition structure and molecular weights also greatly influence
the rate of degradation of these polymeric materials. Amorphous polymers enhance
the rate of degradation as incorporation of water molecules into the bulk of these
polymeric chains becomes easier as compared to crystalline polymers. Molecular
weight is another factor affecting the rate of degradation as low molecular weight
material tends to degrade faster due to presence of shorter chains inside the polymer
matrixes. In addition, incorporation of hydrophilic groups in the polymer backbone
may also facilitate its hydrolytic degradations.

In case of multicompartmental system, degradation of either compartment can be
tuned based on the nature of polymers used to make the compartment. Based on this
hypothesis, hydroxyl functionalized PLGA was synthesized to be used as one of the
compartments in bicompartmental particles fabricated using EHDC as mentioned
above [28]. The process include ring-opening co-polymerizations of monomer A
and L-lactide in melt using benzyl alcohol (BnOH) as the initiator and Sn(Oct)2 as
the catalyst, to yield polymer A. Polymer A further undergoes reactions to yield
the final product polymer 2 which contains reactive hydroxyl groups on their main
chain as shown in Fig. 11. The compartment which comprises of hydroxyl func-
tionalized PLGA having hydroxyl group as pendent group in one of the copolymers
may definitely facilitate water ingression resulting faster degradation of that specific
compartment.

Controlled drug release study of this rapidly degrading polymer containing par-
ticles was done by Rahmani [29]. Microparticles were fabricated with varying per-
centage of polymer 2 in one compartment (0, 10, 50 and 100%w/w). It was observed
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Fig. 11 Synthesis of hydroxyl functionalized poly(lactide)

that the particles containing 100% polymer 2 in one compartment degraded rapidly
resulting in the loss of that whole compartment within 24 h, while hemisphere con-
taining PLGA remained unchanged [30]. Further degradation starting at the interface
of the two compartments and through the bulk of the second compartment yielded
hollow half spheres by the second day. This rapid degradation of the PLGA com-
partment is most likely due to the lower pH environment induced by the degradation
of polymer 2. The particles with 50% of this polymer degraded at a slower rate, with
pores seen selectively in one compartment by day 2, followed by the degradation of
that compartment by day 4. The particles containing only 10% of polymer 2 in one
compartment degraded at a much slower rate with pores seen only after 11 days [29].

Drug release study was done using same particles and irinotecan (2%w/w), a can-
cer therapeutic was used asmodel drugwhichwas selectively encapsulated in rapidly
degrading compartment. The reference used was PLGA on both sides which were
also loaded with irinotecan. It was noticed that higher the polymer 2, the faster is the
degradation of the particles leading to the faster release of drug. Within 15 days, the
particles containing PLGA had a constant release of irinotecan to ~75%.When poly-
mer 2 loaded at 10%w/w, it was increased to 95%within the same time frame.While,
the incorporation of polymer 2 at 50% and 100% w/w, resulted in a rapid release
of irinotecan (approximately 100% of the encapsulated therapeutic was released by
10 days) [29].

Controlled drug delivery is a vast field where biomedical studies deal with simul-
taneous release of different types of drug for treatment of diseases like diabetic,
cancer, Parkinson’s, etc. When two or more different types of drugs are needed to be
released at same time with different release profiles, these kinds of compositionally
anisotropic particles devised by EHDC will be particularly useful.

6 Compositionally Anisotropic Bicompartmental Particles
for Dual-Drug Delivery

Various studies showed wide applications of this bicompartmental and composition-
ally anisotropic particles in multiple drug delivery applications. For example, one
could envision sequential release of anti-angiogenic and chemotherapeutic drugs
from multicompartmental particles made of biodegradable polymers with indepen-
dent release kinetics. Coupled with incorporation of imaging agents in a slowly
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degrading compartment,multicompartmental particlesmayoffer possibilities of real-
time monitoring of circulation and degradation behavior, combining therapeutics
with diagnostics. Bicompartmental particles showing dual behavior are extensively
used in drug delivery applications because its design which makes it used for releas-
ing more than one type of drug from a single system. Controlled release is needed
in some of the special treatment processes where drug needs to be released at a par-
ticular rate. Dual-drug delivery systems also reduce the complications of inhaling
drugs by the patients as in multiple drug carrier system, single phasic matrix system
can show some reactivity with the second drug which leads to delay in inhaling the
second drug as it needs the first matrix to degrade fully. However, in dual-drug deliv-
ery system can be designed in such a manner that one side of the particle degrades
first and the second material has the property of initiating the degradation after a
specific amount of time or release at a very slow rate compared to the first one. In
other words, many combinations can be prepared and the drug release can be tuned
as per the required application. Dual-drug delivery systems provide a vast area of
application in biomedical fields.

Ekaterina et al. have used EHDC for fabrication of dual-responsive multicom-
partmental smart materials particles [31]. Here, Ekaterina et al. have fabricated
dual stimuli-responsive PEG-based polymerwas synthesized by post-polymerization
modification of PAGE through click reaction. The particles were fabricated using
photosensitive materials that can accelerate the degradation in water because of UV
and oxidative treatment. In order to confirm the formation of bicompartmental parti-
cles, SEM and CLSM images were studied. A similar study using EHDC techniques
was done by Sangyuel et al. in which polymer particles were fabricated using poly
(ethylene oxide) and poly (acrylamide-co-acrylic acid) on one side and poly (acry-
lamidedeco acrylic acid) and dextran on other side of the compartment. Differential
hydrolytic susceptibility was caused by compositional anisotropic material which
provided selective degradation of one compartment containing PEO. Furthermore,
fabrication of anisotropic particles using other techniques are also reported such as
Olga et al. in their study have observed the behavior of Janus particles used for lung
cancer treatment [32]. In their work, self-assembled dual-responsive particles were
synthesized using biodegradable and biocompatible mixtures of polymers. Doxoru-
bicin and curcumin drugs were loaded into polymeric carriers using PLGA and PVA
polymers by emulsion technique which successfully fabricated nanoparticles accom-
modating two different types of drug both having different solubility and biological
behavior. The prepared drug carriers were observed to be accumulated into cyto-
plasm and nuclei that was first initiated by cancer cells. The application part of these
particles was studied by inflation delivery of nanoparticles into lungs of mice. The
study showed that these drugs were incorporated into polymer matrix without affect-
ing the chemical natures of the drugs or their activity in treatment of cancer cells. In
another interesting example, Prathipan et al. in their study have shown fabrication
of disk-shaped drug delivery particle system for the treatment of Parkinson’s disease
which can be administered orally. The disk-shaped particles were used due to their
slow release characteristics and improved adhesions as well as particle movement
in the gastrointestinal tract. Two hydrophilic drugs (levodopa (LD) and carbidopa
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(CD)) were loaded into these particles and their releases were studied. Due to the
decarboxylation and wide distribution throughout body only 1% of levodopa (LD) is
reached in the after each oral dose so another drug carbidopa (CD) can be used along
with LD to prevent decarboxylation of LD. Achieving a continuous delivery of both
the drugs is a challenge as both the drugs have lower half-life (t1/2−LD= 50–90min
and t1/−CD= 1–2 h). This study showed a right balance in tuning the release rate of
both drugs from bicompartmental particle. This study was related to release of drug
to the degradation rate of both the polymers into gastric system. The degradation
mechanism and release behavior of the drugs were seemed to be based on swelling,
diffusion and erosion mechanism of polymer particles. Author has shown how lev-
odopa releases from amorphous PLGA in higher rate as compared to carbidopa from
PLA phase (semi-crystalline polymer) that shows slower degradation rate. Selecting
a drug carrier system can be manipulated according to the desired rate of multi-
ple release drugs. This study shows that both the polymers displayed simultaneous
release of the drugs fromeach compartmentwithout anydrug–drug interactions.Drug
release is governed by the degradation behavior of polymer used. PLGA being amor-
phous in nature showed higher release rate compared to PLA having semi-crystalline
nature. Furthermore, it was observed that PLA compartment displayed an increased
surface roughness than PLGA surface. Rapid evaporation during solidification stage
results in anisotropic solvent evaporation from various compartments as a combined
effect of higher viscosity, chain entanglement and higher crystallinity that originates
from the PLA domain of the microparticles. It was observed that particles undergo
considerable shrinkage during the solvent evaporation. This results in the shrink-
age between both the compartments. The compartment containing semi-crystalline
polymer undergoes more shrinkage than compartment containing amorphous poly-
mer, this results in difference in surface roughness between both the compartments.
In vitro drug release study was executed to observe the release profile for both the
drugs in simulated gastric as well as in intestinal fluid (SGF and SIF) for up to
24 h. The result indicated that from PLGA compartment, LD and CD were released
faster than that from PLA compartment. It was observed that compartment made of
PLA degraded at a slower rate due to its hydrophobic nature and semi-crystalline
structure. Hydrophilic nature of PLGA accelerates drug release from PLGA com-
partment. Comparative release study of microparticle loaded with both the drugs at
a ratio of LD/CD = 4:1 with commercial tablet Syndopa was also conducted. Two
set of particles were fabricated that have LD or CD in PLA or PLGA compartments
(samples A and B) with drug ratio of 4:1. The release profile was investigated in
SGF for 5 h followed by in SIF for 24 h. In case of system A, it was observed that
release rate of CD was higher than that of LD from PLGA compartment even though
LD is having 4 times higher concentration than CD. For further study, two more
set of particles were fabricated with a higher drug dose (samples C and D) while
keeping drug ratio same as earlier (LD/CD = 4:1). It was seen that there occurs
a sustained release following initial outburst as in case of sample B. The release
rate of CD was observed to be increased with the decrease in the CD concentration
(B > C > D) which may be due to the greater compatibility since their difference in
solubility parameter is ~3. This resulted in the greater interaction between CD and
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semi-crystalline PLA matrix. The polymer matrix will entrap the drug so the release
percentage is lowered. Release percentage of LD from PLGA matrix has observed
to be remain stable in all the formulations which may be as a result of less compat-
ibility between the matrix and drug (difference in solubility parameter ~5). Release
profile of both the drug was compared with Syndopa tablet under same conditions.
It was observed that a complete release of both drugs within a span of 2 h lacking to
provide controlled and sustained release of dual drugs, so multiple dosing of drugs
would be needed daily in order to maintain a certain plasma concentrations. Both
the drugs LD and CD were observed to get released in time period of 2 h lacking in
controlled and sustained release of the drugs, resulting in the need of multiple dosing
of both the drugs into a single system maintaining its plasma concentrations. These
studies showed how compositionally anisotropic and compartmental particles can be
useful in delivering multiple drugs at desired fashions without losing their activity
via drug–drug interactions.

These studies showed how compositionally anisotropic and compartmental par-
ticles can be useful in delivering multiple drugs at desired fashions without losing
their activity via drug–drug interactions.

7 Conclusion

Recent developments in particle science have brought vast improvements in various
fields but most astonishing and fascinating works are reported in biomedical fields
which include diagnostics and drug delivery technologies for sustained, controlled
and targeted delivery. For safe and efficient delivery of drugs at the targeted site,
the anisotropic bicompartmental particles are a potent candidate that assures better
results compared to conventional medicine. In addition the surface modification of
bicompartmental particles has opened door for the further development and research
in this field such as triggered delivery of active, microactuators, sensors, etc. In the
upcoming era, multicompartmental patchy particles will be in high demand espe-
cially, when targeted or triggered delivery of multiple drugs with imaging facility
will be desired in addition to high cell uptake.
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Chapter 11
Development of Biomass-Derived
Cellulose Nanocrystals and its
Composites

Kona Mondal, Neha Mulchandani, Somashree Mondal and Vimal Katiyar

Abstract Cellulose nanocrystals are the most fascinating smart bio-based nano-
materials derived from the most abundant and inexhaustible, naturally occurring
biopolymer “cellulose.” These nanomaterials have received a tremendous amount
of interest in both industry and scientific research due to their unique structural and
physicochemical properties includingmechanical, optical, chemical, and rheological
along with bio-compatibility, biodegradability, renewability, low density, and adapt-
able surface chemistry. However, few challenges are addressed due to the hydrophilic
nature of these nanocrystals while acting as reinforcing agent for developing com-
posite films. The surface modification or functionalization of these nanomaterials
is one such strategy to meet the various challenging demands such as the devel-
opment of high-performance nanocomposites, using hydrophobic polymer matrices.
Considering the increasing potential of this sustainable bio-nanomaterial, the current
chapter aims to collate the knowledge about the various biomass-based sources, the
details of synthesis techniques, and wide applications along with the compatibility of
sustainable polymers of cellulose nanocrystals. Further, the details about the various
characteristic properties of these bio-nanomaterials and its composites are discussed
along with their potential in wide range of applications.

Keywords Bio-nanomaterials · Sustainable · Biodegradability · Composites

1 Introduction

The growing and emerging trends of developing and utilizing nanoscaled material in
several aspects of life offers a new approach toward research, innovation, and gover-
nance. Further, the bio-based, novel, and renewable nanomaterials have gained much
interest with the aim of reducing environmental hazards. Meanwhile, the synthesis
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and functionalization of nanomaterials with their well-defined structure and modi-
fications have attracted an increasing attention due to their various potential appli-
cations in the field of nanoscience and nanotechnology. The advancement of these
nanomaterials has led to the development of functionalized nanoparticles that have
broadened their area of application in research as well as in industrial sectors, such as
in medicine, electronics, packaging, composites, biomaterials, and energy produc-
tion [1]. However, due to the growing concerns of global warming and sustainable
development, the need of substituting conventional or petroleum-based resources as
raw material with renewable bio-based is essential [2]. Furthermore, the ability to
transform cheap and abundant material to yield high value-added products will aid
significant benefit. Recently, these nanomaterials have largely used in the context
of developing new composite materials with enhanced properties and functionalities
derived from the nanomaterials and the structures they form. Cellulose nanocrys-
tals (CNC) are the recently developed, biodegradable, environment-friendly, and
nontoxic green bio-nanomaterials.

Cellulose is a standout amongst the richest crude materials found on the surface
of earth. It is a boundless biopolymer which has its broad use because of its reason-
able properties. Cellulose can be derived from various sources like plant sources,
microbial sources, and also from aquatic animals. Cellulose is a fibrous and water-
insoluble polymer that has various advantages like biodegradability, renewability, and
bio-compatibility. Previously, cellulose had its use limited to the clothes, paper and
pulp, and construction industry, but now, owing to its abundancy and unique proper-
ties, it is being processed at nanoscale in the form of CNCs. Using various isolation
processes, different types of nanomaterials can be derived from cellulose. Recent
advances are focused on deriving nanomaterials and nanofibers (which have dimen-
sions of nanometers) and using them based on their distinct properties. CNCs are a
subtype of such nanomaterials which are highly crystalline in nature and are usually
rod or needle shaped. The nanocrystals have certain biophysicochemical properties
which owes to its huge range of applications, such as low thermal expansion, gas
impermeability, and surface chemistry that is adaptable to various environmental
changes, optical transparency, and better mechanical properties [3, 4]. Depending
on the source from which the crystals are derived, the CNCs vary in properties.
Also the properties of CNCs depend on the isolation process. Acid hydrolysis is
the most common technique for deriving crystals from cellulose where strong acids
like sulfuric and hydrochloric acid are usually used. However, there are various
other methods available such as oxidation, water hydrolysis, mechanical refining,
enzymatic hydrolysis, etc. Nanocomposites, where CNCs act as reinforcement, have
higher elasticmodulus and a good amount of shift in glass transition. CNCs have high
length-to-diameter ratio and also large surface area because of its size that ranges
in nanometers. Due to these reasons, CNCs are suitable for nanocomposites. Also
the mechanical properties of the nanocomposites are improved by greater interfacial
area and better interactions between the matrix and the reinforcement. This chapter
is mainly focused on the structure and dimensions of the CNCs, its various sources,
various methods of isolation, and the different properties of CNCs depending the
sources of extraction and the isolation technique and the applications thereof.
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2 Cellulose Nanocrystals

Cellulose consists of fiber like structures which are usually crystalline in nature.
These microfibrils have different properties depending on the source fromwhich it is
derived. On undergoing various chemical, physical, and enzymatic treatments, these
highly crystalline structures can form CNC. Also, it has various shapes including
rod, needle, and spherical depending on the source material. They can too differ in
properties based on the process of isolation. They have high crystalline structures
and high modulus as compared to that of bulk cellulose.

2.1 Structural Arrangement of Cellulose

Cellulose is comprised of β(1–4) connected glucose deposits and the uridine
diphosphate-glucose atomwhich functions as a substrate for the cellulose biosynthe-
sis. Cellulose is a linear homopolymer usually derived from anhydroglucose which
is one of the glucose residues. All the other alternate glucose residues in the same
cellulose chain are β(1–4) linked by synthase protein isoform (CESA isoform) and
are rotated by 180°. The auxiliary redundant unit of cellulose chain is the dimer,
(two glucose residues β(1–4)-linked) known as cellobiose. In each cellulose chain,
two different terminal groups are found as shown in Fig. 1. One end of the each
chain is attached to a reducing group with a structure that is aliphatic in nature and a
carbonyl group. A closed ring structure along with a non-reducing group is attached
to the other end of chain. At the non-reducing ends, glucose residues are added by
CESA isoforms, which allow chain elongation. Cellulose is a rigid linear structure

Fig. 1 Chemical structure of cellulose
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and is water insoluble having a unique structure because of β(1–4)-linkages. Further,
many thousands of glucose repeat units are linked together covalently through ether
groups by β(1–4) linkage, called as a glycosidic bond (Fig. 1).

There are six different polymorphs of cellulose, namely—cellulose I, II, IIII, IIIII,
IVI, and IVII. These polymorphs are crystalline in nature. Cellulose I and cellulose II
exist in nature while the others are produced by chemical and heat treatments. Cellu-
lose I is subdivided into allomorphs, Iα and Iβ. Cellulose Iα-like chain has similarity
with crystalline algal cellulose Iα [5]. Cellulose is often found in amorphous form as
cellulose I [6]. In both the cellulose forms, the inter-chain hydrogen bonding has two
different patterns. The bonding O6—H—O3 in cellulose I is dominant whereas, in
cellulose II, the inter-chain hydrogen bondingO6—H—O2 is dominant. The inelastic
and straight shape of each cellulose chain is imparted by the O3—H—O5 bonding.
The intra-hydrogen bonding plays the prior role for imparting these characteristics.
This bonding is found in both polymorphs (I and II) [7–9]. The higher visualization
of the structure of cellulose demonstrates that there are two distinctive chains in a
unit cell in Iβ, wherein, all the glucosyl residues are similar but they face in opposite
direction alternately whereas in Iα, there is a single chain structure in a triclinic unit
cell. In this structure of cellulose, alternate glucosyl residues differ slightly in config-
uration and hydrogen bonding. The O2 and O6 have various possibilities of hydrogen
bonding. The O2—H—O6 bonding (intra chain) is present in both Iα and Iβ. But the
chain bonding is shorter in that of Iα [8]. The O2 and O6 are very reactive hydroxyl
groups, but the less reactivity of O3 atoms is due to the O3—H—O5 bonding which
is strong [10].

2.2 Cellulosic Nanomaterials

Cellulosic nanomaterials are made from a very common material found on earth,
cellulose. They can be made from materials such as plants, wood, algae, and bacte-
ria. Cellulosic nanomaterials from different sources are of different types and shapes
having various different properties. These are whisker like materials and crystalline
in nature with a range of mechanical properties. Some cellulosic nanomaterials have
unique properties that are important for the applications in optics, nanotechnology,
and in fields of material science. As the name suggests, these materials are nano-
sized and have highly ordered cellulose chain bundles. These bundles of cellulose
chain are aligned along the axis of the bundle. To this, they impart new properties in
contrast to the properties of their sources. Cellulose nanomaterials have low thermal
expansion, high mechanical properties, and high aspect ratio. They have hydroxyl
groups attached to the surface which when chemically modified impart additional
functionalities. The nanomaterials have higher surface area, modulus, amorphous
fractions, and specific strength in comparison to normal cellulose. The huge indus-
trial applications of cellulosic nanomaterials may be accounted for their minimum
environmental risks, low safety risks, sustainability and biodegradability, and also
lower processing costs.



11 Development of Biomass-Derived Cellulose Nanocrystals … 241

Fig. 2 Different forms of nanocellulose

Cellulose nanomaterials can be broadly classified into two types viz. nanostruc-
tured materials and nanofibers (Fig. 2). These two can be further subdivided depend-
ing on the size of the particles. Nanostructured materials can be classified as micro-
crystals and microfibrils whereas the nanofibers can be categorized into nanofibrils
and nanocrystals.

2.3 Various Crystalline forms of Cellulose Nanocrystals

CNCs are highly crystalline because of the linear and homogeneous nature of the
cellulose polymer and also the intermolecular hydrogen bonding between the cel-
lulose chains that are adjacent to each other. The source of the cellulose and the
isolation process determines the size of the crystal and the degree of crystallinity.
For example, the degree of crystallinity in bacterial cellulose is 50–60%, 80% in
tunicates, and 90% in some algae. Acid hydrolysis is generally employed to isolate
the crystalline cellulosic structures in the form of CNCs. This idea of acid hydrolysis
to isolate cellulose nanocrystal from disarranged inter-crystalline areas of cellulose
chain networks was developed by Nickerson and Habrle [11]. It was later confirmed
by Rånby [12] when he produced colloidal suspensions of cellulose crystals.

The different polymorphs of cellulose may have different properties such as
nanocrystal I, cellulose nanocrystal II, cellulose nanocrystal: I → II (i.e. cellulose
nanocrystal II derived from cellulose I), and cellulose nanocrystal III. All these
polymorphs are produced using different methods like acid hydrolysis, sulfuric acid
hydrolysis specifically. Depending on the polymorphs, the CNCs contrast in their
properties and their effect on the properties of the network of the polymer. All these
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polymorphs of cellulose nanocrystal differ in their reinforcing ability and network
formation ability along with precisely percolated network formability.

The cellulose nanocrystal can be of fibrous structure, in the form of microfibrils
and macrofibrils. The microfibrils are fundamental structures that build the microfib-
rillar part of every single layer of cell wall. The rudimentary fibrils are made of
just β(1–4)-connected glucose residues that are CESA complex synthesized [13].
Microfibril mainly comprises of elementary fibrils and these fibrils aremainly associ-
ated with polymers, non-cellulosic in nature. Every microfibril has 36 glucose chains
in approximation. Inter-hydrogen bonding and intra-hydrogen bonding stabilizes the
glucose chains and provides higher stability to microfibrils [7, 8]. The degree of
polymerization of cellulose chains is in the range of 2000–25,000 glucose residues
[14]. In case of primary cell wall of aspen wood, the degree of polymerization is
4200, whereas in case of secondary cell wall, it is 9200 [15].

Recently,microbial auxiliarymodel dependent on direct visualization of themaize
parenchyma cell walls, primary cell walls to be specific, was proposed with the use of
atomic force microscopy [13]. As per the model, there are thirty-six glucose chains
which are re-distributed based on their respective location into three groups. The
first group that comprises the center actual-crystal core is made of six glucose chains
which form a hexagonal shape cross-section. The first group is seen to be completely
crystalline in structure. The next group is made of twelve sub-crystalline chains and
is directly connected with the crystal core. The last group consists of eighteen sub-
crystalline or noncrystalline chains situated at the outside of crystal. The second and
third groups add to the protection and transitional stages between the crystal centers
and later keep noncrystalline polymers.

2.4 Dimensions of Cellulose Nanocrystals

The measurements, length and width of the CNCs may vary depending on the nature
of the cellulose microfibrils and the states of corrosive hydrolysis such as time,
temperature, etc. The dimensions of the CNCs are shown in Table 1 based on the
various sources and extraction methods. Since the hydrolysis process is diffusion-
controlled, cellulose nanocrystal has a huge range of length and width. There is
a variation in average length of the rod-shaped particles from tens to nanometers.
The width ranges from 3 to 50 nm. The aspect ratio of CNCs play a major role in
determining its reinforcing capability. The aspect ratio is nothing but the ratio of its
geometrical length-to-diameter and higher the aspect ratio, higher the reinforcing
ability. The mechanical performance of CNCs is improved by the networks. Aspect
ratio or angle proportion assumes a vital job in the development of these systems.
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Table 1 Dimensions of cellulose nanocrystal based on various sources

Source Preparation method Length (nm) Width (nm) Aspect ratio Reference

Wood H2SO4 hydrolysis 100–150 3–5 20–100 [16]

Sisal H2SO4 hydrolysis 100–300 3–5 −60 [17]

Tunicates H2SO4 hydrolysis >1000 10–20 −100 [18]

Valonia H2SO4 hydrolysis 1000–2000 10–20 50–200 [19]

Bacteria H2SO4 hydrolysis 100–1000 10–50 2–100 [20]

Ramie H2SO4 hydrolysis 70–200 5–15 12 [21]

Cotton HCl hydrolysis 100–300 5–10 10–30 [22]

Bacteria HCl hydrolysis 160–420 15–25 7–23 [23]

3 Biomass-Based Sustainable Sources of Cellulose
Nanocrystals

CNCs are derived from various sources such as plant cell walls, algae, bacteria,
cotton, rice husk, and microcrystalline cellulose. Depending on the source, matu-
rity, extraction method and reaction parameters; various structures, properties, and
application of CNCs can be obtained.

3.1 Lignocellulosic Sources

Woody and non-woody plants are a source of lignocellulosic fibers which is a good
feedstock for the production of various nanocrystals. Lignocellulosic fibers can be
broadly classified on the basis of part of the plant as leaf, stem, grass, seed or fruit,
and straw.

Woodyandnon-woodyplants canbe termedas cellular hierarchical biocomposites
that have been created by nature. In these, the semi-crystalline cellulose microfibril
acts as reinforcement while the matrix material in such biocomposites is lignin or
hemicellulose, waxes, and trace elements [24, 25]. There are a number of factors that
prominently affects the properties of natural fibers. They are chemical composition,
internal structure of fiber alongwith variation between different parts of the plant. On
removing hemicellulose, lignin, and all other impurities, pure cellulose is obtained.
Wood is the primary source of cellulosic fibers and an important raw material in
production of cellulose nanocrystal.

Various sources such as aquatic plants, crops, herbs, and their by-products too are
used as cellulosic sources. Fibers from these sources have cellulosic microfibrils less
tightly wound around the primary cell wall in contrast to the secondary wall in case
of wood. Bleaching methods in case of non-woody plant are less chemical and more
energy demanding since due to the lower content of lignin as compared to woody
plants. Other lignocellulosic sources can be seasame husk [26], sugarcane bagasse



244 K. Mondal et al.

[27, 28], groundnut shells [29], straws [30], jute [31], bamboo [32], and coconut [33].
Based on the sources and different isolation processes, cellulose crystals may vary
in their morphology, degree of crystallization, surface charge, porosity, mechanical
properties, stability, etc.

3.2 Algal Sources and Bacterial Sources

Algae is also a source of microfibrils other than lignocellulosic materials. Due to the
high carbohydrate content of red algae,which is composedof agar and cellulose, it has
numerous applications [34]. One such red algae isGelidium. For preparation of cellu-
lose nanomaterials,Gelidiumelegans is used [35]. Since this red algae is readily avail-
able and abundant, it is widely used in production of cellulose nanomaterials. Cellu-
lose producing algae usually belong to the orders Siphonocladales (Dictyosphaeria,
Valonia, Boergesenia and Siphonocladus) and Cladophorales (Microdyction, Rhizo-
clonium, Cladophora and Chaetomorpha) [36]. Cellulose microfibril structures are
different for varying algae species because of the biosynthesis process. For example,
cellulose obtained fromCladophora or Valonia has a high degree of crystallinity that
may reach up to 95% [37].

Cellulose that is derived from bacteria has high chemical purity, less weight,
large water holding capacity, good mechanical properties, and high chemical stabil-
ity. It is nontoxic, biodegradable, renewable, and has a highly crystalline network
structure. There are certain species of bacteria that use a large variety of nitrogen
and carbon sources for the production of cellulose. An example of such a bacte-
ria is Komagataeibacter xylinus. There are various advantages of cellulose that are
derived from microbes over the plant derived cellulose. They have higher purity,
greater mechanical properties, higher water holding capacity, distinct nanostructure,
and greater stability [38]. The cellulose microfibrils, that are formed, are in the shape
of flat and thick pellicles on the surface of the growth medium [39]. Cellulose from
bacterial sources has a high degree of polymerization and also has better chemical
and mechanical properties.

3.3 Other Sources

Other sources of cellulose may be animals, precisely aquatic animals. Tunicates are
proven to be a good source of cellulose. Tunicates are aquatic animals and fall in the
category of invertebrates.Cellulose is present in the tunic tissues of the tunicates and it
acts as a skeletal support to the tissues which covers their entire epidermis. Tunicates
have a leathery structure that provides a good source for cellulose microfibrils. The
structure and properties of the cellulose microfibrils depend on the various species of
tunicates from where they are obtained. Table 2 showing CNCs derived from various
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Table 2 Various cellulose nanocrystals derived from various sources

Source Dimension Application and
advantages

References

Lignocellulosic
source

Seasame husk 30–120 nm As reinforcement
in polymer matrix

[26]

Cotton 8 ± 3.4 nm
(diameter)

Used in polymer
composites since
it has high
crystallinity, low
cost, etc.

[40]

Palm oil 12.15 nm Used in
nanocomposites
as it has high
thermal stability

[41]

Jute 550 ± 100 nm
(length)

Used as
reinforcing
element in
nanocomposites

[31]

Rice husk – Used in drug
delivery system

[42]

Algal source Red algae
(Gelidium)

21.8 ± 11.1 nm
(diameter)

It has good
thermal stability
and is used in
nanocomposite

[35]

Bacterial source Bacteria
(Acetobactor
xylinum)

– Used in
biopackaging
material

[43]

sources, its dimensions and its advantages and applications. This table has the recent
advances made by CNCs.

4 Various Extraction Techniques of Cellulose Nanocrystals

Themorphology, physiochemical properties, andmechanical characteristics ofCNCs
exhibit variations depending on their source of raw material and the extraction pro-
cess. The latter step is crucial for further processing and developing CNCs into
functional, high-value added products, and, as such, efforts to face the shortcomings
in the conventional methodology, to increase the production with a reduced cost are
continuously reported in the literature. As stated above, CNCs can be extracted from
various raw materials on the earth that firstly need to follow a pre-treatment proce-
dure for the removal of the matrix materials (e.g. lignin, hemicelluloses, fats, waxes,
proteins, etc.) resulting in the extraction of the individual cellulose fibers. Depending
on the source of the cellulose, the naturally occurring bulk cellulose primarily con-
sists of highly ordered crystalline domains and some disordered amorphous regions



246 K. Mondal et al.

Fig. 3 Various extraction techniques of CNCs

in varying proportions. When these microfibrils are subjected to a proper combina-
tion of chemical, mechanical, oxidation and/or enzymatic treatments, the crystalline
domains of the cellulose microfibrils can be isolated, giving rise to the formation
of CNCs. The production of CNCs in an economic and sustainable way and further
exploration of its functional products are currently the major tasks for the researchers
both from the academia and industrial point of view. Several processes have been
reported in literature for the extraction of CNCs, namely chemical acid hydrolysis,
enzymatic hydrolysis, mechanical refining, ionic liquid treatment, subcritical water
hydrolysis, oxidation method, and combined processes (Fig. 3).

4.1 Acid Hydrolysis

The most commonly used technique for the fabrication of CNC is acid hydrolysis.
During the process, acid molecules are diffused through the cellulose microfibrils,
resulting in cleavage of glycosidic bonds within cellulose molecular chains in the
amorphous regions along the cellulose fibrils, thus leading to the breaking of the
hierarchical structure of the fibril bundles into crystals form. The function of using
acid in hydrolysis is to release hydronium ions that tend to penetrate the cellulosic
material in the amorphous domains and also react with the oxygen molecules on
the glycosidic linkages between two anhydroglucose moieties for the initiation of
protonation of oxygenmolecules and thus, hydrolytic cleavage of glycosidic linkages
of amorphous regions occur. Moreover, the selective cleavage of cellulosic chains is
done because of the difference in the kinetics of hydrolysis between paracrystalline
and crystalline regions. Also, breaking down the polysaccharides into simple sugars
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during acidic treatment could help to hydrolyze the residual pectin and hemicellulose.
The size of the crystallites depends on the freedomofmotion after hydrolytic cleavage
and accordingly, they can grow and the dimension of crystallites will be larger than
the original microfibrils.

In this hydrolysis technique, a specific concentration of desired acid is mixed
with deionized water to form an acid solution which will be added to the pure cel-
lulose. The final mixture at the end of the acid hydrolysis process is subjected to a
number of separation and washing steps which is followed by the dialysis against
deionized water for the removal of excess acid and neutralized salts. The hydrolyzed
acid suspension is subjected to ultrasonication, homogenization, and centrifugation
during separation andwashing steps to get homogeneous dispersion ofCNCs in aque-
ous media. Further, hydrolysis coupled with ultrasonication and homogenization is
used to increase the activity of acids to degrade amorphous regions of cellulose. At
the last, after dialysis, the neutralized suspension is subjected to centrifugation for
the removal of deionized water followed by lyophilization/freeze-drying to obtain
powdered CNC. A schematic representation of the acid hydrolysis process is shown
in Fig. 4.

Several types of acids have been used by researchers to date, ranging from strong
acid to weak bio-based acids such as sulfuric acid, hydrobromic acid, hydrochloric
acid, phosphoric acid, maleic acid, and hydrogen peroxide to extract CNCs from
different resources. However, sulfuric and hydrochloric acids are frequently used
for the acid hydrolysis of cellulose from various sources. The effect of processing
conditions on the physicochemical, thermal, and mechanical properties of CNC has
been mentioned in literature by numerous researchers. Also, the particle size, crys-
tallinity, morphology, thermal stability, and mechanical properties of CNC depend
on the temperature and time of the hydrolysis along with the nature, concentration of

Fig. 4 A schematic representation of the acid hydrolysis process
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acid, and fiber to acid ratio. It has been observed by the researchers that an increase
in hydrolysis time showed reduction in the length of the CNCs and an increase in
acid/fiber ratio reduced the crystals dimensions [44]. Moreover, the selection of acid
affects the properties of the fabricated CNCs.

Sulfuric acid, the most commonly used acid for the CNC extraction, provides
highly stable aqueous suspensions, due to the esterification of surface hydroxyl
groups to give charged sulfate groups, whereas hydrochloric acid leads to an unstable
CNC suspension, with minimal surface charge. Further, hydrochloric acid provides
low-density surface charges alongwith limited dispensability and also promotes floc-
culation in aqueous suspensions [45, 46]. Although the mentioned drawback can be
arrested by surface modification or functionalization method. On the other hand, in
the case of using sulfuric acid, a stable colloidal suspension is produced due to the
high negative surface charge promoted by sulfonation of CNCs surface. In this con-
text, these sulfate groups catalyze and initiate the degradation of cellulose at higher
temperature. Thus, produced CNCs have limited thermal stability, whichmay restrict
the use of CNCs in processing of CNC-based nanocomposites at high temperature
[47]. Though several ways have been adopted to address the drawback related to their
thermal stability, one of the ways is mixing the above-mentioned acids to generate
CNCs with high thermal stability along with low dispersibility.

Other acids such as phosphoric acid surprisingly have achieved little attention in
increasing the thermal stability and bio-compatibility by using functionalization of
phosphate groups. This acid has also been used for the fabrication of CNCs by
hydrolysis from cotton and cedar kraft pulp [48]. The acid has been added drop by
drop to the cellulose slurry up to a predetermined concentration and further heated.
Although, the yield of CNC completely depends on the reaction temperature and acid
concentration. Generally around 80% yield has been achieved by the researchers.
Espinosa et al. [47] reported the dimension and surface-charged density of phospho-
ric acid hydrolyzed fabricated CNCs. The fabricated CNCs had a width of ~31 nm,
length of ~316 nm, and charge density of ~11 mmol/kg cellulose and obtained
at the optimized conditions of 10.7 M phosphoric acid and 90 min reaction time
at 100 °C. Application of phosphorylated microcrystalline cellulose and phospho-
rylated regenerated cellulose hydrogels have been investigated in bone regenera-
tion [49]. Literature also states that phosphorylated CNCs have shown much higher
thermal stability than partially sulphated CNCs.

A mineral acid, other than sulfuric acid, reported for fabrication of CNCs is
hydrobromic acid (HBr). Further, to increase the yield of CNCs, ultrasonication had
also been applied during hydrolysis reaction and the optimized condition 2.5MHBr,
100 °C and 3 h, which resulted in a yield of around 80%.Cotton fiber had been chosen
as source material for the production of CNCs. Moreover, HBr-modified CNCs can
be used for site-specific grafting reactions.

In the context of reducing waste, coming from strong acids during the production
of CNCs, ammonium persulfate (APS) can be used as substitute to sulfuric acid
due to its inexpensive oxidizing nature with high water solubility and low stability.
It has been reported that APS-based CNC production is a sustainable way which
generates lesser hazard. This process is very advantageous for scaling up as APS
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has the capability to remove lignin, hemicellulose, pectin, and other plant contents
in a single step process. In contrast, the yield of CNCs is less compared to the strong
acid hydrolysis process. Additionally, the fabrication of CNCs by APS was done by
Leung et al. and the achieved yield was 28–36% from the complex flax and hemp
fibers compared to the 81% yield from pure cellulose source from Whatman filter
paper [50].

Although all the acid hydrolysis procedures are simple, yet a few limitations are
essential to be addressed.Due to the use of strong acids, the drawbacksmainly include
large water usage, corrosion of equipment, and the generation of waste acid solu-
tion. Furthermore, the cost of CNC production is increased due to the requirement
of corrosion-resistant equipment. Further, during fabrication of CNCs, crystalline
regions are subjected to hydrolysis and structural changes occur in this step, though,
in harsh conditions the crystallinity got decreased [51]. Although researchers have
started to find out the way of replacing strong liquid acids by solid acids for environ-
mental and sustainable reasons [52]. In this context, cation-exchange resin hydrolysis
technique has been used to fabricate CNCs with 84% crystallinity and with a 50%
yield and they have reported that this method causes less waste and corrosion. Phos-
photungstic acid is also another substitute for CNC production reported by Liu et al.
[53] and the produced CNCs showed relatively good dispersibility in aqueous phase
and high thermal stability. Another work by Du et al. [54] reported CNC produc-
tion by ferric chloride catalyzed formic acid hydrolysis with a high crystallinity and
excellent thermal stability of 70–80% yield.

Moreover, bio-based acids are now getting attention as substitutes to strong acids
for the production of sustainable CNCs. In contrast, these bio-based acids have weak
penetration power, and due to this reason, ultrasonication is required for breaking
downof glycosidic linkages of cellulose chains.Yu et al. [55] reported the preparation
of carboxylated CNCs from microcrystalline cellulose with citric/hydrochloric acid
hydrolysis. The fabricated CNCs from this method had shown better crystallinity,
best suspension stability, and better thermal stability with the hydrolysis time of
4 h. Another work reported by Tang et al. [56] reports the usage of ultrasonication
for disintegration of esterified cellulosic slurry with acetic/sulfuric acid hydrolysis.
Further, the ultrasonication aids in breaking the amorphous region of the cellulosic
material. Kontturi et al. [57] mentioned about the preparation of the CNCs using
hydrogen chloride (HCl) vapor with less water consumption along with a higher
yield. Use of vapor of HCl helps in raising rapid hydrolysis of cotton-based cellulose
fibers. The CNCs produced from this method showed improved crystallinity without
any mass loss in the cellulose substrate during hydrolysis with a minimal impact on
the morphology. With this system, the yield obtained was 97.4% which is better than
employing only liquid HCl with 11% yield. Further, Chen et al. [58] have reported
the high thermal stablity of functional CNCs using organic acids such as oxalic,
maleic, and p-toluene sulfonic acids. They also mentioned about the easy recovery
of solid organic acids after hydrolysis reactions through crystallization at a lower or
ambient temperature using their low water solubility.



250 K. Mondal et al.

4.2 Enzymatic Hydrolysis

Moreover, hydrolysis using concentrated acid poses serious environmental risk in
terms of both disposal and energy consumption. Further, the increasing demand of
green and sustainable technology aided to search an alternative of acid hydrolysis
which must be economically and environmentally feasible. In addition, the corrosive
nature of the acids also adds high cost to the production for using highly corrosion-
resistant reactor. However, acid-treated CNCs are poor in thermal and mechanical
properties which may affect the performance of composites. Therefore, an alterna-
tive way of CNC production needs to be found which would be eco-friendly without
affecting the property of native cellulose. In addition, the enzymatic hydrolysis has
shown its potential effects in the conversion of cellulosic biomass into fuels and
chemical with higher yields, selectivity, lower energy costs, and milder operating
conditions than others [59]. Further, the global focus on refining of lignocellulosic
biomass has been enlarged so as to include the intermediate products like nanocel-
lulose [60]. Thus, enzymatic hydrolysis could be employed as an approach with low
environmental impact in the downstream process of cellulose to CNCs. Aiming to
make this process economically viable, effort needs to be made to increase the effi-
ciency of cellulolytic enzymes by enhancing the resistance to operational conditions
such as pH and temperature or by increasing the speed and importantly, by reduc-
ing their price. In this context, a mixture of various enzymes collectively known
as cellulose enzymes is available in market under different trade names. Generally,
the mixture includes endo-1,4-β-glucanases (EGs) which breaks cellulose chains
in random locations away from the main chain ends, exoglucanases or cellobiohy-
drolases (CBHs) which breaks cellulose by splitting off molecules from both ends
of the chain and produce dimmers, and β-glucosidases, which hydrolyze the cel-
lobiose units that are produced during the EG and CBH attacks, turning them into
glucose [61]. Furthermore, EGs help to degrade the amorphous regions of the cel-
lulose chains to produce smaller cellulosic fragments and CBHs targets the short
crystalline regions of the cellulose. This favorable effect presents an advantage for
the controlled production of CNCs [62]. Thus, cellulase can be used as an alternative
to acid hydrolysis to obtain nanocrystals. Although, few reports exist on the fab-
rication of CNCs through enzymatic hydrolysis, George et al. [63] have compared
morphological and thermal properties of bacterial CNCs with acid hydrolyzed CNCs
where CNCs was used as filler in poly(vinyl alcohol) nanocomposites. Satyamurthy
et al. [64] have produced CNCs using a controlled microbial hydrolysis of MCC
using cellulolytic fungus Trichoderma reesei with a yield of 22% and the author
reported that the crystallinity obtained by microbial hydrolysis was lesser compared
to acid hydrolyzed [65]. Thus, to overcome the problems that occur during enzy-
matic hydrolysis, few pre-treatment methods have been reported before processing
to enzymolysis for CNC fabrication. In this context, Chen et al. [66] has reported the
pre-treatment of natural cotton with DMSO (dimethyl sulfoxide), NaOH (sodium
hydroxide) or ultrasonic waves before proceeding toward enzymatic hydrolysis and
obtained the yield of 32.4%. In a similar study, Xu et al. [67] demonstrated the



11 Development of Biomass-Derived Cellulose Nanocrystals … 251

endoglucanase derived from Aspergillus oryzae to hydrolyze pre-treated hemp and
flaw fibers. In this work, sonication-microwave was used to pre-treat the sample
in 2% NaOH solution for better quality and higher yield. Though they have effec-
tively eliminated the need of acid for hydrolysis, but pre-treatment is still costlier
for enzymatic hydrolysis before processing. However, cellulose from Aspergillus
niger has shown the capability of fabricating CNCs with minimal processing from
feedstock of kraft pulp with 10% yield. In addition, recently, Hu et al. [68] devel-
oped a bio-absorbable bacterial cellulose for wound dressing applications and their
biodegradability was investigated by using different enzymes. Wang et al. [69] has
also done similar in vitro study of biodegradability of bacterial cellulose by cellulose
in simulated body fluid. In contrast, Domingues et al. [70] compared CNCs obtained
by acid hydrolysis of eucalyptus fibers with CNCs from bacterial cellulose using
enzymatic hydrolysis.

Fabrication of CNCs by enzymatic hydrolysis has been observed to be potential
with acceptable yields, advanced selectivity, andmilder operating conditions in com-
parison to the chemical process. However, economical and technical constraints are
responsible for hindering this technique from commercialization. Mainly, the high
cost of enzyme and rate-limiting step of cellulose degradation with a long processing
period are considered as drawbacks. The slow rate of enzymatic hydrolysis has been
found to be affected by various factors that encompasses structural features resulting
from pre-treatment and enzyme mechanism.

4.3 Mechanical Methods

Mechanical approaches for the fabrication of CNCs have also been investigated as
a part of the process indicating combinations of acid hydrolytic, enzymatic treat-
ment and oxidative methods, or directly [71–73]. Most commonly used methods
are microfluidization, ultrasonication, high-pressure homogenization or ball milling.
These procedures are commonly employed for the fabrication of cellulose nanofibers
(CNFs). In addition, CNFs are characterized as nanocellulosic materials with a diam-
eter in nanometers or tens of nanometers with a length up to several microns [74].
Relating to this method, recently, people have studied high energy bead milling
(HEBM) process for the fabrication of CNCs from aqueous or dilute acid (phospho-
ric acid) dispersion of commercially availablemicrocrystalline cellulose (MCC). The
dispersed sample gotmicronized through aHEBMprocess. They have reported about
the similar characteristic morphology and aspect ratio of produced CNCswith that of
acid hydrolyzedCNCs. The resultedCNCswere rod-like and presented a crystallinity
index of 85–95% with yield of 57–76%. Furthermore, they have found that the fab-
ricated CNCs are thermally stable to withstand the melt processing temperature of
most common thermoplastics. Generally, in ball milling technique, cellulose suspen-
sion can be disintegrated by the high the energy collision between the balls made
by ceramic, metal, or zirconia in a hollow cylindrical container while the container
rotates. However, chemical pre-treatment is helpful for weakening hydrogen bonds
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and eliminating the small particles. But the fibrous morphology is easily damaged by
the ball mill. In this context, high-intensity ultrasonication has been employed as one
of the mechanical method for the isolation of CNCs [72, 75]. The fabricated CNCs
were rod-shaped and produced from an aqueous dispersion of MCC using physical
method of ultrasonication. The obtained diameter of fabricated CNCs was between
10 and 20 nm with a length of 50–250 nm in range with a production yield of 10%.
Another study has reported the better yield of 85.38% of esterified-CNCs fabricated
from pure wood pulp filter paper through ultrasonic extraction. They revealed that
E-CNCs were prepared with cellulose pulp using a mixture of acetic and sulfuric
acid with the aid of ultrasonication. The yield obtained was better in this method as
compared to that without the method used ultrasonication. In this particular study,
ultrasonication showed an important role in the degradation of cellulose and esteri-
fication. The effect of this method may be explained by the formation, growth, and
collapse of cavities in aqueous solution [76]. Cavitation occurred during ultrasoni-
cation, showed energy of approximately 10–100 kJ/mol and which falls under the
hydrogen bond energy scale [77]. The impact of ultrasonication can effectively dis-
integrate the amorphous region of cellulose due to the energy and also beneficially
effective for the reagent to enter the interior of cellulose fibers.

4.4 Oxidation Methods

The presence of hydroxyl groups on cellulose is highly reactive and can be easily
oxidized by strong oxidants to aldehydes, ketones, and carboxyl groups. Thus, the
structure of cellulose is destructed and the degree of polymerization is also decreased.
Therefore, taking the advantages of the presence of reactive group of cellulose,
the researchers have successfully fabricated CNCs by the use of oxidation method.
Saito and Isogai [78] had reported a new method to introduce charged carboxy-
lated groups into cellulosic materials which helped disintegration into nanofibrils
with smaller widths, by utilizing a much lower energy input in comparison to that
of the traditional pure mechanical treatments. The two-step oxidation method was
employed to prepare CNCs and microfibrils using sodium periodate followed by
sodium chlorite as oxidant [50] and finally, two-step centrifugation. Generally, peri-
odate is firstly utilized to oxidize the C2 and C3 hydroxyl groups using chlorite.
They have reported the diameter and length of fabricated CNCs and microfibrils
accordingly 13 nm, 120–200 nm and 120 nm, 0.6–1.8 μm. In this case, the produced
CNCs with carboxyl groups on the surface had shown a high crystallinity ~91% and
high charge density which could form a stable suspension in aqueous phase. Fur-
ther, the resultant microfibrils could be translated to cellulose nanofibers (CNFs) by
mechanical agitation. However, this two-step oxidation method requires the expen-
sive and toxic periodate along with the disintegration process with very high energy
consumption.

TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)-mediated oxidation has also been
employed to prepare carboxyl CNCs which is one of the region-selective chemical
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modifications of the primary hydroxyl groups of CNCs. The reaction occurs on the
surface of cellulose fibers and in amorphous domains. As the carboxyl content is
increased to a certain amount, cellulose starts to disperse in aqueous solution but the
crystalline regions remain intact and can, therefore, be released. Another literature
stated about the direct use of ultrasonic-assisted TEMPO–NaBr–NaClO system for
the production of carboxylic CNCs from cotton linter pulp. A stable well-dispersed
aqueous suspension was obtained after the oxidation process where some of the
amorphous regions of the cellulose were found to be gradually hydrolyzed. They
have reported the microscopic observations of the CNCs 5–10 nm in width and 200–
400 nm in length. Furthermore, TEMPO–NaBr–NaClO system was used by Cao
et al., who reported the stable transparent dispersion of CNCs with a yield of 80%
and high crystallinity and surface area. Moreover, TEMPO-mediated CNCs are able
to be completely disperse at the individual nanofibril level in water by electrostatic
repulsion and/or osmotic effects. This behavior is responsible for the presence of
anionically charged sodium carboxylate groups at the fiber surface. In contrast, this
method also exhibits some serious constraints, such as toxicTEMPOreagents leading
to cause environmental issues, oxidation time, and limited oxidation at C6 primary
hydroxyl groups in CNCs. Furthermore, the oxidation reaction helps to reduce the
rigidity/lengths of the CNCs due to breakage of the glycosidic linkages. Another
oxidant APS could be used to fabricate carboxylated CNCs by one-step procedure
from various cellulosic sources with yields in the range of 14–81%. However, this
method also consumed the time for alkaline pre-treatments and long reaction times of
16–24 h. The overall yield of CNCs was higher by the oxidation degradation method
after comparing with mineral acid hydrolysis and enzymatic hydrolysis. However, in
this process of reaction, a large number of oxidants were consumed, and the reaction
time was longer. Also, a large amount of water and energy needs to be consumed
which leads to the fact that the cost of CNCs production would be very high.

4.5 Ionic Liquid Treatment

Ionic liquids (ILs) is a kind of organic salt solution with low melting point, gener-
ally, less than 100 °C, which is composed of organic cations and other anions. This
treatment has received growing attention by the researchers due to its recyclability,
high stability, non-flammability, low melting point, and low vapor pressure reagents,
which leads to innovative and sustainable solutions. Further, their unique solvating
properties and environment-friendly nature helped them to use as solvent for dissolv-
ing and separating medium from lignocellulosic materials for fabrication of CNCs.
Additionally, it is considered as green solvent. In spite of their unique advantages,
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their embodied energy and cost, the recyclability, and the reuse of ILs, undoubt-
edly, appear to be indispensible for the conception of any environmentally and eco-
nomically viable CNCs isolation process. Commonly used ILs are imidazolium-
based acidic solutions, such as 1-ethyl-3-methylimidazolium diethylphospho-
nate ([EMIM]DEP), 1-butyl-3-methylimidazolium chloride ([BMIM]Cl), 1-butyl-
3-methylimidazolium acetate ([BMIM]OAc), and 1-butyl-3-methylimidazolium
hydrogen sulfate ([BMIM]HSO4). These solvents are found to be most interest-
ing and mostly investigated solvents for fabrication of CNCs from cellulose. The
recovery rate of these ILs can be reached at 99.5% by evaporating the anti-solvents,
has estimated by some researchers.

Various current works have stated about the effectiveness of ILs for selective and
controlled cellulose hydrolysis leading to nanoscale particles isolation as an alterna-
tive to conventional methods. In the recent works, ([BMIM]HSO4 ) has been utilized
to fabricate CNCs fromMCC [79]. The author clearly demonstrated about the poten-
tial effect of [BMIM]HSO4 for the isolation of rod-like morphology of CNCs with
yield of 48% andwith the diameter of 14–22 nm and the length of 50–300 nm. Also it
has been reported thatmechanismof ILs hydrolysiswas similar to the acid hydrolysis.
During this treatment, the amorphous domain got dissolved and thereby increase of
crystallinity occurred. Further, the native conformation of cellulose type I remained
in this treatment compared to MCC. A two-step hydrolysis process was explored
by Mao et al. employing ([BMIM]HSO4)[80]. In this work, they first allowed 24
h for swelling at room temperature followed by 12 h hydrolysis at 100 °C and the
developed CNCs was conferred with good surface properties and high production
yield. Later, they hydrolyzed softwood, hardwood, and MCC by optimizing two-
stage method with ([BMIM]HSO4)aqueous, and the yield of CNCs was 57.7, 57, and
75.6%, respectively. Further, similar work by Tan et al. where ([BMIM]HSO4)was
utilized as both solvent and acid catalyst [81]. In this case, hydrolysis of MCC was
done at 70–100 °C for 1 h 30min in ([BMIM]HSO4)solvent. The author has reported
the rod-like morphology of CNCs obtained with conserved cellulose type I structure
during the catalytic conversion process with crystallinity of 95.8% compared to the
original MCC. Currently, for the first time, Abushammala et al. [82] have stated the
use of [BMIM]OAc for the direct extraction of CNCs from wood. They demon-
strated the capability of [BMIM]OAc to dissolve lignin in situ and at the same time,
resulting in the swelling of cellulose only during treatment. The developed CNCs
showed crystallinity of 75% and a high aspect ratio of 65 with a yield of 44%. This
study explained that [EMIM]OAc had three main functions in the process, respec-
tively, (a) dissolving cellulose in situ when cotton fibers were infiltrated, (b) reducing
intermolecular cohesion in wood by acetylation, and (c) catalyzing the hydrolysis
reaction of cellulose. Lazko et al. reported the use of [BMIM]Cl for infiltration
at 80 °C and subsequently sulfuric acid was added with a concentration of 1–4 wt%
[83]. Further, allowing the time of 2–16 h for reaction to complete production of CNC
showed diameter of 20 nm and length of 150–350 nm. It has been found that obtained
CNCs prepared by [BMIM]Cl had less sulfonic group content on the surface com-
pared to [BMIM]HSO4 with increased thermal stability. Furthermore, Iskak et al.
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had used [BMIM]Cl for preparation of CNCs and they varied reaction time and tem-
perature to check the yield, particle size, and crystallinity index of CNCs [83]. The
obtained CNCs showed particle size of 9 nm with crystallinity index of 73% with 30
min reaction time, while increasing the temperature of reaction at 100 °C, obtained
CNCs showed 76% crystallinity index with 90% yield. Moreover, researchers have
updated a new one-pot preparation of hydrophobic CNCs from wood pulp using
solvent system tetrabutylammonium acetate/dimethlacetamide in conjunction with
acetic acid, where both the dissolution of amorphous cellulose and acetylation of
hydroxyl group takes place [84]. The developed CNCs were found to be hydropho-
bic with rod-shapedmorphology, good thermal stability, and high crystallinity index,
but the yield was unknown.

4.6 Subcritical Water Hydrolysis

The natural ability of water to hydrolyze polysaccharides is well known in hydrother-
mal process of elimination of hemicelluloses [85]. Very few investigations have been
reported on subcritical water hydrolysis for the fabrication of CNCs. However, the
subcritical water possessed higher diffusion, activity, and ionization than common
water as sub and supercritical water has lower ionization value (Kw) . Additionally,
the rate of hydrolysis mainly depends on few characteristics such as presence of
water molecules and the availability of H3O+ and water. Therefore, the utilization
of subcritical water could be efficient for the hydrolysis reactions. It has been previ-
ously demonstrated that water at high temperature and pressure is able to hydrolyze
lignocellulosic materials. Moreover, utilization of water as a reagent is a promising
technique for not only its environment-friendly characteristics but for its low and
cleaner effluents, low corrosion, and cost effectiveness [86]. Utilization of subcriti-
cal water hydrolysis has been reported byNovo et al. [86] for the production of CNCs
from commercial microcrystalline cellulose. Optimization of the reaction conditions
had been done to obtain good quality of CNCs with higher yield. The optimized
condition was 120 °C and 20.3 MPa for 60 min for subcritical water to hydrolyze
cellulose. The resulted rod-shaped CNCs showed high crystallinity index of 79%
with a yield of 21.9% and high thermal stability along with similar aspect ratio in
comparison to conventional CNCs. Further, the reactor is needed for this eco-friendly
technique. During experiment, the pressure inside the reactor could be decreased by
opening the restrictor valve or increased by injecting water with precision pump. The
author has compared the production cost of CNCs using subcritical and conventional
methods and they found lesser cost of 0.02 $/kg for subcritical treatment than con-
ventional which is around 1.54 $/kg. Also, they have mentioned about the influence
of pressure and temperature on the yield of CNCs. It has observed, while increasing
the temperature, the stability of CNCs aqueous suspensions was enhanced gradually
though it was lesser than the stability of acid hydrolyzed CNCs. This method would
be a promising approach for industry.
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4.7 Combined Processes

The characteristic properties and yield ofCNCs play a vital role in all aspects of appli-
cations. Therefore, a prevalent techniquemust be developed to improve the properties
and yield for the fabrication of CNCs. Though, a sufficient number of methods have
been reported for the fabrication of CNCs but all these methods have their own
limitations. Further, various sources of cellulosic materials also have the influence
which affects the characteristic property and yield. In this regard, the improvement
of extraction technologies and development of combined processes using a combi-
nation of two or several aforementioned methods could be one of the most effective
ways to improve the properties of CNCs and simultaneously would be able to arrest
the limitations of single process technique. Some of the new combined approaches
have been made in recent days for isolation of CNCs from cellulose. However, var-
ious limitations need to be considered such as environmental pollution due to the
generated effluents, corrosion of the equipment, and the hurdle to control the degree
of hydrolysis [87]. In this context of combined process, Tang et al. have employed the
low-intensity sonication concept to improve the yield of CNCs based on sulfuric acid
hydrolysis extracted from commercial MCC [88]. The developed CNCs showed a
good amount of increment over the yield from 33 to 40% as a result of the supplement
of sonication at 100 W for 30 min compared to the traditional sulfuric acid hydroly-
sis. Further, they have reported a different combined approach including enzymatic
hydrolysis, phosphoric acid hydrolysis, and sonication for isolation of CNCs from
old corrugated contained fibers. Consequently, the result showed high crystallinity,
good thermal stability, and improved dispersion with a higher yield of 28.98% in
comparison to single acid hydrolysis process [56]. Another investigation by Rohaizu
and Wanrosli studied the use of sono-assisted treatment TEMPO oxidation of ligno-
cellulosic biomass of palm oil for production of CNCs [89]. They revealed that the
sono-assisted treatment has a remarkable effect on the yield of around 39% andmore
than 100% increment of carboxylate content in comparison to non-assisted process.
The resulted CNCs are comprised of good thermal stability, high crystallinity index
of 72%, and a production yield of 93%. Further, Beltramino et al. employed the
combined process using acid hydrolysis assisted with enzymatic treatment [90]. The
optimized condition revealed the reduction in hydrolysis time by 44% and increased
yield of around 80%. In addition, the optimal conditions helped to generate particle
size of around ~200 nm with decreased surface charge and sulfur content.

Another combined technique ofmicrowave-assisted ultrasonic treatments of plant
fiber materials to attain high efficiency was established by Lu et al. [91]. The author
fabricated CNCs from filter paper using sulfuric acid hydrolysis under microwave-
assisted ultrasonic treatment. The optimized condition showed the yield and crys-
tallinity of CNCs with the crystal form of cellulose Iα, respectively, 85.75 and 80%.
In this context, Chowdhury and Abd Hamid have reported the combined use of ultra-
sonication and microwave for the preparation of CNCs from the stalk of Corchorus
olitorius [92]. They mentioned the pre-treatment of jute stalk powder using sodium
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hydroxide under microwave irradiation followed by bleaching with hydrogen per-
oxide for extracting crude cellulose. The obtained crude cellulose was hydrolyzed
by ultrasonication in the presence of various hydrolyzing mediums. The fabricated
CNCs showed high crystallinity index of 83% with yield of 48% using ILs and a
yield of 43% using sulfuric acid. Therefore, combined methods could be an effective
way for obtaining better yield of CNCs from various sources.

4.8 Purification and Fractionation

Fabrication of CNCs has been done predominantly either using pure acid hydrolysis
or combined with other process. After hydrolysis, the obtained aqueous suspension
of CNCs is quenched by filtering the substances over small-pore fritted glass filter
or by diluting with distilled or Millipore water at room temperature. However, some
constraints came after hydrolysis during removal of free acid, as these post treatments
are time and cost consuming and it could be a limitation for industrial scale. Cen-
trifugation has been employed to remove the part of excess acid and water-soluble
fragments. In contrast, the remaining free acid molecules from the dispersion can
be eliminated by using dialysis against water till the neutral pH is obtained, but this
step is costly and time consuming which usually takes more than two or three days.
The possible ways to overcome this issues could be the addition of sodium hydrox-
ide solution to the hydrolyzed suspension to attain pH ~9 and afterward washed
with distilled water until neutrality attained. This neutralization procedure is simple
with minimum processing steps to produce CNCs but it is a time-consuming step.
Moreover, chemical neutralization method using NaOH was considered as simple,
economic, and efficient in comparison to dialysis [93]. Sonication can be used to dis-
integrate the aggregates to obtain a complete dispersion of nanocrystal which could
serve the purpose of neutralization. The final aqueous suspension of nanocrystals can
be stored in a refrigerator after possible filtration for removal of residual aggregates.
Further, the addition of few drops of chloroform can be helpful to avoid bacterial con-
tamination. However, CNCs produced by enzymatic, ionic liquids, subcritical water,
oxidation, and mechanical methods do not require dialysis. In this case, the impor-
tant steps are washing, neutralization, centrifugation, and sonication. The aqueous
suspensions of CNCs could be separated into isotropic and anisotropic phases by
increasing the concentration through water evaporation. Literature also stated that
smaller particles present in the isotropic phase, whereas the longer one remains in the
anisotropic phase [94]. Moreover, CNCs is stated as aqueous suspension due to its
hydrophilic nature and tendency to agglomerate during drying. Therefore, drying is
a vital step for fabrication of CNCs. The recommended procedures are supercritical,
freeze, and spray drying. However, freeze and supercritical drying approaches gen-
erate highly networked structures of agglomerates having multi-scalar dimensions.
During freeze-drying, the self-assembled behavior of CNCs was observed by Han
et al. [95]. Moreover, spray drying has been recommended for a technically suitable
production for dry or powdered CNCs.
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5 Typical Properties of Cellulose Nanocrystals and Its
Composites

5.1 Mechanical Properties

The quantitative evaluation of tensile modulus and strength of CNC is immensely
challenging due to the limitations inmeasuring themechanical properties of nanoma-
terials along multiple axes. In this context, other factors such as crystallinity index,
dimensions of the samples, anisotropy, and defects in nanocrystals also affect the
results of mechanical properties. The mechanical properties of CNCs are largely
controlled by their dimensions and morphology as determined from the percolation
theory. According to this theory, the higher aspect ratio of CNCs will result in the
better mechanical properties as the lower amount of nanofillers are required for the
percolation [96]. The elastic property of CNCs have been measured indirectly and
theoretically by using atomic force microscopy (AFM), X-ray diffraction (XRD)
analysis, inelastic X-ray scattering, Raman scattering, etc. Furthermore, the theoret-
ical tensile strength of CNCs has found to be in the range of 7.5–7.7 GPa which is
better than the steelwire [97]. In another study, the elasticmodulus ofCNCs extracted
from tunicates was determined by AFM. In this study, the AFM tip was used to per-
form a three-point bending test and elastic moduli of around ~150 GPa was found in
this study. Moreover, the transverse elastic modulus of CNCs was determined using
AFM by comparing the experimental force–distance curves with three-dimensional
finite elemental calculations. The result has shown that the transverse modulus of an
individual CNC lies in the range of 18–50GPa. In addition, Raman spectroscopy also
determined the deformation micromechanics analysis of tunicate cellulose whiskers
and evaluated the value of ~143 GPa [98].

The composites-based CNC and biodegradable copolymers have been reported
by Muiruri et al. wherein they grafted the CNC on the copolymer based on (PCL)
and poly(D-lactic acid) (PDLA), and blended with poly(L-lactic acid) (PLLA). The
authors reported that the stereocomplexation led to the enhancement in the thermal
properties of the resulting nanocomposites with 20% enhancement in the elongation
at break. The reason behind the improved toughness was attributed to the crazing and
fibrillation during deformation. These improved properties may widen the industrial
acceptance of such nanocomposites [99]. Furthermore, the same group reported the
dual CNC-based fillers in order to control the morphology and the interfacial tension
of the biodegradable nanocomposites. In one case, the composite consisted of CNC
as a core and PCL–PDLA copolymer as the outer layer (rubbery). In the other case,
the outer layer consisted of the rubber layer grafted with PDLA blocks and CNC as
a core. The resulting materials were mixed with PLLA followed-by solution casting,
pulverization, and injection molding to form the specimens for impact test. It was
been found that both the fillers led to the increase in tensile toughness (100 fold)
as well as impact strength (3 fold) when added to the PLLA matrix. The reason for
the improved mechanical properties is attributed to the synergistic matrix crazing
and cavitation effect of the fillers leading to extensive plastic deformation and these
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improved properties makes the resulting composites as promising candidates for
orthopedic and packaging applications [100].

Owing to the applicability of CNCs in widespread applications and comparable
properties with carbon fibers, Kevlar, stainless steel, etc., Jahan et al. used CNCs
as the reinforcing agent into the matrix of poly(vinyl alcohol) (PVA) in order to
fabricate the composite membranes for biogas separation. The elastic modulus and
mechanical strength of the membranes were found to increase at higher humidity in
presence of CNC and no significant change was observed in % elongation at break.
The lower content of CNC in the composite membranes resulted in better swelling
and improved elastic modulus and thus, it may be considered as a candidate for gas
separation applications [101].

The effective utilization of CNCs in fabrication of composites in order to enhance
the properties of the composites is often restricted by their aggregation and on several
occasions, the mechanical properties of CNCs are different from that of the theo-
retical values. In order to overcome this drawback, Meesorn et al. added PVA with
the speculation that it would act as a dispersant and disrupt the interactions between
CNC–CNC and enhance the stress transfer. The composites based on poly(ethylene
oxide-co-epichlorohydrin) (EO-EPI) and CNC (10% w/w) were prepared with vary-
ing amount of PVA (1–5% w/w) by solution casting. In a similar fashion, the com-
posites were prepared by loading CNC into the matrices of polyurethane (PU) and
poly(methyl acrylate) (PMA). A significant enhancement in the mechanical prop-
erties was achieved with a quadruple enhancement in stiffness and tensile strength
upon addition of 5% PVA in all the composites. The authors suggested the appli-
cation of CNCs as reinforcing agents in a wide range of matrices. Additionally, an
improved distribution of CNCs was obtained in the polymer matrices in presence of
PVA which supported the hypothesis that the dispersant leads to the increased stress
transfer by improved dispersion of CNC [102].

5.2 Rheological Properties

The properties of rheological behavior of CNCs are influenced by several factors
such as liquid crystallinity, ordering, and gelation. Moreover, rheological parameters
showed different characteristics based on the concentration of CNC suspension. The
dilute CNC suspensions exhibit shear thinning behavior which shows dependency
on concentration at low rates, whereas at higher concentration, it exhibits anomalous
behavior and the suspension is lyotropic. The reason behind this type of behavior is
due to the rod-shaped morphology of nanocrystals which tends to align at a critical
shear rate. The chirality of the CNC suspension breaks down to a simple nematic
structure when shear rate reaches to a critical point [103]. Further, the relaxation time
constant depends on the aspect ratio and in case of CNCs with higher aspect ratio
shows alignment for longer time even after shear. The aspect ratio of rod-like parti-
cles is found to be higher than spherical particles which is essential in improving the
rheological properties at lower particle loadings [104]. Additionally, the rheological
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properties of CNCs also influenced by the acid used for hydrolysis. In this regards,
sulfuric acid-treated CNCs show shear thinning behavior that is independent of time,
whereas hydrochloric acid-treated CNC has shown higher shear thinning behavior,
anti-thixotropy at lower concentrations and thixotropy at higher concentrations [105].
In order to develop the formulations of the products, the knowledge of rheological
properties and microstructures of the polymers incorporated with CNC is important.
In this regard, Peng et al. studied about the rheological properties of the polymers
loaded with rod-like CNC and spherical CNC [106]. These fillers were loaded into
different polymeric systems (anionic, cationic, non-ionic) such as PVA, (PEG), gum
arabic, chitosan, sodium carboxymethyl cellulose (SCMC),monomethyl ether (ME),
sodium alginate (SA), and hydroxypropyl methylcellulose (HPMC) so as to deter-
mine the interaction between CNCs and particles and its effect on the rheological
properties. The rod-like CNCs resulted in the enhanced viscosity as compared to the
spherical CNCs. Upon investigating the gelation behavior of CNC dispersion into
the different polymeric systems, it was found that the thickening effect was higher
in case of cationic systems as compared to anionic systems which in turn was higher
than non-ionic polymeric system which may be accounted for the different inter-
actions between the polymer and CNC along with the properties of the polymeric
chains. The flexible chains (in case of non-ionic polymers) resulted in negligible
viscosity enhancement. At a particular concentration, the strongest thickening effect
was observed in case of HPMC.

The role of CNCs as a filler in thematrices of biodegradable polymers such as PLA
is well-known andwidely explored by various researchers to improve themechanical
and barrier properties of the composites [107]. In order to improve the processability
of the composites involving high shear rates, the rheological properties are of prime
importance. CNCs when used as fillers into the polymer matrix provide high stability
to the polymer network by incorporating themselves between the polymer chains. In
a study reported by Shojaeiarani et al., CNCs were incorporated into the PLAmatrix
and the composites were prepared by diluting the master batches using spin coating
and film casting [106]. An improvement in the storage modulus was observed upon
incorporation of CNCs. The storagemodulus of the spin-coated nanocomposites was
higher than that of the film casted sample. The spin-coatingmethodwas considered to
be a promising approach for fabricating PLA-CNC nanocomposites with improved
properties.

Furthermore, as reported by Khandal et al., the rheological behavior of CNC was
tailored by functionalization with polyethyleneimine (PEI) [108]. They prepared a
stable suspension of CNC-PEI that exhibited interesting rheological properties. The
Newtonian suspension turned into a non-Newtonian gel upon modification with PEI
wherein a dramatic increase in complex viscosity was observed. Also, the increas-
ing shear rate resulted in the loss of linear viscoelastic properties which could be
attributed to the breaking of inter-particle network. In an another study reported
by Gupta et al., the CNCs coated with lignin were used as biofillers to modify the
rheological properties of the composites based on PLA [109]. The increased dis-
persion of the biofiller (percolation threshold constant: 0.66 wt%) and the improved
interfacial interaction with the matrix of PLA led to the improved rheological and
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thermo-mechanical properties. The lignin-coated CNCs were considered to be as
promising candidates for improving the properties of the PLA matrix and in turn
lead to the development of completely bio-based composites.

The dispersion of CNCs in the aqueous solution of polyoxoethylene (POE) and its
rheological properties have been investigated by Azouz et al. [110]. They observed
that incorporation of CNC, the viscosity of the suspension was found to decrease
at first followed by an increase in viscosity. The POE adsorbed CNC was freeze-
dried followed by its extrusion with low-density polyethylene (LDPE). This melt
processing of CNC-based composites with hydrophobic polymer was considered to
be a promising approach for the industrial-scale production.

5.3 Surface Modification/Functionalization

The presence of plenty of hydroxyl groups makes CNC more suitable for many type
of surface functionalization for several applications. However, the hydrophilic nature
of this nanocrystals hinder its application for fabrication of composite films as effec-
tive dispersion of this nanoparticle into the polymer hydrophobic matrix is a big issue
due the strong intermolecular hydrogen bonding between cellulosic chains. Thus, for
arresting the incombatibilization limitation between polymer matrix and CNC, sur-
face modification has been carried out. Most commonly used procedure for surface
modifications/functionalization of CNCs are esterification, etherification, oxidation,
amidation, carbamation, nucleophilic substitution, silylation, polymer grafting, etc.
Furthermore surface modification can be done with different mechanisms like by
grafting with the organic and inorganic molecule aiming to increase the hydropho-
bicity. In addition, the abundant surface hydroxyl groups not only provide opportu-
nities for diverse chemical modification but also render the hydrophilicity to CNCs.
Though the hydrophilic nature of CNCs is attractive for water-based applications
and this presents a challenge for their homogeneous dispersion in common nonpolar
solvents and hydrophobic polymer matrixes [97]. In addition, the chemical func-
tionalization introduces either negative or positive electrostatic charges on the CNC
surface which provides better dispersion in any solvent or polymer. It also helps to
tune the surface energy characteristics to improve compatibility. Moreover, all these
functional groups act as nucleating sites for polymer grafting on CNC surface. On
the other hand, polymer grafting is usually carried out by two approaches, namely
“grafting from” and “grafting onto” methods.

In literature, variousmethods have been reported for the hydrophobicmodification
of CNCs. One of the ways is adsorption of surfactants or polymers or covalent mod-
ification of the particle surfaces [111, 112]. For example, the quaternary ammonium
salts bearing long alkyl tails have been used to modify CNCs based on ionic interac-
tions between the sulfate half ester groups on the CNC and the ammonium group of
the surfactant; these modified CNCs require extensive purification to remove excess
surfactant, and such ionic bonds are not robust enough to withstand some processing
techniques and media [113–115]. Covalent modifications of CNCs generally include
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esterification (mostly acetylation, butyration, and palmitoylation), urethanization
(also known as carbanylation), amidation, and silylation with moderate increased
contact angles [116, 117]. Additionally, the esterification involves the conversion of
the surface hydroxyls of cellulose to esters and sulfation and phosphorylation are
some commonly used methods for the cellulose esterification. In etherification, most
commonly used chemical is glycidyltrimethylammonium chloride or its derivatives
to cationize the surface. The crystalline morphology and dimensions of CNCs can be
preserved by mild alkaline cationization condition. In addition, TEMPO-mediated
oxidation enables to produce surface-carboxylated CNCs [118]. Furthermore, the
oxidized CNCs have been used as the starting material where carboxylic mioties are
directly converted to amides by reacting with primary amines. The surface modi-
fication of CNCs using isocyanates was reported by Siqueira et al., who modified
sisal-basedCNCswith n-octadecyl isocyanatewithout any catalyst [119]. Silanes can
also be grafted onto CNCs, which is one technique used to enhance the interactions
with polymer matrices.

Furthermore, the most of these modifications are carried out in organic solvents.
For larger modifications such as attaching polymer chains (polypropylene, poly-
tetrahydrofuran, poly(ε-caprolactone) (PCL), polyethylene glycol (PEG), etc.) via
grafting onto CNC is another process though steric hindrance limits the graft den-
sities achievable. The catalytic ring-opening polymerization from CNCs, using the
surface hydroxyl groups as initiating sites, is the most common route for the synthe-
sis of CNCs with grafted polyesters such as the bio-based PLA. In addition, atom
transfer radical polymerization has been extensively explored to synthesize well-
defined polymers on CNC surfaces. These grafting from approaches have yielded
highly compatible CNCs with higher contact angle; however, the pre-attachment of
initiator, polymerization reactions themselves, and the separation are lengthy. How-
ever, the abundant hydroxyl groups on the surface of negatively charged CNCs act as
both nucleating sites and a reducing agent for the growth of the metal nanoparticles.
To date, several reports of CNC-supported metal nanoparticles such as Au, Pt, Ag,
Pd, Fe, etc., have been reported in literature through the green chemistry route, hav-
ing potential applications as high-performance conductive polymer nanocomposites,
biocatalysts for pollutant remediation and electrocatalytic activity.Moreover, the fab-
rication of such CNC-supported metal nanoparticles has been shown to improve the
dispersion quality and chemical stability and solve the problems related to coagu-
lation and agglomeration of the nascent metal nanoparticles. Dhar et al. have also
reported the good dispersion ability and improved crystallinity of magnetic CNCs
into the hydrophobic (PLA) matrix by modification of the surface of CNCs using
iron nanoparticles [120]. Hu et al. have used plant polyphenols (tannic acid) for sur-
face modification of CNCs with improved hydrophobicity [121]. However, the main
challenge in this process lies in preserving the original morphology and maintaining
the integrity of the CNCs.
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6 Conclusion

In this chapter, the synthesis of biomass-derived CNC and the fabrication of the
composites based on CNC have been detailed. Various biomass-based sources for
the synthesis of CNCs have been highlighted followed the extraction techniques
thereof. The applications of CNCs have further been marked by using it as filler in
the development of composites. The modification of CNC has been carried out by
the surface functionalization in order to improve the properties of the composites for
industrial applications. The rheological and mechanical properties of CNC-based
composites have been reported based on several case studies. The potential of CNCs
and its composites in the various applications have, thus, been underlined along with
a focus on improved processability.
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Chapter 12
Biodegradable Nanocomposite Foams:
Processing, Structure, and Properties

Shasanka Sekhar Borkotoky, Tabli Ghosh and Vimal Katiyar

Abstract The biodegradable nanocomposite foams can be developed using differ-
ent fabrication techniques where the use of various kinds of bio-based nanofillers
helps in tailoring the foam properties. A brief discussion on different techniques of
fabrication, their economic viability, and industrial feasibility in regards to the poly-
meric foams is made in this chapter. Moreover, the available different biodegradable
polymeric foams and their processing in the recent past years is detailed. However,
the chapter mainly focuses on the biodegradable poly (lactic acid) (PLA)-based
nanocomposite foams and their recent developments and breakthroughs. The addi-
tion of nanofillers for fabricating the foam greatly affects various foam properties
such as cell size, cell density, and porosity. Other important properties such as thermal
properties, mechanical properties, and wettability are also affected by the nanofiller
materials. The degradation of PLA-based nanocomposite foams is greatly influenced
due to the addition of various bio-based nanofiller materials. In this regard, the tailor-
made properties of various biodegradable foams make them promising candidate in
different areas of research.

Keywords Poly (lactic acid) · Biodegradable · Foams · Fabrication ·
Characterization

1 Introduction

Foam is an entity consisting of gaseous voids (75–95%) in liquid or solids. Synthetic
foams can be developed from various materials including glass, metals, ceramic,
polymer, and rubber. Among various available foams, the polymeric foams have
some unique properties and some added advantages such as low weight, low density,
and less usage of materials compared to non-foam materials. Further, the cost of
production can also be reduced by the specified factors. The elastomeric foams have
been widely utilized in different fields of applications such as insulation materials,
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sound-absorbingmaterials, and cushioning. Thus, the polymeric foaming technology
is growing day by day and has established as one of the major areas of research.
Further, the development of porous material is gaining importance day by day with
the discovery of new areas of applications [1].

The polymeric foam industry was initially developed during 1930s to 1950s,
where polystyrene (PS) foam was firstly developed in 1931. The development and
use of foam took an established shape in 1980s. The recent area of research is focused
on improving the properties of the foam, which is the driving force for developing
new foam-basedmaterials. The polymeric foams are generally classified according to
different parameters such asmaterial use, structure, nature, mechanism, cell size, and
others as shown inFig. 1.However, the polymeric foams can also be broadly classified
into two major parts: non-degradable foams and biodegradable foams [2]. Non-
degradable polymeric foams mainly dominate the current market share of the total
polymeric foams.However, a continuous effort has beenmade to replace the available
non-degradable foams by biodegradable foams due to the increasing market share of
polymer foams. The recent shares by volume in various applications of polymeric
foams are shown in Fig. 2 (based on a market report of Smithers Rapra, 2015).
According to this, the polymer foamshavemajor application in constructionmaterials
and find applications in furniture, automobiles, packaging, refrigeration, and others.
A recent market survey suggests that the use of high-performance polymeric foams
will increase ~4.8% annually due to the growth in emerging technologies (based on
the market survey of Smithers Rapra, 2018). However, the above foam market is
mainly dominated by the non-degradable conventional foams.

Moreover, the demand for the biodegradable polymeric foams in different new
areas is rapidly increasing day by day. Researchers are also trying to find new areas
of replacement to the conventional non-foamed polymers by developing compos-
ites, blends of biodegradable foams. As the ultimate disposal of non-degradable

Fig. 1 Classifications of polymeric foams based on different parameters
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Fig. 2 Global market shares of polymeric foams in different segments

polymer foams is a major concern in the environmental point of view, the environ-
mentally friendly technologies are now a primary requisite in this regard followed
by the international agreements like the Kyoto protocol, Montreal protocol, and so
on. Hence, the need for bio-based and biodegradable foams is gaining attention in
recent years. Bio-based and biodegradable foams show a tremendous and promising
impact in different fields like biomedical, food packaging, industrial, engineering,
and advance applications. Some of the recently used biodegradable polymeric foams
include starch, poly(hydroxyalkanoates) (PHAs), poly(3-hydroxybutyrate) (PHB),
poly (lactic acid) (PLA), poly(ε-caprolactone) (PCL), and poly(3-hydroxybutyrate-
co-hydroxyvalerate) (PHBV). The first developed biodegradable polymeric foam
is starch, which is further improved for various properties. Biodegradable poly-
mer foams have some inferior properties, which need to be modified to compete
with the non-degradable polymeric foam materials for targeted applications. In this
regard, the major differences between the biodegradable and non-degradable foams
are illustrated in Fig. 3, where biodegradable foam-based materials provide non-
toxicity, biocompatibility, and eco-friendly nature causing no harmful effect to the
environment.

In recent years, a variety of biodegradable polymer materials are gaining impor-
tance for the fabrication of tailor-made foam materials for multifaceted advanced
applications. However, one of the promising biodegradable polymers, which are
gaining attention among the scientific community for the replacement of conven-
tional polymeric foam, is PLA. Recent researches on bio-based foams are mainly
focused on the development of PLA-based foams.Besides, PLA, the other biodegrad-
able polymeric foams include PCL, polybutylene succinate (PBS), PHBV, cellulose,
their blends, composites, etc., which are being used for wide application.
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Fig. 3 Degradable and non-degradable foams

1.1 Poly (Lactic Acid) (PLA)

PLA is a bio-based and biodegradable polymer synthesized from natural resources
including corn and carbohydrate-based feedstock. PLAhas the properties comparable
to some non-degradable petroleum-based polymers. The schematic illustration of the
life cycle of biodegradable PLA can be observed in Fig. 4, where the composting and

Fig. 4 Life cycle of poly (lactic acid)



12 Biodegradable Nanocomposite Foams: Processing, Structure … 275

biodegradation processes reduce environmental waste. Additionally, PLA has good
processability which increases the market value of PLA-based foam materials. PLA
is mainly synthesized by ring opening polymerization (ROP) of lactide monomer
[3]. PLA is a thermoplastic which is glossy, transparent, and semi-crystalline in
nature. The production of PLA requires less energy (up to 25–55%) compared to the
energy consumed in the production of petroleum-based non-degradable foams. The
content of D-isomer present in PLA influences its ultimate properties. The thermal
degradation of PLA leads to the release of non-toxicmaterials such as CO2, H2O, and
lactic acid due to hydrolysis of ester linkages. The mechanical and other properties
of PLA are comparable with most of the petroleum-based conventional polymers.
The properties of PLA can be improved by tuning it with the addition of different
nanofillers, plasticizers, chain extenders, etc. [4].

However, one of the limitations of PLA is its lowmelt strength. The short degrada-
tion time of PLAmakes it unsuitable for engineering applications. Another limitation
of PLA is low thermal properties. The current researches on PLA are mainly focused
in the directions to tune these limitations. PLA-based foams are mainly utilized
in sophisticated bio-based medical applications like cell culture, tissue engineer-
ing, and so on due to its biodegradability. Simultaneously, it can be useful in other
advanced applications by tailoring its properties for specific applications. The other
applications include packaging, housewares, automobile parts, cushioning applica-
tions, insulation, furniture, high-grade decorative items, and electrical appliances. A
focused study has to be performed to make it suitable for different applications [5].

2 Fabrication of Polymeric Foams

Polymer foaming can broadly be carried out in different established processes classi-
fied as batch foaming process and continuous foaming process. The batch process is
mainly limited to the research in development fields to investigate the newly devel-
opedmaterials and their foaming behavior. On the other hand, the continuous process
is an economically and industrially viable scale-up process in larger magnitude. A
continuous process is achieved by an extrusion technique, consisting of steps like
mixing with additives and pressurization of inert gases [6].

2.1 Batch Foaming Process

Fabrication of polymeric foams can be performed by using batch process. In this
process of fabrication, foamed samples are prepared batch-wise. It is a discontinuous
foaming process, and the reproducibility of this process is very good by maintaining
exact process parameters. This process is mainly utilized to investigate the initial
foamingbehavior of polymers and composite systems.Theprocess is also industrially
viable with some limitations. In this process, carbon dioxide or nitrogen is mainly
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Fig. 5 A schematic representation of batch foaming process

used as physical blowing agent (PhyBA). A schematic diagram of the process is
represented in Fig. 5. Since earlier days, two different methods have been generally
utilized in the batch foaming process. In the first process, the pressure drop initiates
the foaming in the polymer sample resulting in thermodynamic disequilibrium. The
method is very useful to understand the different foaming parameters as well as the
influence of additives or blending on cell nucleation. In the second technique, the
thermodynamic disequilibrium is reached due to the increasing temperature. From
this method, the foaming temperature and processing window of the foam can be
evaluated for foam extrusion process.

2.2 Continuous Foaming Process

This process of fabrication of polymeric foam generally consists of extrusion (Fig. 6)
and injection techniques. Different zones of the extruder can be operated at different
temperatures, which make it possible to use temperature sensitive additives along
with the polymer. This is one of the most beneficial CO2-based foaming process
techniques for the addition of different additives to the bio-based polymeric foams.
In the die section of the extruder, the pressure is released and ultimately the polymer
foam is generated. In this continuous process, the process parameters such as screw
speed, saturation pressure, type and amount of additives (clay, plasticizer etc.), etc.,
can be optimized for obtaining tuned foam properties. The influence of the die geom-
etry and temperature on the nucleation rate or the expansion ratio of the fabricated
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Fig. 6 A schematic representation of continuous foaming process

foams can be investigated by this process. In this process, the main advantage is the
continuous high-speed production and scale-up of the technology. Different parame-
ters like melt strength, viscosity, solubility, end groups, glass transition temperature,
etc., affect the properties of the polymeric foams.

3 Polymer Foaming Technology

Polymer foaming is mainly achieved by two different techniques: physical foaming
and reactive foaming.

3.1 Physical Foaming

In physical foaming, PBAs are used in the polymer melt. It also permits high-speed
continuous foaming of the polymer by using extrusion and injection molding.

Physical foaming can be performed by using the following methods:

(a) Casting and leaching (C/L)
(b) Gas foaming
(c) Thermally induced phase separation (TIPS).

C/LMethods In C/L technique, the polymer is dissolved in a highly volatile solvent
and cast in a bed of porogen. After evaporation of the solvent, the sample is placed
in water for leaching out the porogens followed by drying. The leaching of porogens
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Fig. 7 Casting and leaching (C/L) technique of foam fabrication

ultimately leaves a porous structure. The selection of porogen is very important as it
must be easily available and non-toxic in nature. Additionally, the porogen must be
easily leached out after the solvent is evaporated. Mostly used porogens include salts
like NaCl, KCl, etc. The size and amount of the porogen have the ultimate effect in
cell size and cell density of the foams [7]. This technique is one of the cost-effective
and easy methods to fabricate foams. The C/L method is represented in Fig. 7.

Gas Foaming Method In the gas foaming technique, different gases like nitro-
gen, carbon dioxide, etc., are used as PBA in the polymer melt. One of the greener
approaches for gas foaming is using it in a supercritical state. Many investigations on
polymer foam fabrication are reported using this technique. There are some criteria
regarding the selection of PBA which includes safety, non-toxicity, transportation,
reactivity, volatility, and economic viability.

TIPS Method Generally, two steps are followed for TIPS method of fabrication
of foams. In the TIPS process of fabrication of foams, polymer pellets are partially
foamed in the first step using PBA. These partially foamed pellets are transferred to
a mold and again foaming has been performed using steam and low boiling liquid
for extra foaming in the second step. Finally, a foamed structure is obtained taking
the shape of the mold, and foamed beads are sticked to one another [8].

3.2 Reactive Foaming

In the reactive foaming technique, chemical reactions are carried out for the foaming
of polymers. The production of gases in the chemical reactions fabricates the foamed
structure. In this method of fabrication, the chemical blowing agents (CBA) are
utilized for foaming of polymers. The selection of CBA has some minimum criteria
including by-products, nucleating effects, processability with the base polymer, and
color left-over in the polymer matrix.
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4 Recent Advances in Biodegradable PLA-Based Foams

Generally, biodegradable polymeric foams like starch, PHBV, etc., are mainly used
in food packaging applications. However, biodegradable PLA-based foams have the
potential to replace the major market players (polypropylene, PS, etc.) in differ-
ent commodity applications due to its unique properties. Recently, researchers are
focusing toward the development of PLA-based sustainable foams due to its greener
routes and comparable properties with some non-degradable foams. However, some
improvements in the properties of PLA-based foams are still lacking compared to
non-degradable foams. The improvement in the properties of PLA-based foams can
be achieved by the incorporation of additives, flame retardants, plasticizers, and so on
according to the ultimate application. Some investigations on PLA-based foams are
found to be path-breaking towards the development of greener environment. Mainly,
it is observed that PLA-based foams are developed using continuous extrusion foam-
ing technique in the scale-up process. However, the investigations are also carried out
in batch foaming to understand the parameters for improvements. PLA-based foams
are used in various fields of biomedical applications including tissue engineering
and cell culture. It is observed in the literature that most of the PLA-based foams
used in bio-based sophisticated applications are fabricated by C/L technique due to
its cost-effectiveness and less usage of machinery. Some of the recent developments
observed in PLA-based foams are discussed in this section. The improvement in
the thermal stability and crystallinity in PLA-based foams can be achieved by using
additives like nanofillers, nanoclays, etc. The mechanical properties of PLA-based
foams are very much dependent on the amount of closed and open cells present
in the PLA foam matrix. Therefore, the increase in the closed cell percentage can
easily achieve mechanical strength. The plasticizers in PLA-based foams improve
the flexibility, which is a requirement in some sophisticated bio-based applications
[9]. Recent studies reveal that for some applications related to cell proliferation, the
large surface area is favorable along with wettability requirements, and PLA-based
foams can be tuned to the desired properties by utilizing nanobiofillers [10].

A representative field emission scanning electron microscopy (FESEM) image of
PLA-based foam is shown in Fig. 8, where the interconnected pores with cell walls
are clearly visible in the micrograph. Generally, for the improvement in mechanical
properties, foams are fabricated using extrusion or injection molding process using
supercritical carbon dioxide as PBA. Some investigations on the improvements in
mechanical properties of PLA-based foams suggest that using nanoclay (montmo-
rillonite (MMT)) at lower concentrations in the PLA matrix improves the tensile
strength of PLA foam. The nanoclay also helps in the generation of more nucleat-
ing cites which are also responsible for smaller pores in the matrix [11]. Similarly,
an increase of specific tensile strength of PLA-based foams is also observed under
foaming with compressed CO2. The elongation at break increases up to ~15 times
on foaming compared to unfoamed counterpart [12]. The reduction in cell size and
increase in the cell density can also be achieved in PLA-based foams using a mix-
ture of compressed CO2 and N2 (20:80 ratio) as PBA. Sequential addition of chain
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Fig. 8 FESEM micrographs of PLA-based foams fabricated at the Centre of Excellence for
Sustainable Polymers (CoE-SusPol), IIT Guwahati

extenders such as 1, 4-butanediol and 1,4-butane di isocyanate in PLA gives high
melt viscosity and elasticity to the PLA foam. Addition of crosslinkers in the PLA
matrix improves the glass transition temperature (T g) and thus affects the thermal
properties [13]. Foaming of PLA in the presence of chain extender such as Joncryl
4368, which influences the polymer viscosity and crystallinity. Chain extender helps
in the generation of smaller pores and improvement in cold crystallization temper-
ature [14]. PS/poly(glycidyl methacrylate) random copolymer has also been used
as chain extender in PLA matrix, which improves the viscous and elastic properties
along with smaller cell generation in PLA foam using supercritical CO2 as PBA [15].

Investigations are also observed for the fabrication of PLA-based foams for tis-
sue engineering applications with very high interconnectivity of the pores. This is
achieved by using foaming of PLA/PS blend and then extracting the PS phase, which
leads to a highly interconnected porous PLA-foamed structure. The high intercon-
nectivity of pores is suitable for the growing of human cells in the PLA foam matrix
[16]. Similar types of PLA-based tissue engineering scaffolds can also be fabricated
by using a solvent-freemethod. PLA and sucrose immiscible blends are first obtained
from the extruder followed by solid-state foaming. The leaching of sucrose particles
ultimately leaves a foamed PLA structure. A highly porous (porosity: 90%) structure
with pore size ranging from 25 to 200μm can be achieved by this process [17]. Some
researchers utilize injection molding technique for the fabrication of high void frac-
tion polylactide foams. Incorporation of talc in the PLA foaming process is under N2

as PBA. They observed that talc/clay provides a more uniform cell structure with cell
size <50 μm. The crystallization kinetics of PLA is also affected by different param-
eters like the pressure of the gas, the presence of nanoclay/talc, mold opening, and
so on [18]. The continuous process of fabrication of low-density, microcellular PLA
foams with crystallinity and well-controlled cell morphology has demonstrated by
Wang et al. [19]. They have developed a tandem system utilizing CO2 as PBA. They
systematically investigated the extrusion foaming behaviors of linear and branched
PLAs. They have concluded that molecular branching in PLA is responsible for
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melt strength and elasticity. The integrity of the cells and cell density increases with
branching. The extrusion foaming of PLAwith endothermic chemical foaming agent
(CFA) has demonstrated by Matuana et al. [20]. They observed that void fraction is
closely related to the melt flow index of PLA. Various other parameters like process-
ing speed, CFA concentration, and melt flow index affected the cellular morphology
of PLA foam. Hence, by maintaining these parameters we can tune the PLA-based
foam morphology according to the desired applications. Improvements in cell den-
sity, reduction in cell size and increase in bulk compressibility of PLA-based foams
can also be achieved by using tapioca starch and cloisite Na+ in the PLA matrix by
melt intercalation techniques. The PLA-based nanocomposite foams have superior
and excellent properties compared to neat PLA foam due to the possible interca-
lation of nanoclays in the PLA matrix [21]. The average pore size of PLA-based
foams can be achieved up to ~5 μm utilizing PLA/starch composite foaming by
supercritical CO2 in batch foaming process. The increase in crystallinity is observed
in PLA/starch foams compared to neat PLA foam, which influences the mechani-
cal properties along with the expansion ratio [22]. Similar kind of improvements in
flexural and tensile strength in PLA/starch foams are noticed with the addition of
plasticizers like glycerol, urea, and so on [23]. The maximum expansion ratio of ~50
for PLA-based foam can be achieved by using extrusion foaming of semi-crystalline
PLA and thermoplastic starch blends. This system gives the minimum average pore
size as ~25 μm [24].

Some improvements in PLA-based foams can also be accomplished by blend-
ing it with different other materials and subsequent foaming of the system. Blend-
ing of PLA with polymers like poly(butylene adipate-co-butylene terephthalate),
poly(butylene adipate-co-terephthalate), PHBV, and so on has been demonstrated in
recent past [25–27]. Extrusion foaming of the above PLA-based polymeric blends
improves the mechanical and other properties of PLA foam. The decrease in the cell
size (up to ~10 μm) and increase in the cell density is observed. The degree of crys-
tallinity in PLA-based foams can also be improved by using flex-fiber composites
and coupling agent [28]. Introduction of stereocomplex crystallites in the PLAmatrix
helps to improve the heat resistance property of microcellular PLA-based foam. A
significant increase in cell density and decrement in cell size is also reported on
the incorporation of stereocomplex crystallites [29]. Flame retardant property of
PLA-based foams can be improved by using starch as a natural charring agent [30].

Introduction of hyperbranched polyester (HBP)/nanoclay in the PLA matrix by
an injection molding process using N2 as PBA has been reported by Pilla et al. [31].
They have achieved a maximum expansion ratio as 1.2 and minimum average cell
size as ~10 μm. The addition of HBPs and nanoclay decreased the average cell
size and increased the cell density of PLA-based foam. The development of first
nanocellular PLA-based foams has been demonstrated by Fujimoto et al. [32]. They
have fabricated PLA/layered silicate nanocomposite foamutilizing supercritical CO2

as PBA in batch foaming technology. The expansion ratio of ~2.7 and average cell size
of 360 nm can be achieved by this technique. The fabricated foammainly consists of
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a closed cellular structure which enhances the mechanical properties of PLA-based
foams.

Some improvements in the nanocellular PLA-based foam technology has been
carried out by Ema et al. [33], where foam processing and cellular structure of
polylactide-based nanocomposites has been studied. They used an autoclave for
foaming and utilized the batch foaming technique using supercritical carbon dioxide
(CO2) as a foaming agent. They investigated the foam processing of neat polylactide
(PLA) and two different types of PLA-based nanocomposites (PLACNs). The max-
imum expansion ratio of ~5 and minimum average cell size as ~200 nm is achieved
by this technique. The dispersed nanoclay particles acted as nucleating sites for cell
formation and the cell growth occurs on the surfaces of the clays. The PLACNs
provided excellent nanocomposite foams having high cell density.

The degradation of PLA-based foams is a very important phenomenon. Some
investigations on the degradation behavior of PLA-based foams can be observed in
the literature. The enzymatic degradation of PLA-based foams can be enhanced by
changing the pore size. It is observed that the degradation rate of nanocellular PLA-
based foam is ~2 times higher than themicrocellular foamwith the same crystallinity.
This phenomenon is due to the large surface area of the nanocellular foam which can
accommodate a large amount of water facilitating the enzymatic degradation faster
than microcellular foam [34].

5 Nanostructured Materials in PLA-Based Foams

The addition of nanobiofillers in the polymermatrix for tuning of various properties is
also a growing field of PLA-based foams. Some investigations have been reported in
literature about the usage of nanobiofillers like silk, cellulose, chitosan, gum Arabic
(GA), nanoclay, etc., in the PLA-based foams. These nanofillers are derived from
bio-sources and are abundantly available in nature. Therefore, the utilization of these
fillers in the PLA foam matrix has economic and environmental aspects.

5.1 PLA- and Silk Fibroin-Based Nanocomposite Foams

Silk is a widely used material for improving the properties of PLA-based foam
materials. The fabrication of microcellular biodegradable PLA/silk composite foams
using supercritical CO2 has been reported by Kang et al. The reduction in cell size
and increase in cell density is observed with the increase in silk fibroins in the PLA
matrix. By utilizing this technique, average cell size up to ~15 μm can be achieved
[35].
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5.2 PLA and Nanocellulose-Based Nanocomposite Foams

Cyclic tensile properties of PLA-based foams can be tuned by using cellulose
nanocrystals (CNC) as demonstrated by Qiu et al. [36] using high-pressure batch
foaming process. Improvement in the cell density and decrement in wall thickness is
observed for PLA/CNC-based foams. Incorporation of cellulose nanofibers (CNF) in
the PLA foam matrix has been reported in some of the investigations. Improvements
in strain at break and high tensile toughness in PLA/CNF-based microcellular foams
have been demonstrated in past years [37]. Viscosity of the fabricated PLA/CNF-
based foams is also influenced by CNF content as reported by Youn Cho et al. [38].
They used supercritical carbon dioxide as a PBA. They also found that compared to
neat PLA foam, the PLA/CNF nanocomposite foams exhibited decreased cell size as
well as increased cell density and foam density due to the improved viscous proper-
ties. CNF mainly acts as a nucleating agent in the PLAmatrix at low concentrations;
however, at higher concentration, it hinders the chain movement of PLA. The intro-
duction of CNFs significantly improves the morphology of PLA foams. Both the
amount of CNFs and surface acetylation contribute to the reduction in cell size and
an increase in cell density of PLA-based foam [39]. Improvements in mechanical,
thermal, and wettability properties of PLA/CNC-based microcellular foams fabri-
cated by C/L technique utilizing sucrose as porogen medium has been reported. The
bionanofiller mainly acts as a nucleating agent in the PLA matrix in lower loadings
and acts as a physical barrier for chain folding in higher loading. CNC nanobiofillers
also help in crystallization of PLA-based foams. CNC also influences the thermal
stability of the fabricated PLA-based foams. The cell density increases, and cell size
decreases with increasing CNC content. The hydrophobicity of PLA-based foams
improves with increase in CNC due to the change in morphology and the effect of
nanofiller. CNC also helps in increasing the surface area of PLA-based foams. The
energy of crystallization also increases with CNC loading. The thermal degradation
investigation of PLA/CNC-based foams reveals the increase in activation energy
with CNC at lower loadings indicating an increase in thermostability by uniform
dispersion of CNC nanobiofillers in PLA foam matrix. A change of ~40–50 kJ/mol
in activation energy has been reported for PLA/CNC foam system compared to
PLA/CNC film system due to the generation of more surface area and more cites of
degradation in PLA/CNC-based foams. However, CNC has no significant effect on
the mechanism of degradation of PLA-based foams [40, 41].

5.3 PLA- and Nanochitosan-Based Nanocomposite Foams

Nanobiofillers like chitosan and GA act as plasticizing agents in the PLA matrix.
Chitosan is abundantly available in nature. It comes from natural resources. Chitosan
is a very useful bionanofiller. It has the approval of the Food and Drug Administra-
tion (FDA) as a non-toxic material and can be utilized in foods and other biomedical
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applications. However, due to its hydrophilic nature, some modifications in the sur-
face have to be conducted to make it compatible with hydrophobic biopolymers.
Chitosan microspheres have been utilized in PLA foam matrix for application of
peptide carrier in biomedical fields [42]. Some investigations demonstrated the fab-
rication of PLA-based foams with chitosan for breast cancer cells [43]. Chitosan
nanofiller has been widely utilized in poly (L-lactic acid) foam matrix for cell pro-
liferation investigations [44]. On the other hand, poly (chitosan-grafted-lactic acid)
scaffolds have been utilized for biocompatibility investigations [45]. PLA/modified
chitosan (MC)-based microcellular foams have been fabricated by C/L technique.
The ~2.3-fold increase in cell density and ~1.3-fold decrease in cell size have been
demonstrated compared to neat PLA foams. The MC (oligomer-grafted-chitosan)
improves the hydrophobicity of the fabricated PLA-based foams. The increase in
the surface area has been reported with an increase in MC concentration due to the
generation of smaller pores. MC acts as a nucleating agent in the PLA matrix. How-
ever, due to the presence of low-molecular-weight oligomers in MC, the thermal
properties slightly decrease. The activation energy decreases with an increase in MC
loading due to its plasticizing effect in PLA foam matrix [46].

5.4 PLA- and Nanogum-Based Nanocomposite Foams

GA is a polysaccharide obtained from trees like Acacia senegal and Acacia seyal. It
has some added advantages like non-toxicity, biodegradability, and easy availability
as it comes from natural resources. GA has Generally Recognized as Safe (GRAS)
certification by United States Food and Drug Administration (USFDA). A recent
investigation on PLA/modified GA (MG)-based microcellular foam demonstrated
that MG acts as a plasticizer in the PLA foammatrix due to the presence of oligomer.
MG helps in the generation of smaller pores in the matrix. From the porosimetric
investigation, an increase in cell density and a decrease in cell size in PLA foam have
been reported. The hydrophobicity of PLA-based foam increases with the increase
in MG due to the change in surface morphology of PLA foam. However, a decrease
in thermostability and thermo-mechanical properties has been reported [47].

From the above discussion, it can be concluded that the bio-based nanofillers can
be effectively used in the PLA foam matrix to improve various properties. The use
of bionanofillers in PLA foam matrix leads to the opening of a wider window of
applications in the field of tissue engineering and cell proliferation for PLA-based
foam.

6 Other Bio-based Sustainable Foams

Apart from PLA-based foams, some important and useful bio-based sustainable
foam includes starch foam, cellulose foam, polyvinyl alcohol (PVOH), PCL, and
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ethylene vinyl alcohol (EVOH). Starch is the first developed biodegradable foam
in the history of biopolymer foams. The starch foam was first developed in 1964
(US patent 3137592) and further modified as a hydrophobic porous starch foam in
1975 (US patent 3891624). Water-soluble PVOH foams were developed in 1992
(US Patent 5089535). The applications of these biodegradable sustainable foams are
limited. The starch foam ismainly utilized in the food packaging industry. PVOH and
EVOH are the twowater-soluble foamsmainly utilized in packaging, oxygen barrier,
andmultilayer packaging applications. Thewater solubility of these two foamsmakes
it environmentally friendly in nature, and disposal after end life is very easy. PCL
is also used in packaging applications, tissue engineering, high engineering advance
application with the aid of various bio-based materials such as chitosan, cellulose,
and others. The bio-based sustainable foams have some limitations in properties like
low mechanical and thermal properties [48].

The improvement in the properties of these biopolymers is the current need. A
wide range of applications needs to be investigated for these biopolymers. Among
these biopolymer foams, starch attracts the scientific community due to its agricul-
tural routes. As discussed in the earlier section, improvements in PLA-based foams
can be carried out using starch as an additive. Starch foam has the capability to
compete with PS foam in the loose-fill market. Biodegradable Green Cell® foam
(GCF) can be fabricated from the proprietary corn–starch blend [49]. It is mainly
targeted for protective packaging applications. Starch foam is already an established
player in the loose-fill global market. Starch-based packaging peanuts are made from
crop-based sources and are non-toxic in nature. The biodegradable peanut for pack-
aging brand, Biofoam, can be fabricated from grain sorghum. Starch-based loose-fill
biodegradable peanuts are soluble in water, whereas PS-based loose-fill packaging
is not soluble in water. Therefore, a significant research is required to improve the
starch-based foam to make it comparable with PS-based foams. The improvements
in the technology are required to overcome the drawbacks like higher weight, dust
creation, high cost, and lower resilience of starch-based foams for different packag-
ing applications. On the other hand, some important factors like life cycle analysis,
testing, new processing technique, and proper disposal methodology need to be prop-
erly addressed for these bio-based polymer foams to make it more applicable and
cost-effective in the near future.
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Chapter 13
Biodegradable Copolyester-Based
Natural Fibers–Polymer Composites:
Morphological, Mechanical,
and Degradation Behavior

Jyoti Giri and Rameshwar Adhikari

Abstract Random disposal and accumulation of commodity plastics in the open
environment after their end use is an issue that has triggered a lot of concerns both
in public and academic debates owing to their seemingly high contribution toward
the environmental pollution and potential impacts on biota and human health. Thus,
finding the greener solution to this problem has got immense socio-economic and
ecological significance. As a result, there is an increasing trend of using biodegrad-
able or compostable polymeric materials. It has been demonstrated that the incor-
poration of plants-based reinforcing fillers into biodegradable polymers to construct
composite materials have proved benefits in various applications. A great deal of
research has been performed in order to develop novel sustainable polymeric mate-
rials having tailored physical properties over a wide range. As a consequence, by
using bio-based fillers, new composite materials have been developed and commer-
cialized. In this chapter, initially, the attention will be made on the review of different
methods of extracting microcrystalline (MCC) and nanocrystalline (NCC) celluloses
from different agro-based wastes using a series of thermo-mechanical and chemi-
cal processing routes. After a quick review on the structure-properties correlation
of the micro- and nanocomposites of copolyesters, we shed light on biodegradable
green composites with special emphasis on their morphological studies and correla-
tions to deformation and degradation behavior. On the ground of the results obtained
from our laboratory complemented by literature works, the structure-property cor-
relations of copolyester-based composites have been discussed. Finally, the chapter
concludes highlighting the new trends, major challenges, and opportunities relevant
to the related research field.
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1 Introduction

One of the recent trends in materials science and engineering is to use polymers in
different high-tech applications taking into account for their safe disposal after use.
Polymers are being used extensively from the very early days of twentieth century,
and nowadays, we can hardly imagine any fields in everyday life where the polymers
are completely absent [1–6].

Asmost of the synthetic polymerswe use today originate from rawmaterials based
on fossil fuels, which is going to be used up quite quickly that, in the near future, we
would not have alternative sources. Therefore, we need to think about the alternatives
of synthetic polymers and at the same time, think for the lesser use of the polymers
introducing enhanced functionality and recyclability into the conventional polymers
[1, 6]. Nowadays, scientists are trying to develop renewable resources-based fillers
such as microcrystalline cellulose (MCC), nanocrystalline cellulose (NCC), hemi-
celluloses, lignin, chitosan, proteins as well as the inorganic fillers, namely layered
silicates, silica, calcium carbonate, carbon black, graphene, multiwalled carbon nan-
otube (MWCNT), etc. [2–13]. Depending upon the nature and compatibility of the
fillers with polymers, the property of the composite materials can be modulated.
Such composites find applications in aerospace engineering, medical devices, tissue
engineering, and in designing the smart drug delivery systems [10, 14–21].

Moreover, inorganic fillers used in polymer composites on disposal after their
utility into the open environment usually may give hazardous impacts to life. Many
of them are toxic for living beings human health as the chemicals used for com-
patibilization as well as for fire retardancy (such as brominated polystyrene, tetra-
bromophthalic anhydride, and decabromophenyl oxide) are proved to pose threat to
the natural environment [22, 23].

As an alternative, the greener methods have been introduced by using regenerated
natural resources (such as cellulosic fibers) which give similar or evenmore advanced
properties than the reinforcement effects in the conventional composites with inor-
ganic fillers [3, 10]. It has been known that the cellulose fibers are stronger than
several mineral-based fibers, have a high volume-to-weight ratio, and can be easily
dispersed homogeneously into polymer matrices via common processing techniques
[4, 7]. On the other hand, the renewable resources have the advantages of being inex-
pensive, regenerative, and local availability [2, 4, 8]. These may reduce significantly
the use of fossil fuel by-products and promote green economy and smart materials
development [17, 24–26].

Thus, the bio-based and biodegradable plastics are emerging as reliable alterna-
tives to conventional commodity plastics [27, 28]. Several of them, however, have
generally the problem of poor mechanical properties, difficulty in tuning crystalliza-
tion behavior, high manufacturing costs, and reduced ease of processing. Currently,



13 Biodegradable Copolyester-Based Natural Fibers … 291

biodegradable polyesters such as polybutylene adipate-co-terephthalate (PBAT),
polyethylene terephthalate (PET), polylactic acid (PLA), polybutylene succinate
(PBS), polycaprolactone (PCL), and polyglycolic acid (PGA) are being investigated
[8–11, 25]. Among them, completely biodegradable blends and composites based on
PBAT, PCL, PLA, and PHB are becoming quite popular [27–29]. Irrespective of the
materials chosen for technical applications, it is a key issue to control themorpholog-
ical details of the material at different length scales to design the tailored properties
profile [10, 13, 25, 27]. As a consequence, a comprehensive understanding of the
correlation between morphology, mechanical properties, and degradation behavior
of such systems is required.

This chapter aims at discussing the structure and properties of a biodegradable
copolyester-based composite materials with special attention to their mechanical,
morphological, and biodegradation behavior. A brief introduction about the filler
preparation and corresponding characterization techniques will be followed by an
overview of natural fibers-based polymer composites. Then, the detailed discussion
on the structure-properties correlation of the copolyester–natural fibers composites
will be presented. The degradation behavior of the composites under soil burial
condition will be discussed with an emphasis on molecular weight reduction and
degradation mechanism. Finally, the chapter will be concluded highlighting some
new trends and challenges in developing completely biodegradable and compostable
composite materials.

2 Preparation and Characterization Techniques

The preparation of fillers for composites fabrication and the characterization of poly-
mer interface as well as the morphology of the composite are some important aspects
of tailoring the properties profile of the materials.

2.1 Preparation of Micro-and Nanocrystalline Cellulose

The common sources ofMCCandNCCare the plant-based natural fibers such as sisal
[30, 31], kenaf [32, 33], castor oil plant [34], bamboo [35–37], jute [2], pineapple leaf
[38], cotton [39, 40], and ramie [41]. There are many processes to extract MCC and
NCC from the bioresources which can broadly be classified as chemical, mechanical,
and bacterial ones [5, 42–45].

2.1.1 Chemical Method

After preliminary treatments such as washing, drying, chopping, pulverizing, and
sieving, the raw plant fibers are subjected to strong alkali treatment. The process is
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Scheme 1 Mercerization of
cellulose fiber with NaOH
followed by acid treatments
to microfibrillate the
cellulose macrofibers [35]
Scheme 2 Oxidative
bleaching of cellulose
microfibers by sodium
hypochlorite (NaClO)
solution for synthesis of
white crystalline MCC [6]
called as mercerization and causes the fibers to undergo fibrillation and delignigfi-
cation [35, 38]. Usually, alkali solutions used for this process are from caustic soda
or caustic potash [38, 46] whereby the optimization of alkali concentration and pro-
cessing temperature are important issues to consider [47]. The mercerization further
involves the addition of Na+ groups into the cellulosic molecular segments which
can later be removed by treating with acids (Scheme 1) [35]. The treatment with
acids such as (COOH)2, HCOOH, CH3COOH, dilute H2SO4, and HCl also acts to
dissolve the amorphous regions in the cellulose [48].

The raw fibers are converted towhite shining crystals on bleachingwith chemicals
such as NaClO, NaCl, NaClO3, NaClO2, and H2O2. These usually produce nascent
chlorine or oxygen to bleach the fibers and at the same time also dissolve hemicellu-
loses and amorphous regions exposing neat cellulose crystallites [6, 38, 46, 49–52].
Scheme 2, for instance, shows the bleaching action of the NaClO.

Cellulose fibers then easily give rise to the production of MCC. Further disin-
tegration into the nanosized crystals can be achieved by controlled hydrolysis with
strong acids under constant and vigorous stirring and sonication. The chemical dis-
integration is quite challenging in term of purification of the cellulosic fiber as a lot
of mass loss may occur. Acid treatments leading to the formation of the NCC have
been reported by several authors [53–55] by variation of acid concentration, time
of treatment, temperature, and freeze-drying procedures. As a result, the NCC crys-
talline aggregates having several tens of nanometers width and up to several hundred
nanometer lengths can be obtained.

2.1.2 Mechanical Method

(a) Compression and roller mechanical technique

In compression mechanical method, cellulosic fibers are placed between beds
of two metal plates at high force of 10 ton for 10 s, whereas in roller mechanical
technique, fibers are passed between two rollers in which one is mobile while the
other is fixed. These techniques were used to fibrillate wood dust and corn stover
into cellulose nanofibers [54, 55].

(b) Homogenization

In this technique, cellulose fibers are passed through a narrow valve at very high
pressure and released suddenly to normal pressure which acts as the shear force to
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explode the inner fibers. The basic concept of this technique is to release all binding
forces initially applied to the nanofibers while forming macroscopic fibers. Usually
raw and mercerized fibers are employed for homogenization. This technique was
used for nanofibrillation of hard and softwood pulps, banana peels, and sugar cane
baggage [45, 46, 56, 57].

(c) Ultrasonication

Ultrasonication is an electro-mechanical process of disintegrating macrocellulose
into the NCC. Sound energy of more than 20 kHz is used to agitate particles present
in the aqueous cellulose suspension which leads to the microscopic disintegration
followed by breakage of intermolecular bonds [49, 58]. Besides the energy of the
ultrasonic waves, the treatment time, temperature, and presence of impurities can
significantly alter the yield, morphology, and hence the properties of the NCC.

2.1.3 Bacterial Synthesis

One of the most important features of the bacterial cellulose is its chemical purity,
which distinguishes it from the cellulose extracted from higher plants, usually asso-
ciated with hemicelluloses and lignin, removal of which involves several steps. Due
to their unique ultra-fine and uniformly reticulated structure, the bacterial nanocel-
lulose find wide applications in paper, textile, food, and cosmetics industries as well
as in tissue engineering and medicine [59].

Bacteria such asAcetobacter xylinus, Rhizobium,AgrobacteriumEscherichia coli,
and Sarcina have been found to biosynthesize cellulose nanofibers with highly crys-
talline texture [60, 61]. Further, NCC andMCC fibrils can be synthesized by bacteria
in the presence of glucose, oxygen, nitrogen, and micronutrients. In this process, var-
ious carbon compounds in the nutrition media are utilized by the microorganisms
to polymerize their molecules into a single, linear β-1, 4-glucan chains and secrete
outside the bacterial cell. First, nascent β-1,4-glucan chains are produced. Then,
a number of such chains combine to form interwoven microfibrils to give a thick
gelatinized network of the fibers [59]. The amount and nature of bacterial cellulose
production vary, besides the nature of the microorganisms with the type of carbon
sources (such as glucose, mannitol, glycerol, fructose, sucrose, and galactose) [62].

2.2 Preparation of Polymer Composites

There is a vast number of references available for fabrication of polymer composites
involving biodegradable polymers and natural fibers. In brief, the commonprocessing
route involves the physicalmixing of the components in a drum, followed by agitation
inside an internal mixture under inert atmosphere and palletization. The samples
fabricated during melt compounding of the pellets are then subjected to molding
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by various means such as compression, blowing, casting, injection and spinning,
calendaring, blowing, and printing [4, 6–9, 11, 13, 14, 25, 35, 36, 41].

2.3 Characterization Techniques

There are wide varieties of techniques that characterize the specific properties of the
polymeric materials. The choice of the techniques depends primarily on the nature
of the properties that are relevant for the particular application. For the degradable
materials intended for packaging, insulation and other low load-bearing fabrications,
the stability against thermal and mechanical stress as well as the structural details
linked to those properties are of particular interest. In this section,we briefly highlight
the techniques used for such characterizations. For the detailed information on those
issues, the readers are referred to specific monographs and reviews [63–68].

2.3.1 Structural Characterization by Microscopy

Morphological characterization of materials is generally performed by microscopic
(optical as well as electron microscopy) and X-ray diffraction techniques. These
methods provide awide range of information on different length scales. The structural
details of fibers and polymer composites ranging from a few Angstroms up to over
100 mm can be evaluated by these tools [7] (Fig. 1).

The optical microscopy (OM) offers the overview imaging of the microscopic
structures which are a few microns up to a few millimeters in dimension. Polarizing

Fig. 1 Resolution ability of different microscopic tools [69]
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Fig. 2 Micrographs showing morphology of natural fibers at different length scales: a optical
photograph of the fibers embedded in a polymer matrix, b microcrystalline cellulose (MCC), and
c nanocrystalline cellulose obtained from the MCC [71]

optical microscopy (POM) gives, in most cases, the clear idea about the microscopic
dimension as well as information about the structural heterogeneity of the materials
including macroscopic crystalline textures [66, 70].

Scanning electron microscopy (SEM) [6, 71–74] and transmission electron
microscopy (TEM) [56, 71, 74–76] offer the resolution of up to individual nanofibers
illuminating the insight into the polymer–fiber interface. The SPM including scan-
ning tunneling microscopy (STM) and scanning force microscopy (SFM) can easily
go into atomic resolution domain of materials characterizations [62–68]. Thus, it can
be easily followed that the scanning probe techniques and electron microscopy (EM)
possess the central position among the modern nanoscale characterization tools for
detailed characterization of the polymeric materials.

As illustration, Fig. 2 shows themorphology of cellulosic fibers on different length
scales as observed by POM, SEM, and TEM. The overview of the natural fibers along
the longitudinal axes is presented in Fig. 2a in which the grayscale of birefringence
in the fiber surface represents the crystalline texture of the fibers. The field emission
SEM imaging of the chemically processed MCC fibers illustrated in Fig. 2b depicts
quite uniformly distributed cellulosic fibers while the micrograph in Fig. 2c shows
the structure of individual nanofiber obtained from the same stuff as presented in
Fig. 2b via strong acid treatment [71]. It should be, nevertheless, admitted that the
information obtained by microscopic tools is limited to very local structural details.
For more integral structural details of the materials, diffraction and spectroscopic
techniques are required.

2.3.2 X-Ray Diffraction and Spectroscopic Characterization

Many polymericmaterials, including natural polymers and fibers, are semicrystalline
in nature and their crystalline behavior can be well revealed by X-ray diffraction
(XRD). In this method, the intensity of the peaks along with the 2θ values precisely
signifies the crystalline behavior. The diffractogram can be used to calculate the
crystallinity index, determine the nature of crystals as well as quantify the d-spacing
(practically the distance between two crystalline layers) [66, 77, 78]. The crystallinity
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index can be calculated as [77]:

Crystallinity index (%) = I200 − Iam
I200

× 100%

where

I200 Intensity value for crystalline cellulose, and
Iam intensity value for amorphous cellulose.

It can be concluded that the cellulosic fibers depict the crystalline peaks at the 2θ
values between 12° and 25° of the diffractogram [38, 46, 71, 79, 80]. For instance, the
XRD patterns of banana peel MCC fibers obtained by a series of mechano-chemical
processing steps are presented in Fig. 3. The size of the nanocrystals wasmanipulated
by allowing the cellulosic nanomaterial through the homogenizer for 3, 5 and 7 times
which resulted in the decrease of the particle size in the same order (which have been
designated as N3, N5, N7, respectively in Fig. 2 [46]. The figure shows an increasing
trend of the crystallinity on decreasing the particle size of NCC.

In the similar manner, the crystallization behavior of polymers and composites
with natural fibers can be determined by XRD [81, 82]. The method allows the
observation of influence of filler incorporation in nucleation of crystalline phases, of
the polymer matrix.

Fig. 3 XRD patterns for banana peel (Bran), NCC (N0) and the NCC passing through homogenizer
for 3 (N3), 5 (N5) 7 (N7) times [46]
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Spectroscopic techniques such as Fourier transform infrared (FTIR), Raman, and
X-ray photoelectron spectroscopy (XPS) can be utilized in order to accessmolecular-
level information on the interaction between different phases, nature of the interface,
etc. In particular, in FTIR spectra, the spectral positions on wavenumber scale are
directly linked to different functional groups and thus may signify the interaction at
the interfacial region. The information can be later linked with the resulting physico-
chemical properties of the materials [36, 83–85].

We illustrate the application of spectroscopy in characterization of polymer com-
posites comprising biodegradable copolyester, the PBAT, and 5 wt% each of micro-
(M5) and nanocrystalline (N5) celluloses, see Fig. 4. Let us first examine the peaks
corresponding to the copolyester. The small peaks located at 1460–1354 cm−1 [86]
give IR absorption for vibrational stretching of C–H bond in the CH3 group of PBAT.
Moreover, the peak at 1099 cm−1 indicates the presence of C–O–C stretching vibra-
tion of the ester bond of the PBAT. Similarly, the peak centered at 723 cm−1 represents
the aromatic ring present in the polymer [87].

Figure 4 further shows the absorption spectra of the M-5 composites which are
exactly similar in pattern as of the PBAT [85]. The PBAT, M-5, and N-5 all show
absorption peaks at 2959–2845 cm−1 (corresponding to C–H stretching) [32, 88], the

Fig. 4 FTIR absorption spectra of the PBAT compared to that of M-5 and N-5 composites [85]
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intense peak at 1711 cm−1 (representing C=O stretching), and another intense peak
at 1247 cm−1 (corresponding to C–O stretching of carbonyl group) [47, 85, 89].

In the spectra of the composites surfaces, there are no peaks corresponding to
the MCC and the NCC. The presence of the only peaks corresponding to the PBAT
in both the composites indicates the dominance of PBAT toward the surface of the
composite films. The FTIR spectra further illustrate that, in spite of good compati-
bility between MCC as well as NCC with the PBAT, there is no significant bonding
of chemical nature, also supporting the notion of microscopic results [85]. In brief,
the spectroscopic data act as signature for chemical identity of the materials also
illustrating the presence of any chemical interaction in the interfacial region and
preference of any components toward the surface.

2.3.3 Mechanical, Thermal, and Degradation Behavior

Mechanical properties of polymeric materials and fibers can be determined by differ-
ent methods such as tensile as well as compression, impact, and dynamic mechanical
testing [68]. On the other hand, thermal and degradation behavior can be measured
by various techniques as well [67]. These measurements not only provide the mate-
rials specific properties profile of the substances but also record the signature of
various chemical treatments and interfacial modifications. Here, we present as an
example of the effect of micro- and nanofibrillation of the cellulosic fibers on their
thermostability [85].

The plot in Fig. 5 illustrates of thermogravimetric analysis of MCC and NCC
[85]. Both show two-step degradation processes. The MCC shows an initial weight
loss of up to 7% at around 120 °C which corresponds to the removal of water and
other volatile substances. The MCC itself starts to degrade at 225 °C, the major
degradation occurring at Tmax of 373 °C. The complete thermal degradation of the
MCC takes place at around 400 °C [85].

Similarly, NCC losses its weight by 10% due to the removal of water and other
volatile substances at around 120 °C while its degradation starts at 231 °C followed
by the major degradation occurring at Tmax of 300 °C. The complete degradation of
the NCC occurs at 408 °C leaving the residual mass of 22.16% in the form of char
after combustion at 600 °C. Thus, on comparing thermal behavior, one can observe
that the MCC is found to be more thermally stable than the NCC [85].

Thus, the thermogravimetric measurements allow the comparison of the ther-
mostability of the materials at hand, irrespective of whether the materials are the
natural fibers or their blends or the composites with polymers.
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Fig. 5 TGA thermograms of MCC and NCC extracted from WS [85]

3 Natural Fibers and Degradable Green Composites

3.1 Natural Fiber Composites

It has been pointed out that the common fillers of both scientific and economic inter-
ests have been derived fromwood flour [90–96], rice husks [96, 97], and other natural
resources such as flax, sisal, kenaf, kraft, and jute. [98–101]. Particular attention has
been paid in many previous studies on the use of agricultural and carpentry wastes
(such as rice husks, cotton rests, and saw dusts. [90–92, 102]) as reinforcing filler
to prepare the novel composite materials. A large volume of scientific data con-
cerning the processing, properties, and morphological aspects of natural fillers in
polyolefins [91, 102], polyesters [103], and thermosetting resins [104] can be found
in the literature. Aiming at the study of the thermal, mechanical, and morphological
properties of the composites of commodity plastics such as polypropylene (PP) and
polyethylene (PE), the former was blended with carpentry waste of the wood Shorea
robusta and investigated for morphological, mechanical, and thermal properties of
the composites [105]. The morphological results are presented in Fig. 6.

Figure 6a is the SEM image of fracture surface of neat PP/60 wt% wood flour
composite. There are sharp ridges at the interfacial region, formed by incompatibility
between the components [105]. Figure 6b presents the SEMmicrographs of the cor-
responding sample as presented in Fig. 6a but containing 5 wt% maleic anhydrides
grafted PP (PP-g-MA) as a compatibilizer in the polypropylene matrix. The fracture
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Fig. 6 SEM images of composites containing 60 wt%wood flour in PPmatrix; a no compatibilizer
and b with compatibilizer [105]

surface morphology of the composite presented is quite similar to that presented in
Fig. 6a with typical structures of the wood fibers and the surrounding polypropylene
matrix. However, the wood structures in Fig. 6b appear rougher and have no cracks
at the boundaries with the matrix. The filler particles further keep their basic mor-
phology, but exhibit coarser surface textures implying the presence of good bonding
between the particles and matrix [105].

Suchmorphological behavior is typical of hydrophobic polymerswith hydrophilic
natural fibers. There is generally a clear indication of role of compatibilizers in the
morphological properties of the composites [10].

The results so far outlined in this section help to illustrate the basic morphology
of natural fibers composites and the effect of compatibilizer on morphology and
thus on resulting properties of the materials [105]. The presence of natural fibers
in contact with commodity plastics may facilitate the weathering process of the
polymer. However, it should be kept in mind that these composites are unable to
spontaneously biodegrade. In the next section, the structure and properties of some
completely degradable composite materials will be illuminated.

3.2 Degradable Polymer Composites

Biodegradable polyesters and copolyesters [30, 106–108] have been recently used
as a matrix to prepare new materials. Among the biodegradable polymers, PLA and
polybutylene succinate (PBS), aliphatic–aromatic copolyesters, etc., have got par-
ticular commercial attention due mainly to their biodegradability and sustainability
[28, 29, 36, 52].

Thus, aiming at the development of completely biodegradable compositematerials
based on locally available low-cost bamboo flour (BF) as filler, structure-properties
correlations in the composites of the aliphatic–aromatic copolyester (a commercial
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Fig. 7 Scanning electron micrographs of the Ecoflex/BF composites: a 20 wt% BF and b 60 wt%
BF; cryo-fractured surface of the specimens [36]

product, the PBAT, called as Ecoflex) and BF were studied. For instance, the SEM
micrographs of the fracture surfaces of two different composites (having 20 and
60 wt% of alkali-treated bamboo flour) are presented in Fig. 7 [36].

In the composites with 20 wt% BF (Fig. 7a), both the matrix and filler can be
easily recognized. At several locations, BF fibers which have been pulled-out from
thematrix can be observed. Also, the holes formed by the pulled-out fibers are visible
on the micrographs [36].

At high BF content, the matrix fraction practically disappears on the micrographs
as it functions only as binding materials for the BF. In the composite with 60 wt%
BF (Fig. 7b), the fibers are as randomly and uniformly distributed as in the case of
low filler content composite. The fibers have no preferential orientation. It is indeed
very interesting to note that a very large amount of BFs can be dispersed into the
polymer matrix without using any compatibilizer [36].

For gaining closer insight into the morphology of the Ecoflex/BF composites, the
compression-molded samples were studied by wide-angle X-ray scattering (WAXS)
using reflection modes which provided the information on the structure of materials
on the surface aswell as bulk of the specimens. The results are presented in Fig. 8 [36].
In the pure Ecoflex, several peaks corresponding to the semicrystalline framework of
the matrix could be ascertained. The Ecoflex crystalline reflections of the composites
observed at values of 2θ 17.3°, 20.2°, and 23° progressively disappeared, implying
that the structure of the matrix was gradually destroyed by the presence of BFs. As a
result, in the compositeswith 40%BFormore, the structure of theBFs predominated,
and the diffractogram of cellulose appeared [36].

It was demonstrated that quite high amount of BF could be easily incorporated
quite homogeneously into the biodegradable polymeric matrix. The filler weakly
adhered to the matrix as demonstrated by the pulling-out of BFs on the electron
micrographs, which was further attested by thermogravimetric analysis [36].

The tensile mechanical properties of Ecoflex/BF composites are presented in
Fig. 9 [36]. The results illustrate that the pristine polymer exhibits large plastic
deformation, accompanied by yielding, cold drawing, and strong strain-hardening
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Fig. 8 WAXS patterns of Ecoflex/BF composites containing various amount of BFs recorded in
reflection mode [36]

Fig. 9 Tensile stress–strain curves of Ecoflex/BF composites having various BF concentrations
[36]
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phenomena showing elongation at break of 800%and tensile strength of over 30MPa.
The addition of 20 wt% of the filler BF results in a drastic reduction in both strain
at break and tensile strength. Nevertheless, the yield strength of the composites
increases with filler content. The composites were thus reported for being suitable
for low load-bearing applications [36].

In spite of the matrix being degradable, such materials (as the composites based
on PLA, PHB, Ecoflex, etc.) may not be termed as completely degradable as the filler
and matrix remain intact due to the presence of compatibilizers at the filler/matrix
interface [30, 36, 103]. In the next section, we will deal with the composite materials
usingmicro- and nanocrystalline celluloses derived from agricultural wastes and also
shed light on the degradation behavior of such materials.

3.3 Completely Degradable Green Polymer Composites

The completely degradable green composites are those in which the polymers are
derived from green sources. Besides, all the constituents of the composites must
undergo degradation under soil composting conditions. Such composites are indeed
the need of the present situation. Degradable polymers with aromatic ring usually
do not go biodegradation or composting process as breakage of such ring needs high
energy, and in the soil, there are no microbes which can enzymatically deteriorate the
aromatic rings to convert the polymers into simpler forms [14]. Polymers containing
simple hydrolysable chemical bonds (such as ester, ether bonds) get easily decom-
posed under soil burial conditions and attacked by microorganisms and minerals [30,
109]. Thus, PLA, PHA, PHBV, and their composites with bio-fillers such as MCC,
NCC, starch, hydroxyapatite, lignin, chitin, and chitosan are used to prepare com-
pletely green composites [36, 83, 85]. These composites even due to the presence of
the biogenic fillers undergo early degradation. There are many research reports on
evaluating the effect of filler nature and duration of soil burial on the biodegradation
of polymeric materials [2, 83, 85, 110–112].

3.3.1 Introduction to Biodegradation

Polymers comprise giant molecules which may undergo degradation when their
bonds break. The later process can be induced by exposure of the materials to light
(such as UV radiation), environmental weathering, and soil composting or microbial
incubation [29, 42, 112–114].

Incubating the polymeric materials with specific microorganisms may break the
macromolecules during their metabolic activity. The bacteria produce primary and
secondary metabolites or some specific enzymes which have the capacity to break
the stereospecific and stereoselective bonds. Bacillus subtilies, Aspergillus niger,
Streptococcus aureos candida, and E. Coli are some of the organisms which are
been proved as potential agents for degradation of polymeric materials [16, 78, 109,



304 J. Giri and R. Adhikari

113–115]. Besides the nature of microbes, the types, and dimension of biogenic
filler and the surrounding environment in terms of pH, temperature, and presence of
different ions affect the degradation process [62, 70, 87, 90, 94, 109, 110, 116, 117].

Soil offers a natural environment in the upper layer of earth crust the habitat for
different organisms such as bacteria, virus, fungi, insect, small rodents, reptile, and
mammals. Usually, we expect the good degradation process when the soil contains
a large population of microorganisms, acidity and the corrosive minerals contents
[27–29].

Turning toward the renewable flora-based resource of the nature, either from
agriculture or from the forest products, it can be observed that major part of the plant
bodies is made up of macromolecular cellulosic materials [6, 33, 38, 41, 43, 44,
46–48]. After end use of the products, a large part of agricultural and forest residues
become wastes. Thus, it is wise to utilize such wastes as renewable resources to
prepareMCCandNCC,which is in linewith principles of green chemistry signifying
the conversion of waste to value-added products [28, 117–121].

3.3.2 Morphological Characterization

In this section, among different kinds of biodegradable polymer composites, we
focus on the structural characterization of some PBAT-based composite materials.
An agricultural waste, the wheat stalk, was used for the extraction of MCC and
NCC by thermo-chemical and mechanical treatments. The MCC and NCC were
then compounded with the PBAT via melt mixing. For example, the lower (top) and
higher (bottom) magnification SEMmicrographs depicting the internal morphology
of the composite comprising 40 wt% MCC (i.e., the sample M-40) are shown in
Fig. 10 [85].

The micrograph with lower magnification (Fig. 10a) shows that there are regions
with relatively smoother as well as rougher textures. The smoother areas represent
the less deformed parts, whereas the rough areas stand for not deformed ones during
fracture surface preparation. Nevertheless, at the first glance, it can be observed that

Fig. 10 Lower (top) and higher (bottom) magnifications of SEM micrograph of cryo-fractured
surface of PBAT composite 40 wt% of MCC [85]
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the composite is a quite homogeneous mixture of the polymer and the MCC. The
average thickness of theMCCfibers is 5μmwhile the average length is about 100μm
[85].

A closer look in Fig. 10b reveals further that there is a quite strong physical inter-
action between the polymer matrix and filler although there is no specific chemical
bonding [85].

The properties of the composites were evaluated via soil composting tests, con-
tact angle as well as water absorption measurements, scanning electron microscopy
(SEM), and gel permeation chromatography (GPC) [85]. The cellulosic filler was
found, as per SEM results, to uniformly disperse in the polymer matrix forming
a quite homogeneous composite which visibly degraded completely within a few
months under soil composting and showed high water absorption, these properties
being enhanced with the filler content [85]. Compared to the neat PBAT, the com-
posites showed enhanced surface hydrophilicity thereby increasing the vulnerability
of degradation. In spite of the seemingly remarkable decrease in mechanical stability
of the polymers under soil burial for several months, no substantial lowering of the
molecular weight was observed [85].

These results are in consistence with the conclusions drawn in similar works
reported in the literature including blends and composites with chitosan [122], starch
[123], clay [124], and other systems comprising polylactides and other degradable
systems [45, 53, 125].

For the sake of comparison, in Fig. 11, we present the morphology of a nanocom-
posite of the PBAT comprising 5 wt% of the NCC [85]. Indeed, the nanofiller con-
tent that brings the significant effect of large surface areas on the properties of the
nanocomposites lies in the range of 1–5 wt% [126–128]. Thus, it makes sense to
present the results comprising a lower amount of the nanofiller.

The dispersion of the NCC in the polymer matrix is uniform, with no noticeable
tendency of agglomeration of the filler into the polymer matrix. The agglomeration
tendency of the nanofiller into the polymer is a sign of the incompatibility of the
filler with the adhering matrix [129]. The micrographs presented in Fig. 11 depict

Fig. 11 Lower (top) and higher (bottom) magnifications SEM micrographs of PBAT composite
comprising 5 wt% of NCC [85]
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a reasonable PBAT/NCC compatibility, which is also supported by the presence of
cylinder shaped fillers with the thickness in the range of 40–80 nm [85].

Looking at the thickness of individual nanocrystals and corresponding microcrys-
tals, the average number of the nanocrystals per microcrystal bundle can be estimated
to be approximately 100. Thus, it can be concluded that the nanofibrillation could
bring, in case of cellulosic materials, an increase in the surface area by about 100
times. Hence, the nanocomposites can be considered to be much more effective than
the conventional ones [85].

3.3.3 Surface Properties

The surface property of the composites, particularly the hydrophilicity, also correlates
with their susceptibility toward biodegradation. The nature of the surface determines
how thematerial responds with highly polar substances such as water. During contact
angle measurements, generally, the water droplets form the angles with interacting
surfaces whose dimension depends upon hydrophilicity or hydrophobicity of the
substrate. Higher contact angle represents hydrophobicity, whereas the lower contact
angle stands for hydrophilicity [85, 130, 131].

Figure 12 shows spontaneous contact angles formed by water droplets on the sur-
faces of pure PBAT and two different composites [85]. At first glance, the contact
angle on the PBAT surface looks slightly larger (implying slightly higher hydropho-
bicity) than on that of the composites. Indeed, the contact angles measured for
the surfaces of PBAT, M-5 and N-5 composites are 83.3°, 77.1°, and 70.1°. The
decreased hydrophobicity of the composites surfaces compared to the pure PBAT
can be attributed to the presence of the hydrophilic cellulosic fractions [132]. The
fact, that the spontaneous contact angles of both M-5 and N-5 composites are simi-
lar, further illustrates that the hydrophobicity of the specimens primarily depends not
only on the chemical nature but also on the dimensional nature (micro- or nanoscale)
of the bio-. The results imply that the lower the particle size of the hydrophilic fillers,
the higher would be the ease of filler dispersion in composites and thus higher would
be the interaction with water. The result is consistent with literature work [131].

The results from surface contact angle measurement, however, suggest that there
is some segregation of the cellulose toward the sample surface that attracts water
onto it although there was no clear evidence of surface segregation of the filler as per
spectroscopic and microscopic data [133].

In summary, the wetting behavior can be correlated with the degradation suscep-
tibility of the composites at hand, the nanocomposites being more susceptible to
water absorption and thereby providing higher ease of degradation under soil burial
conditions (to be discussed in the next section) [85, 134, 135].

The composites dealt with in Figs. 10, 11, and 12 have been found to possess
excellent water absorption tendencies, thereby increasing the ease of hydrolysis and
bond cleavage under microbial attack.



13 Biodegradable Copolyester-Based Natural Fibers … 307

Fig. 12 Photographs showing spontaneous contact angles of water droplets on the PBAT surfaces
of a pure PBAT, b composite comprising 5 wt% of MCC, and c composite comprising 5 wt% of
NCC [85]

3.3.4 Degradation Under Soil Burial Conditions

Morphological investigations of the materials subjected to degradation under soil
burial conditions were carried out. Thus, the information on the physical states upon
various stress conditions was obtained. The structural features of the samples after
the experiments are presented in Fig. 13 [85].

The photographs in Fig. 13 show that compared to the highly ductile nature of the
PBAT, on soil composting, both the PBAT as well as its composites became quite
brittle [85]. The surface of the composites was found to be attacked by the microbes.
After 4 months of composting, the samples turned very brittle, the fragility of the
specimen ismore pronounced for the composites having a higher amount of theMCC
[85].
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Fig. 13 Photographs of different PBAT/MCC composites subjected to soil burial for different
periods of time as indicated [85]

Among the results presented in Fig. 13, morphological features of the composite
M-20were further studied in detail by scanning electronmicroscopy. In the beginning
of the degradation, the voids of various diameters appeared on the samples surfaces,
as a result of consumption of the filler particles as nutrients, by the microbes. With
increasing soil burial period, the fillers content decreased which completely vanish
after 4 months.

It can be expected that the degradation process of the composites materials under
soil burial condition is accompanied by a drastic reduction in the molecular weight
(Mw) of the polymers which finally would lead to embrittlement of the polymeric
materials. Thus, the molecular weight of the polymers after the various interval of
soil burial was analyzed [136–138].

The variation of themolecular properties of the PBAT in neat form and in the form
of composites was investigated by gel permeation chromatography (GPC) using PS
standard [85].

It was found that, under soil burial conditions, the Mw values of the pure PBAT
decreased from 48.62–21.60 kg/mol in 4 months. In the case of the composite com-
prising 40 wt% of MCC, the Mw values decreased in same way [85]. Molecular
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weight lowering was also observed on soil composting of poly(butylene sebacate)
[110].

The PBAT showed significant ease of degradation in molecular weights under
soil burial conditions which was further enhanced by the presence of the cellulosic
filler. However, it was stressed that the polymer chains did not completely degrade
but rather turned into smaller fragments that might be present for longer times as
microscopic particles in the soil forming a sort of microplastics aggregates [85].

4 Biodegradation Mechanisms

Usually, any kind of degradation starts from the points of weak bonding in the
heterogeneous materials. It is known that the chemical linkages, such as with ester,
ether, amide, and hydrogen bonds are susceptible to hydrolysis that are easily attacked
by chemicals and microbes [139–141] .

The degradation process may proceed with the action of some kinds of acids or
enzymes on those weak active sites thereby fragmenting the giant molecules into
smaller entities including the liberation of some gases. The polymeric materials can
even undergo photolytic degradation on long exposure to sunlight, microwaves, or
UV-radiations and generate free radicals [42].

The biodegradation is a complex process which has been considered to take places
in three basic stages [139]: biodeterioration, biofragmentation, and assimilation, in
which also the influence of the abiotic factors cannot be undermined. The biodiversity
of themicroorganisms and their efficacy toward the formation of complex biofilm and
their catalytic abilities transform the degraded substances to the nutrients represent
highly sophisticated natural phenomena [62, 115].

The biodeterioration stage can be pretty well assessed by thermal and micro-
scopic methods while the fragmentation stage can be monitored by evaluating the
changes in the molecular characteristics. The production of carbon dioxide gas is a
simple signature of the bioassimilation process which, of course, involves the forma-
tion of various kinds of metabolites and microbial biomass [59–62, 115, 116]. The
terminal groups and gaseous substances, as well as the biofilms produced during
the degradation processes, can be analyzed by different spectroscopic techniques
[30, 109, 114, 139].

In case of polyesters and copolyesters, which have been primarily dealt with in
this work, two important biodegradation mechanisms have been found effective; see
Schemes 3: and 4: [139].

I. Hydrolytic mechanism

See Scheme 3.

II. Main chain scission

See Scheme 4.
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Scheme 3 P BAT degradation via hydrolytic attack on carbonyl group of ester to liberate free
–COOH and –OH groups; the letters “p” and “n” refer to the degree of polymerization of respective
segments

Scheme 4 PBAT degradation by chain scission at different positions of the macromolecular
skeleton under different conditions

5 Summary, Trends, and New Opportunities

In this chapter, we attempted to offer an overview, with recent research outputs
and applications, the structure-properties correlations of biodegradable copolyesters-
based polymer composites. The results can be summarized as follows.

• The lignocelluloses based micro-and nanofillers can be synthesized by various
chemical, mechanical, and bioinspired (or biosynthetic) methods and be evalu-
ated in terms of their structural and molecular characteristics via spectroscopic,
microscopic, and scattering and chromatographic techniques.

• The MCC and NCC fillers can be incorporated up to a pretty high weight fraction,
easily into the biodegradable copolyester matrix even without the use of compat-
ibilizers. However, the practical applications of such composites are limited for
low load objects fabrication.

• The copolyester-based composite materials undergo rapid fragmentation process
under soil burial conditions leading to highly brittle materials. The molecular
weight degradation has been, however, found to be not that significant within a
few months duration.
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There is a trend of utilizing the copolyesters and their composites for biomedical
applications [9, 10, 21], for smart packaging films [14, 16, 106] and functional
coatings and for flexible conducting materials [15]. These strategies are achieved by
introducing different functional groups via grafting onto the natural polymer chains
and then making graft and block copolymers with synthetic polymers. The challenge
will be then to find suitable routes for biodegradation as the latter is a complex process
and a single microbial strain would not be sufficient for the targeted biodegradation.
In this case, microbial communities can be employed.

There are several biodegradation pathways for polymeric materials including
degradable copolyesters which have been successfully employed. However, the
routes for controlled degradation processes leading to the solution to the funda-
mental environmental problems are yet to evolve. In our Nepalese context, due to
the presence of large microbial biodiversity in the region, and proven opportunities
to design the microbial communities via uncomplicated genetic manipulation, there
are unparalleled opportunities. The thermophilic and cold-loving bacteriamight offer
great potential in terms of degradation of the polymers, in general, which still needs
to be explored.
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Chapter 14
DSC and SWAXS Studies on the Effects
of Silk Nanocrystals on Crystallization
of Poly(L-Lactic Acid)

Amit Kumar Pandey, Pham Thi Ngoc Diep, Rahul Patwa, Vimal Katiyar,
Sono Sasaki and Shinichi Sakurai

Abstract Poly (l-lactic acid) (PLLA) is one of the most frequently used biobased
polyesters due to its favorable mechanical properties. However, some properties such
as slow crystallization rate and low crystallinity restrict its commercial uses. In order
to overcome these limitations, organic nanofillers are incorporated into the PLLA
matrix. Herein, we report the use of silk nanocrystal (SNC) as a solid-state nucleation
agent, which has been prepared in the laboratory from the wastes of the muga silk
cocoon. PLLA/SNC composites with 1.0 wt% loadings of SNC have been prepared
by solution casting with dichloromethane as a cast solvent. Isothermal crystallization
kinetics at 110 °C has been studied by the differential scanning calorimetry (DSC)
and small- and wide-angle X-ray scattering (SWAXS) upon quenching from melt
(200 °C for 5 min). As a result, it is found that loading SNC with 1.0 wt% caused
the reduction of the induction period, the acceleration of crystallization, the increase
of the final value of the degree of crystallinity, and the acceleration of lamellar
thickening. These experimental results can be explained by the fact that the regular
folding of the polymer chains is attained by the loading of SNC.

Keywords Poly (l-lactic acid) · Silk nanocrystal · Small- and wide-angle X-ray
scattering · Crystallization

1 Introduction

Poly(l-lactic acid) (PLLA) has received much more attention recently due to its
biodegradability and high mechanical strength. However, some properties such as
slow crystallization rate and low crystallinity are the main disadvantages that restrict
its wider applications. To overcome these drawbacks, a number of fillers (in the
solid state: talc, sodium stearate and calcium lactate, etc. [1], or small amount of
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plasticizer [2]) have been investigated over the past few decades to enhance the
crystallization rate of PLLA. Especially, it is highly requested for manufacturers
to attain the complete crystallization within the processing duration; otherwise, the
gradual crystallization would take place in the processed materials which results
badly in cracking or tightening of wound fibers and films due to the shrinkage of the
materials. Therefore, it is very important to prevent such drawbacks by improving
the crystallization abilities of PLLA. In other words, the crystallization of PLLA is
desired to be completed within several seconds.

Another important aspect is that the fillers are required to be biobased and
biodegradable. Very recently, some of our co-authors have reported that silk
nanocrystal (SNC) can improve crystallizability of PLLA [3]. In this regard, we focus
on the effects of SNC on the crystallization of PLLA in this study by conducting
differential scanning calorimetry (DSC) and the time-resolved small- andwide-angle
X-ray scattering (SWAXS). The SNC used for this investigation was prepared in the
laboratory from the wastes of the muga silk (Antheraea assama) cocoon by modified
acid hydrolysis process [3]. The crystalline portion (the β-sheets of the silk fibroin)
was isolated, and thewell-defined disklike particleswere obtained. Suchmorphology
and dimensions have been reported in the previous report [3], 20–80 nm in diameter
(the average diameter of ~45 nm) and 2–5 nm in thickness. The degree of crystallinity
in SNC was calculated from the X-ray diffraction data ~93.7%. It is needless to say
that SNC is hydrophobic and biocompostable.

It should be further noted that very quick cooling is highly required in this study in
order tomatch the experimental condition to ordinary process condition (coolingwith
~500 °C/min), for which a conventional DSC apparatus is useless. For such a pur-
pose, we have utilized a special type DSC apparatus [DSC214 Polyma (NETZSCH,
Germany)], which enabled us to facilitate the cooling with ~300 °C/min.

2 Experimental

We used a PLLA sample that was purchased from NatureWorks LLC with 0.5%
D-moiety (2500 HP) (D0.5). The melt flow rate (MFR) test was conducted at 210 °C
with the standard weight of 2.16 kg. The result was 8.0 g, which corresponds to the
Mw (weight-average molecular weight) = 1.74 × 105 [2]. The SNC used for this
investigation was prepared in the laboratory from waste muga silk (A. assama) by
modified acid hydrolysis process [3]. The crystalline portion (the β-sheets of the silk
fibroin) was isolated, and the well-defined disklike particles were obtained. Such
morphology and dimensions have been reported in the previous report [3].

The isothermal crystallization process was followed by DSC and SWAXS. The
DSC measurements were performed on DSC214 Polyma (NETZSCH, Germany).
About 5.1–5.2 mg of the specimen was sealed in the Al pan, and it was first heated
up to 200 °Cwith 10 °C/min from room temperature (RT), kept isothermally at 200 °C
for 10 min, followed by quick cooling to 110 °C with the cooling rate of 308 °C/min
for the isothermal crystallization (see Fig. 1 for the change in temperature). The
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Fig. 1 Change in the temperature of DSC measurement for the isothermal crystallization upon
cooling from 200 °C to 110 °C

specimen was purged with nitrogen gas (50 mL/min) during the DSC measurement.
The experimental setup of the SWAXS measurements is shown in Fig. 2. The

stacked specimens with the total thickness being nearly 1 mm were sandwiched
between 2 pieces of the Kapton film (thickness: 25 μm, DuPont-Toray Co., Ltd.,
Japan), and the sample cell was sealed. To measure the exact specimen temperature

Fig. 2 Experimental setup of the time-resolved SWAXS measurements for the isothermal
crystallization (adapted from reference [2] with a permission)
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Fig. 3 Change in
temperature of the
time-resolved SWAXS
measurements for the
isothermal crystallization
upon cooling from 200 °C to
110 °C (adapted from
reference [2] with a
permission)

for the T-jump from melt to the crystallization temperature for the isothermal crys-
tallization, a thermosensor (K type) was inserted directly into the specimen. From
RT, the specimen was heated to 200 °C. Then, the specimen was isothermally main-
tained for approximately 10min to allow the specimen tomelt completely. By quickly
moving the sample cell to the SWAXS heater block maintained at 110 °C, the time-
resolved measurements were started. The change in temperature of the specimen
upon the T-jump from 200 to 110 °C is shown in Fig. 3 from which the cooling rate
was found 385 °C/min. Thus, the cooling rates almost match each other for the DSC
and SWAXS experiments. Note here that it took only 13 s to equilibrate temperature
at 110 °C from melt at 200 °C.

We conducted the time-resolved SWAXS measurements to follow the isothermal
crystallization with an exposure time of 5 s at BL-6A of the Photon Factory in
High Energy Accelerator Research Organization, Tsukuba, Japan, using the two-
dimensional detector PILATUS 100 K for WAXS and PILATUS 1 M for SAXS
(DECTRIS Ltd., Baden, Switzerland). The WAXS and SAXS detectors were set at
40 mm and 2 m, respectively, from the sample position (heater block). The X-ray
wavelength was 0.150 nm. Refer to the literature [4] for more details of the SAXS
beamline BL-6A.

2.1 Results and Discussion

Figure 4 shows the change in the WAXS patterns with time for the D0.5 neat spec-
imen. Here, q denotes the magnitude of the scattering vector, as defined by q =
4π/λ sin(θ /2) with λ and θ being the wavelength of X-ray and the scattering angle,
respectively. At 12 s, elapsed from t = 0 (shown in Fig. 3), no crystalline peak was
observed and the amorphous halo peak was merely seen. This fact clearly ensures the
amorphous state and the crystallization yet set in at 12 s. This further suggests that
the induction period is longer than 12 s. On the contrary, after the elapse of 37 s, a
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Fig. 4 Changes in the WAXS patterns with time for the D0.5 neat specimen

crystalline peak was observed, indicating that the crystallization had started. As time
goes on, the intensity of the peak increased and the number of the crystalline peaks
was increased. By conducting the sector average, the one-dimensionalWAXS profile
was obtained. A close examination of the change in the WAXS profiles revealed that
the induction period for the D0.5 neat specimen was 17.5 s.

Figure 5 shows the apparent degree of crystallinity (φWAXS) as a function of time
for the neat D0.5 and D0.5/SNC(1.0) specimens, where φWAXS was evaluated as:

φWAXS =
∑

Ac
∑

Ac + Aa
(1)

with Ac and Aa being the peak areas of the crystalline and the amorphous halo peaks.
These peak areas were evaluated by conducting the computational peak decompo-
sition [2, 5]. It is clear that the temporal increasing rate of φWAXS is much larger
for the D0.5/SNC(1.0) specimen than that for the neat D0.5 specimen, indicating
the acceleration ability of SNC for the PLLA crystallization. However, it is difficult,
unfortunately, to make quantitative evaluation of the induction period from the plots
shown in Fig. 5b.

Figure 6 shows plots of the d200/110 spacing for the main reflection peak (200/110)
as a function of time for the D0.5 neat and D0.5/SNC(1.0) specimens, where d
is evaluated from the position (q*) of the reflection peak (200/110), as d200/110 =
2π /q*. It is interesting to see that the d spacing decreased with time, indicating the
densification of crystallites as a function of time. In other words, this fact indicates
the shrinkage of a crystalline region. This further suggests that the packing of the
polymer chains is loose in the early stage, and then the loose packing becomes tight.

Figure 7 shows the DSC exothermic results as a function of time upon the isother-
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Fig. 5 Plots of the apparent
degree of crystallinity
(φWAXS) as a function of
time for the D0.5 neat and
D0.5/SNC(1.0) specimens

Fig. 6 Plots of the d spacing
for the main reflection peak
(200/110) as a function of
time for D0.5 neat and
D0.5/SNC(1.0) specimens

mal crystallization initiated by T-jump from 200 to 110 °C. The following facts were
found: shorter induction period, faster crystallization, and the higher total exotherm
(the higher final degree of crystallinity) for theD0.5/SNC(1.0) specimen as compared
to the neat D0.5 specimen. These results are in good accord with the WAXS results,
indicating the acceleration ability of SNC for the PLLA crystallization. Especially,
it is noteworthy that such a shorter induction period was determined by our DSC
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Fig. 7 DSC exothermic results as a function of time of the isothermal crystallization upon T-jump
from 200 °C to 110 °C

experiments. This is because the cooling rate was available as high as 300 °C/min
by using the DSC214 Polyma (NETZSCH). However, the induction period deter-
mined by DSC was longer than that evaluated by WAXS results. The reason for this
discrepancy is not clear at present. Furthermore, it is important to note that the final
degree of crystallinity is higher for the D0.5/SNC(1.0) specimen than for the neat
D0.5 specimen. This result is noteworthy from the perspective of the shrinkage of a
PLLA cup by pouring hot water which may be due to the low degree of crystallinity
of the PLLA cup. The shrinkage would be prevented by increasing the degree of
crystallinity by loading SNC.

Figure 8 shows the plots of the degree of crystallinity (φDSC) as evaluated from
the DSC results as a function of time. As stated above, it was found that the crystal-
lizability of PLLA (D0.5 specimen) has been improved by the addition of 1% SNC.
Namely, the induction period was reduced, the rate of the crystallization (judging
from the slope of the plot of Fig. 8, as well as from the crystallization half time)
was accelerated, and the final value of the crystallinity (φDSC) was increased by the
addition of 1% SNC.

Based on φWAXS and φDSC, it is possible to check quantitatively the crystallization
behavior of PLLA by the Avrami plot, which is shown together in Fig. 9. According
to the Avrami theory [7, 8], the crystallization proceeds by the following kinetic
equation:

φ(t) = {
1 − exp

[−(kt)n
]}×φ∞ (2)

where φ(t) is the volume fraction of the crystalline region (the degree of crystallinity,
but not in the unit of %) in the specimen as a function of time and φ∞ is the degree
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Fig. 8 Plots of the degree of crystallinity (φDSC) as evaluated from the DSC results as a function
of time (adapted from reference [6] with a permission)

Fig. 9 Avrami plots based on a φWAXS and b φDSC for D0.5 neat and D0.5/SNC(1.0)
specimens (adapted from reference [6] with a permission)

of crystallinity in the completely crystallized specimen. This equation gives

log
[− ln

(
1 − φ(t)/φ∞)] = n[log t + log k] (3)

By substituting φWAXS or φDSC into φ(t) in the Avrami equation (φ(t) =
φWAXS(t)/100 or φ(t) = φDSC (t)/100), the Avrami plots as shown in Fig. 9 were
demonstrated. Here, it should be noted that the induction period (t0) is subtracted in
these plots as log (t − t0) for abscissa instead of log t. In the Avrami equation, n is
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the Avrami exponent, based on which the dimensionality of the crystal growth can
be discussed.

The similar values of the Avrami exponent (n) and the similar tendencies of the
Avrami plots are obtained in Fig. 9a (from WAXS) and 9b (from DSC). It is clearly
observed that the Avrami plots are bent with a lower and a higher slope for the earlier
and later stages of crystallization, except for the D0.5/SNC(1.0) specimen (DSC
result). This phenomenon has been already reported in our previous publications [2,
6]. Thismay indicate the change in the crystallizationmode during the crystallization,
i.e., the lower- to higher-dimensional crystallization. Upon addition of SNC, the
crystallization was accelerated. On the contrary, the Avrami exponent n is more or
less unchanged upon the addition of SNC.

The changes in the Lorentz-corrected SAXS profiles upon T-jump from 200 to
110 °C are shown in Fig. 10. Here, the scattering intensity, I(q), is corrected as
q2I(q) by multiplying q2. In the initial stage, there was no peak. At the onset of
crystallization, the peak appeared in the profile, which indicates the formation of the
stacks of the lamellar crystallites sandwiching the amorphous layers. From the peak
position, it was possible to evaluate the long period (D) of the lamellar stacks, as
D = 2π /q* where q* denotes the peak position. The peak is found to move toward
higher q as the crystallization proceeds, which suggests a decrease in D. However,
this result is strange and seemed to be opposed to the process of crystallization. In
order to understand the reason, we evaluated the thickness of the crystalline lamella
from the SAXS results according to the inverse Fourier transform method [2, 9].

γ (r) =
∫ ∞
0 I (q)q2 cos(qr)dq

∫ ∞
0 I (q)q2dq

(4)

Fig. 10 Changes in the Lorentz-corrected SAXS profiles upon T-jump from 200 to 110 °C for D0.5
neat and D0.5/SNC(1.0) specimens
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Here, γ(r) is the correlation function and r is the distance in the real space. Note
that to conduct the integrations in Eq. 4, the scattering intensity (I(q)) as a function
of q should cover the whole range of q from 0 to infinity. However, the real I(q) only
covers the limited range. Therefore, it is required to extend the regions of smaller
q toward 0 and higher q toward infinity. For the extrapolation of I(q) for q → 0,
Guinier’s law is used, i.e.,

I (q) = I (0)× exp
(−k1q

2) (5)

where I(0) is the scattering intensity at q = 0 and k1 is a constant. As for the
extrapolation of I(q) for q → ∞, Porod’s law is used, i.e.,

I (q) = k2 q
−4 (6)

where k2 is a constant. Using these extrapolations, the scattering function for the
whole q range can be obtained as shown in Fig. 11a. Then, the correlation function
γ(r) was evaluated as shown in Fig. 11b. For comparison, the γ(r) evaluated directly
from the experimentally obtained I(q) with the limited q range is shown together in
Fig. 11b. It is clear that the γ(r) shape is very much different as compared to the γ(r)
evaluated from the extrapolated I(q). However, the purpose of the evaluation γ(r)
is to evaluate the thickness of the crystalline lamella (L) and the repeating distance
of the lamellar stacks (D). As indicated in Fig. 11b, L is evaluated by the linear
approximation of the curve of γ(r) in the small r range where γ(r) decreases down
to the minimum point. L is the value of r at the crossing point of this approximated
line with the horizontal line passing through the minimum point of γ(r). As for D,
it is straightforwardly evaluated as the value of r at the first maximum point of γ(r).
These methods are illustrated in Fig. 11b, and it is recognized that the evaluated
values of L and D are almost similar to each other from the γ(r) curve obtained by
the extrapolated I(q) and from that obtained by the experimentally measured I(q)
with the limited q range. For the sake of simple treatment of the data processing, it
is not necessary to extrapolate I(q) for the purpose of the evaluation of L and D.

Figure 12 shows thus evaluated L and D and the ratio (L/D) as a function of time
upon T-jump from 200 to 110 °C for D0.5 neat and D0.5/SNC(1.0) specimens. As
stated above, D decreased as a function of time. On the other hand, L increased with
time, which is reasonable as a crystallization behavior. Therefore, the strange behav-
ior of D decreasing with time should be considered as follows. Upon crystallization,
the shrinkage takes place, as shown in Fig. 13b. The lamellar thickness increases
with time, resulting in more shrinkage (Fig. 13c), and therefore the decrease in D
(Fig. 13b′, c′) is induced. Thus, our experimental results can be accounted for.

It should be noted here that L did not monotonically increase with turning over its
tendency around 650 s for the D0.5 neat specimen or around 200 s for the D0.5/SNC
specimen. The reason why L decreased a bit before reaching a constant value is not
clear. The d spacing for the main reflection peak (200/110) showing the decreasing
tendency in Fig. 6 suggests a continuous shrinkage of the crystalline region. This
fact may explain the strange tendency of L. Namely, monotonically increasing L
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Fig. 11 aGuinier and Porod extrapolations for the experimentally obtained SAXS profile. bCorre-
lation functions obtained with two different types of data analyses (adapted from reference [2] with
a permission)

leveled off around 650 s (or 200 s), and then it turned into a bit of decreasing
due to the shrinkage of the crystalline region. Unfortunately, it was found that the
strange tendency of L cannot be perfectly accounted for by the effect of the shrinkage
of the crystalline region. Another plausible explanation is the improvement of the
chain folding in a crystalline lamella where the chain folding is less regular in the
early to intermediate stage because of quick crystallization. Namely, due to quick
crystallization, the polymer chains fold in irregular fashion by includingmany defects
in the early to intermediate stages of crystallization where L increases continuously.
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Fig. 12 Plots of a long
period (D), b lamellar
thickness (L), and c the ratio
(L/D) as a function of time
upon T-jump from 200 to
110 °C for D0.5 neat and
D0.5/SNC(1.0) specimens,
as analyzed by SAXS results

At the stage of the termination of the increasingL, the irregular folding of the polymer
chains is improved with annihilation of defects in the lamella, which results in the
reduction of L. Thus, L turns into decreasing and exhibits overshooting.

This illustrates an early stage of polymer crystallization. The ratio of L and D
(L/D) can be a degree of crystallinity in a lamellar stack. The behavior of L/D as a
function of time is displayed in Fig. 12, showing a monotonic increase with time,
and finally leveled off. This is very much contrasted with the behavior of L which
shows the overshooting. Namely, division by D changes the strange behavior of L
to a reasonable behavior as a degree of crystallinity. However, the behavior of L/D
is very much different from the behavior of φWAXS (Fig. 5) or φDSC (Fig. 8). The
reason why L/D is larger than φWAXS or φDSC value is because the lamellar stacks are
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Fig. 13 Schematic illustrations showing the change in the nanostructure upon crystallization of
PLLA. a At the amorphous state before crystallization of the polymer melt, b in an early stage of
crystallization, and c lamellar thickening in the subsequent stage of the crystallization. Note the
illustrations focusing on the change in the long period (D) of the lamellar stacks.b′ and c′ correspond
to the states of b and c, respectively. The illustrations of b′ and c′ are intended to explain the reason
why D decreases as a function of time along the proceeding of crystallization where L increases
with time (adapted from reference [5] with a permission)

sparsely dispersed in the matrix of polymer melts and they do not completely fill the
specimen space in the early stage. Such situation is illustrated in Fig. 14. Then, the
lamellar stacks become completely filling the space in the specimen in the late stage.
It is noted here that the L/D values for the D0.5/SNC(1.0) specimen in the late stage
are lower than those for the D0.5 neat specimen. This result is completely opposed
to the results of SWAXS and DSC. This may indicate that there are many individual
crystalline regions which are not included in the stacks of lamellar crystallites in the
D0.5/SNC(1.0) specimen

Finally, we try to explain the effects of SNC, which are the reduction of the
induction period, the acceleration of crystallization, the increase of the final value of
the degree of crystallinity, and the acceleration of lamellar thickening. Patwa et al.
[3] have reported the values of the surface free energy (σ e) of the upper and lower
planes of a lamellar crystallite, which are composed of the folding of polymer chains.
It is reported that the value becomes smaller upon the loading of SNC. This suggests
that the chain folding becomes more regular upon the loading of SNC, as illustrated
in Fig. 15. According to the Hoffman–Lauritzen theory [11], the free energy change
(�G) upon the formation of the primary nucleus can be demonstrated as a function
of the thickness of a primary nucleus (l) and the number of stems in the primary
nucleus (ν).
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Fig. 14 Schematic illustration of the sparsely distributed lamellar stacks in the matrix of polymer
melts in an early stage of polymer crystallization (adapted from reference [10] with a permission.
The figure has been slightly modified)

Fig. 15 Free energy change upon the formation of the primary nucleus as a function of the thickness
of the primary nucleus according to the Hoffman–Lauritzen theory for cases of larger and smaller
surface free energies (σ e), which, respectively, correspond to poor regular folding and better regular
folding with the aid of SNC
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�G = 2 va σe + c (va)0.5l σs − val �g (7)

where a denotes the cross section of the stem, c is the number of the side faces of
the nucleus, σ s is the surface free energy of the side plane of the nucleus, to which
the stems are parallel, and �g (= �h − T�s) is the free energy gain upon the
crystallization per unit volume. �h, T, and �s are the enthalpy of fusion per unit
volume, the absolute temperature, and the entropy change upon crystallization per
unit volume, respectively. The first term of the right-hand side of Eq. 7 is the energy
increment due to the formation of the upper and lower planes of the lamellar nucleus
from melt, while the second term is the energy increment due to the formation of the
side planes of the lamellar nucleus from melt where (νa)0.5 stands for an edge length
of the nucleus. The third term explains the energy decrement due to the formation
of the crystalline region (nucleus). From Eq. 7, the following results are obtained as
the thickness and the edge length of the critical nucleus:

l∗ = 4 σe/�g,
(
v∗a

)0.5 = c σs/�g (8)

and thus,

(
v∗a

)0.5 = k l∗ (9)

with

k = c σs/(4 σe) (10)

Equation 9 suggests that the critical value l* can be obtained from �G by
substituting (νa)0.5 = k l into Eq. 7. Then, the following relationship for �G is
obtained.

�G = 2k2l2σe + c k l2σs − k2l3�g (11)

To draw the �G curve, σ s = 15.4 × 10−3 J/m2 and σ e = 30.7 × 10−3 J/m2 which
are reported in the literature [3] are used for modeling the PLLA neat specimen.
Letting c = 4, then k = 0.501 is obtained. Furthermore, to adjust l* at 4.8 nm (see
Fig. 12) in Eq. 8, �g = 4 σ e/l* = 2.56 × 107 J/m3 should be used and then the black
curve in Fig. 15 is drawn. On the contrary, σ e = 21.4 × 10−3 J/m2 is reported for
the PLLA/SNC(1.0) specimen in the same literature [3]. The decrease in σ e suggests
the more regular chain folding in the lamellar crystallites by loading the SNC with
1.0 wt%, as schematically shown in Fig. 15. Using σ e = 21.4 × 10−3 J/m2, k =
0.720 is obtained and these values are substituted in Eq. 11. Then, the red curve in
Fig. 15 is drawn. It is found that the loading of SNC caused the reduction of the
critical lamellar thickness (l2* < l1*), the lowering of the height of the energy barrier
(�G2* < �G1*), and the slight increase of the curvature of the free energy curve
beyond the critical point. Note here that from l* = 4 σ e/�g in Eq. 8, the thickness
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of the critical nucleus can be scaled as l1*/l2* = σ e1/σ e2. By substituting l* = 4
σ e/�g into Eq. 11, �G = 2 (cσ s/�g)2 σ e is obtained. Thus, the energy barrier also
can be scaled as �G1*/�G2* = σ e1/σ e2. Note that σ e1/σ e2 = 30.7/21.4 = 1.43.
The reduction of the critical lamellar thickness results in the increase of the number
of nuclei and eventually in the increase of the final crystallinity. It may also result
in the reduction of the induction period. The lowering of the height of the energy
barrier results also in the reduction of the induction period. Finally, the increase of
the curvature of the �G curve beyond the critical point results in the acceleration of
lamellar thickening. Thus, the lowering of σ e upon the loading of SNC can explain
all of the experimental results.

For the case of loading of the nucleation agent, the formation of nucleus seems
to be different from the primary nucleation. Namely, the secondary nucleation of
the Hoffman–Lauritzen theory [11] is more or less appropriate. For this case, �G is
given by

�G = 2 d w σe + 2 d l σs − d w l �g (12)

where d denotes the distance between the adjacent polymer chains (stems) in the
nucleus in the direction perpendicular to the surface of the nucleation agent and w
denotes the lateral size of the secondary nucleus (note w ⊥ l). The first term of the
right-hand side of Eq. 12 is the energy increment due to the formation of the upper
and lower planes of the secondary nucleus, while the second term is the energy
increment due to the formation of the side planes of the secondary nucleus. The third
term explains the energy decrement due to the formation of the crystalline region
(nucleus). From Eq. 12, the following results are obtained as the thickness and the
lateral size of the critical secondary nucleus:

l∗ = 2 σe/�g, w∗ = 2 σs/�g (13)

and thus,

w∗ = (σs/σe) l
∗ (14)

Equation 14 suggests that the critical value l* can be obtained from �G by sub-
stituting w = (σ s/σ e) l into Eq. 12. Then, the following relationship for �G is
obtained.

�G = 4 d l σs − (σs/σe) d l
2�g (15)
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Fig. 16 Free energy change upon the formation of the primary (solid curves) or secondary (dotted
curves) nucleus as a function of the thickness of the nucleus according to the Hoffman–Lauritzen
theory

As for the value d, the distance between two adjacent polymer chains on a (110)
plane is considered, which is identical to the unit cell b-axis length (b = 0.615 nm)
because of the pseudo-hexagonal nature of the orthorhombic unit cell (a = 1.07 nm
and γ = 90°) [12]. It is also possible to evaluate d from the experimental result of
d200/110 spacing shown in Fig. 6 by d = d200/110 × 2/

√
3. The initial values of d200/110

= 0.526 nm for both of the D0.5 neat and D0.5/SNC(1.0) specimens are shown in
Fig. 6. Thus, we decided to use d = 0.607 nm. Then, the dotted curves in Fig. 16 are
drawn for the case of the secondary nucleus with σ e = 30.7 and 21.4 × 10−3 J/m2

(black and red), where the two representative solid curves (black and red) for the
cases of the primary nucleus (σ e = 30.7 and 21.4 × 10−3 J/m2) are shown together
for comparison. Note further that the critical thickness (l* = 4.8 nm) for the black
curves matches the experimental result shown in Fig. 12 (the initial value of the
red curve) because of using so-adjusted value of �g (=2.56 × 107 for the primary
nucleus and 1.28 × 107 J/m2 for the secondary nucleus). Then, the red curves give
the values of l* = 3.3 nm. It is clear that the curves for the secondary nucleus for l > l*
drop much moderately as compared to the curves for the primary nucleus. Therefore,
the earlier termination of the lamellar thickening for the D0.5/SNC(1.0) specimen as
shown in Fig. 12 can be accounted for by the moderate decreasing of the �G curves
of the secondary nucleation. Thus, the secondary nucleation can be applied for the
D0.5/SNC(1.0) specimen. Note here that the number of spherulites observed by the
polarizing optical microscope was found to increase with time upon the isothermal
crystallization for the D0.5 neat specimen [13]. However, the number of spherulites
is found to be proportional to time of the power of 0.65 (~t0.65). Anyway, this kind of
behavior implies the homogeneous nucleation for theD0.5 neat specimen. Therefore,
it is considered that the black solid curve for the D0.5 neat specimen is changed to
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the red dotted curve upon the loading 1% of SNC. Thus, upon the loading of SNC,
lowering of the energy barrier (�G*) facilitates the acceleration of crystallization
but the moderate decrease of the �G curve for l > l* causes the earlier termination
of the lamellar thickening as compared to the D0.5 neat specimen.

3 Conclusion

The effects of loading SNC on the isothermal crystallization of PLLA at 110 °C
(from 200 °C) were studied by the SWAXS and DSC measurements. It was found
that loading SNC with 1.0 wt% caused the reduction of the induction period, the
acceleration of crystallization, the increase of the final value of the degree of crys-
tallinity, and the acceleration of the lamellar thickening. These experimental results
can be explained by the fact that the regular folding of the polymer chains is attained
by the loading of SNC.
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Chapter 15
Mimicking Smart Textile by Fabricating
Stereocomplex Poly(Lactic Acid)
Nanocomposite Fibers

Doli Hazarika, Amit Kumar and Vimal Katiyar

Abstract In the modern age, humans with their demanding nature along with com-
fort and fashion are also oriented toward flourishing functional textile products which
have led researchers to focus toward the development of smart textiles. Scientists are
now trying to introduce extraordinary properties like durable pressing performance,
ultraviolet resistance, antistatic, antimicrobial and self-cleaning properties which
are different from the conventional textiles. Most of the manmade fibers used in
textile industry are petroleum-based which are depleting the natural resources and
destructing the ecological balance at a constant rate. In this regard, the sustainable
polymers for smart textiles would serve as promising candidates in solving the prob-
lem of discarding textiles. The current chapter therefore aims at providing insights
about the utilization of biodegradable polymers in smart textiles. Among various
biodegradable polymers, PLA has a great reputation in terms of its biodegradability,
high mechanical performance and hydrophobicity. But the limitations of PLA fibers
lie in its brittleness, degradation during home laundering and even storage condition.
Thereby, this chapter includes the introduction of preferable and desirable approach
like stereocomplexation in order to obtain a high heat stable stereocomplex PLAfiber
for home laundering also. The fabrication of functional stereocomplex PLA fibers
is possible by incorporating various bionanofillers which will be discussed in this
chapter. Eventually, the application of such smart textile is also concerned toward
the safety of human beings which will be very useful for academic and industrial use
to cope up with the new concept of smart fabrics using biodegradable polymer.
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1 Introduction

Fibers are the main foundation in textile industry which are spun into yarns or fab-
rics so as to obtain textile products. The textile fibers are classified as natural fibers
(asbestos, cotton, silk, wool, etc.) and manmade fibers (polyesters, rayon, nylon,
acrylic, etc.). Such fibers have various applications in the fields like geo textiles,
industrial fabrics (floor mats, seat fabrics and seat cushions), wipes, clothing and
home furnishing. The natural fibers which are made of cellulose and proteins have
the porous structure which invites appropriate conditions for growth of bacteria and
microbes, retains moisture and in turn leading to the deterioration of textiles. Enor-
mous attention has been made to use the synthetic antibacterial agents like nitro
compounds, dyes, oxidizing agents, metal-based and halogen compounds. More-
over, in the textile industry, service of laundry is consuming enough electricity as
well as contaminating water resources [1]. The cultivation of natural fibers requires
excessive water, land, pesticides and fertilizers, and also synthetic fibers like nylon,
polyester are nonrenewable and toxicity which are obtained from polymers [2]. Poly-
mers (repeating monomer units) are basically made up of fossil fuels, like crude oil
and natural gas which are also well known as petrochemical-based polymers. They
are obtained from cheap feedstock, possess low specific density, usually light in
weight and are easily processable to obtain the desired complicated products to
make them advantageous over other materials like metals ceramics. But excessive
use of petro-based products in industries and for domestic purposes has increased
their trend of demand everywhere [3]. Petrochemical-based polymers have advan-
tageous characteristics like high strength, good oxygen barrier properties, high heat
sealability, low production cost over the alternatives which is the reason for their
usage in most of the industries. On the other hand, the disadvantages of petroleum-
based polymers such as decline in gas oil resources, migration of toxic material
while using them for packaging applications, environment pollution regarding their
degradation, inflation of prices altogether prohibit them from their uses in different
fields. Such issues have made technologies to deal with their recycling so that the
problem is fixed, but their recycling rates remain low [4]. Green economy together
with sustainable development is the only solution in solving the problem of using
fossil-based resources. Bioplastics or biopolymers obtained from plants, animals
and microorganisms became more popular not only because they are environment
friendly but also due to their strategic nature. Release of toxic and greenhouse gases,
e.g., CO2, is in the way of reduction by use of proper agriculture-based products like
cellulose, starch, wood, etc., for polymer production which confirms good impact
of bioplastics on nature along with less energy consumption while producing [3].
Looking into the use of all the conventional and synthetic materials, researchers have
started exploiting the sustainable resources so as to develop functional characteristics
into the textile and are trying to prevent human facing severe health problems.

From centuries, human has been using the manmade fibers to make yarn and
wool into textile by using handmade processes. And now in the twentieth century,
polyester fiber with their low capacity production has contributed to a rapid share
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production in the market. Today, almost in every sector of textile industries, the
idea of potential use of nanotechnology is a growing interest. Starting from the
fabrication of nanofibers using different spinning techniques to the fabrication of fiber
composites using various nanomaterials is now a booming topic for the technologists.
The conventional fibers used in textile industry that people have been conventionally
using are facing the problem of long lasting, bacterial and microbial attack even
using chemicals or detergents for removing stains which are harmful for marine
animals [5]. Owing to solve such serious problems and keeping intomind the demand
forgetting extraordinary functionalities into the textile industries, researchers have
started thinking of impregnating nanoparticles into the fibers in order to obtain a
functional composite fiber.

1.1 Smart Textile

Textile industry has given the global world a shield from cold and rain which is the
main function of original textile. But recently, adapting with the environment a new
discipline of interactive textile has been risen up in the textile sector.Anewgeneration
of textile has been discoveredwhich has the potential to provide us comfort at all time
together with proper protection by warning us against any danger. Such materials
are termed as smart or functional textiles which are like ordinary clothes, but they
provide special extraordinary functionalities for the desired application. Therefore,
the smart textiles are defined as textiles which are having potential to react or sense
the stimuli (mechanical, chemical, electrical, optical, biological or other sources)
created by the environment in a predetermined way.

In 1968, a body covering exhibitionwas held inNewYorkCitywhere the astronaut
space suitswere showcasedwhich can light up, canheat up and cool upby themselves.
In 1985, HarryWain right showed up first animated sweatshirt displaying full cartoon
on its surface. In 1990,MIT researchers developedwearable computers likeminiature
electronic devices. Since then, many researchers have been working with smartness
so as to gather an attention on smart textiles. The features of the smart textile are
shown in Fig. 1.

1.1.1 Types of Smart Textiles in Terms of Different Functionalities

Passive Smart Textiles
These are the first generation of smart textiles, particularly providing various fea-
tures in passive mode with the environment. As for example, if considered a highly
insulating coat, it would adapt with the outside temperature and remain insulating.
Antimicrobial, antiodour, antistatic and bulletproof are included in this category.
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Fig. 1 Smart features of
smart textiles

Active Smart Textiles
These are the second generation of smart textiles which includes actuators and
sensors. These materials include new functionalities such as shape memory effect,
chameleonic effect, water-resistant ability and hydrophilic/nonporous vapor perme-
ability, heat storage, thermo regulation, vapor absorption and heat evolving fabrics
and suits have electrically heated features.

Ultra Smart Textiles
These are the third generation of smart textiles which works like a brain with capac-
ities of reasoning and activating features. They mainly involve the multidisciplinary
properties such as sensing, actuation, advanced processing, provide help in commu-
nication, act as artificial intelligence for mimicking human behavior. The conductive
yarns and fibers which are different in their functionalities than the natural fibers are
obtained from using conducting materials into the fibers.

1.1.2 Applications of Smart Textiles

The smart components form an integrated part when incorporated into the textile
structure by behaving smartly. Those are added into the substrate which may include
during fiber spinning, fabric formation level or during finishing level. In terms of
health, these smart fabrics act like strain fabric sensor, sensitized garment to measure
heart rhythm and respiration, life belt for pregnant women to analyze vital signs at
any time. The smart fabrics may be used in defense applications as they have the
ability to increase the protection by alertness from environment hazard. Moreover,
in fashion and entertainment world for giving dazzling effect, invisible coatings and
advance fibers have been developed to get dramatic change in the textile appearance.
Another important area is for the athletes or sportsmanwheremonitoring of heartbeat,
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steps count, breathing and body temperature reading are important parameters for
the development of smart clothing [6].

2 Nanotechnology

Nanotechnology has come up with an idea for the researchers to assist as an envi-
ronment benefiter. Nanomaterial has immense surface properties considering high
surface to volume ratio which has marked them very much different from the bulky
additives and materials. The relevant contribution of nanotechnology has potential
applications in different sectors like packaging, textile (apparel, commodity as well
as medical treatments), etc. [7]. They are classified into two class, namely organic
and inorganic nanoparticle.

2.1 Organic Nanoparticle

Organic particles are solid particles which are mostly derived from natural resources.
They have more reinforcing ability than inorganic fillers. They are abundantly found
in nature, have low density, higher mechanical property and are also biodegradable.

Polysaccharides
Monosaccharides of same kind are called homo polysaccharides (starch, glycogen
and cellulose) which are linked by glycosidic linkages, whereas the linkage that is
formed by different kinds is hetero-polysaccharides (Hyaluronic acid and glucuronic
acid).

Starch
Starch is a renewable source which consists of amylose and amylopectin component.
Amylose consists of anhydrous units of glucose linked by α-(1-4)-d-glycoside bonds
which is a linear or slightly branched macromolecule, and amylopectin is a highly
branched macromolecule with α-(1-6) linkages [8]. It is in the form of concentric
annular structure (onion like) consisting of both crystalline and semi-crystalline
layers. Hilum, a point of initiation of the granule is encircled by alternate single
chain (amorphous) and double helix (ordered) growth rings (Fig. 2). The amylopectin
lamellae is a component of the crystalline region and pack together to form a crystal of
double-helix structure to form a semi-crystalline region. Moreover, parallel double
helical stranded is found in the crystallites in pairs, where all chains are packed
together. While clustering, the amylopectin part spiral up because of stacking of
nanometric subunits, to form the crystalline lamellae and then the crystalline region.
The crystalline regions of starch granules can be isolated by mild acid hydrolysis
using hydrochloric or sulfuric acid or by wet mashing. But mostly, the crystallinity
depends on the amylose content. The more is the amylose content, more is the
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Fig. 2 Schematic representation of a amylose, b amylopectin, c onion-like structure with hilum

crystallinity in the nanoparticles [9]. The presence of nanometric size possesses
greater surface area permass, leading to higher self-interaction enhancingmechanical
properties. Few conditions are to be followed up during hydrolysis like kind of acid,
acid concentration, temperature and time which may affect the size as well as the
yield of starch nanocrystals.

Cellulose Nanocrystal (CNC)
Cellulose with structure (14 →βD glucan) is the most abundantly found renew-
able biopolymer; either used in pure form or in modified form depending on its
application. Cellulose has its various source of extraction like nature’s wood, news-
paper, filter paper, agricultural biomass (rice straw cotton stalk, pineapple leaf, flax,
hemp, rice husk) marine, animals, algae and fungi [10]. It has favorable proper-
ties like hydrophilicity, chemical stability, biodegradability, which makes it to be
applicable in textile applications. Cellulose exists in both amorphous and crystalline
forms on the basis of its origin. The removal of amorphous region by controlled
acid hydrolysis forms different size of nanocrystals, thereby improving the overall
mechanical properties. Different studies have beenmade on the nanocellulose family
that includes bacterial nanocellulose (BC), cellulose nanofibrils (CNF) and cellulose
nanocrystals (CNC) derived from plants and waste [11]. The fabrication process of
CNC is shown in Fig. 3. Recently, many researchers have undertaken various stud-
ies on cellulose-based nanotechnology through numerous processes. CNCs which
are termed to be as promising bionanoparticles possess the unique properties like
high aspect ratio, controlled morphology, specific surface area, specific strength,
interesting optical properties, biodegradability and non-toxicity. Moreover, the four
different morphologies of cellulose on the basis of the source extraction have been
studied. Also, the discussion has been made on the difference in the relative posi-
tion of oxygen atoms and rotation of the hydroxyl methyl groups which form the
intermolecular hydrogen bonding [12]. CNCs usually consist of glucose repeating
units (10–100 units), where each repeating units has six hydroxyl groups, which
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Fig. 3 Fabrication of cellulose nanocrystals from various sources

provide the improvement in functionality and reactivity of the CNC surface toward
other chemical moieties. Eventually, studies have been made on introduction of high
loadings of magnetic iron oxide (Fe3O4) nanoparticles adsorbed on the surface of
CNC which led to incorporation of anisotropic mechanical, thermal and electrical
properties [13].

Chitosan
Chitosan is the second most available linear polysaccharide after cellulose which is
produced by the deacetylation of chitin. It is a composition of glucosamine and N-
acetyl glucosamine units having linkage of 1–4 glucosidic bonds. They are insoluble
in water, alkali and acid system but soluble in organic acid, acetic acid, lactic acid and
formic acid [14]. Chitosan possesses unique properties like biocompatible, non-toxic,
antifungal activity and antibacterial properties which make it an attractive choice
for the functional modification of textiles. Chitosan nanoparticles are produced by
the ionic gelation of chitosan with tripolyphosphate (TPP) where TPP polyanions
(negative) interact with amine groups of chitosan [15]. In the textile industry, green
bioactive nanochitosan has been a new concept and is gaining importance. Chitosan
nanoparticles have also been known to be made by polymerization of methacrylic
acid (MAA) using K2S2O8 as initiator followed by centrifugation [16].

2.1.1 Proteins

Silk
Silk is the most precious fiber given to us by nature over the past few decades which
has enormous impact in textile industry. Silk fiber structure possesses tenacity with
a range from 3.5 to 5.0 g/d when in dry condition and may lose up to 20% of its
strength under wet condition. Silk has no elastic behavior when it is stretched to
certain amount, and it never regains to its original position. Considering the current
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preferences along with the increase in demand for natural fibers, silk has made a
well-known platform in textile industry due to the optimum properties in terms of
human comfort and wearability because of its eco-friendly nature. Silk is the family
of Lepidoptera and Araeneaein with continuous form of spun filaments having the
structure of orthorhombic unit cell and high packing density [17]. Silk material is
obtained from varieties of insects like silkworm and spider. The spider silk has the
fibroins on inside and a protective coating of sericin with gum-like properties, wild
silk like tassar, eri and muga silk which is the outer cover of silk cocoon. But the
amorphous region application, i.e., sericin layer should be removed to obtain only
the crystalline region, i.e., fibroin by chemical treatment (degumming process). The
process continues firstly from silk to microfibrils and secondly from microfibrils to
nanofibrils under proper condition. Fibroin is a component of silk fiberwith repetitive
and ordered structural units termed as β-sheets. The fibroin part gives strength,
thereby imparting antibacterial, UV resistant, moisture regulating properties which
contributes in the textile industry. Acid hydrolysis is the proper treatment which has
been used by many researchers to fabricate silk nanocrystals fromwild silk [18]. The
sequential units in silk fibroin (SF) are glycine–alanine–glycine–alanine–glycine–
serine (GAGAGS), which composes the crystal regions in SF polychain [19]. Highly
crystalline region of silk provides the strength, but the presence of strong hydrogen
bondingmakes it insoluble inmany solvents like dilute acids, alkalis andwater. These
sheets play an important role in strengthening and stiffening the silk fibers [20]. It
has been reported that the presence of only β-sheets, i.e., crystalline region which is
having ~50 nm diameter possesses high crystallinity, usually more than 90% [21].
The synthesis of silk nanocrystals from plant silk is shown in Fig. 4.

Fig. 4 Synthesis of silk nanocrystals from plant silk cocoon
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2.2 Inorganic Nanoparticles

The natural or conventional fibers are more prone to staining from spilled drink,
itching due to uncontrolled microbial growth, adhered micron-dust and static energy
generation which have made researchers to make efforts on studying the control
of human hygienic living standard to replace harmful or toxic chemicals. Introduc-
tion of new technologies by utilization of both inorganic and organic nanoparticles
has delivered new opportunities for the development of improved multifunctional
properties for textile applications.

The inorganic nanomaterials include metallic like silver, copper, gold, platinum,
gallium and metal oxides like silver oxide, zinc oxide, titanium oxide, iron oxide,
magnesium oxide, silicon oxide, zinc oxide and others such as clay nanoparticles,
carbon nanotubes. A few of these inorganic nanomaterials are discussed below.

2.2.1 Titanium Oxide (TiO2)

This nanomaterial has remarkable properties in terms of high stability, long-lasting
nature, safe and antibiotic properties which have made it a promising for targeted
properties like self-cleaning, antibacterial activity, UV resistance and dye degrada-
tion in textile effluents. Mainly, the photo activity effect depends on the structure,
purification and its crystalline nature [22]. The three forms of TiO2 available in nature
are anatase, rutile and brookite. Table 1 highlights the important parameters of the
three crystalline forms.

The anatase form is a metastable state with more photocatalytic nature than rutile,
whereas rutile is more thermodynamically stable than rutile and booklite. TiO2 when
irradiated by the source of light forms electron-hole pairs which induce redox reac-
tion over the TiO2 surface. The active oxygen species (O2−) oxidize the organic
compounds of bacterial cell and converts them carbon dioxide (CO2) and water
(H2O) molecules, thereby acting as photo active agent. Different preparation tech-
niques have been employed out of which sol-gel method is mostly applicable to
obtain stable anatase form of TiO2 [23]. The electron excitation, i.e., light absorption

Table 1 Tabulated parameters of three crystalline forms of TiO2 [24, 25]

Sl. no. Forms Lattice structure Parameters (nm) Band gap (eV)

1 Anatase Tetragonal a, b = 0.3785,
c = 0.2959

3.2

2 Rutile Tetragonal a, b = 0.4593,
c = 0.2959

3.02

3 Brookite Orthorhombic a = 0.9182,
b = 0.5456,
c = 0.5143

2.96
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range can be extended from UV (<387.5 nm) to visible light (>400 nm) by creat-
ing a local electric field using gold and silver nanomaterial, thereby increasing the
photocatalytic effect.

2.2.2 Silver Nanoparticle (AgNP)

AgNPs are frequently used inmany textiles, wound dressings and biomedical devices
[24–26]. The functional inherent property of silver with antimicrobial property has
been focused which inhibits the formation of biofilm over the substrate. More-
over, Kim et al. mentioned about the mechanism of antimicrobial activity of Ag
nanoparticles which is related to free radicals formation and subsequently damages
the membrane. Various parts like flower and fruits of the papaya plant also sericin
extracted from the cocoons are used for the synthesis of silver nanoparticles [27].
Photo-catalytic reduction, chemical reduction, photo-chemical or radiation-chemical
reduction, sono-chemical, photo-reduction, reverse micelle-based methods, metallic
wire explosion and even biological synthesization have also been applied for the
synthesis of silver nanoparticles [25].

2.2.3 Clay Nanoparticles

These are generally the family of inorganic layered nanomaterials or termed as
aluminosilicate-based nanoparticles. They can be classified as 1:1 or 2:1 phyl-
losilicates owing to arrangement of the tetrahedral and octahedral sheets. Each
tetrahedral sheets consists of central cation (mostly Si4+), whereas each octahe-
dral sheets consists of metal cation (Mn+). Depending on the metal cation, differ-
ent kinds of sheet formation take place. When the metal cation is divalent such as
Mg2+, the sheet is termed as trioctahedral or brucite-like sheet, whereas when triva-
lent such as Al3+ creates a vacant site, it gives rise to dioctahedral or gibbsite-like
sheet. For, e.g., Smectite: (Montmorillonite) Nam(Al2-mMgm)Si4O10(OH)2.nH2O,
(Laponite) Nah(Mg3-hLih)Si4O10(OH)2.nH2O. Mlynarcikova et al. studied improve-
ment in mechanical properties by incorporating organoclay into polypropylene to
obtain high strength nanocomposite fiber [28].

2.2.4 Copper Nanoparticles

These kinds of nanoparticles are mostly implanted into submicron particles of Sepi-
olite particle Mg8Si12O30(OH)4(H2O)4·8H2O and are having comparable antimicro-
bial activitieswith triclosan agent [25]. It has reported about copper nanoparticles that
it has less antibacterial property than silica nanoparticles [29]. But it has less antimi-
crobial activity than silver nanoparticles. Magnetron sputter method was used for
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deposition of Cu nanoparticles of various thickness has incorporated into polypropy-
lene (PP), and nonwoven was used for the property improvement like antistatic, UV
shielding enhancement [30].

2.2.5 Zinc Oxide Nanoparticles, ZnO

ZnO nanoparticles are more advantageous to silver nanoparticle in comparison with
low cost, white in appearance also are having UV-blocking property, so as to make
it useful as UV light-emitting device, sunscreens, UV absorbers and photo-catalyst
[31]. Researchers have studied on potential application of ZnO nanoparticles on dye
removing from when considered under UVC light from textile effluent [32]. It has
been reported that with sweat concentration of 11 g/L ZnO making artificial sweat
solution by considering alkaline, acidic and inorganic salt, the antibacterial activity of
nanoZnO when functionalized on cotton fabric was observed better salt and alkaline
resistances than acid resistances sweat solution [25]. Even more, ZnO nanorod was
incorporated using dip-pad-cure process on cotton fabric samples with the addition
of a hydrophobic agent to fabricate a hydrophobic fabric [33].

3 Different Preparation Techniques for Organic
and Inorganic Nanomaterials

There are mainly two approaches in order to obtain nanoparticles termed as bot-
tom up (build up) and top up (break up). The bottom-up approach is performed
by the physical method like—vacuum condensation, crashing physically and ball
milling, and the top-down approach is performed by chemical method like—sol-gel,
precipitation, micro emulsions and hydrothermal reaction.

3.1 Non-biodegradable Polyester as Fibers

Synthetic fibers like polyethylene terephthalate (PET), polypropylene (PP),
polyamides (PA) or polyacrylonitrile (PAN) have been widely explored in the field of
textile industry, and pollution reduction in production of textile fabrics is important
burning topic for the manufacturers [24, 25]. Recently, the textile industry is more
focussed toward sustainable technologies to develop an era of safe environment.
However, the high build up of static energy, non-biodegradability, high hydropho-
bicity, poor breathability, finishing resistance are some of undesirable properties
found in synthetic fibers which have made researchers to think for alternative solu-
tions. New routes have also been applied like combination of physical technolo-
gies (corona discharge, plasma functionalization, laser treatment, use of high-energy
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electrons), chemical technologies (ozone gas treatment, supercritical carbon dioxide
technique, vapor deposition method, surface grafting, enzyme surface modification,
sol-gel technique, etc.) and nanoscience technology to overcome the difficulties asso-
ciated with synthetic fibers.Moreover, the bulkmodification has also been applied by
blending with other polymers. But in today’s world, biodegradable and biocompat-
ible polyester fibers are very important for various applications like sutures, woven
fibers, membrane, scaffolds, etc. [34].

3.2 Natural and Synthetic Fiber Composites

Cotton, silk and wool are termed as natural fibers along with synthetic fibers such as
polyester and nylon have been most widely used from decades as fibers for apparel
manufacturing. Moreover, synthetic fibers are mainly more suitable for domestic and
industrial applications, such as carpets, tents, cleaning cloths and medical hygiene
products [35]. Natural and synthetic fibers generally have different characteristics,
which make them ideally suitable mainly for apparel applications [36]. Owing to
the environmental safety and potentiality, the chemical modification processes are
omitted, and the physical modification methods are used without hampering the bulk
properties. Various studies have been already made using biocides like chitosan,
chitosan nanoparticles and Ag-chitosan hybrid by loading into wool fabrics also
wool textiles with a sulfur nanosilver colloidal solution, and it has been observed
that due to such incorporation, there is an improvement in hydrophilicity, dyeability,
antimicrobial, shrink proofing properties, etc. [37].

Natural cotton fabrics have perfect absorption capacity for most of the liquids
than synthetic fabrics. Therefore, researchers have tried to incorporate self-cleaning
property and fabricate a replicate of lotus leaf surface. MWNT has been incorpo-
rated into cotton fibers by ultrasonic irradiation procedure to fabricate a hydropho-
bic surface over cotton fabrics [25]. Moreover, to prevent the agglomeration of
MWNT along with increasing its affinity, it has been grafted with poly (butylacry-
late) (PBA) and subsequently used with cotton fabric to obtain a self-cleaning fabric
by dipping–drying–curing method [38].

Report was made on magnesium oxide nanoparticles (MgO NPs) incorporated
Nylon-6 solutions which were electrospunned to produce nanofiber mats. The fire
retardancy and antibacterial activity against bacteria Staphylococcus aureus and
Escherichia coli of coated fabricsmade fromMgO/Nylon-6 hybrid nanofiber are bet-
ter than those from Nylon-6 nanofiber [39]. The influence of nanosilver by introduc-
ing into poly (styrene-co-acrylic acid) copolymer has made on antibacterial activity
which is due to presence of carboxylic groups of acrylic acid [40]. A platinum-loaded
titanium dioxide nanohybrid (Pt/TiO2) was fabricated and incorporated into cot-
ton fabrics to explore a superior nanocomposite with self-cleaning and antibacterial
properties [41].
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4 Poly(Lactic Acid) (PLA)

PLA is observed to be as a linear thermoplastic polyester derived from 100% renew-
able and degradable resources (corn, sweet potato and starch-rich product like rice)
by fermentation that can help to mitigate the energy crisis together with the reduc-
tion of CO2. In 1932, Carothers (DuPont) produced a low molecular weight PLA
only by heating lactic acid under vacuum condition [42]. In 1954, Du Pont obtained
highermolecular weight PLA.Moreover, poly(lactic) acid is biodegradable and com-
postable but under standard condition only [43]. PLA may be amorphous or semi-
crystalline in solid state, which depends on the stereochemistry and the thermal
history. The polymerization of PLA takes place by either direct polycondensation of
lactic acid under certain conditions like using highvacuumandhigh temperature or by
ring-opening polymerization of lactide which is due to opening of dimer rings under
mild conditions. The direct polycondensation technique uses solvent to extract the
water and obtain low to an polymer of intermediate molecular weight [44]. Another
polymerization method is ring-opening polymerization performed under mild condi-
tions via opening of lactide rings resulting in highmolecular weight polymer (Fig. 5).
The direct condensation technique is often accompanied by several drawbacks such
as the formation of low molecular weight polymer, use of large reactors, use of
solvent and evaporation and problem of solvent recovery. Therefore, the most indus-
trially acceptable method as per the reports may be the ring-opening mechanism of
lactide by two step process: (a) Oligomerization of lactic acid of molecular weight
approximately 1–4 kDa which is depolymerized to obtain lactide. (b) Production of
high molecular weight PLA by ring-opening polymerization. During the polymer-
ization of PLA, different types of catalysts like metal, cationic and organic (stannous
octoate, dibutyltin methoxide, zinc stearate and one co-initiator, triphenylphosphine)

Fig. 5 Schematic diagram of synthesis of poly(lactic acid)
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were used and as reported high molecular weight, and also, high optical purity was
achieved [45]. The polymerization reaction was mostly carried out by preferring
stannous octoate as it provides high reaction rate, high conversion rate, together with
high molecular weights, just using mild polymerization conditions [45].

4.1 PLA as Composite Fibers

In 1932, Staudinger postulated the basic requirements to obtain high strength and
highmodulus synthetic fiber,where allmolecular chains should be extended perfectly
and aligned along the direction of fiber axis. The fully extended with proper oriented
polymer chains provide ultimate stiffness to the fiber. Moreover, little chain end
defects when considered in high molecular weight polymers provide high tenacity,
thereby obtaining an ideal fiber, where tensile strength is determined by secondary
bonds rather than primary bonds. Possible production processes were discussed for
PLA fibers like melt spinning, dry-spinning, wet-spinning and dry-jet-wet-spinning.
However, for industrial applications, mainlymelt spinning is applied, as it is a solvent
free and economic process.

Poly(lactic acid) (PLA)fiber alongwith biodegradability has better hydrophilicity,
ease handle and better drapability compared to polyester polyethylene terephthalate
(PET) fiber. Commonly, PLA fiber only can be dyed light color under ordinary con-
ditions of 100 °C using disperse dyes [46], but higher temperature is required for
dark dyeing. Since then PLA fiber will shrink having low melting point and low heat
resistance which is a serious problem under process condition, thereby making PLA
over PET for obtaining dyed fabrics. Furthermore, for its poor heat resistance, com-
mon PLA fiber products cannot be ironed in order to avoid accident which causes
increase in its finishing costs and limits its popularization and application in textile
field. Thus, modification for improving heat resistance of PLA fiber is very impor-
tant to broaden the application. Regarding this, various studies have already made
on addition of plasticizer and adding nucleating agent to lower the energy required
during the crystallization phase of the folding of chains so as in enhancement of
the crystallization rate [47]. Few reported plasticizers are like citrate esters, triace-
tine, poly(ethylene glycol) (PEG), poly(propylene glycol) (PPG), tributyl citrate and
triphenyl phosphate (TPP), and nucleating agents like talc, nanoclay, carbon nan-
otube, expholiated grapheme, zincphenyl phosphonate, tetramethylene dicarboxylic
dibenzoyl hydrazide (TMC-306), etc., have been used to increase the chain mobil-
ity and impact of the PLA chain [48]. PLA can be spanned into fiber with distinct
fiber properties via different spinning techniques like melt spinning, solution spin-
ning and electrospinning although the solvent-free melt spinning technique is more
suitable than others and also an environmental friendly process [49]. Introduction of
additives has enabled to offer improved properties to polymeric fibers such as flame
retardancy, heat stability, mechanical performance and also electrical and thermal
conductivity properties [50]. Spinning and drawing of the fibers during melt extru-
sion are referred as melt draw ratio (MDR) or after solidification, another drawing
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stage which is termed as solid-state drawing (SSD). The increase in the drawing ratio
leads to polymer chain to a high orientation which may result in high fiber tenacity
[51]. In addition to its biodegradability and renewability, a new era of using PLA
fibers in textile application has been in mention. But few characteristic features pro-
hibit its use in textile finishing like having poor resistance alkali causes strength loss
when conventional disperse dye was used. Moreover, it has low melting temperature
leads to low temperature while ironing and thereby may degrade the fiber. An intro-
duction of new approach by stereocomplexation of PLA has been suggested in this
chapter in order to tackle such problem for utilizing PLA in textile industry without
any finishing problem. Few reported work was made on PLA composite fibers for
improvement in properties which have been tabulated (Table 2).

Table 2 Reported studies on PLA composite fibers using different spinning techniques

Sl.
no.

Composite Filler
content

Technique Properties References

1 PLLA/chitosan No
content
has
reported

Dry–wet-spinning
method

Increase in the
degradation
rate

[59]

2 PLA/CNC 1 wt% Melt spinning by
twin screw
micro-compound

Mechanical
performance
improves at
high draw ratio

[49]

3 PLA/HA 5–20 wt% Melt spinning High thermal
stability and
mechanical
strength

[51]

4 PLA/MWCNT 0.5 and
5.0 wt%

Melt spinning Liquid sensing
properties

[60]

5 PLA/CNW and
PLA/MCC

1 and 3
wt%

Melt spinning Thermal heat
stability, flame
retardancy and
better tensile
properties

[50]

6 PLA/ZnO 1–3 wt% Melt spinning Mechanical
performance
improves
thermal
stability and
antimicrobial
properties

[61]

7 PLA/ZnO Up to 5
wt%

Melt spinning UV protection,
antibacterial,
gas barrier and
self-cleaning

[62]
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4.2 Stereocomplex PLA Fibers

Consideringmore than over past 50 years, humanhas been using synthetic petroleum-
derived non-biodegradable polymers which sparked the scientists to focus more on
biomass-derived poly(lactic acid). Researchers have taken innovative initiation to
enhance the thermal stability, thereby decelerating the hydrolytic degradation of
PLA. PLA consists of asymmetric carbon atoms where two optically active enan-
tiomers exist in its skeletal chain, namely poly(L-lactic acid) (PLLA) and poly(D-
lactic acid) (PDLA). In 1987, it has been first reported by Ikada et al. that melt and
solution blending of homocrystals of PLLA and PDLA in equal (1:1) molar ratio
stereocomplex PLA was formed [52]. The structure of PDLA, PLLA and sc-PLA is
shown in Fig. 6. Also, the lattice arrangement of D and L units in sc-PLA is shown
in Fig. 7. However, improvement in crystallization rate and heat stability of sc-PLA
is basic requirement for some application, and when all these were considered, then
nanomodification is to be an effective method. It was also reported that PDLA with
low molecular weight cannot form stereocomplex crystallites as they cannot act as
a nucleation site due to large surface area, whereas when middle or high molecu-
lar weight PDLA chain with increased content were added into PLLA chain with
annealing temperature, then pure and high-oriented strereocrystallites were found to
be formed without any formation of homocrystallites [53]. Various reports have been
made on formation of stereocomplexation using external solvent for blending use of
nano-sized nucleating agent which may cost higher for industrial purposes. During
the stereocrystals formation, both the PLLAandPDLAchains force a larger diffusion
path than that of conventional folding crystallization mechanisms conditions. The
formation of high crystallites in stereocomplex PLA (SC) is due to strong hydrogen

Fig. 6 Structure of a Poly(L-lactic acid), b Poly(D-lactic acid), c Stereocomplex PLA
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Fig. 7 Lattice arrangement of L and D units in the stereocomplex PLA

bonds and dipole–dipole interactions among the enantiomeric PLA chains which are
the major reason behind enhancement of thermal stability [52]. Those formed are
results of helical chain structures forming tie chains between the crystallites which
also enhance packing density of the chains and enhanced better hydrolytic degrada-
tion compared to plain PLLA chains [54]. Tsuji et al. have tried wet and dry spun
stereocomplex PLA by mixing it with chloroform and then studied the stereocom-
plex crystallites formation using differential ccanning calorimeter without formation
of any homocrystallites when they are hot drawn and spunned into fibers. They also
reported the enhancement of stereocomplex crystallization by hot drawing to high
ratio which was due to chain expansion and interaction between PLLA and PDLA
[55–57]. Moreover, Takasaki et al. reported hot drawing of the equal molar PLLA-
PDLAmixture with high take-up velocity, lower throughput rate and lower extrusion
temperature enhance the orientation of fibers [58]. Also, various reports have been
made by utilizing natural fibers like flax, wood, hemp, jute reinforced with PLA
composites for better improvement in mechanical and biodegradability. Melt blend-
ing of flax fiber-reinforced sc-PLA has enhanced mechanical as well as heat stability
when compared with neat sc-PLA. Even fabrication of hydroxyapatite with stereo-
complex PLA by grafting hydroxyapatite with PDLA by in situ polymerization was
made to improve mechanical properties by blending hydroxyapatite-grafted-PDLA
and PLLA chain using twin screw extruder [57]. The enhanced formation of sc-PLA
via melt spinning of PDLA and PLLA blend at 230–250 °C has also been reported
[58]. These authors showed that by drawing and annealing of the as-spun fibers,
with certain amount of initial sc-PLA, fibers containing mainly sc-PLA could be
obtained. Tsuji has also reviewed various methods for PLA stereocomplexation, its
structural formation, properties, degradation for applications purposes and some of
its comparative properties with PLA are listed in Table 3 [63].
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Table 3 Comparison table of
PLA and stereocomplex PLA
[63]

Sl. no Physical properties PLA Stereocomplex
PLA

1. Tm (°C) 170–190 220–230

2. Tg (°C) 50–65 65–72

3. HDT (°C) 55 160–170

4. �Hm (100%) Jg−1 93–142 142–146

5. Tensile strength
(GPa)(a)

0.12–2.3 0.88

6. Young’s modulus
(GPa)(a)

7–10 8.6

7. Elongation at break
(%)(a)

12–26 30

Note Tm = Melting temperature, Tg = glass transition
temperature, HDT = heat distortion temperature (ASTM D648),
(a) = oriented fiber

5 Conclusion and Future Scope

Since the textile industry is one of the major contributors to environment pollution,
thereby sustainability has become vital reason in textile industries toward production
of environmental friendly and sustainable products. From decades, increase in envi-
ronment awareness, oil prices, greenhouse gases, reduction in oil feedstocks has led
researchers to focus on development of materials that to from renewable resources
present in natural. Earlier enhancement in functional properties for having smart-
ness into textile was very rare, but scientists nowadays started using nanotechnology
for making commercial products. Even proper control and care should be taken
while synthesizing nanoparticles so as to overcome the problem of nanoparticles
aggregation. Moreover, compatibility should be there between the reinforcing agent
and polymer matrix. The nanobiocomposite has created a new path to produce an
eco-friendly biodegradable textile fiber to tackle the major problems of using non-
biodegradable environment degraded petrochemicals for textile applications. Thus,
in recent years, scientists have given a major thrust so that we can rely on renewable
polymers toward developing biobased materials for better environment.

A tremendous challenge for the textile industry has been made by scientists by
utilization of renewable biomass so that there is minimization of carbon footprint in
the environment while taking into consideration mostly in the areas which include
production of fiber, yarn and fabric, textile chemical processing, frommaking of gar-
ments to its recycling and also the disposal of clothing. The insights gained are for
better consideration of the future development production and use of nanocomposite-
based textiles industry to optimize processes and products. Thereby utilization of
biodegradable polymer for fiber improvement properties can be a new future devel-
opment for high-performance textile applications. Relying on biodegradable PLA
will eventually give better applications as huge as petroleum-derived polymers like
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PET, nylon and polypropylene though they have better breathability, higher UV rays
resistance, low smoke production, better hydrophilic properties and flammability.
In such manner, tuning and mimicking smart by incorporating functional properties
and biodegradability by proper biocatalyst optimization will guide for the develop-
ment of new effective composite for commercializing smart natured textile fabrics.
Nevertheless, keeping into disadvantageous features like low melting and low heat
stability, nature of PLA and introduction of stereocomplexation have made regard-
less efforts to handle such drawbacks along with incorporation of smart nanofillers
to fabricate a smart functional textile so that along with comfort, public will enjoy
the impact of high technology.
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Chapter 16
Life Cycle Assessment of Chitosan

Tabli Ghosh and Vimal Katiyar

Abstract Life cycle assessment (LCA) is a standardized practice to assess the life
cycle of a product for regulating the environmental impacts of a product life. LCA
is a significant entity to maintain the quality and ecological integrity for determin-
ing the optimal product and processes in terms of their novel growths. The chapter
aims to discuss the LCA of chitosan-based materials with strategies to control the
impacts on environment. Chitosan is the second most abundantly available polysac-
charides, which are widely used for its biodegradable, biocompatible, non-toxic, and
antimicrobial nature and several other properties. The deacetylation of chitin yields
chitosan, which can be tailored in different forms and geometry to achieve an exten-
sive demand in the form of powders, films, tablets, particles, composites, etc. Further,
the development of chitosan-based active materials having enormous properties can
potentially replace the fossil-based materials for stringent food packaging applica-
tions, tissue engineering, drug delivery, therapeutics, adhesives, etc. The presence
of functional groups such as primary amine and primary and secondary hydroxyl
groups in chitosan provides an opportunity for regulating its properties in terms of
formulating functional agents. In addition, chitosan can form cross-links and multi-
networks through the presence of functional groups, pH, electro response, etc., which
may be desired for developing materials with tuned properties. In this context, an
understanding regarding the environmental impact of chitosan during its whole life
cycle is needed. In this chapter, the discussion on LCA of chitosan and related
approaches from available resources for tailor-made properties is made including
various design parameters, environmental impacts, product formulation steps, use of
different agents, and so on. Additionally, the chapter presents the importance of chi-
tosan in day-to-day life along with its environmental impact for various applications
such as food packaging films, edible coatings, flocculants, adhesives, and others.
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1 Introduction

Life cycle assessment (LCA) is a unique strategy to investigate the ecological influ-
ences caused by a product during its life, from basic material collection to its end
use [1]. A product has multiple stages of life where every stage provides a significant
effect on the ecosphere. A general product life cycle includes various stages which
begin from the raw material collection followed by processing, product fabrication,
packaging, transportation, use, maintenance, disposing, and recycling as represented
in Fig. 1, where every stage of a product life may induce hazardous matters, dispos-
able matters, toxicological stress on human health, water resources, air, etc., which
delivers a need for an intensive study for LCA of a product. Additionally, through-
out the life of a product, numerous resources are required for obtaining targeted
products, in terms of raw ingredients (water, chemicals), relevant energy use, and
release materials which need to be optimized for its cost-effective use (Fig. 1). In this
regard, the product life cyclemanagement helps inmaintaining an ecological balance
by adjusting material, energy use (fuels), and reducing environmental hazards [2].
The practice can help to quantify the use of energy, materials used for production,
developed product, and the impact of individual processes on the environment. It
also includes the interpretation of outcomes and related data to make an optimized

Fig. 1 Life cycle of a product
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process for efficient ecobalance. Thus, LCA helps to optimize and make a decision
for an optimum use of environmental resources or manmade sources for obtaining
the targeted product (Fig. 1) [3]. The important features of LCA are quantity (in
terms of mass), capacity (in terms of volume), energy, and other physical units, con-
necting physical life of the product cycle and interrelated units [4]. Considering these
aspects, a discussion has been made based on the intended purpose, phases, and uses
of LCA in the below sections.

2 Intended Purpose, Methods, and Variants of LCA

The use of LCA was initiated in 1960s, where the resource and energy limitations
became a reason for creating a well-defined way to optimize the process for the use
of resource and fuels [5]. In 1969, Coca-Cola company started an in-house study for
various beverage products, which created a basis for the present approaches of inven-
tory assessment in the USA. Further, in the USA, the measurement, use of resource,
and output of release materials (solid waste, gas materials, energy use) of a product
beganwith a systemknown asResource andEnvironmental ProfileAnalysis (REPA),
and the same process began as ecobalance in Europe. REPA is used as a decision-
making tool for private industries, developing public policy, worldwide policy, etc.
Additionally, REPA is a well-known practice applied for environmental assessment
of products for release materials, procedures, resources used, energy used, discharge
products, and others [6]. In later days, the United Nations Environment Programme
(UNEP) and Society of Environmental Toxicology and Chemistry (SETAC) joined
their hands to organize and promote product cycle initiatives for LCA.

There are various routes of LCA involving process environmental LCA, economic
LCA, and society-based LCA. Thus, the assessment analysis for sustainability mea-
surement can be related to the environment, economic, and social factors which can
be termed as LCA, life cycle costing (LCC), and social life cycle assessment (SLCA)
[7]. LCC deals with the economic upbringing of a process life cycle, where any hid-
den cost and overall cost determination of a process life cycle are involved. On the
other hand, SLC inspects the impact of social and societal features of a produce and
related positive and negative perspectives of a product life cycle. In comparison, the
flows in LCA involves contaminants, the resource used, interprocessing flows, and
energy use, whereas LCC involves the economic analysis in the process flows with
an interrelated effect which directly affects decision making [4]. Thus, the complete
life cycle sustainability assessment study consists of LCA, LCC, and SLCA. In this
chapter, a detailed discussion for the process LCA will be done where the inclusion
of LCA expresses a board view on the environmental impact analysis by various
ways such as material inputs, energy recovery and production, exergy analysis, and
product discharge as discussed earlier. Furthermore, the assessment of the influence
of product life on the environment and GHG emission, and finally, the interpretation
of outcomes have beenmade to derive conclusions out of it. In this regard, tomaintain
sustainability of the atmosphere, LCA is an elementary practice as various processes
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evolve various materials, i.e., wastewater treatment plant may produce hazardous
elements as waste, the extraction, and processing of polymers may induce air pol-
lution and water pollution, and mostly the industry-based waste has a connection to
rivers and other water sources, which has a very hazardous impact on society, living
species as detailed in Fig. 2.

LCA of a product is mainly performed in four discrete phases, viz. goal and scope,
life cycle inventory (LCI), life cycle impact assessment (LCIA), and interpretation,
where each phase is interrelated among each other as represented in Fig. 2b [1].
Among these, methods for LCA analysis of sustainability are generally executed
based on ISO 14040 and ISO 14044. However, LCA is considered as an entity of
ISO 14000, an environmental management standard (ISO 14040 and ISO 14044)
[8]. Greenhouse gas-based product analysis and measurement of an LCA can be
done following the publicly available specification 2050 (PAS 2050) and Green-
house gas (GHG) Protocol Life Cycle Accounting and Reporting Standard [9, 10].
Additionally, ISO 14040:2006 details about the principles and framework of LCA
with the inclusion of goal and scope, LCI, LCIA, interpretation phase, reporting
and critical review of LCA, and boundaries [11]. Further, ISO 14040:2006 dis-
cusses the relationship between phases of LCA and situations of using choices
and optional elements. However, ISO 14040:2006 does not detail the LCA tech-
niques and does not specify the methodologies for the individual phases of LCA.
On the other hand, ISO 14044:2006 provides requirements and guidelines of LCA
including four phases of LCA and reports the critical review of LCA, relation-
ship among each other, conditions of choices, etc. [12]. The Technical Committee
ISO/TC 207, Environmental Management, Subcommittee SC 5, and LCA prepared
ISO14040 and ISO14044:2006.Moreover, ISO14040 and ISO14044:2006 replaced
ISO 14040:1997, ISO 14041:1998, ISO 14042:2000, and ISO 14043:2000. Thus,
the environmental analysis of a product stage can be done by following the reported
rules and regulations, where any new product should be examined for its effect on
the environment in comparison to an existing product for ecological wellbeing.

2.1 Phases of LCA

Goal and scope. LCA of any product should have a distinct scope of the work
with determined focus. The first phase of LCA is considered as a basic step that
is necessary for tailoring the process with the aid of LCA. The first phase helps
in determining various work bodies such as functional units, system boundaries,
assumption, allocation method, and effect on surroundings and living agents. The
goal and scope of LCA methods define the functional units (input, processes, and
output), which provide complete functions of a process. The goal and scope of every
LCA system have some boundaries, limitations, and assumptions, which should
be clearly defined to make a strategic plan in the LCA process. The distribution
method of LCA is another factor in goal and scope defining the extension, division,
and replacement of any entity for easy product development process. In addition,
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the goal and scope should describe the impact of a process creating environmental
hazards such as air pollution, water pollution, and global warming by increasing
carbon footprint. The development of a product should not be toxic to human health,
animals, water bodies, and others.
LCI. LCI method is a collection of materials needed for the fabrication of a specific
product. As already mentioned in Fig. 1, inventory for the fabrication of any product
needs raw ingredients, water, energy (for running machinery and transportation pur-
pose), and others. The production system and disposal or reuse of the product may
evolve various materials which release to the environment (Fig. 2a). By considering
all these cases, LCI is a flow-through system, where an optimum graphic of a process
flowchart is described.
LCIA.LCIA phase aims toward the impact assessment of the process on the environ-
ment. The process detects control categories, indicators, models, etc. However, the
life cycle impacts can be classified depending on manufacture, usage, and dumping
of a product, where the impacts of a product life cycle can be categorized as ini-
tial, use, and disposal impacts, respectively. The initial impacts of a product mainly
include the extraction, fabrication, packaging, and transportation of the product; the
use impact includes the effects of the product during its use,maintenance, and repairs;
and the impact of end life depends on the discard, waste processing, and recycling
of the product.
Interpretation. Interpretation of a product life cycle is a standardized technique
used to recognize, quantify, and estimate the information and data values obtained
during assessment and inventory analysis. The final phase mainly deals with the
concise information on assessment and inventory analysis. The interpretation phase
defines the significant issues related to the consequences of assessment and inventory
phases; estimation of the specificity, sensitivity, limitation, and recommendations of
the product life cycle.

In this way, LCA of a product is done based on the four phases as described
above; however, LCA may be conducted in a different section of the product life.
The process may vary depending on variants of LCA.

2.2 Process Variants of LCA

LCA can be applied in various sections as a functional body in a product life to deter-
mine the impact of the product (Fig. 2c). A product has various series of processes
for developing the final product, where LCA may involve in a significant portion
of the product or in the whole life cycle. Based on this, the variants of LCA are
categorized into various processes such as cradle-to-grave [13], cradle-to-gate [13],
cradle-to-cradle [14], and gate-to-gate [13]. The variant cradle-to-grave generally
includes LCA from the collection of raw material to dumping of the product (end
life), where the assessment of the product will be done till the end of life of the prod-
uct (product stage, usage, and end of life). The cradle-to-gate variant involves the
LCA of a product from raw material extraction to factory gate; it does not involve
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the transportation or end life of the product, use, and maintenance of the product.
Further, cradle-to-cradle variant is a closed-loop system or recycling process, where
LCA is done in a closed loop without breaking the product cycle. The gate-to-gate
process is a value-added process, where a step in the process involves LCA analy-
sis, not the whole process. In this chapter, cradle-to-gate LCA of chitosan will be
detailed. However, various gate-to-gate analyses for the application of chitosan as
film, waste management will be discussed. This chapter deals with the life cycle
assessment (LCA) of chitosan and related modifications from available renewable
resource along with the details about LCA of chitosan production and its related
applications.

3 Origin of Chitosan: A Class of Polysaccharides

Polysaccharides are agro-based biopolymers consisting of long chains of monosac-
charide units linked together by glycosidic linkages. These are commonly a complex
branch of carbohydrates, where more than ten units of monosaccharides are bound
together to form a polysaccharide unit. However, polysaccharides have various struc-
tures ranging from linear to highly branched, where the properties of particular
polysaccharide unit vary depending on the type, modification of monosaccharide
units, etc. Polysaccharides are classified into homopolysaccharides (branched and
unbranched) and heteropolysaccharides (branched and unbranched). Homopolysac-
charides are composed of long chains of similar repeating units, whereas het-
eropolysaccharides contain different kinds of monosaccharide units. Homopolysac-
charides can be regarded as storage or structural polysaccharides. The role of storage
polysaccharides generally is to store energy in plants and animals, and structural
polysaccharides generally supply stiffness to the plants and insects. The available
storage polysaccharides in plants include amylose, amylopectin, and starch, and
those in animals generally include glycogen. The structural polysaccharides are cel-
lulose, chitosan, pectin, and arabinoxylans which serve to maintain the structure in
plants. The examples of heteropolysaccharide generally include hyaluronic acid, der-
matin sulfate, keratin sulfate, heparin, etc. The polysaccharide-based biopolymers
have wide applications in various sectors including food packaging and biomedical
[15, 16].

3.1 Storage Polysaccharides

Storage polysaccharides generally work to store energy in plants and animals. The
storage polysaccharide starch is composed of amylose and amylopectin [16, 17].
Amylose is a linear storage polysaccharide having α(1 → 4) glucose unit, and amy-
lopectin is a branched storage polysaccharide consisting α(1 → 4) glucose unit as a
linear chain and α(1 → 6) glucose as a branching unit [18]. The vegetable potato,
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rice, maize, wheat, rye, and barley are renewable and available sources of starch
in the human diet [17]. Starches are used for the preparation of packaging material
for a biodegradable use, edible films, coatings, foams, and others [19–22]. In addi-
tion, glycogen is a storage polymer in animal cells as deposited in adipose tissue.
Glycogen has a similar structure as amylopectin with a more branched and compact
structure. Glycogen is generally a primary form of carbohydrate stored in the animal
body [23]; however, unlike starch, it is soluble in water. The common disorder related
to glycogen is glycogen metabolism, glycogen depletion, and others [24–26]. It has
a special role in the glucose cycle, and the amount of presence of glycogen in the
body depends on various factors including physical exercise, metabolic rates, eating
habits, etc.

3.2 Structural Polysaccharides

The structural polysaccharides deliver stiffness to the plant and living species.Among
available structural polysaccharides, cellulose is the main material for maintaining
the structural integrity in plants. Cellulose is a biopolymer mainly formed by repeat-
ing units of β-glucose units and has a remarkable property with application in various
fields [16, 27, 28]. Cellulose and its various derivatives provide an emerging appli-
cation in the field of packaging as edible and non-edible materials for advanced
applications [16, 29]. Furthermore, chitosan, a derivative of chitin, helps in main-
taining the stiffness in insect, seafood such as crabs and shrimps, which are the
available resources of chitin [29, 30]. Chitosan is extensively used as an antimicro-
bial, antibacterial, and antifungal agent in the development of active packaging in
both edible and non-edible forms. Some enzymes can degrade chitin such as chiti-
nases, which is a product of some bacteria, fungi, some plants, human, etc. [31,
32]. The other structural polysaccharide is pectin, a complex polysaccharide, which
constitutes 1,4-linked α-d-galactosyl uronic acid. Some plants have pectin in addi-
tion to acetylated galacturonic acid and methyl esters. Pectin is generally obtained
from citrus fruits and has a wide application in food as a gelling agent for preparing
jam and jellies, and in the biomedical sector for drug delivery, gene delivery, and
wound healing [33–36]. Further, it is used as an ingredient to improve the packaging
property as edible and non-edible packaging. The other type of arabinoxylans is a
copolymer of arabinose and xylose and available in cell walls of plants having a
beneficial effect on human health. Various structural polysaccharides are available
and have a beneficial effect to human; however, the chapter will widely discuss the
chitosan extraction and its LCA as a guide for making an optimized decision.
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4 History Outline of Chitosan

In 1811, chitin was first discovered in mushroom by Henri Braconnot, a French
scientist [37]. After some 20 years later, chitin was noted to be present in the structure
of insects and plants. The word chitin is derived from “chiton” (a Greek word) which
has the meaning “coat of mail” [38]. The other meaning of the word is termed
as “tunic” or “envelop.” In 1843, the presence of nitrogen in chitin was found by
Lassaigne [39]. In 1859, chitosan was first observed by Rouget, when he observed
that chitin can be modified by chemical and temperature treatment and is found
to be soluble [40]. In later days, chitosan was named by Hoppe-Seyler [40, 41].
The research on chitin and chitosan was conducted since the early twentieth century
from crab and fungi. Now, chitosan has become the secondmost abundantly available
polysaccharide being used in various fields due to its biodegradable, biocompatible,
non-toxic nature, and many beneficial properties [42, 43]. Chitosan is considered
as an agro-based biopolymer, consisting of an acetylated unit and deacetylated unit
of β-(1 → 4)-d-glucosamine and N-acetyl-d-glucosamine, respectively [42, 43]. As
mentioned in earlier section, chitosan is a derivative of chitin obtained generally from
crabs, algae, shrimp, fungi, protozoa, etc. [44]. Every year, there is a generation
of waste from sea products, which can be used for chitosan production. Table 1
shows the generation of various sea-based waste globally. Thus, the formulation
of chitosan from various resources is a useful technique for waste reduction. The
consumer need for chitosan is increasing day by day, where according to the Grand
View Research Report (January 2017), it was announced that the market size of
chitosan is 1.06 billion, which was raised to 3.19 billion by 2015. It is expected
that the chitosan market size will reach USD 17.84 billion by 2025 [45]. According

Table 1 Global sea-waste generation: a source for chitosan production

S. no. Sources of waste Waste generation per year Reference

1. Crab, shrimp, lobster shell (globally) 6–8 million ton [73]

2. Crab, shrimp, lobster shell (Southeast
Asia)

1.5 million ton [73]

3. Malaysian fishery industry 70,000 ton [74]

4. Crustacean waste (Chile, 2001) 526 ton [75]

5. Fish processing plants waste
(five coastal cities in Argentina,
1989–2001)

49786 ton [76]

6. Mississippi shrimp industry (1998) 6277 ton [76]

7. Crab, lobster, shrimp, krill,
clam/oyster shell
(global production)

1.44 million metric ton [77, 78]

8. Global shellfishery waste 6–8 million metric ton [79]

9. Chitinous waste (India) 60,000–80,000 ton [80]

10. Mushroom-based waste 50,000 metric ton [81]
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to a market survey in 2010, the USA and Japan provide the major market size of
chitin and chitosan. The chitin and chitosan production industries are located in
Japan in a majority, among which shells of shrimps and crabs become a major
resource for chitosan production [46]. In Japan,more than 100 billion tons of chitosan
are produced annually from shrimp and crab shells annually [46]. In the European
Union, the development of biopolymers including chitin and chitosan is around
EUR 433 million in 2007, whereas in 2006, it was around EUR 385.5 million [47].

4.1 Routes of Chitosan Fabrication

The general process for the extraction of chitin from various resources includes
chemical and enzymatic treatment. Chitosan is available from various resources
such as crustaceans, insects, mollusks, and fungi. The process of chitin and chitosan
fabrication mainly involves the removal of protein, calcium carbonate, magnesium
carbonate, and other minerals from the specific resources. The chemical method for
the extraction of chitosan includes the following steps: (1) washing and crushing of
available chitosan resource, (2) deproteinization using alkali (NaOH) to remove pro-
teins from available sources, (3) demineralization by acidic treatment (HCl, HNO3,
H2SO4, CH3COOH) to removeminerals including calcium carbonate, calcium phos-
phate, and others, (4) discolouration, and (5) deacetylation of obtained chitin to
fabricate chitosan molecule using NaOH or KOH [42, 48, 49]. The steps wash-
ing, crushing, deproteinization, demineralization, and discoloration provide chitin,
and finally, the deacetylation of chitin provides chitosan. On the other hand, the
extraction of chitosan by biological treatment involves (1) washing and crushing of
available source, (2) deproteinization by proteolytic microorganisms or proteolytic
enzymes (proteases) to remove protein, (3) demineralization can be done enzymat-
ically (alcalase) or microbially [48, 49], and (4) deacetylation of obtained chitin to
fabricate chitosan molecule using chitin deacetylase. Interestingly, the mechanical
processes can also be applied for the deproteinization treatment. Chitosan can be
well utilized for many beneficial properties in various fields as discussed in the later
sections. Further, the development of chitosan can help to reduce sea-based waste
material, which is forecasted to become the same as plastic waste in the future if not
utilized properly.

4.2 Properties of Chitosan

Additionally, chitosan can be functionalized and modified for wide application due
to the presence of reactive groups such as amino and primary and secondary hydroxyl
groups [38]. Though the use of unmodified form of chitosan in various field has been
extended throughout the world, the presence of functional groups (primary amine,
primary and secondary hydroxyl groups) provides an opportunity for tailoring the
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properties in the applied field through forming self-cross-linking networks or with
other molecules andmulti-network, where the reactivity of chitosan can be improved
by the addition of a chemical group through ionic, covalent bonding (grafting). Fur-
ther, the pH, temperature, and ionic sensitivity of chitosan offer an effectiveness on
chitosan use. Chitosan is generally modified by targeting reactive amino groups for
altered functional properties such as hydrophilicity, compatibility, and others. Thus,
chitosan is well utilized in various forms and geometry according to the mode of
application such as powders, films, tablets, hydrogel, capsules, particles, and com-
posites, achieving a great application in various fields of day-to-day life. Nowa-
days, chitosan is considered to be a dietary supplement for weight reduction and is
widely used in Japan and Europe. The general property of chitosan includes antiox-
idant, antibacterial, anti-inflammatory, body weight reducer, fat binder, adsorption
enhancer, emulsifier, thickener, stabilizer, cholesterol-lowering property, antidiabetic
property, etc., as shown in Fig. 3. The details of some of the properties of chitosan
are discussed in Table 2. The antioxidant property of chitosan is varied based on the
chitin source, and processing conditions such as time for alkaline deacetylation [50,
51]. As detailed in Table 2, the antioxidant property can be measured in terms of phe-
nolics, scavenging, reducing, chelating, and other activities. In this regard, chitosan
can be used as food supplements for delivering antioxidant activity to human health.
Chitosan offers antibacterial and antimicrobial activity in food products. However,
chitosan is more effective for gram-positive bacteria than gram-negative bacteria.
The antibacterial effect of chitosan is varied depending on the concentration and

Fig. 3 Chitosan resources and its application
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Table 2 Properties of chitosan and its derivatives

Form of
chitosan

Properties Effect Reference

Chitosan (crab
shell)

Antioxidant
specification:(0.1–10 mg/mL
(0.2% acetic acid)

Antioxidant property: 58.3–70.2%
(1 mg/mL)
79.9–85.2% (10 mg/mL)
Scavenging activity: 62.3–77.6%
(0.1 mg/mL)
28.4% (10 mg/mL)
Chelating ability: 82.9–96.5%
(1 mg/mL)
97.9% (0.1 mg/mL, EDTA)

[50]

Fungal chitosan
(Shiitake stipes)

Antioxidant Antioxidant activity: 61.6–82.4%
(1 mg/ml)
Reducing power: 0.42–0.57 (10 mg/mL)
Scavenging ability: 28.4–31.3%
(10 mg/mL)
Chelating ability: 88.7–90.3%
(1 mg/mL)

[51]

Chitosan and
chitosan
oligomers (crab
shell) Chitosan
MW: 28, 224,
470, 746, 1106,
1671 kDa

Antibacterial (Gram-positive
bacteria)

Stronger effect for all MWs chitosan
Stronger effect at 0.1% chitosan
Effective MW chitosan oligomers : 2,
4 kDa

[52]

Chitosan and
chitosan
oligomers
(crab shell)
Chitosan MW:
224, 470, 746,
1106 kDa

Antibacterial property
(Gram-negative bacteria)

Most effective
Escherichia coli, 746 kDa
Pseudomonas fluorescens, 746 kDa
Less effective
S. typhimurium, V. parahaemolyticus,
470 kDa
Weak or no antibacterial activity
Salmonella typhimurium, 1106 and
224 kDa

[52]

Chitosan
oligosaccharides

Anti-inflammatory Effective against
– Lipopolysaccharide-induced
inflammation

– Allergic inflammation and asthma
– Lipopolysaccharide-mediated
macrophages

[82–84]

Chitosan Body weight and
cholesterol-lowering
property

– Control obesity and lipoprotein
balance

– Lower serum cholesterol by
5.8–42.6%.

– Lower low-density lipoprotein by
15.1–35.1%

[85, 86]

Chemically
modified
chitosan

Antidiabetic property Chitosan–gallic acid conjugate
– Improved α-glucosidase activity
– Improved α-amylase activity
Catechin-grafted chitosan
– Improve antidiabetic activity due to
phenolic group

[87, 88]
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molecular weight. Oligomers of chitosan have less antibacterial effect than chitosan
[52]. Further, zinc-crystallized, insulin-loaded, glycol-loaded chitosan nanoparticle
helps in controlling blood glucose and is effective in type 1 diabetes [53]. Chitosan
and its derivatives also help in treating various age-related diseases such as diabetes,
cancer, hypercholesterolemia, and other age-related dysfunction [54].

4.3 Applications of Chitosan

Chitosan has enormous properties and potential to replace fossil-based materials in
the fields of stringent food packaging, tissue engineering, drug delivery, and thera-
peutic, medicinal, and commercial applications. Various applications with its added
advantages and properties in various sectors are represented in Table 3. Chitosan
is majorly used in the fields of food packaging, biomedical application, wastewater
treatment, and cosmetics as discussed in Fig. 3.
Chitosan for FoodPackaging.Chitosan is extensively used in food packaging appli-
cation for the properties of biodegradability, biocompatibility, non-toxicity, etc. The
properties of chitosan can be tuned in terms of formulating blends and composites
with other polymers. Chitosan and oligomers of chitosan have antioxidant, antimi-
crobial, antibacterial, and cholesterol-lowering activity properties that could help to
act as edible coatingmaterials to deliver added advantages to human health and shelf-
life extension of food products. The formulation of the edible coating accommodates
a simple process of preparing coating materials which is applied on food products
by dipping or spray coating. The preparation of chitosan-based coating material
involves the stirring of materials in an acid solution (acetic acid solution). Addition-
ally, chitosan is also used with other polymers and bioactive agents for additional
benefits [55]. The application of chitosan as an edible coating on strawberry fruit
helps in maintaining the strawberry quality in terms of bioactive compounds such
as phenolic, flavonoids, and antioxidant enzyme activity [56]. Moreover, the use of
bilayer coating of carboxymethyl cellulose and chitosan on fruit products can help to
avoid the commercial wax-based coating to maintain fruit gloss and water resistance
and maintain fruit stability during cold storage [57]. Chitosan is mixed with other
polymeric materials with improved polymer–polymer interaction than water–poly-
mer interactions to be used in food packaging and advanced industrial applications.
Hydrogel of chitosan with other polymeric materials is used as a time–temperature
indicator for active food packaging [58]. However, hydrogel can be considered as
a perfect material for preparing better water containing materials through various
cross-linking networks with other polymers. The other biopolymers such as cellu-
lose are used as food packaging materials [16], but the use of chitosan hydrogel as
food packaging materials is restricted. Thus, various design parameters of chitosan
can be tailored which may affect the property of physical and chemical hydrogel.
The formulation of chitosan with other materials help in improving its properties
as food packaging film in terms of better mechanical properties, plasticizing effect,
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Table 3 Application of chitosan as green replacement and its importance

Material Form Application Reference

Chitosan
Glycerol
Trisodium citrate
dehydrate

Adhesive Chitosan-based adhesive
for wood bonding
– Bond strength: 6.0 MPa
(dry condition)

– Bond strength: 1.6 MPa
(wet condition)

[63]

Chitosan Adhesive Chitosan-based adhesive
for tissue repair
– Flexible and insoluble
strips

– Elastic modulus:
6.8 MPa

Repair condition of
intestine tissue
(Upon infrared laser
activation)
– Tensile strength:
14.7 kPa at 60–65 °C

[59]

Chitosan
Dopamine
Quinone

Adhesive Quinone-tanned chitosan
– Water-resistant
adhesive

– Analogous to mussel
glue

– Improve viscosity
– Shear strength: 400 kPa

[60]

Chitosan
Konjac glucomannan

Adhesive – Good water resistance
– Low cost
– Used for plywood
production

[64]

Chitosan Edible coatings – Maintains fruit quality
– Maintains antioxidant
property

– Controls the decay of
fruit products

– Applied for strawberry

[56]

Chitosan
Carboxymethyl cellulose

Bilayer edible coating – Improves fruit gloss
– Does not improve
weight loss

– Homogeneous and
stable coating

– Applicable for citrus
fruits

[57]

Chitosan
1-methylcyclopropene

Edible coating – Extends the product
life of banana

– Improved appearance
– Improved texture

[89]

(continued)
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Table 3 (continued)

Material Form Application Reference

Chitosan Edible film
Vacuum packaging

– Reduced chemical
spoilage

– Reduced growth of
microorganism

– Improved shelf life of
sea bass fillets

[90]

Chitosan
Thyme oil

Wound healing – Antibacterial film
– Permeable film
– Improved wound
healing property

[91]

Chitosan Coagulation and
flocculation

– Dye removal by 99%
– Recycling is possible
– Flocculation of
kaolinite suspension

[92, 93]

etc. The rising importance and reasons behind designing and developing biodegrad-
able packaging materials make chitosan a remarkable component in comparison to
conventional polymers in food packaging sector.
Chitosan for Biomedical Application. In biomedical application, chitosan being a
biocompatible material provides opportunities to be used in the preparation of bone
and scaffold materials. Chitosan has antidiabetic, anticancer, anti-tumor, and anti-
inflammatory activity which helps to gain a wide enthrallment in the area of tissue
engineering (Fig. 3). Chitosan is used as an adhesivematerial for tissue repair (such as
intestine tissue) and bonding and has the potential to mimicmussel glue in the human
body [59, 60]. The infrared laser activation process helps chitosan adhesives to adhere
on the tissue [59]. Chitosan forms an insoluble, flexible, water-resistant material and
provides other remarkable properties, which make it a significant adhesive material
[59]. Chitosan has potential to be used in antibacterial, non-toxic, and controlled
drug delivery applications, so the biopolymer is used for wound healing and as drug
delivery agent in human health. Chitosan with adsorbed iron in the form of magnetic
chitosan can be used as an identical agent for tissue engineering and drug delivery.
The chitosan-based hydrogel is extensively used in a biomedical application for the
control drug delivery, skin scaffolds, wound healing, etc. [61, 62]. Chitosan with
different biopolymers can be prepared through different techniques such as blending
and composite formulations with available biomaterials including cellulose, starch,
and chitosan for biomedical application.
Other Applications of Chitosan. Chitosan has wide application in the field of
wastewater treatments such as textile wastewater, vegetable wastewater, steel indus-
try, pulp mill wastewater, etc. Chitosan can be used for wastewater treatment such
as adsorbent, flocculants, membrane, hydrogel, etc. As adsorbents, magnetic chi-
tosan acts as an ideal agent, which forms a metal complex with the metals present in
the water. The general mechanism involves the adsorption of the metal component
present in water, which are further removed as solid waste. Besides, chitosan is used



378 T. Ghosh and V. Katiyar

as adhesive materials in biomedical application, wood bonding, and plywood pro-
duction [63, 64]. Moreover, chitosan is widely used for producing health products
such as hair care products, skin moisturizer, acne treatment, dental medicines, etc.
(Fig. 3).

5 LCA of Chitosan and Related Products

The environmental impacts of chitosan and related products are due to the collection,
extraction, production, treatment, transfer of materials, waste disposal, etc. In this
section, the factors affecting the production of chitosan, and its application in the
edible coating, films as adhesive materials and flocculants will be discussed. The
LCA analysis can be implemented in LCA software such as SimaPro.

The chitosan and related products should be tested for the followings:

• Raw materials: The extraction and processing of raw materials are analyzed by
LCA. The useful path for raw material extraction in terms of chitosan yield, low
toxicity, and environmental impact is determined for environmental impact anal-
ysis. Further, the damage of chitosan-related products such as packaged food is
reduced by taking special care and are measured in the LCA process.

• Water: The usedwater during processing is treated for reusewith proper technique.
The environmental impacts on wastewater, treated wastewater, and sludge are
included in an LCA process. Thewastewater and separated sludge consist of heavy
metals such as arsenic, fluorides, cadmium, dissolved solids, biological oxygen
demand, chemical oxygen demand, phenols, oils, fats, etc. The water-based waste
consists of chemicals such as herbicides and pesticides, which are removed for
reuse water and avoiding pollution of water resources.

• Energy: The energy sources are from coal, natural gas, petroleum, etc. In addition,
wood, natural gas, oils, and electricity are a source of energy needed for product
processing. Transportation energy includes energies required for transporting to
the customer using truck, ships, pipelines, and trains (cradle-to-grave analysis).

• Waste generation: The atmospheric emission of a process includes particulates,
carbon sources, nitrogen, sulfur oxides, organic compounds, and others.

• Solid waste: Municipal solid waste, residues
• Maintenance and recycling: LCA for cradle-to-grave and cradle-to-cradle includes
the testing of environmental effectiveness for maintenance and recycling of a
product.

5.1 LCA of Chitosan Production

As discussed in the earlier section, the production of chitin from shrimp shell is done
following the processes: washing of extracted shrimp shell, drying of shrimp shell,
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deproteinization, demineralization, and discoloration. The LCA process of chitosan
production is given in Fig. 4. The goal of the process is to determine the environ-
mental effect of producing chitosan. The LCI includes waste chemicals, wastewater,
greenhouse gas emission, and increase in carbon footprint. The main environmental
burden for producing chitosan is the production of acid effluents that is used for the
demineralization process. As discussed in Fig. 4, the ingredients required for chi-
tosan production are chemicals, water, electricity, fuel, etc. In this section, the LCA
of chitosan is done by analyzing chitin and chitosan production from shrimp shell. In
2017, Muñoz [65] discussed the production of 1 kg of chitin from shrimp shell. For
the production, fresh weight of shrimp shell (33 kg) is required, which undergoes
demineralization using dilute HCl solution (32% and 8 kg), deproteinization using
NaOH solution (98%, 1.3 kg), and can fabricate 1 kg of chitin with the specified
amount of shrimp shell [65]. The detailed process of chitin production (1 kg) needs
1.3 kWh of electricity, 167 L of water, and others [65]. The process of chitin produc-
tion produces protein sludge as fertilizer (4 kg), calcium waste (1.5 kg), CO2 (0.7 kg
per kg chitin), and wastewater (167 L) [65]. Further, the chitosan production from
chitin includes the use of NaOH, water, energy in the form of electricity and fuel.
The production of 1 kg chitosan required 1.4 kg of chitin, which is fabricated follow-
ing deacetylation process, where NaOH (98%, 5.18 kg) is used for deacetylation of
chitin (1 kg) [65]. The process is used 250 L of water, electricity of 1.06 kWh, wood
fuel (31 MJ), and others. The outlet of chitosan production includes chitin/chitosan,
carbon sources, nitrogen fertilizer, wastewater, and salts. The produced nitrogen fer-
tilizer can be used in the agricultural field, and salts of chemicals can be disposed

Fig. 4 LCA of chitosan production
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in the landfill. The strategies for the disposal generation during chitosan production
include neutralization of acid/base water for optimizing organic emission, chemical,
and biological oxygen demand [66]. The fermentation of carcinogens reagents and
other components helps in reducing living species, toxicity, and soil quality. Further,
the wastewater management should be done properly, where management of sepa-
rated sludge is also an important part. The wastewater should not be thrown to water
resources, which create another reason for water pollution. The protein sludge can
be reused as animal feed. The observation data for LCA of chitosan include resource
available, electricity requirement, fuels, waste generation, and maintenance.

5.2 LCA of Chitosan as Edible Coatings and Films

Chitosan is extensively used as edible film and coating materials for its varied prop-
erties. Generally, fruits and vegetables respire, where the respiration rate of fruits
and vegetables is directly related to the metabolic rate and senescence of fruit and
vegetables. The respiration of fruits and vegetables mainly depends on storage tem-
perature, time, and gas concentration [67]. In this regard, the use of edible films and
coatings can help in reducing the respiration rate of fruits and vegetables by acting
as a barrier against environment. Moreover, the use of edible coatings and films help
in reducing the plastic-based waste generated by food packaging industry. The plas-
tics used in food packaging in market are equal to the food packaging-based plastic
waste due to the short life span of food products. Interestingly, bio-based products
have less impact on the environment in comparison to fossil-based products [68, 69].
Further, the combined use of films and coatings with modified atmospheric packag-
ing can help in reducing the respiration rate of fruits and vegetables with improved
shelf life. There is an increasing use of edible coatings and films for maintaining
the nutrient content of food products with the delivery of nutrients. The available
biopolymer-based materials for edible coatings include cellulose, chitosan, starch,
pectin, and others. Among available biopolymers, chitosan is one of the mostly used
biopolymers as edible coating materials with added agents.

TheLCAof chitosan coating for fresh-cut fruit products is found to be effective for
the environment (Fig. 5). The goal of LCA for chitosan-based edible coating includes
environmental influence of using chitosan. The environmental assessment of edible
coating on fruit products can be measured in terms of abiotic depletion potential,
global warming potential, human toxicity potential, and others. The principal com-
ponent of edible coating is toxicity toward human, water, and global warming. The
usage of electricity is a critical factor for the LCA of edible coating of papaya. Fur-
ther, the impact of 2% chitosan to provide a coating on papaya in terms of abiotic
depletion, global warming, ozone layer depletion, human toxicity, freshwater aquatic
ecotoxicity, marine aquatic ecotoxicity, terrestrial ecotoxicity, photochemical oxida-
tion, acidification, eutrophication are 0.008 kg Sb, 0.664 kg CO2, 0.000 kg CFC-
11, 0.094 kg 1,4 DB, 0.019 kg 1,4 DB, 126.592 kg 1,4 DB, 0.001 kg 1,4 DB,
0.001 kgC2H4, 0.007 kg SO2 eq, and 0.000 kg PO4 eq, respectively [70]. As shown in
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Fig. 5 LCA of chitosan-based coatings and films in comparison to petroleum-based films

Fig. 5, the impact analysis of LCA of chitosan-based coatings and films are detailed
with their boundary conditions. According to various reports, it has been shown
that the fossil-based films have more environmental impacts in terms of raw mate-
rial extraction and producing carcinogens than biodegradable materials. The impact
of packaging films can be determined in terms of carcinogens, respiratory organ-
ics/inorganics, climate change, radiation, ecotoxicity, and others. The end of life
cycle of petroleum-based films causes a great environmental impact than biodegrad-
able polymers. In this regard, the sustainable production of edible films can help to
reduce the environmental impacts caused by end of life cycle.

5.3 LCA of Chitosan as Flocculation and Adhesives

As discussed in the earlier sections, chitosan is used as adhesive material for tissue
repairing and wood bonding. Chitosan is a specific material to be used as adhesive
materials in comparison to other available materials for its biodegradable nature
[71]. Chitosan-based adhesive provides less environmental impacts in comparison
to the other materials. Moreover, the development of adhesive materials should be
tested based on the adhesive properties and environmental impacts for analyzing the
impacts. Chitosan is also used as a flocculant for harvesting algae, where chitosan
flocculants offer the least environmental impacts in comparison to centrifugation and
filter/press processes [72]. The harvesting of algal biomass (Neochloris oleoabun-
dans) using chitosan as flocculants (200 g) for 2.11 m3 volume processed has 95%
of recovery efficiency, where 0.3 kWh electricity is needed [72]. On the other hand,
the harvesting of algal biomass (Neochloris oleoabundans) using ferric sulfate as
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flocculants (800 g) for 8.11 m3 volume processed has 25% of recovery efficiency,
where 1 kWh electricity is needed [72]. Use of chitosan in various application tends
to be efficient in terms of required energy and biodegradability.

6 Conclusion

LCA is considered as a standard practice used for analyzing the effect of a product
life cycle on environment. LCA is also used as a process to determine the effec-
tiveness in terms of product yield, energy efficiency, and environmental impacts.
Chitosan is a popular biopolymer for its unique properties and wide applications
in various sectors such as food packaging, biomedical, wastewater treatment, and
commercial application. The biopolymer is an available source which is extracted
from sea-based waste, where sea waste may become equal to the plastic-based waste
in coming years. The use of chitosan helps in decreasing the environmental effect
and optimum resource use. Chitosan consists of reactive groups which provide an
extensive way to be used in various fields. However, the use of chitosan can help to
reduce environmental impacts after end of use in comparison to the petroleum-based
materials. The use of chitosan can help in decreasing global warming by decreasing
carbon footprint. Chitosan-based coatings and films provide another way to decrease
solid waste and carbon footprint, where petroleum-based packaging creates a lot of
plastic waste in day-to-day life. Further, the LCA of chitosan showed that use of
chitosan helps in reducing the environmental impact in comparison to the available
used entity.
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Chapter 17
Recent Trends and Advances
in the Biodegradation of Conventional
Plastics

Naba Kumar Kalita, Ajay Kalamdhad and Vimal Katiyar

Abstract With the increasing use of fossil-based plastics worldwide, the need for
proper disposal of plastic waste has become a menace for developing countries as
well as the developed world. The overuse of plastic and its improper disposal system
in many countries of the world has led to severe environmental concerns. Disposal
system and methods of plastic through various chemical and physical processes are
very expensive which also produces organic pollutants, resulting in environmen-
tal deterioration. Recent trends suggest the biodegradation of conventional plas-
tics like polyethylene terephthalate (PET), polyethylene (PE), and polystyrene (PS)
under different environments like using enzymes and microbes for disintegration
and assimilation, respectively, as a viable bioremediation. Among enzymes, lipases,
cutinases, and PETase has been identified as potential fossil-based plastic degrader
as viable solution. This chapter aims to provide a broader aspect of conventional
plastic biodegradation and its degradation mechanisms, providing an overview on
viable bioremediation of plastic waste. This chapter also discusses the current status
of the techniques used for degradation, characterizing degraded plastics and factors
affecting their biodegradation.

Keywords Biodegradation · Enzymes · Conventional plastics ·Mechanism

1 Introduction

In recent years, the severe effects caused by the persistent accumulation of plastics
in the environment have led the scientific community to develop and utilize proper
waste management system and regulatory conditions. However, the proper waste
disposal and landfilling might be the short-term solutions for maintaining the plastic
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waste. The long-term solution for this problem is still lacking scientific attention or
study or policies. Although certain conventional plastics get decayed during longer
time under landfill conditions, its intermediates are very harmful for the environment
which often leads to the soil and water pollution. Plastics are a global commodity of
synthetic materials having a long chain of polymeric molecules possessing excellent
all-round properties havingwide range of application. They are very easy tomold and
manufacture.Generally, the conventional plastics have stable carbon-based backbone
which makes them resistant to degradation under various environmental conditions.
This property makes conventional plastics non-degradable which are one of the most
used commodity materials in the current world [1]. The waste generation estimated
in Europe is around 25.8 million ton per year. In India, 15,342 ton of plastic waste
is generated per day, but the per capita usage of plastics is much lower than the
world average. India consumes 11 kg of plastics per capita as compared to the total
consumption of plastics 28 kg globally. As per the Central Pollution Control Board
(CPCB) reports 2015–16, plastic contributes to 8% of the total solid waste, although
60% is recycled still 40% is clogging India’s cities leading to flood and other environ-
mental disasters. Biodegradation is the only solution to deal with this plastic waste
studied worldwide currently. Commodity plastic waste recycled or recovered is 69%
according to 2014 plastics data in Europe, whereas 31% still ends up in landfills. To
counter the environmental problems caused by the conventional plastics, researchers
have developed plastics which are biodegradable and cause no or little impact on
the environment [2–7]. Biodegradable plastics are used in many fields like medicine,
agriculture, building materials, food packaging industry, biomedical implants, and
devices [8]. But these plastics are very costly and certain properties like durabil-
ity and matching of the materials with the present equipments, and its end-of-life
management systems are an issue which resists its application commercially [9].
Thermal degradation is another option of waste management, but it releases harmful
metals and generates toxic gases like CO and dioxin. Incineration process operates
according to the principle of thermal degradationwhich causes heavy air and soil pol-
lution which ultimately pollutes the groundwater. In order to overcome such issues,
scientists/researchers are putting their efforts toward developing methods of degrad-
ing conventional plastics like PET and LDPE using various microbes and enzymes.
Studies showed that Aspergillus niger, Paphnutius ostentus, Gloeophyllum trabeum,
etc., have the capacity to completely degrade conventional polymers [10]. Although,
active research inmanufacturing biodegradable plastics like PLA and PVAwhich can
decompose in composting and landfill environments are also in effect, but its high
restricts its use globally [11, 12]. These plastics under various regulated conditions
can degrade completely under various environments without causing any pollution.
Large quantities of conventional polymers like PET as well as polyethylene and
polystyrene have been introduced into the environment through its production and
disposal, resulting in the accumulation of these materials in ecosystems across the
globe [13–15].

This chapter summarizes recent studies and advances in the biodegradation and
enzymatic degradation of thewidely used petroleum-based plastics like polyethylene
(PE), polystyrene (PS), polyurethane (PUR), and polyethylene terephthalate (PET),
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Table 1 Types of biopolymers (from various sources)

Microorganism-based Biotechnology-based Agro-based

Polyhydroxyalkanoates
(mcl-PHA, PHB,
PHB-co-V)

Polylactides, PBS, PE,
PTT, PPP

Polysaccharides
and lipids (starch,
cellulose,
alginates)

Proteins—animal
proteins (casein,
whey,
collagen/gelatin),
plant protein (zein,
soya, gluten)

and the pros and cons faced for designing potential microbes or enzymes that can
degrade these plastics in a proper waste disposal system will be presented.

2 Types of Plastics

2.1 Natural Plastics

Plastics which are derived from plants and are easily biodegradable are known as
natural plastics [5]. Table 1 shows the list of the biopolymers.With the changing com-
position of the lignocellulosic biomass, the constituents of the plant cell also differ
[1]. Lignocelluloses constitute the major developing part of the plant biomass, which
contains cellulose, hemicellulose, and lignin. Among all natural plastics, poly(lactic
acid) (PLA), polyvinyl alcohol (PVA), cellulose, chitosan, and gum are the most
widely used natural plastics for various purposes [3, 4, 16].

2.2 Synthetic Plastics

Plastics are basically divided into two types namely thermoplastics and thermosets
which differ according to their manufacturing process. Table 2 shows some of
the most commonly used conventional plastics. The production of thermoplastics
involves polymerization which proceeds by breaking of double bonds in the original
olefin forming new carbon–carbon bonds. The production of thermosets involves
the elimination of water between a carboxylic acid and an alcohol or amine to form
polyester or polyamide. Thermoplastics can be hardened or softened by repeated
heating and cooling processes. Thermosets are synthesized such that after melting,
these plastics are solidified. Thermoplastics have linear structure,whereas thermosets
contain crosslinked structures [1, 15, 17]. The most widely used polymers are listed
in Table 2.
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Table 2 Some of the most commonly used conventional polymers and their application

Polymer Structure Application

Polyethylene (PE) Films and packaging

Polyethylene terephthalate
(PET)

Bottles, tubes, pipes,
insulation molding

Polystyrene (PS) Tanks, jugs, containers

Polypropylene (PP) Disposable plates, foams, etc.

Polyurethane (PUR) Coating, insulation, paints,
packing

3 Biodegradation of Plastics

Degradation of polymer refers to complete de-polymerization, mineralization, pyrol-
ysis, etc. Degradation properties are not desirable for any model polymer for engi-
neering applications except biodegradation or lowering the molecular weight of a
polymer for recycling polymers under certain induced or natural environmental con-
ditions undergoing degradation resulting in lowering of physical and chemical prop-
erties as shown in Fig. 1. This kind of induced processes helps in studying polymer
aging, which mainly sheds light on polymer end-of-life or after end-use properties
and conditions.

Biodegradation is the assimilation of carbon or nitrogen fixation by bacteria or by
other biological means. Biodegradation of a material will involve microbes possess-
ing typical resistance to different environments. Biodegradation of polymers takes
place in two sequential steps namely, chemical degradation followed by microbial
assimilation using enzymes. The first step proceeds via abiotic reactions resulting in
fragmentation of the polymers into lower molecular mass intermediates, like chem-
ical hydrolysis, oxidation, and or photo-oxidation. This step is followed by mineral-
ization or microbial assimilation. Biodegradation of polymers depends upon various
factors like the availability of intermediates for microbial assimilation, types of poly-
mers, and environmental conditions applied for biodegradation, [18]. Mechanism of
biodegradation is shown in Fig. 2.

Polymer biodegradation mechanism involves microbial attachment to the poly-
mer substrate either on the surface or bulk, or by the formation of biofilms, thereby
utilizing the carbon source present in the polymer resulting in ultimate degradation.
Figure 3 shows various analytical techniques used during biodegradation or to ana-
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Fig. 1 Different routes of polymer degradation under various environmental conditions

Fig. 2 Polymer biodegradation mechanism
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Fig. 3 Analytical techniques used for the evaluation of biodegradation of polymers

lyze biodegradation. Enzymes play the most vital role during biodegradation which
are released or produced by microorganism’s in vitro or in vivo known exo-enzymes
or endo-enzymes, respectively. This process can prove to be a prolific environmental
approach for waste management. Mineralization of polymers is done under both aer-
obic and anaerobic conditions. In the aerobic condition, CO2 and H2O are formed,
while under anaerobic conditions, CH4, CO2, and H2O are produced [18].

3.1 Factors Affecting Plastic Biodegradation

Various factors affecting the biodegradation process include moisture, enzyme prop-
erty, and polymer property as well as exposure conditions. Moisture is an utmost
property which influences biodegradation in various ways. The moisture facilitates
microbial growth along with inducing chemical hydrolysis of the polymer [1] and
thereby facilitates chain scission reaction. pH and temperature are another factors
which influence biodegradation by changing the acidic and basic conditions. Tem-
perature plays a crucial role in the enzymatic degradation of polymers [19]. The
characteristics of enzyme also influence polymer degradation at various temperature
and pH. It is reported that the linear chain polymers obtained from diacid monomers
tend to degrademore quickly by enzymes of fungal origin ofA. niger andAspergillus
flavus [20]. Molecular weight also plays a crucial role in determining the degradabil-
ity of a polymer. Higher the molecular weight, lower the accessibility of the polymer
chains for the microbes to assimilate. Properties like shape and size play an impor-
tant role in the degradation of polymers. There is a standard criterion of shape and
size for the biodegradation of various kinds of plastics. Sometimes, non-polymeric
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elements such as dyes, moisture, or catalysts used for polymerization can influence
the degradability of the polymer [21, 22].

4 Recent Advances in Biodegradation of Plastics

The biodegradation of conventional or petroleum-based plastics has become a
focused area of research [1, 23–27]. Biodegradation process of conventional plastics
is very complex due to the various biotic and abiotic factors. The fragmentation of the
bulk polymer under biological attack is displayed in Fig. 2. Extracellular enzymes
either induced or released by microbes play an important role in plastic biodegrada-
tion [26, 28, 29]. The polymers consisting of linear (C–C) bonds are more difficult
to degrade then heteroatomic backbone polymers (structures displayed in Fig. 4).
Degrading (C–C) bonds or finding microbes that can degrade the (C–C) bond of the
polymers will prove to be a boon for the environment.

Studies show that the polymers extracted from plants form the most suitable
substrates for the key enzymes for attacking the synthetic polymer backbone. Such
studies showed that cutinase can hydrolyze cutin which is an aliphatic polyester
[30]. These findings opened the door for PET and PUR degradation using the cuti-
nase enzyme [32]. Various researchers also modified this cutinase enzyme and cre-
ated mutant cutinases or cutinase like enzymes for the degradation of PET [14, 31].
Researchers also found several enzymes which are involved in the metabolism of
plant lignin that can degrade thermoplastic PE [28, 32]. Synthetic polymer charac-
teristics also play a major role in their resistance to degradation behavior like crys-
tallinity, surface morphology, and hydrophobicity molecular weight [19, 32, 33].

Fig. 4 Some of the commonly used conventional polymers grouped according to their structures
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Certain widely used polymers like PET and PUR are more susceptible to biodegra-
dation than PE, PS, and PP. This is mainly due to their chemical structure having
hydrolysable bonds in their backbones [33] and PUR [1, 19, 25, 34]. PE, PP, and
PS have highly stable (C-C) bonds which are very resistant to any kind of degrada-
tion under normal environment. Studies showed that prior to biodegradation, these
polymers having (C–C) bonds have to be oxidized for de-polymerization or fragmen-
tation by considering various abiotic factors [1, 32]. Abiotic environments consist of
factors like UV radiation, photo-oxidation, and oxidation and play a crucial role in
the biodegradation of PE, PP, and PS using certain categories of microbes [35–37].
Mechanism of PE degradation is shown in Fig. 5.

The synthetic polymers widely used are of high molecular weight with very high
hydrophobicity. These two characteristics hinder the microbial assimilation either
slowly or rapidly underwater or substrates containing higher moisture [1, 25, 32,
38]. Various studies showed that the degradation of synthetic polymers like PE and
PS by enzymes and microbes is mainly a surface erosion process and depends upon
the polymer application and chemical structure [26, 39, 32]. Further, several studies
confirmed that hydrophobicity and smooth surface restrict the growth of microbial
biofilms on the polymer surface by microorganisms which are normally capable of
degrading synthetic polymers under certain environments [26, 32, 34, 40].Hydropho-
bicity also restricts the catalytic activity of enzymatic degradation of synthetic poly-
mers [41–43]. Surface-to-volume ratio plays a crucial role during the enzymatic
biodegradation of polymers. In a study by Gamerith et al. [44], PET was micronized
to 0.25–0.5 mm, wherein the authors proved that the bacterial polyster degraded

Fig. 5 Mechanism of PE degradation
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Fig. 6 Schematic
illustration of a
semicrystalline polymer
containing both amorphous
and crystalline regions (gray
areas)

micronized PET more rapidly which might be due to low surface-to-volume ratio
which increased the assessable area of the enzyme.

Biodegradation of petroleum-based plastics is a complex process to execute and
administer. However, most of the plastics are semicrystalline in nature containing a
crystalline as well as amorphous phases. The microbes are known to attack the amor-
phous region first as the amorphous region is more susceptible to microbial attack as
shown in Fig. 6. Hence, the degree of crystallinity influences the biodegradability of
the polymers [45]. However, studies by Restrepo-Flórez et al. [32] and Manzur et al.
[46] showed that crystalline portion can also be degraded by using enzymes.

Although several conducted showed that semicrystalline as well as low crystalline
PET is easier to degrade, the mechanism reaction of PET degradation is shown in
Fig. 7.

The complete decomposition of PET having very low crystalline portion was
degraded using fungal polyester hydrolases and concluded that linear degradation
occurred which also suggests degradation of the crystalline portion by the enzyme
[44].

From the various reports mentioned above, it can be concluded that both fungal
and bacterial hydrolases can be utilized to carry on degradation of semicrystalline
PET. Further, researches may be conducted on understanding the degradation of
crystalline portion of the conventional plastics. Identifying microbes and enzymes
or by modifying their genes which can either degrade semicrystalline or highly
crystalline parts can be a great tool for degradation of petroleum-based plastic and
reduce the carbon footprint of the current world.

However, most of the studies and experiments were conducted at higher tem-
perature. Yoshida et al. [13] conducted experiments with an enzyme collected from
microbe (Ideonella sakaiensis 201-F6) present in a PET recycling bottling plant.
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Fig. 7 Mechanism of PET degradation [9, 13]

The PETase enzyme was able to degrade semicrystalline PET at lower temperature
~40 °C.

As discussed earlier in the chapter, degradation of (C–C) backbone is the most
difficult task and the lack of various hydrolysable bonds also leads to their resistance
to degradation using microbes as well as enzymes [19, 25, 32]. Studies concluding
initial fragmentation or breakdown of polymers in the environment are the result of
the synergy between various biotic and abiotic factors [23, 32, 35, 36]. Since various
pretreatments are needed for the degradation of PE, PP, and PS like UV radiation, and
oxidation these pretreatments lead to various oxidizing agents as well as carbonyl
groups which are more susceptible to biodegradation [47–50]. Plant lignin also con-
tains (C–C) backbone, but researchers have found or developed enzymes to degrade
lignin. These enzymes can also degrade PE, PS, and PP at certain levels as reported by
[25, 32]. PE is the most common plastic with C–C backbone and is one of the widely
studied materials for biodegradation using various enzymes as well as microbes [51,
52]. Another study showed that laccase extracted from Rhodococcus ruber C208
degraded pretreated PE films both in culture media and in the cell-free extracts in the
presence of copper [53]. They reported that the degradation mainly happened due to
pretreatment with which resulted in formation of carbonyl groups and reduction of
molecular weight after 2 weeks of incubation with the enzyme extracted. The laccase
enzyme has been studied by various researchers and is found to degrade PE under
certain environment. Bacillus cereus is found to have degraded UV-irradiated PE.
The report concluded the association of themicrobes with a pronounced extracellular
production of both laccases and MnP. Two potential fungal strains, namely Penicil-
lium oxalicum NS4 (KU559906) and Penicillium chrysogenum NS10 (KU559907),
had been isolated and identified to have plastic degrading abilities [52].
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Fig. 8 Mechanism of PUR degradation

Recent trends in studies also suggested that the utilization of mixed cultures have
shown to improve the degradation of PE and PS than single strain study [54–56].
However, various studies showed that in case of (C–C) backbone polymers, thewhole
cell has proven to degrade the polymer more rather than the enzyme alone and this
strategy has been reported for both PE and PS by various researchers [22, 56].

PUR is another commonly used polymer consisting of di-or polyisocyanate and
polyols linked by urethane bonds. This polymer can be tuned according to the polyols
used during the polycondensation reaction having different characteristics proper-
ties [57]. Reports suggested de-polymerization of PUR using microbial enzymes.
Enzymes are extracted either from fungi or from bacteria mainly hydrolyse the ester
linkages which is a major mechanism of degradation as shown in Fig. 8 for PUR
[27, 32, 58–60]. However, a fungal isolate is found to degrade PURwith 60%weight
loss without showing the enzymes [32]. Previous studies suggest that PUR degrading
enzymes have low catalytic activity or efficiency, which can be upgraded by using
the whole microbial cell as a potential degrader of the PUR samples [34].

5 Challenges and Future Directions

Bio-degradable plastics are considered as sustainable polymers due to their poten-
tial to reduce the fossil fuel consumption. However, waste disposal and high pro-
duction cost related to biodegradable polymers are one of the major limitations
which are restricting theirmass production and limiting their potential from replacing
conventional plastics.
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Product cost At present, the cost of bioplastics is higher than that of the convectional
polymers. As an example, the cost of PLA is 3–5 times more than the cost of PET.
It is obvious that the other advantages of bioplastics are meaningless if the material
is too expensive. So, the prospects of biocatalytic recycling or waste management
through biodegradation are immense for conventional plastics. Recycling as well as
biodegradation will shape the future of the plastic world which is creating havoc in
terms of environmental degradation. Increasing research on the microbial enzymes
which are capable of degrading conventional polymers will promote the develop-
ment of environmental friendly waste recycling processes associated with plastics.
Although several enzymes have been found to contribute to the degradation of PE,
PS, and PP, the degradation of the (C–C) backbone has not been demonstrated by
any researcher till date. Therefore, extensive studies are necessary for identifying
enzymes and microbes which can degrade PE, PP, and PS without any pretreatment
and better understanding of the degradation mechanism is the utmost necessity. The
single strain or mixed culture of strains like bacteria/fungi might prove instrumental
in degrading (C–C) backbone of PE, PS, and PP. Extensive research has been done
to degrade PET which is one of the most used polymers. Various kinds of enzymes
and microbes have been utilized and identified which can degrade PET. PET is found
to degrade using PETase and cutinase enzyme but mainly the semicrystalline PET
or low crystalline PET has been reported wherein most of them have been mutated
for better and faster degradation. These enzymes are thermostable, and the degra-
dation condition of higher temperature also plays a crucial role during the degrada-
tion of PET. Research in the direction of developing better degradation system for
low-temperature degradation of PET may be carried out. Studies are also required
to identify microbes and enzymes which can degrade PET or other conventional
plastics at a linear rate throughout the degradation process. Although there are few
reports indicating degradation of crystalline portion of PET, the process is too slow
for application in recycling plants or at pilot scale. Certain simulation strategies can
be applied for the identification of the mutation sites which can help in optimiza-
tion of the mutation spots in polyester hydrolyses which would give insights for
enzyme mutation for degradation of polymers [14, 31, 61]. This chapter illustrated
the current advances and trends in the occurrence and usage of polymer degrading
microbes and enzymes. Further, the extensive screening of the effective polymer
degrading enzymes and whole cell is necessary for the lower polymer carbon foot-
print on the present and future world and to develop a proper biocatalytic recycling
system for the present class of conventional polymers.
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