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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.

Guwabhati, Assam, India Vimal Katiyar
Amit Kumar
Neha Mulchandani
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Chapter 1 ®)
Synthesis Strategies for Biomedical e
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 polymerization may 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 and Drug Administration (FDA) defines the medical device as a medi-
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-
chain monomers combine to form the long-chain polymers without 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 condensation methods 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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o (o)
n0=C=N—R—N=C=0 + nOH—R;-OH = R-NH-C-0-R{0O-C~NH-

n

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 (D) will increase with the
increased conversion of monomer. 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 X ( Y—X )
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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 as met-
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 polytetrafiu-
oroethylene (PTFE)/teflon are employed in medical 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 (7'g) of PHB is ~9 °C with T, 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
CO; 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 x 10 x 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(e-caprolactone): Yet, another biodegradable polymer widely explored for
biomedical applications is poly(e-caprolactone) (PCL). PCL is found to be in a rub-
bery state at room temperature (T'g ~ —60 °C) with the lower melting point (7, ~
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 and molecular architecture which 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 | [68, 69]
adhesion

Gelatin Wound healing [70]

PLA-PGA Orthopaedic [71]

PLA/chitosan/keratin Bone tissue engineering [72]

PHBV/PLA Sutures [73]

PEEK Surgical implants, orthopaedics and [74-76]
oral implants

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 Bone scaffold [85]
(hydroxyapatite)/collagen/PLA

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
Sn?* and Sn** as the cell growth is restricted in case of alkoxide initiators (Sn*").
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, the materials 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 e-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 e-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 e-caprolactone was carried out using amino acids with and without
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 (CO,) has also been explored at
mild conditions [91, 92]. As liquid CO, (obtained by compressing beyond its critical
point, 304.2 K and 7.38 MPa) is economically viable as compared to supercritical
CO,, Jimenez et al. reported the biocompatibility of medical grade with liquid CO,
by testing the mechanical properties of the biomaterials before and after sterilizing
with CO; (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 CO, 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 in modulus was evident for PMMA which may
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
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unsuitable for sterilization with CO;. 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].

S 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

------------------------------------------------

¢ + sio,— Si |+ COz ! Reduction of silica
2 CHyCI
Y
i CHy
2H,0 + | CI—Si Cli Formation of dichlorsilane
CH
CH CH; CH; CHs
HO-Si-OH + 2HCI ——— > —S$i—0-§i-0-Si— T H20
CHa CH; CH; CHs

Scheme 3 Formation of silicone polymer from silica



1 Synthesis Strategies for Biomedical Grade Polymers 13

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 reaction with 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, of PEEK is ~143 °C and its T'y, is ~343 °C due
to which it remains in the glassy state at room temperature. Further, the utilization of
PEEK was 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 OPTIMA LT1, OPTIMA LT2 and OPTIMA LT3, 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-
tion moulding, extrusion, compression moulding, etc. It is noteworthy to mention 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

The various biodegradable and non-biodegradable polymers with their applications in
the medical 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 ez
of Poly(e-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 polymeric mate-
rials at a comparable expense. The selection and utilization of agricultural products,
such as biomass are regarded as an intriguing and sustainable method 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 organic matter, which makes their recycling unrealistic and inadmissi-
ble. Contrary to that, biodegradable polymers are naturally recycled by biological 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 e-caprolactone has grasped recognition
because of mild 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(e-caprolactone).

Keywords Sustainable - Bio-derived + Biomass * Poly(e-caprolactone) *
Ring-opening polymerization - Lactones

1 Introduction

Poly(e-caprolactone): Petroleum-based biodegradable polyester Poly(e-
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
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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
e-caprolactone (obtained from crude oil through chemical conversion) [4]. Figure 1
illustrates different synthetic routes to obtain poly(e—caprolactone). PCL can be
achieved as a result of (a) condensation of 6-hydroxycaproic acid, (b) ROP of
e-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 two decades, PCL has 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
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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 e-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 efficient method 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 (M+y,/M,) 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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Propagating Species

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 e-caprolactone, and the molecular weight
of PCL could also be tuned utilizing low molecular weight alcohols [26]. ROP of
e-caprolactone can be achieved either by anionic, cationic, free radical, zwitterionic,
monomer activated or coordination—insertion reaction mechanism. Anionic and coor-
dination—insertion ring opening, however, are the most common mechanisms 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 f-lactones can be done by using potassium methoxide and
potassium tert-butoxide complexes with 18-crown-6 as initiators. In the polymeriza-
tion of e-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 e-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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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 (IT) 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 Plus™ [50].
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Moliner et al. developed a class of unsaturated chiral y-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 [S1]. 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 30 min, 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 degradation methods [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 H,SO, and NaOH solutions for catalytic
study. They reported the results as the acid catalyst H,SO,4 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 TiO,, ZrO, and
TiO,—ZrO; 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 using microwave radiation in homogeneous
and heterogeneous heating environment gives high selectivity with low conversion. In
this study, conditions were optimized where fructose and 9 mol% HCI 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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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 HCI 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 followed by 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-e-caprolactone from p-cresol, extracted conventionally from
coal tar. According to their conceptual study, the conversion of p-cresol to methyl-¢-
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-e-CL as shown in Fig. 5.

5 Microbial Synthesis of Caprolactone

Researchers have been trying to use isolated enzymes from microorganisms as a cat-
alyst in the biotransformation of cyclohexanone into e-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. used whole cell of this fungus to produce e-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]. Alsoin 2005, Xie et al. reported the microbial 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(e-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 e-caprolactone from
bioresources has not yet been implemented experimentally, but it can be presumed
that this pathway will lead to an inexpensive and sustainable approach that eliminates
waste disposal and environmental concerns.
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Polymers from Carbon e
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 (CO,) is a greenhouse gas which is available in abundant amount
in the atmosphere. The average lifetime of CO, molecule may be considered to be
of the order of ten years before it is dissolved into the oceans [1]. CO; 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 CO, 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 CO; has been adopted by several researchers. However, converting
CO;, 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 CO, 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 CO; 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 CO, at supercrit-
ical conditions, i.e. the viscosity and surface tension of CO, 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 CO; 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 CO, 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 CO,. 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 CO, 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 CO; 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 CO; and epoxide [27].

2.1 CO;/Epoxide Copolymerization

The copolymerization of CO, with epoxide was 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 CO,
with propylene oxide. Polycarbonates have been conventionally manufactured 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
CO; and propylene oxide to yield polypropylene oxide. Among various catalyst sys-
tems, diethylzinc/water (1:1) system was found to be the most effective which yielded
the methanol insoluble copolymer at 20—50 atm CO, pressure and 80 °C. Owing to
its high efficiency, the same catalyst system was chosen for the copolymerization of
CO, 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 high molecular weight
(Mn(osm.) = 115,000). Further extending the copolymerization of CO,/epoxide,
the authors studied the copolymerization of CO, with 1,2-epoxycyclohexane (cyclo-
hexene oxide, CHO) and 1,4-epoxycyclohexane [33]. In order to conduct the copoly-
merization, the catalyst and monomer (epoxide) were incorporated into the autoclave
equipped with a magnetic stirrer which was followed by adding CO,. The reaction
was conducted at room temperature with CO, pressure of ~50 atm. To the reaction
mixture, benzene was added to dilute it, followed by washing with HCI 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 system worked 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(Il) phenoxides as homogenous catalysts
with available active sites for the copolymerization of CHO and CO, to obtain
poly(cyclohexene carbonate) (PCHC) with high molecular weight (Scheme 1) [34].

0, 0, 0 Q
* catalyst |
+ o=cco —= _ |} CS + 0'[./0
n 0
cyclohexene oxide poly(cyclohexene carbonate) cyclic carbonate
Scheme 1 Synthesis of poly(cyclohexene carbonate) from cyclohexene oxide
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Table 1 Parameters for the reaction of CO, with epoxides

Copolymer system | Catalyst p (COy) (bar) | T (°C) t (h) | References
CO, + PPO ZnEt,/H,0 20-50 80 48 [35]
CO, + CHO ZnEty/H,0 ~50 RT 45 [12]
CO, + CHO Zn(II) phenoxides ~55 90 69 [34]
CO, + CHO Zn-fluoroalkyl ~57 60-172 | 24 [36]

The reaction was carried out at 90 °C under 800 psi of CO, 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 CO, 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 CHO with CO; at ~850 psi of CO; (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 CO;/Alkyne Copolymerization

Copolymerization of CO, 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 (M, ~ 31,400). The
reaction of CO, with alkyl dihalides and diynes in presence of Ago, WO, catalyst,
Cs,CO; 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 product may be considered as an industrially viable process. Further-
more, the reaction of CO, with alkyl dihalide and triphenylamine (TPA) containing

AgWO,,Cs,CO; L
: s — ~ !
IN- lacet: o-30.
N N-dimethylacetamide k 2{_}»
O /n
Scheme 2 Polymerization reaction of dienes, alkyl halide and CO; in presence of Agr WO, and
CspCO3

= Q=+ Bri3-Br+ 200,
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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 CO;. The direct conversion of CO; 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 CO, 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 CO;/Olefin Copolymerization

The copolymerization of CO, 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
CO; 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% CO,
which was consistent with the theoretical values. Furthermore, they extended their
research to develop one-pot copolymerization process of CO, 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 CO, 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. (CO,/butadiene/isoprene and CO,/butadiene/1,3-pentadiene) with
molecular weights (Mn) 5,500 and 16,000 and yields of 46% and 35%, respectively.

B Pt catalyst 1 \ __ Radical Copolymer
+ NF |m]\1mr1/ ation (33 mol% CO,)

butadiene Iat tone

Scheme 3 Copolymerization of CO, 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 CO,was 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 CO, 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 using PTpPOME was 4500 with 96% selectivity yielding 8-lactone.
The reaction was deactivated after 5 h by 1,3-dialkylimidazolium ionic liquids.

2.4 CO3/Diol Copolymerization

The direct copolymerization of CO, 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 CO,
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 CO, with 1,4-butanediol was carried out by Tamura et al. wherein the catalyst
used for the reaction was cerium oxide (CeQO,) 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 CO,
(1 MPa) thrice followed by pressurizing the autoclave with CO, (5 MPa) at room
temperature. Later, they heated the autoclave to 433 K (CO, 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 CeO, resulting in alkoxides.

2. CO, 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. Ligands Structure
no.
1. PPhs [Triphenylphosphine]
g1 |
2. Dan2phos ; . 503Na
F,C ,T\ o ; CF,
CF, CF;
3. PTmmCF; F;C CF;
[tris(m,m-di-trifluoromethylphenyl)
phosphine]
F,C. ; P CF,
CF, CF,
4. PToME [triphenylphosphine]
CH,
P

(continued)
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Table 2 (continued)

Sr. Ligands Structure
no.
5. PTpME CH;
P
H;C : : CH;
6. PTpOME OCH,

[tris-(p-methoxyphenyl)-phosphine]

P
H;CO’ : : "OCH,

4. The water (H,O) produced in the above step is removed by the hydration of
2-cyanopyridine to 2-picolinamide in presence of CeO;.
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 CO,

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

(utilizing CO,) 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 CO, fixation [42]. They carried out the radical
polymerization of GMA under CO, 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 CO,. The reactions carried out in presence of NMPy at
lower temperature led to the decrease in the CO, incorporation ratio as well as the
yield which may be due to the polymerization reaction occurring much faster than
that of CO, 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 the moieties 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 CO, fixation is shown in Scheme 5.

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

2.5.2 Bioderived Epoxides from CO,

Although several epoxides have been explored for the reaction with CO,, 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 CO, was reported by
Byrne et al. under mild conditions to yield polycarbonates [43]. The copolymeriza-
tion was carried out using p-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 CO,. 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 CO,
in presence of AI(III) complex catalyst to develop poly(limonene) dicarbonate [44].
They mixed limonene oxide (cis/trans mixture), bis-triphenylphosphine iminium
chloride (PPNCI) and catalyst and placed inside the stainless steel reactor followed
by purging with CO, 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, PPNCI was used as a nucleophile to copolymerize the epoxide with
CO;. They were able to obtain the polycarbonates with glass transition (7'y) as high
as 180 °C and high molecular 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)
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3 Existing Technologies for Making Polymers from CO;

Novomer Inc. (USA) founded by Geoffrey Coates (Cornell University graduate) has
initiated the production of polyols (copolymers resulting from epoxides and CO,)
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(CCl3C0O0)3) [46]. Norner™,
a Norway-based company has also actively been involved in the development of
CO;-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 “RENEWCO,” which is the outcome of the project carried
out under Prof. Charles Dismukes. They have developed an electrochemical method
to convert CO, and water into polymers using the nickel and phosphorous-based
catalysts [48]. A German-based company “Covestro” headed by Markus Steilemann
has developed CO,-based polyols which are used to make the synthetic sports floor-
ing. They have made a novel CO,-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 CO,-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 CO; 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 CO, may serve as good candidates for replacing the conventional
plastics due to their attractive properties such as biodegradability and biocompati-
bility. CO,-based polymers may also be explored in biomedical applications such
as implants. The most widely explored polycarbonate from CO, 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 CO,-based polymers in order to compete
with the existing fossil-based polymers. Thus, it can be said that the development of
CO,-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, Cecte
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, and physical properties of PHAs. Several
PHA nanocomposites have been developed to enhance mechanical properties. PHAs
degrade into carbon dioxide and water under aerobic conditions and to methane 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 of waste,
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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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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Conventional Route Economical Route 1 Economical Route 2
Selection of pure Selection of microbial Selection of carbon source from
carbon source source from sludge, soil erc. plants, invasive weeds e/c.
Procurement of Isolation of PHAs Pretreatment of biomass to collect
microbial strain producing microorganisms ~ carbon source (glucose, xylose efc.)

Inoculum development
and fermentation
l Incubation

Extraction and quantification
of microbial cells
Lyvophilisation
Extraction of PHAs
Drying
Characterization and quantification of
powdered polymer

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 PHB can
be produced by a variety of microorganisms [9]. In 1958, Wilkinson Macre observed
that by increasing the concentration of carbon sources like glucose and nutrient
elements like nitrogen, accumulation of B. megaterium granules increased [10]. Later
on, researchers synthesized P(3HB) using several microorganisms of bacteria genera
like Pseudomonas, Azotobacter, Hydrogenomonas, Chromatium, a cyanobacterium,
and many 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 as Ralstonia eutropha, which was again retitled to Wautersia 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 [UPAC 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—Cs) carbon atoms. Carbon numbers ranged from 6 to
14 (C¢—Cy4) are categorized as medium-chain-length (mcl) PHAs. Similarly, the
long-chain-length (Ic/) PHAs have carbon atoms greater than 14 (>Cy4). 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. /cl-
PHAs are very infrequent and are the least studied materials 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 sc/-PHA and mc/-PHA

S. Pradhan et al.

scl-PHA mcl-PHA

Melting point Ty, (°C) ~180 ~60
Glass transition temperature 7'g (°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 sc[-PHA. mcl-PHAs are flexible and elastomeric, but sc/-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 | 162-181 64-171 160-169 130-137 105-125
Tm (°C)
Glass —41t0 18 —13to 10 —14to —6 —125to— | —125to —
transition 90 90
temperature
T, (°C)
Tensile 19-44 1.8-51 28-40 20-40 7-17
strength
(MPa)
Tensile 1.24 0.14-8.7 1.1-2 0.7-1.4 0.14-0.3
Young’s
modulus
Elongation at | 0.8-4.5 1-970 20-75 100-1000 200-900
break (%)
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
(%)




4 Production, Characterization, and Applications of Biodegradable ... 57

2 Production of PHASs

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
fermentation method 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 by microorganisms 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
PHASs 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
been made to design genetically recombinant strains with 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
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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
Agquaspirillum 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 the major 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 S-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 B-oxidation pathway [38]. The enzymes responsible for PHA synthesis
and their respective coding genes are the same in different bacteria. PhaA, PhaB, and
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PhaC are some of the essential coding genes synthesizing B-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 g-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 Microorganisms Fermentation PHA content (%) | Reference
source/waste mode
feedstock
Commercial sugars
Glucose Bacillus cereus Batch 47.9 [57]
Pseudomonas Shake flask 51.2 [89]
mendocina (batch)
NK-01
Pseudomonas Batch 52 [63]
stutzeri 1317
Pseudomonas Fed-batch 67.1 [77]
putida Aged
(recombinant)
Escherichia coli Batch 11.9 [88]
(mutant)
Pseudomonas Batch 10.8 [81]
aeruginosa
ATCC 9027
Ralstonia. Fed-batch 73.8 [13]
Eutropha
Escherichia coli Aerobic batch 37.2 [42]
K24KP
(recombinant)
Sucrose Cupriavidus Fed-batch 74.3 [43]
necator
(recombinant)
Alcaligenes latus Fed-batch 50.0 [90]
Glycerol Escherichia coli Fed-batch 63 [73]
K24KL
(recombinant)
Cupriavidus Fed-batch 62 [50]
necator DSM 545
Shimwellia blattae | Two-step 30.7 [83]
(recombinant) fed-batch
Starch
Starch Bacillus cereus Batch 48 [62]
CFRO6
Starch Azotobacter Batch 46 [67]
chroococcum
Cornstarch Haloferax Repeated 242 [64]
(extruded) mediterranei fed-batch
Corn starch Haloferax Fed-batch 50.8 [55]
(extruded) mediterranei

(continued)
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Table 4 (continued)
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Carbon Microorganisms Fermentation PHA content (%) | Reference
source/waste mode
feedstock
Potato starch Ralstonia Fed-batch 55 [60]
eutropha
Industrial waste
Crude glycerol Pandoraea sp. Batch 63.6 [56]
MAO3
Crude glycerol Mixed microbial Batch 47 [72]
consortia
Crude glycerol Mixed microbial Batch 59 [59]
culture
Wood mill effluent | Two different Aerobic batch 29 [35]
cultures
Starch industry Mixed cultures Sequencing batch | 60-65 [36]
wastewater
Palm oil mill Comamonas sp. Fed-batch 59 [93]
effluent EB172
Olive oil mill Lampropedia Anaerobic - [44]
effluent arbour and fermentation and
Candidatus aerobic batch
Meganema sequencing
perideroedes
Kraft cellulose Sphingopyxis Batch - [86]
mill effluent chilensis S37 and
Wautersia sp.
Paper mill waste Plasticicumulans | Sequencing batch | 77 [65]
acidivorans
Paper mill waste Defluviicoccus Aerobic/anaerobic | 42 [46]
vanus/Candidatus | process
Competibacter
phosphatis
Food wastes
Extruded rice Haloferax Repeated 55.6 [64]
bran: extruded mediterranei fed-batch
corn starch (1:8)
Wheat bran Halomonas Batch 34 [87]
boliviensis LC1
Molasses Escherichia coli Batch 75.5 [82]
(recombinant)
Crude palm kernel | Burkholderia sp. | Fed-batch 66 [54]
oil USM (JCM
15050)
(recombinant)

(continued)
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Table 4 (continued)

Carbon Microorganisms Fermentation PHA content (%) | Reference

source/waste mode

feedstock

Crude palm kernel | Cupriavidus Fed-batch 66 [69]

oil necator
(recombinant)

Palm kernel oil Cupriavidus Fed-batch 79 [48]
necator
(recombinant)

Whey Haloferax Fed-batch 66 [68]
mediterranei

Whey Haloferax Batch 53 [75]
mediterranei

Whey Thermus Batch 35.6 [76]
thermophiles
HBS

Whey permeate Cupriavidus Batch 25 [79]
necator mRePT

Soy bean and Cupriavidus Two-stage batch 57 [85]

rapeseed oil necator H16

Waste frying Cupriavidus Batch 67.9 [74]

rapeseed oil necator H16

Waste frying Cupriavidus Batch 52.4 [74]

sunflower oil necator H16

Corn oil Psuedomonas Batch 35.63 [53]
species

Sugarcane vinasse | Haloferax Batch 70 [47]
mediterrranei

Malt waste Alcaligenus Batch 70 [92]
eutrophus
DSM1124

Soy waste Alcaligenus Batch 32.57 [92]
eutrophus
DSM1124

Restaurant waste Recombinant E. Batch 45 [58]
coli pnDTM2

Restaurant waste Cupriavidus Continuous 87 [61]
necator H16 feeding

Lignocellulosic biomass

Wheat straw Burkholderia Fed-batch 72 [51]
sacchari DSM
17165

Rice straw Bacillus firmus Batch 89 [84]
NII 0830

(continued)
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Table 4 (continued)
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Carbon Microorganisms Fermentation PHA content (%) | Reference
source/waste mode
feedstock
Sugarcane Burkholderia sp Fed-batch 48 [71]
bagasse
Sugarcane Cupriavidus Batch 57 [91]
bagasse necator
Parthenium Ralstonia Batch 8.1-21.6 [80]
hysterophorus eutropha
and Eichhornia
crassipes
Wastewater
Cassava starch Bacillus Sequencing batch | 79.2 [52]
wastewater tequilensis MSU

112
Cassava starch Cupriavidus sp. Batch 61.6 [78]
wastewater KKU38
Brewery Activated sludge Stirred batch 39 [45]
wastewater consortium reactor
Food processing Activated sludge Batch 60.7 [66]
wastewater consortium
effluent
Olive oil mill Wastewater Stirred batch 11.3 [49]
wastewater microbes reactor
Tomato Activated sludge Batch 20 [70]
wastewater consortium

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 from R. eutropha [97]. In another study,
sucrose-utilizing gene from Mannheimia 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' h=! of PHA ina 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. Some of 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, food waste, agricultural sector, animal wastes, and many more 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 a-amylase, the key enzyme responsible for starch hydrolysis. Therefore,
a-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 a-amylase producing native B. cereus CFROG6 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 PHA using 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
petroleum diesel. 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, a major by-product from biodiesel
industry [101]. On the weight 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 of Haloferax mediterranei, Thermus thermophiles HB8, and
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C. necator for whey fermentation, and the final PHA content varied from 25 to 66%
[68, 75, 76, T9].

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 o0il [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 PHB when
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 8-1,4 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) H,SO, for the
release of pentose sugar. The bacterium accumulated 1.697 g/ 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 C¢ and Cs 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 H,SOy)
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 x 1073-36.41 x 1073% 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 PHB derived 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 s 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 yields maximum amount of
PHASs 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 digestion method 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 bead mill 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 (CO,), ammonia (NH3), and methanol (CH3OH) can be used for
recovery of PHAs. Hejazi et al. reported that the application of supercritical CO; 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 PHASs 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 Agqueous 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
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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-
ferent microbial process in order to fulfill the research gap 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 "H NMR of scl-PHA (e.g., polyhydroxybutyrate). Similarly, for *C 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=0 group is observed in '*C NMR, which
is in the range of 169.31-170 ppm [128-130]. For mcl-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=0 group, the chemical shift observed
in *C NMR is in the range of 169.1-169.5 ppm [131-133]. A summary of the NMR
characterization results for both sc/-PHA and mcl-PHA is presented in Table 5.



74 S. Pradhan et al.

Table 5 Summary of functional groups observed from NMR and FTIR analysis for sc/-PHA and
mcl-PHAs

Group or moiety | Chemical Shift (ppm) Group or moiety | Wave number (cm™!)
'HNMR | BCNMR

- CH 5.2-5.26 67.8-68.5 - CH 2962-2853

- CHy 2.17-2.7 31.09-41.3 -C=0 1742-1709

— CH3 1.25-1.6 19.95-21.4 - C-Oor-C-C 1300-1000

- C=0 169.1-169.5 | — 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 ™! for wide range of PHAs [134, 135]. The
major strong bands are observed for carbonyl (~C=0) and unsaturated ester (-COO)
groups and are within the range of 1742-1709 cm~! [128, 136]. The coupling of
—C-0 and —-C-C intense stretches are observed in the range of 1300-1000 cm™!.
For methine (—CH) group, mild stretch vibrations have been observed in the range
of 2962-2853 cm™! [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 26 = 13° and 17° having miller indices of (020) and (110),
respectively, suggesting the a-PHB crystal and orthorhombic unit cells appeared
on the plane. Relatively weaker reflections are observed at around 20 = 21° and
22°, which corresponds to miller indices of (101) and (111), respectively for a-PHB
crystal. Other similar weaker reflections are observed at 20 = 26° and 27° showing
(130) and (040) reflections, respectively [ 128, 137, 138]. Senhorini et al. reported that
the crystallinity (x.) of PHAs can be calculated by measuring the area of crystalline
and amorphous peaks. The empirical formula is stated as follows:

! 4 100 (1)
= — X
Xe

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

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

Dy = 2

where K is the geometrical shape factor, By is the half width (radian unit) of the
reflections corrected for instrumental broadening, 6 is the peak position, and A 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
(xc) of PHASs can be calculated from DSC curve by measuring the melting enthalpy
or heat of melting (H). The degree of crystallinity can be estimated by the following
equation:

Hy
Xxc(Percentage) = — x 100 3)
100%

where H\ggg 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 from XRD analysis confirming the partial crystalline nature of PHAs.
The melting point range of PHB obtained from molasses, corn steep liquor, and soy
waste using different microorganisms (i.e., C. necator and B. megaterium) are around
169-177 °C. The crystalline temperature on heating (7'y,) and cooling (7'.) and glass
transition temperature (7'y) for corresponding PHBs is in the range of 4048, 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
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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 PHASs can be categorized into three different
phases. The first phase or initial phase of mass 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 B-chain scission process results in
cleavage of —-C-O and —C=0 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. hydrophila was in the range of 226-235 °C. The corresponding mass
loss for copolymers such as P(3HB-co-4HB-co-3HHy), P(3-HB-co-3-HV), P(3HB-
co-3HHy), PBHB-3HV-3HHy), 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 3H4MYV 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%: HH, 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-HHy)) 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 (Ts%) of different types of PHA

Type of copolymer Composition of T5% mass loss Name of the strain

PHASs (mol%) °C)
P(3HB) 3HB: 100 226-235 Recombinant A.

hydrophila

P(3HB-co-4HB-co-3HHy) | 3HB: 73.8, 4HB: 257 Recombinant A.

5.1, HH: 21.2 hydrophila
P(3HB-co-3HV) 3HB: 80, 3HV: 20 247-253 Alcaligenes eutropha
P(3HB-co-3HHy) 3HB: 57%, 3HH: 285 Recombinant

43% Cupriavidus necator
P(3HB-3HV-3HHy) HB: 5.4, HV: 9.9, 273 Recombinant A.

HH: 86.7 hydrophila
P(3HB-co-3H4MV) 3HB: 81, 3H4MV: 306 Burkholderia sp.

19

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 (M) and number average molecular weight (M},). The polydispersity index
(M /M ) 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 (M,,) of several homo- and hetero-polymers lies in between 9 and 16 x 10°
Da [146, 148—150, 152]. The PHA copolymer containing HHy 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 HHy) 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 M,, M, MM,
(10° Da) (10° Da)

P(3HB) 9-16 1.66-8.4 1.7-2.9
P(3HB-c0-32 mol% 3HHy) 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% 3HHy) 7.61 5.54 1.37
P(3HB-5.4 mol% 3HV- 9.9 mol% 3HHy) 3.73 1.71 2.17
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by extracting the cultured cells at different time intervals. It is observed that weight-
average molecular weight drastically decreases from 19.3 x 10° Dato 1.46 x 103 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 in molecular
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(3BHB-co-HHXx) 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 319 MPa to 110 MPa, 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) 35 0.4-5 40-43
P(3HB-co-32% #HHy) 101 856 8
P(3HB-co0-43% #HHy) 75 481 5
P(3HB-co-56% #HHy) 12 368 1
P(3HB-co-60% #HHy) 3 424 1
P(3HB-co0-70% #HHy) 1 1075 1
P(3HB-co-3% 3HV) 2900 - 38
P(3HB-c0-9% 3HV) 1620 37 190
P(3HB-co-14% 3HV) 1500 35 150
P(3HB-c0-20% 3HV) 1450 32 120
P(3HB-c0-25% 3HV) 1370 30 70
P(3HB-c0-40% 503 4 9
3HV-c0-50% 4HB)

P(3HB-co0-34% 618 3 10
3HV-co-55% 4HB)

P(3HB-c0-23% 392 5 9
3HV-co-66% 4HB)

P(3HB-co-12% 142 9 4
3HV-co-76% 4HB)

P(3HB-co-6% 118 300 9
3HV-co-84% 4HB)

P(3HB-co-3% 127 430 14
3HV-c0-93% 4HB)

P(3HB-co-5% 63 123 2
3HV-co-3HHx)

P(3HB-co-3HV-co-12% 135 108 5
3HHx)

P(3HB-co-1% 319 2717 10
3HV-co-10.7% 3HHXx)

P(3HB-c0-2.4% 110 481 8
3HV-co-13.4% 3HHX)

P(3HB-c0-5.4% 291 340 16
3HV-co-11.7% 3HHXx)

Polypropylene 590 435 27
High-density 640 576 19
polyethylene

Low-density 50-156 126-700 13-79

polyethylene
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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 s 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

Photosynthesis

T H0+CO, :?‘ Biodegradation
-y

Products

Carbohydrates Fermentation Dry PHB powder

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 PHBYV 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 Nodax™ 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 (7',),
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 PHAsS, 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. '"H NMR helps in detecting -CH, —-CH,, and —CHj3 functional
groups, whereas '>*C NMR helps in detection of additional -C=0 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 from XRD diffrac-
togram. From DSC curve, the crystallinity can be measured from melting 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 and DTG 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. The monomer 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.
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1 Introduction

The field of macromolecular architecture and its applications has been extensively
explored over the last two decades particularly in the devise of complex macromolec-
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 rir, = 0 where r| and r, denote the ratio of the rate constant of homoprop-
agation to cross-propagation [22]. Copolymerizations of electron donor styrene (also
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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) and N,N’-
dimethylformamide (DMF), supercritical carbon dioxide (CO,) was also used to
accomplish an ultrahigh molecular weight alternating copolymer from styrene and
maleic anhydride. By increasing the free volume and segmental motion of the copoly-
mer chain, CO; restricts its precipitation from the solvent leading to the emergence
of a high molecular 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 a mixed 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-alr-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)/SiO, 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 from nucleobase-enclosed styrene monomers with maleic anhydride
through the RAFT polymerization process using hexafluoroisopropanol 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(Il) 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 strategy was developed by Thomas 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.
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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(y-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),-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 y-ethyl-L-glutamate (L-(Et),-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 and metallic 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),-] 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 adopted B-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,
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Fig. 3 Possible sequence selectivity of proteases during oligomerization reaction of y-ethyl-L-
glutamate (E) with L-leucine ethyl ester (L) monomer. Reprinted with permission from Ref. [66].
Copyright (2008) American Chemical Society

Alternating
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(a)

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 o-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-
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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
and N,N’-dimethylacrylamide (DMA), and ¢ 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 is MAX1,
a sequence defined peptide containing 20 amino acids [71]. It is fully soluble in aque-
ous media, adopts random coil conformation, and can transfer to $-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 from MAXI1 including alter-
nating sequence of lysine and valine residues oriented on two 8-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
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Fig.6 aModel for the folding and self-assembly of MAX1. b Folded sequence of MAX1. Reprinted
with permission from Ref. [74]. Copyright (2005) Elsevier
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Fig. 7 Live/dead cytotoxicity assay on 40,000 cells/cm? murine NTH 3T3 cells 5 h after introduc-
tion onto a 2 wt% MAXI1 hydrogels or b TCTP control plates. Viable cells fluoresce green and
compromised cells fluoresce red. Scale bar represents 100 wm. 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-
tion with 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 a-helix conformational switching like its statistical analog. But
the precise alternating arrangement along the polymeric chain could result in a -
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 S-sheet conforma-
tion of alternate amino acid-based architecture through different mechanism. C1O,,
specifically, bind to the positively charged side chain group, whereas B-structural
orientation is dictated by SO;~ 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. Reprinted with permission from Ref. [76]. Copyright
(2015) WILEY

SOi_ and two NH; groups of two neighboring polymers. Hence, the absence of spe-
cific binding capacity toward polycation by SOi_ unlike C1O, dominantly regulates
the mechanistic pathway.

The pH-induced conformational transition of an alternating amphiphilic peptide
with an amino acid sequence Phe-(Leu-Glu)g 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 «-helical conformation along with a substantial extent of a random coil
and B-sheet arrangements under basic condition, whereas §-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 B-sheet assembly of the surface peptides,
generating a useful system for new molecular tools with quantized properties.

Alanine and lysine containing sequence defined peptides (AKA3;KA), (AK;) pro-
duce an alternating architecture with flexible PEG moiety. Hence, a multiblock poly-
meric fusion material has been developed to imitate the molecular structure and
design of natural elastin. The peptide (AKA3;KA), (AK3) 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,
PEG was substituted by an amphiphilic ABA block 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 AK, 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)g 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 «-amino
acids like aspartic acid or lysine and «-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
a-amino acids and «-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, S-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 from Ref. [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 the N-terminal
residue, a poly(sarcosine) block was incorporated as expressed in Fig. 13 [91]. The
molecular assembly from the mixtures 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.
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Fig. 11 a Chemical structure of alanine-rich, lysine-containing peptide with a sequence of Ac-
(AKA3KA),-NH; (AK>, top) and vinylsulfone terminated pluronic F127, b transmission electron
micrographs of peptide/F127 hybrid. Reprinted with permission from Ref. [80]. Copyright (2011)
WILEY
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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), (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 e-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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~_~M left-handed helical blockpeptide (LP)
MeO-CH,-CO-(Sar);s-(D-Leu-Aib)s-OMe

~L right-handed helical blockpeptide (RP)
MeO-CH,-CO-(Sar),s-(L-Leu-Aib)g-NH-(CHz),-NH-R
(R =-(CHy)4-(1,2,3-triazole ring)-dendrimer core)

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-alr-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” w—rm 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
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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 group distributions, and complicated macromolecular
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
active Pd modified heterogeneous catalyst for Suzuki and Sonogashira 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 -NH, and —SOj
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 fert-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 B-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
sector must realize and should construct an attempt to bridge the gap existing between
fundamental research and industrial applications.
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Fabrication of Stimuli-Responsive oo
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].
Inthe 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 C(lassification 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 Smooth Absorbable US Pharmacopeia (USP),
Multifilament Barbed Non-absorbable European Pharmacopeia (EP)
Pseudo-filament

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 and must 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. The multifilament sutures render much higher mechanical 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
from animal origin and synthetic polymers. These can also be coated for easy handling
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 are made up of non-biodegradable materials which 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
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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, 0.200-0.249
tendons, blood vessels
5. 3-0 Limbs, trunk, gut, blood vessels 0.300-0.339
2-0 Trunk, fascia, viscera, blood 0.400-0.399
vessels
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].

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

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

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

e 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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e 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
e 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
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treatment which led to the production of PLLA fiber with 0.5 GPa tensile strength was
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., M, around 250,000 can also be spun
which is not the case in melt spinning because the limiting viscosity at zero shear
and the spinning pressure increases in proportion to M. 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
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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

Polymer solution

Spinneret

4———— Hot air

Wind-up roll
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In the electrospinning process, the polymer solution or melt is drawn to continuous
fiber with diameter ranging from few microns to nanometers which is shown in Fig. 3.
It is processed under the influence of an electric field. Voltage difference, solution
viscosity, nozzle type, etc., influence the fiber property [20]. Huetal., 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

e The effect of polymer structure on biodegradation.
e 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 recombine with 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 polymer material. 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

e Polyamide (Ethicon)

e Tantalum (B. Braun)

e Polyethylene/Polypropylene (Ethicon)
e 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
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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)
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 1974
(Vicryl®)
5. Poly(glycolide-L-lactide) Polysorb® 1981
6 Polydioxanone (PDS) PDS 1I® 1981
Poly(glycolide-e-caprolactone) | Polyglecapron 25, 1992
(Monocryl®)

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 (Ca;o(PO4)s(OH),), which is both osteo-
conductive and biocompatible, is used mainly for bone tissue applications as it is a
major mineral component of the bones consisting of 69 wt% 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 PLA matrix 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 ceramic HAP [35]. In the year 1992, Verheyen et al. investigated the mechanical
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 SWCNTSs 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].



6 Fabrication of Stimuli-Responsive Polymers and their Composites ... 133

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 prepared magnetic silk/PLA composite
by electrospinning method and studied the cytocompatibility which is effective for
cancer therapy [42].

Silver nanoparticles: Tt 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

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

e Collagen, peptides, etc., can improve bioresorbability of BCBS over BPBS.

e Different magnetic materials and electrically conducting filler loaded BCBS can
be tuned for particular applications using external stimulus.

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

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

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

e 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 in Fig. 4. The fabrication of such multi-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-designed materials. 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 of magnetic 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™! 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