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Plastics are unquestionably the world’s most versatile polymer that can be turned
into anything and everything for human benefit at a very low cost. But to tackle the
pollution generated from discarded plastics is very difficult. Whole marine and soil
ecosystems are literally drowning in plastics. The worst part of these polymers is that
they are synthesized from expensive and nonrenewable resources and oil and
petroleum products. Therefore, there is a requirement for materials that are degrad-
able, recyclable, and eco-friendly. This brings the picture of bioplastics to the world
that are synthesized from natural materials. Bioplastics are synthesized by many
microbes and accumulated inside the cells under stress conditions as a storage
material. Microbial enzymes also play a crucial role in their degradation.

Ironically, all bioplastics do not show the same fate and leave toxic residues or
plastic fragments behind that are unsuitable for composting. Bioplastic waste makes
a difference to the environment only when they are buried in landfills. Moreover,
some require industrial composting facilities to break down and the majority do not
have access to this. When these wastes are not left in landfills to degrade, then these
are incinerated and thereby give similar environmental impact as conventional
plastics do. These “green” plastics, which are supposed to be a great alternative as
a replacement, in fact are not better for the environment also increase the level of
pollution on land and in water. So, there are benefits and drawbacks of these
bioplastics at the same time. Now, it is up to the producer and consumer to decide
how they deal with this significant but controversial issue.

This book will be a comprehensive reference in the most progressive field of
bioplastics and will be of interest to professionals, scientists, and academics related
to biotechnology and polymer science. This book covers 23 chapters that provide an
updated knowledge of bioplastics and biodegradable plastics which is currently a
burning topic for today’s need. It will clarify the accurate difference between
biodegradable, recyclable, and bioplastics that are actually the same for a common
man. The chapters highlight the potential impact of bioplastics and its significant
applications in various medical and biotechnological sectors. Alternate cheap
substrates like agro-wastes and fruit waste are also explored for the production of
these biopolymers. Other chapters explain the novel source and technologies
adopted for the production of bioplastics, which are continuously added to the
literature reports day by day. Some chapters also discuss the role of these bioplastics
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in food packaging, agricultural and horticultural applications, also in bioremediation.
These chapters also present future perspectives for the development of specific and
more active polymers for sustainable environment.

In conclusion, this book is an updated reference in the most progressive field of
bioplastic polymer that will be useful for professionals, scientists, and academics
related to this field. Last but not least, we would like to express our deepest sense of
gratitude and regards to our family for their love and moral support, which helped us
to complete this comprehensive book. We would also like to thank all the authors
who have eagerly contributed their chapters to this book. Finally, we also express
our sincere gratitude to Springer for providing us this opportunity.

Hail, Saudi Arabia Mohammed Kuddus
Lucknow, Uttar Pradesh, India Roohi
November 2020



Microbial Production of Bioplastics: Current Trends
and Future Perspectives. . . .. ....... ... ... ... ... ... ... 1
Nupur Ojha and Nilanjana Das

General Structure and Classification of Bioplastics

and Biodegradable Plastics. . . .. .......................... 61
Erum Dilshad, Hasnain Waheed, Umar Ali, Arshia Amin,

and Iftikhar Ahmed

Innovative Technologies Adopted for the Production

of Bioplastics at Industrial Level . . . . ....................... 83
Ezgi Bezirhan Arikan, Esma Mahfouf Bouchareb

Raouf Bouchareb, Nevin Yagci, and Nadir Dizge

Processing of Commercially Available Bioplastics. . ... ......... 103
Raluca Nicoleta Darie-Nitd and Maria Rapa

Protein-Based Bioplastics from Biowastes: Sources,

Processing, Properties and Applications. . . . ................. 137
Estefania Alvarez-Castillo, Carlos Bengoechea, Manuel Felix,

and Antonio Guerrero

Conversion of Agro-industrial Wastes for the Manufacture
of Bio-based Plastics . . . . ........... . ... ... .. ... ... 177
Larissa de Souza and Srividya Shivakumar

Fruit Waste as Sustainable Resources for Polyhydroxyalkanoate
(PHA) Production . . .. ........ . ... ... ... .. ... .. ... ... 205
Mridul Umesh, S. Adhithya Sankar, and Basheer Thazeem

Bio-plastic Polyhydroxyalkanoate (PHA): Applications

in Modern Medicine . . . .. ....... ... ... .. ... .. .. ... .. .... 231
Abdul Mukheem, Syed Shahabuddin, Aleem Ahmed Khan, Md

Murad Hossain, Ainil Hawa Jasni, and Nanthini Sridewi



10

11

12

13

14

15

16

17

18

19

20

Contents

Bacterial Production of Poly-p-hydroxybutyrate (PHB):

Converting Starch into Bioplastics . . . ... ................... 259
Nur Arfa Yanti, Langkah Sembiring, Sebastian Margino,

and Sitti Wirdhana Ahmad

Halophilic Microorganisms as Potential Producers
of Polyhydroxyalkanoates . . . .. ........................... 277
Angelina Stanley, Sarma Mutturi, and S. V. N. Vijayendra

Aliphatic Biopolymers as a Sustainable Green Alternative
to Traditional Petrochemical-Based Plastics . . . . .............. 295
Rafeya Sohail and Nazia Jamil

Bioplastic: Food and Nutrition. . ... ....... ... .. ... ...... 307
Asma Tabassum, A. Hira, and R. Aliya

Biocomposites of Polyhydroxyalkanoates and Lignocellulosic
Components: A Focus on Biodegradation and 3D Printing . . . . . . . 325
Nanci Ehman, Agustina Ponce De Le6n, Fernando Felissia,

Maria Vallejos, Maria Cristina Area, and Gary Chinga-Carrasco

Bio-Based Bioplastics in Active Food Packaging. . . ............ 347
Elena Stoleru, Anamaria Irimia, and Elena Butnaru

Synthetic Bioplastics in Active Food Packaging. . . ............. 381
Elena Butnaru, Elena Stoleru, and Anamaria Irimia

Bioplastic Matrices for Sustainable Agricultural
and Horticultural Applications. . . .. ....................... 399
M. Jiménez-Rosado, V. Perez-Puyana, A. Guerrero, and A. Romero

Altering the Hydrophobic/Hydrophilic Nature
of Bioplastic Surfaces for Biomedical Applications. . . .. ... ... .. 431
Zulfigar Ali Raza, Rizwana Khatoon, and Ibrahim M. Banat

Multicomponent Polymer Systems Based on Agro-Industrial

F. Tanasd, C. A. Teacd, M. Nechifor, and M. Zdnoaga

Polysaccharide-Based Materials as Promising Alternatives
to Synthetic-Based Plastics for Food Packaging Applications. . . . . 515
Irina Elena Raschip, Nicusor Fifere, and Maria Valentina Dinu

An Overview on Feasible Production of Bioplastic

Polyhydroxyalkanoate (PHA) in Transgenic Plants. . ... ..... ... 555
Amna Komal Khan, Iram Anjum, Christophe Hano,

Bilal Haider Abbasi, and Sumaira Anjum



Contents

21

22

23

Engineering Strategies for Efficient and Sustainable Production
of Medium-Chain Length Polyhydroxyalkanoates

inPseudomonads . . . ........ ... ... .. .. ... ... ...

Elias R. Olivera and José M. Luengo

Application of Bioplastics in Agro-Based Industries

and Bioremediation . . .. ...... ... .. .. ... .. .. .. ... ...

Sharjeel Ahmad, Saira Abbas, Nauman Khalid, Ahmad Ali,
and Iftikhar Ahmed

Challenges of Bioplastics as Bioinks for 3D and 4D Bioprinting

of Human Tissue-Engineered Structures. . ..................

Sherif S. Z. Hindi, Uthman M. Dawoud, and Mona O. Albureikan

Xi



About the Editors

Mohammed Kuddus is a Professor and Chairman of
the Biochemistry Department at the University of Hail,
Kingdom of Saudi Arabia. He has previously served at
the Department of Biotechnology, Integral University,
Lucknow, India (2007-2012). Holding a Ph.D. in
enzyme biotechnology from SHUATS, Allahabad,
India, Dr. Kuddus’s main research areas include enzy-
mology, biochemistry, and microbial biotechnology. He
has more than 15 years of research and teaching experi-
ence in biochemistry, biotechnology, and enzymology.
He is the editor of four books and has published more
than 65 research articles in esteemed international
journals, along with 20 book chapters. He is a member
of various national and international scientific societies
and organizations, e.g., the Indian Science Congress
Association and the Asian Council of Science Editors.
He also serves as an editor/editorial board member or
reviewer for more than 30 peer-reviewed international
journals. He has been awarded Young Scientist Projects
from the Department of Science and Technology, India,
and the International Foundation for Science, Sweden.

Roohi is an Associate Professor at the Department of
Bioengineering, Integral University, Lucknow, India.
Her main research interests are in enzyme biotechnol-
ogy, especially protein biochemistry and microbial bio-
technology. She has more than 12 years of research and
teaching experience and has published more than
35 research articles in peer-reviewed international
journals and authored/coauthored numerous book
chapters. She is a member of various international sci-
entific societies and organizations, e.g., the International
Society for Research and Development and European

xiii



Xiv

About the Editors

Biotechnology Network. She also serves as a reviewer
for more than ten reputed international journals. She has
been recognized with an Early Career Research Award
(ECRA) and Project Grant from the Science and Engi-
neering Research Board (SERB), Department of Sci-
ence and Technology (DST), India.



®

Check for
updates

Nupur Ojha and Nilanjana Das

Abstract

Petrochemical plastics are nonbiodegradable synthetic organic polymers. It has
various applications and become an essential part of our daily lives. However, the
improper disposal of plastics results in the deaths of millions of animals annually
and the reduction of soil fertility and also causes severe environmental pollution.
The vast consumption and accumulation of plastics have become one of the major
problems throughout the world. In response to these problems, there has been
considerable interest in the development and production of biodegradable micro-
bial bioplastics which can serve as a potential alternative to petrochemical
plastics. Polyhydroxyalkanoates (PHAs) are microbial bioplastics that belong to
a family of biopolyesters, primarily composed of R-3-hydroxyalkanoic acid
monomers unit. Wide varieties of microorganisms have been reported to synthe-
size polyhydroxyalkanoate (PHA) and its copolymers as intracellular inclusion
under carbon-rich and other nutritional limiting conditions. PHA and its
copolymers have attracted researchers and industries because of their potential
use as biodegradable and biocompatible thermoplastics. It has remarkable
applications in the field of tissue engineering, drug delivery, pharmaceutical,
and packaging industry. The development of microbial bioplastics and their
products would help to maintain the sustainability of the environment and to
reduce the emission of greenhouse gases. This chapter is focused on the updated
information on microbial bioplastic (PHA) production and its progress in bio-
technological and other industrial applications.
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1.1 Introduction

Polyhydroxyalkanoates (PHAs) belong to a class of the polyester group, the only
bioplastics which are completely synthesized from a wide variety of microorganisms
under unbalanced growth conditions as a mechanism to store excess intracellular
carbon and energy reserve material (Koller 2020). The microbial enzyme PHA
depolymerase was responsible to catalyze polyhydroxyalkanoate (PHA) granule
degradation to produce a significant amount of nutrients and energy under nutrients
and energy limiting conditions for microbial cell survival and metabolism (de Paula
et al. 2019). The most important characteristic feature of the PHA group is that these
polyester groups are consisting of monomer units of hydroxy acid (HA) which are
linked together by ester bonds. PHA has been broadly categorized into three types of
PHA, viz., short-chain-length (SCL), medium-chain-length (MCL), and long-chain-
length (LCL) PHA, based on the total number of carbon atoms existing in the side-
chains of the PHA monomer units (Ojha and Das 2018). Monomers with up to five
carbon atoms are present in the SCL-PHA type. Monomers with 6-14 carbon atoms
are present in the MCL-PHA type (Koller 2018) and mostly mechanically, structur-
ally, and thermally diverse than SCL-PHA type of polymers. However, due to the
lack of efficient MCL-PHA-producing microorganisms and the necessity of costly
fermentation strategies for commercial PHA production, investigation on
MCL-PHA is limited (Sathiyanarayanan et al. 2017). The monomers with more
than 14 carbon atoms belong to LCL-PHA-type PHA (Koller 2018; Roja et al.
2019). These microbial bioplastics have met worldwide interest and considered an
alternative material for conventional plastics because of their biodegradable, bio-
compatible, and thermoplastic nature (Mannina et al. 2020). PHA has excellent
physico-chemical properties that warrant its commercial exploitation in different
applications covering from bioplastic films for crop protection, biodegradable dis-
posable bottles, bioimplant materials, fabrication of bone marrow scaffolds orthope-
dic pins, sutures, adhesion barriers, stents, repair patches, swabs, drug delivery
carriers, biodegradable food packaging bags, automotive, infrastructure, and aero-
space to military applications (Roja et al. 2019).

Polyhydroxybutyrate (PHB) is the first microbial bioplastic that was recognized
in the bacterium Bacillus megaterium (Mudenur et al. 2019). However, it has limited
medical applications due to brittleness, limiting processing malleability, ductility,
hydrophilicity, and low mechanical and structural properties (Bhatia et al. 2019a, b).
To improve the material properties of PHB, various studies were investigated on the
blending of PHB with other monomer units such as three hydroxyhexanoate
(3HHXx), three hydroxyvalerate (3HV), three hydroxyoctanoate (3HO), or four
hydroxybutyrate (4HB) to formulate thermally and mechanically improved
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3-hydroxybutyrate (3HB)-based copolymers (Bhatia et al. 2019a). Poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) P(3HB-co-3HV), a copolymer of PHA,
has attracted the research interest because of its ability to provide a precursor for the
synthesis of the copolymer in favourable condition and because it provides better
physical properties as compared to PHB (Jeon et al. 2017). The copolymer hybrid P
(3HB-co-3HV)-ascorbic acid, obtained on the addition of functional groups of
ascorbic acid into P(3HB-co-3HV), revealed a significant improvement in the
mechanical properties of P(3HB-co-3HV) copolymer (Bhatia et al. 2019¢). In
addition, the hybridization of more than one monomer unit of 3HB, 3HV, or
3HHx leads to the development of poly (3-hydroxybutyrate-co-3-hydroxyvalerate-
co-3-hydroxyhexanoate) P(3HB-co-3HV-co-3HHXx) terpolymer with unique and
enhanced properties (Jung et al. 2019a).

Recent research has shown that microbial bioplastics (PHA) exhibit severe
bacterial infection, weak oxygen barrier, low strength, and poor heat resistance in
packaging applications (Xu et al. 2020). These drawbacks were overcome with the
addition of active agents such as antimicrobial, antioxidant, and oxygen-scavenging
with PHA to control the microbial growth and preserve the desirable quality in food
packaging applications (Xu et al. 2020; Mukheem et al. 2018). Besides, a novel
approach of nanotechnology (i.e., the reinforcement of polymeric and metallic
nanoparticles, nanoclusters, or nanotubes onto the PHA copolymers) to improve
the biomedical and packaging applications has been attracted the researchers in this
field (Sun et al. 2018). The multifunctional and robust PHA nanocomposites were
reported by Xu et al. (2020), through compounding PHA with long-alkyl-chain
quaternary salt (LAQ) functionalized graphene oxide (GO-g-LAQ) to improve the
gas barrier, heat resistance, and inherent antibacterial performances. Despite having
comparable characteristics to synthetic plastics, extensive use of PHA is still ham-
pered because of its high production cost (Jung et al. 2019b; Sabapathy et al. 2019).
Several biowastes such as agricultural, fruit-vegetable wastes, industrial waste
products, waste frying oils, dairy wastes, and volatile fatty acids derived from food
wastes have been investigated as potential carbon sources for microbial PHA
production (Bhatia et al. 2019b). These waste carbon sources could convert the
production of PHA into a cost-effective and eco-friendly process (Amaro et al.
2019). The effect of different fermentation processes, stress conditions, and strain
improvements on the yield of PHA has also been reported to enhance PHA produc-
tion (Obruca et al. 2018).

This chapter is the compilation of research updates on PHA production from
microbial sources, involvement of enzymes, different classes of PHA, its properties,
new strategies to incapacitate the challenges connected with the enhanced and cost-
effective production process, commercially available PHA, limitations, related
improvements (polymeric nanocomposites) and its potential applications available
till date. Research prospects discussed in this chapter will encourage future
researchers to focus on new technological attempts towards the microbial production
of bioplastics.
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1.2  Biosynthesis of Microbial Bioplastics

Plastics which are synthesized from microorganisms are known as microbial
bioplastics. PHAs are the only microbial bioplastics that are entirely synthesized
from a wide variety of microorganisms. PHA biosynthesis is accomplished by
microorganisms grown in an aqueous production medium under rich carbon sources
such as starch, glucose, sucrose, fatty acids, and other limiting nutrients (nitrogen
and mineral salts) at 30-37 °C under atmospheric pressure (Rivera-Briso and
Serrano-Aroca 2018; Muhammadi et al. 2015). Under such unfavorable growth
conditions, intracellular hydrophobic PHA granules of carbon and energy are pro-
duced as byproducts, instead of major ones. Accumulated PHA does not play a vital
role in the cell growth of the PHA-producing microorganisms under limiting nutrient
conditions. However, the accumulated PHA helps in the survival of PHA-producing
microorganisms under unfavorable environmental conditions. Therefore, microbial
PHAs are considered secondary metabolites which are produced by polymerization
of (R)-3-hydroxybutyryl-CoA molecules through PHA synthase leading to the PHA
granules formation. PHA granules consist of a hydrophobic core surrounded by
phospholipid and various additional and regulatory proteins as shown in Fig. 1.1

(a) . Self assembly of
. Hydroxyacyl-CoA ; protein-PHA chain
L
—>

or
. . 3-Hydroxybutyryl-CoA
®¢e af
A
. 5 H. &R ..

Soluble PHA synthase -

Amphipathic
‘ PHA synthase
1

oy cm mﬁ‘%«; e
S8888 T S8858 89555555558 888888888588

(<) PHA granule
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L PHA polymer

% PHA depolymerase
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@ Phospholipid
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Fig. 1.1 Schematic models for PHA granule formation (self-assembly) within the cytoplasm of
PHA-producing microorganisms. (a) In vitro assembly process. (b) In vivo assembly depicting two
possible routes 1 and 2. CM, cytoplasmic membrane. (¢) The ideal PHA granule surrounded by
phospholipids membrane and crystalline protein
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(Shrivastav et al. 2013). The accumulated PHAs are degraded by intracellular PHA
depolymerases and metabolized as carbon and energy source once the supply of the
limiting nutrient is reestablished (Shrivastav et al. 2013).

1.2.1 In Vitro Synthesis of Microbial Bioplastic Granules

In vitro microbial bioplastic (PHB) synthesis and self-association of spherical
granules by purified PHA synthase and substrate were first reported by Gerngross
and Martin (Fig. 1.1a). This study demonstrated that all the vital features needed for
self-organization of the PHA chain into spherical granules were possessed by PHA
synthases. The findings were further supported by the formation of in vitro synthesis
of PHA by purified PHA synthases from microorganisms, such as Cupriavidus
necator, Pseudomonas aeruginosa, Allochromatioum vinosum, and P. oleovorans
(Rehm et al. 2001; Qi et al. 2000; Jossek and Steinbiichel 1998).

1.2.2 In Vivo Synthesis of Microbial Bioplastic Granules

Microbial bioplastic (PHA) inclusion formation has been illustrated in two models:
(1) the micelle model and (2) the budding model as shown in Fig. 1.1. These models
reflect the precise position of PHA synthase and to some point the phasin protein on
the surface of the polyester granule. The micelle model facilitated the in vitro PHA
granules alignment and the shirking of membranes (Fig. 1.1b). However, scanning
and transmission electron microscopic investigations revealed the presence of
membrane-like substances surrounding the whole PHA granules. Thus, the isolated
PHA granules supported the confirmation for the budding model. A new model for
the formation of PHA granule demonstrated that the evolving granules evolved only
from the center of the cell at unidentified mediation elements (Fig. 1.1) (Tian et al.
2005). The atomic force microscopic analysis showed macro structures (35 nm) on
the outward of PHB granules synthesized in C. necator cells which might act as
synthesis-degradation centers (Dennis et al. 2003). Furthermore, in vivo granule
formation of PHA as well as subcellular localization were observed by monitoring
the green fluorescent protein (GFP)-labeled PHA synthase using fluorescence
microscopy analysis (Peters and Rehm 2005). In this study, granule formation starts
at the cell poles supporting the budding model. Overall, using GFP-labeled PHA
synthase in vivo findings supported the budding model by focusing granule forma-
tion close to the cytoplasmic membrane assembled around the cell poles (Fig. 1.1b).

1.2.3 Morphology of Microbial Bioplastic Granule
Microbial bioplastics or PHAs are accumulated as light-refracting distinct granules

inside the microbial cell. The light fluorescent Nile blue A or the Nile red stains and
Sudan black B are used to stain PHA granules. These accumulated granules split the
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biopolyesters from the cell lumen without changing the osmotic pressure of the cell.
Depending on the different species, the size and number of granules per cell differ. In
A. eutrophus, a diameter range of 0.2-0.5pm was observed in almost 8—13 granules
per cell, whereas in the case of P. oleovorans, roughly one or two large granules
were investigated (Muhammadi et al. 2015). PHA granules are generally globular
which are enclosed by a phospholipids membrane parting with two crystalline
protein layers. Crystalline protein layers are composed of the intracellular PHA
depolymerase, amphipathic phasing proteins, PHA polymerases, PHA-specific addi-
tional proteins, and regulator proteins as shown in Fig. 1.1c. The coating membrane
of PHA granules is about 2 nm thick, containing 2% protein and 0.5% lipid, of the
granule weight. PHA polymerases are existing in the cytosol in an inactive form and
are only activated when they are confined on the granule’s surface. The intracellular
PHA depolymerases are linked to the granule surface, which is required for the
utilization of the gathered PHA. Phasins are the principal proteins having a relatively
small molecular size among all the proteins associated with PHA granules
(Muhammadi et al. 2015). Based on few extensive studies, it has been demonstrated
that phasins are connected with the structural function of PHA granules such as
coating, stabilizing the granules being attached to the PHA core of granules by
activating genes or non-covalent bond or enzymes involved in PHA synthesis.
Biosynthesis of PHA is promoted by phasins and their replica number has an effect
on the size of PHA granules. The phasins are performing as an obstacle between the
biopolyester and other cellular components. It prevents individual granules from
conjoining and adhering with other granules. The report says that engineered
R. eutropha strain exhibited low PHB accumulation and retain only one solo big
granule. This single granule formation is because of the coagulation of individual
granules that occur on the open surface where hydrophobic molecules of PHA get in
contact (Fig. 1.1). PHA granule-associated phasin (phaP) have a shielding role to
diminish the inactive attachment of cytosolic proteins. Imitation of the self-
association process exhibited that phasins might influence the kinetics of granule
foundation by dropping the lag phase (Jurasek and Marchessault 2004; Muhammadi
et al. 2015). Many PHA-specific regulators such as a DNA-binding regulatory
protein (phaR) from C. necator and Paracoccus denitrificans and a nonenzymatic
bifunctional protein (phaF) from Pseudomonads were capable of binding
non-covalently with both PHA granules and DNA. Besides, phaD that is not related
to PHA granules was recognized as an effective regulator protein for affecting the
synthesis of MCL-PHA. The cytosolic levels of these repressor proteins slow down
the accumulation of PHA granules. Phal and PhaS are additional proteins with
unknown functions, found in Pseudomonads (Muhammadi et al. 2015).
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1.3  Mechanism and Enzymes Involved in the Synthesis
of Microbial Bioplastic

Over the decades, the biosynthesis of PHA has been extensively studied by
researchers. Biosynthesis of PHA takes place in the cytosol of the microbial cell
by different enzymatic reactions initiated from acetyl-CoAs catalyzed by substrate-
specific PHA synthases (Table 1.1). Most of the bacterial strains can produce
SCL-PHAs and MCL-PHAs. So far, eight pathways/mechanisms have been
investigated that are involved in the synthesis of microbial bioplastics (PHAs)
(Chen 2010). The three key enzymes, viz., p-ketothiolase (phaA), NADPH-
dependent acetoacetyl-CoA reductase (phaB), and PHA synthase (phaC) have
been involved in pathway I for the synthesis of PHA. The first enzymatic reaction
was catalyzed by B-ketoacyl CoA thiolase (phbA) that condensed two molecules of
acetyl-coenzyme A (acetyl-CoA) into acetoacetyl-CoA. In the second reaction, the
NADPH-dependent (R)-specific acetoacetyl-CoA dehydrogenase/reductase (phbB)
enzyme reduces the acetoacetyl-CoA molecule into (R)-3-hydroxybutyryl-CoA.
Lastly, the enzyme PHA polymerase/synthase (phbC) polymerizes the (R)-3-
hydroxybutyryl-CoA monomers using PHB precursor into PHB polymer
(Muhammadi et al. 2015). The representative of this pathway is Ralstonia eutropha.
A related pathway involving the degradation of PHA catalyzed by acetoacetyl-CoA
synthase, 3-hydroxybutyrate dehydrogenase, PHA depolymerase, and dimer hydro-
lase that helps to regulate PHA synthesis and its degradation. Bacterial strains of
R. eutropha, P. oleovorans, P. stutzeri, and Aeromonas hydrophila are the well-
known examples of this associated pathway (Sudesh et al. 2000). Recently, Reddy
et al. (2020) reported that fatty acids such as acetic acid, butyric acid, propionic acid,
and caproic acid were utilized as carbon substrates by Bacillus sp. CYR1 for the
synthesis of P(3HB-co-3 HV) having a higher portion of HB content. Besides, phaA,
phaB, phaC, and phaJ have been reported to involve during the synthesis of P
(3HB-co-3 HV) using the PCR-sequencing method (Reddy et al. 2020).

In another study, phcC genes and the PHA-associated gene clusters have been
examined in four Antarctic isolates, viz., P. spp. UMAB-08, P. spp. UMAB-40,
Janthinobacterium spp. UMAB-56 and Janthinobacterium spp. UMAB-60 using
whole-genome sequence study. P. strains were found to comprise Class 1 and Class
2 PHA synthase gene clusters, which are mostly involved in the biosynthesis of
SCL-PHA and MCL-PHA respectively. In contrast, the Janthinobacterium strains
contain only an uncharacterized putative phbC and Class I phbC genes. On further
investigation via multiple sequence alignment, the detected genes of uncharacterized
putative phbC were found to contain residues of highly conserved amino acid and
revealed catalytic triad of phbC which was quite distinct from normal Class I, II, III,
and IV phaC. The findings of in vitro phaC enzymatic assay and PHA biosynthesis
revealed that this uncharacterized putative phaC from Janthinobacterium
sp. UMAB-60 is active. This report added up new knowledge to the phaC database
of Antarctic bacterial strains isolated from such geographically isolated and extreme
environments with the other normal non-Antarctic PHA-producing microorganisms
(Tan et al. 2020).
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Moreover, microorganisms were reported to implement Pathway II via fatty acid
B-oxidation, where acyl-CoA entered into the PHA production process to synthesize
mostly MCL-PHAs from fatty acids. The enzymes which are mainly involved in this
pathway were found to be 3-ketoacyl-CoA reductase (phaB), epimerase, acyl-CoA
oxidase (putative), (R)-enoyl-CoA hydratase (phaJ), and enoyl-CoA hydratase I
(putative). These enzymes facilitated the delivery of the 3-HA-CoA PHA precursor
for PHA synthesis. In another study, bacterial strains such as A. hydrophila,
P. putida, and P. aeruginosa were reported to follow pathway II for the production
of poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHXx), which belongs to
MCL-PHA-type polymer (Chen 2010).

Furthermore, pathway VIII was also investigated and the enzymes involved in
this Pathway were mainly malonyl-CoA-ACP transacylase (FabD) and
3-hydroxyacyl-ACP-CoA transferase (PhaG). FabD and PhaG genes were found
to aid 3-hydroxyacyl-ACP for initiating the synthesis of PHA monomer
3-hydroxyacyl-CoA under the accomplishment of the phaC gene (Taguchi et al.
1999; Sudesh et al. 2000; Zheng et al. 2005). A mutant C. necator PHB4
transformant harboring the phaC gene of Chromobacterium sp. USM2 bearing
prominent attraction towards 3HV monomer was investigated for enhancing the
production of P(3HB-co-3HV-co-3HHx) terpolymer with 3HV monomer units
ranging from 2 to 91 mol% using mixtures of crude palm kernel oil and 3HV
precursors as carbon sources (Bhubalan et al. 2010). In another investigation, the
(8)-(+)-3-hydroxybutyryl-CoA was found to be oxidized by phaB gene and the
mechanism was named Pathway IV. This pathway was investigated in Rhizobium
(Cicer) sp., where NADPH was oxidized to NADP+, leading to the better sourcing
of reductant to nitrogenase and also help in the synthesis of PHB by reducing
acetoacetyl-CoA (Chohan and Copeland 1998). In a recent study, the heterologous
expression of 6-phosphogluconate dehydrogenase (gnd genes) from P. putida
KT2440 (NAD" dependent) and Escherichia coli MG1655 (NADP" dependent)
was reconstructed in P. putida LFMO046 to trigger a delay on cell growth and a
reduction in PHA yield, respectively. The findings indicated that the modification in
the metabolic pathway (cyclic Entner-Doudoroff or pentose phosphate pathway)
could be an interesting strategy for P. putida and other bacteria to meet divergent cell
growth and PHA production simultaneously (Rezende et al. 2020).

In another study, PHA containing 4-hydroxybutyrate monomer units were found
to be synthesized using Pathway V. The key enzymes associated with this pathway
were mainly succinic semi-aldehyde dehydrogenase (SucD), 4-hydroxybutyrate
dehydrogenase (4hbD), and 4-hydroxybutyrate-CoA: CoA transferase (OrfZ),
which help in producing 4-hydroxybutyryl-CoA. Clostridium kluyveri showed Path-
way V for PHA synthesis (Valentin and Dennis 1997). In another study, the enzymes
which were involved in Pathway VI were found to be hydroxyacyl-CoA synthase
and putative lactonase which convert 4,5-alkanolactone into 4,5-hydroxyacyl-CoA
for the production of PHA (Muhammadi et al. 2015; Valentin and Steinbiichel
1995). In addition, A. hydrophila 4AK4 was found to be a representative of Pathway
VII, which was associated with the enzyme putative alcohol dehydrogenase to
produce PHA. Besides, Pathway VII was also investigated for the synthesis of
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mostly PHA containing 4HB monomer units. This pathway produces poly
(4-hydroxybutyrate) (PAHB) by oxidizing 1,4-butanediol into 4-HB. Further 4-HB
was oxidized into 4-hydroxybutyryl-CoA for the production of PAHB (Xie and Chen
2008). Furthermore, Pathway VIII was investigated for the synthesis of PHA
containing 6-hydroxyhexanoate monomer units (PHHx). This pathway was
associated with eight enzymes, viz., cyclohexanol dehydrogenase (ChnA), cyclo-
hexanone  monooxygenases (ChnB), caprolactone hydrolase (ChnC),
6-hydroxyhexanoate dehydrogenase (ChnD), 6-oxohexanoate dehydrogenase
(ChnE), semi aldehyde dehydrogenase, 6-hydroxyhexanoate dehydrogenase, and
putative and hydroxyacyl-CoA synthase enzymes. These enzymes are responsible
for the transformation of 6-HHx into PHHx polymer (Chen 2010). In a report,
variation in the gene expression levels involved in the glycerol metabolism, TCA
cycle, Entner-Doudoroff pathway, B-oxidation, and PHA synthesis by P. putida
KT2440 using glucose, glycerol, citrate, and lauric acid as a sole carbon source were
detected using quantitative real-time PCR. It was observed that gene expression
associated with glycerol metabolism was improved with the deletion of glpR gene.
The Entner-Doudoroff pathway was found to involve putative enzymes which helps
in growing the cells using glucose and other carbon sources. The findings showed no
significant differences in gene expression levels. On the other hand, from the TCA
cycle, genes exhibited superior expression levels in the cells grown on lauric acid
and citrate. When cells were grown on lauric acid, a higher expression level was
observed in the fatty oxidation complex alpha subunit ( fadB) and the long-chain
fatty acid transporter gene involved for B-oxidation. For the synthesis of PHA using
lauric acid, genes encoding enzymes phaZ, phaCl, phaJ4, and phaC2 were found to
exhibit better expression levels (Wang and Nomura 2010). This investigation had
identified genes entangled in the metabolism of various carbon sources as well as
helps in understanding the PHA biosynthesis more extensively (Table 1.1).

1.4 Chemical Structure and Classification of Microbial Plastic

The microbial plastics (PHAs) are a complex class of mostly linear or aliphatic,
head-to-tail, and optically active polyoxoesters which are comprised of (R)-3-
hydroxy fatty acid monomers, as shown in Fig. 1.2 (Anjum et al. 2016). In these
polyesters, the carboxyl (-COOH-) group of one monomer forms an ester (-CO-)
bond with the hydroxyl (-OH-) group of the neighboring monomer (Muhammadi
et al. 2015). Due to the stereospecificity of PHA biosynthetic enzymes, the -OH-
substituted carbon (C) atom present in PHAs is of the R-configuration (Fig. 1.2).
Thus, the chemical synthesis of PHA is difficult due to the presence of chiral
(R) center in its backbone. At the same C-3/p position, an alkyl group which can
vary from methyl (-CH3-) to tridecyl is positioned (Fig. 1.2) (Koller 2018). However,
this alkyl side chain is not necessarily saturated. Some unsaturated, halogenated,
aromatic, epoxidized, and branched monomers have also been reported. The bulk of
PHAs are mainly composed of R(-)-3-hydroxyalkanoic (HA) acid monomers rang-
ing from C; to C;4 carbon atoms with a variety of unsaturated or saturated and
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[ SCL-PHA monomers

Not branched and chiral: ( @gﬁé@ %@;;’: \)

n=0,R=H: hydroxyacetate (glycolate) (HA, GA)

n=0,R=CHs 2-hydroxypropionate (lactate) (2HP, LA)

n=1,R=H: 3-hydroxypropionate (3HF) Wl
n=1R=CHy 3-hydroxybutyrate (3HB)

n=1,R=CH;: 3-hydroxyvalerate (3HV)

n=2 R=CH;: 4-hydroxyvalerate (4HV) R O
Not branched and achiral: | ||

n=2,R=H: 4-hydroxybutyrate (4HB)

n=3,R=H: 5-hydroxyvalerate (SHV) 0 CH (CHZ) n C

Branched:

n =0, R = isopropyl: 2-hydroxy-3-methylbutyrate (2H3MB)

Fig. 1.2 Structure of polyhydroxyalkanoate (PHA) and short-chain-length PHA monomers

branched or straight chain containing aromatic or aliphatic side groups (Muhammadi
et al. 2015; Anjum et al. 2016; Koller 2018). So far, more than 150 dissimilar
hydroxyalkanoic (HA) acids have been identified that exist as monomer units of
PHAs. The variation in the number is remains increasing with the introduction of
novel PHA copolymers via physiochemical variation or by the improvement of
genetically engineered microorganisms into improved PHA having specific func-
tional groups and better material properties than the natural PHA (Muhammadi et al.
2015). The molecular weight of the PHA was found to be in the range of 2 x 10’ to
3 x 10° Da. The molecular weight mostly depends on the number of carbon atoms
constituting the monomer units and the type of microorganism and its growing
parameters (Koller 2018; Bugnicourt et al. 2014).

PHAs are categorized into four groups, viz., short-chain-length PHAs
(SCL-PHAs), medium-chain-length PHAs (MCL-PHAs), long-chain-length PHAs
(LCL-PHAS), and random copolymer PHAs, based on the number of carbon atoms
existing in the monomer units (Muhammadi et al. 2015). The first group SCL-PHAs,
comprising three to five (C3—Cs) carbon atoms in the monomer unit such as 3HB,
4HB, 3HV, 4-hydroxyvalerate (4HV), 3-hydroxypropionate  (3HP),
5-hydroxyvalerate (SHV), and its copolymer P(3HB-co-3HV) as shown in
Fig. 1.2. The second group MCL-PHAs, comprising 6—14 (C¢—C,4) carbon atoms
in the monomer units, such as 3HHx, 3HO, 3-hydroxynonanote (3HN),
3-hydroxydecanoate (3HD), 3-hydroxyheptanoate (3HHp), and
3-hydroxydodecanoate (3HDD) as shown in Fig. 1.3 (Koller 2018). The
SCL-PHAs are highly crystalline, stiff, and brittle, whereas MCL-PHAs have
lower crystallinity and good elasticity. The MCL-PHAs and their copolymers have
diverse physiochemical, thermal, and mechanical properties than SCL-PHAs. The
MCL-PHAs exist as amorphous liquids or semi-crystalline elastomers due to their
low glass transition temperature (7). The T, increases with increasing the average
polymer chain length, MCL-PHAs from elastomeric polymers at specific side-chain
lengths. Highly viscous and sticky polymers are formed on a further increase in the
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0
| |

'LCL-PHA monomers |

| Saturated:

n=1,R=CyHy:
n=1,R=CyHy:
n=1,R=CyHy:
n=1,R=CyH;:

Unsaturated:

n=1,R=CiHy:
n=1,R=CyHy:

3-hydroxypentadecanoate (3HPD)
3-hydroxyhexadecanoate (3HHxD)
3-hydroxyheptadecanoate (3HHpD)
3-hydroxyoctadecanoate (3HOD)

3-hydroxy-9-octadecenoate
3-hydroxy-9,12-octadecadienaote

0— CH— (CHy) —C

Fig. 1.4 Long-chain-length PHA monomers

side chain length of the PHA (Kai and Loh 2014). MCL-PHAs function as elasto-
meric materials within a narrow temperature range because of their low melting
temperature (7},,). At temperatures above or near to its Ty,, the MCL-PHA loses its
crystallinity and becomes adhesive. Hence, it is not easy to use MCL-PHAs as
flexible biomaterials (Koller 2018). PHAs with required physical properties can be
formulated and customized for specific applications through structural modification
(Sathiyanarayanan et al. 2017). The third group LCL-PHAs, containing monomer
units with more than 14 carbon (>C;4) atoms such as 3-hydroxyhexadecanoate
(3HHxD), 3-hydroxypentadecanoate (3HPD), 3-hydroxyheptadecanoate (3HHpD),
3-hydroxy-9-octadecenoate, 3-hydroxyoctadecanoate (3HOD), and 3-hydroxy-
9,12-octadecadienaote is shown in Fig. 1.4 (Koller 2018; Roja et al. 2019).

The fourth group is the random PHA copolymer, which is the random copoly-
merization between SCL-PHAs and MCL-PHAs or between SCL-PHAs and
LCL-PHAs or any random PHAs. This separate PHA group has been categorized
because of the substrate specificity of the PHA synthesis, which can accept only HAs
or 3HAs of a precise range of carbon chain. In the reported Alcaligenes eutrophus
strain, phaC gene can only polymerize 3HAs of SCL-PHAs. However, in the case of
P. oleovorans, the phaC gene can only polymerize 3HAs of MCL-PHAs. In
SCL-PHAs, the monomers cannot be oxidized at the C; position, whereas in the
case of MCL-PHAs, the monomers can be oxidized at the C; position except in a few
exceptional cases (Muhammadi et al. 2015). There are investigations, where
MCL-PHAs have been polymerized with various functional groups, viz., halogens,
branched alkyls, cyano, olefins, and aromatics, to improve their material
characteristics. It the versatility of PHA structure, which helps in designing and
developing preferable novel PHA copolymers having enhanced physiochemical and
thermo-mechanical properties (Koller 2020; Muhammadi et al. 2015).
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1.5  Microorganisms Producing PHA and Its Co-polymers

Wide varieties of microorganisms such as recombinant and wild strains of Wautersia
eutropha, Ralstonia eutropha (Bhatia et al. 2019a, b), Bacillus sp. (Bhatia et al.
2018; Ramadas et al. 2009), Azotobacter sp. (Urtuvia et al. 2020), Haloferax
sp. (Han et al. 2012), Aeromonas sp. (Chien and Ho 2008), Halomonas sp. (Kulkarni
et al. 2015; Thomas et al. 2019), Thermus thermophilus (Pantazaki et al. 2003),
Methylobacterium sp. (Yezza et al. 2006; Amaro et al. 2019), Chromobacterium
sp. (Kimura et al. 2002; Chek et al. 2017), Sacchrophagus degradans (Munoz and
Riley 2008; Mudenur et al. 2019), E. coli (Amaro et al. 2019), Cupriavidus
sp. (Benesova et al. 2017) and Pseudomonas sp. (Sathiyanarayanan et al. 2017;
Rizzo et al. 2019) have been reported for the commercial production of PHA and its
copolymers. Most of the prokaryotic microorganisms, including photosynthetic
bacteria and halophiles, are reported as a good producer of PHA. Sunlight is the
source of energy to produce PHB by cyanobacteria, which resulted in the reduction
of CO, (a significant greenhouse gas) (Troschl et al. 2017). Cyanobacteria possess
PHA storage capacity and could produce PHA by oxygenic photosynthesis (Troschl
et al. 2017). Under nitrogen and phosphate limiting conditions, Synehcystis sp. or
Synechocystis sp. could accumulate PHB (Mudenur et al. 2019). Microorganisms
which are capable of producing PHAs can be categorized into two main groups on
the basis of growth parameters needed for the synthesis of PHA.

The first group of microorganisms requires limited essential nutrients such as
phosphorus, nitrogen, magnesium or sulfur for PHA synthesis and a rich carbon
substrate (Muhammadi et al. 2015). Some of the examples Protomonas extorquens,
Ralstonia eutropha, and P. oleovorans. Ralstonia eutropha produce SCL-PHAs and
are included in this group (Ciesielski et al. 2014; Muhammadi et al. 2015). Fatty
acids or hydrocarbons were fermented by most of the Pseudomonads spp. like
P. oleovorans using 3-hydroxyacyl-CoA intermediates of the pf-oxidation pathway
to synthesis MCL-PHAs. There are reports where, Pseudomonas strain GP4BH1 has
synthesized MCL-PHAs comprising 3HB and 3HO monomer units using octanoate
and MCL-PHAs containing 3HB, 3HO, and 3HD monomers using gluconate as
carbon sources (Steinbiichel and Wiese 1992). In another report, PHB homopolymer
blended with a random copolymer poly (3-hydroxybutyrate-co-3-
hydroxyalkanoates) [P(3HB-co-3HA)] containing C4—C;> HA monomer units was
synthesized by Pseudomonas sp. strain 61-3 using alkanoic acids and sugars (Kato
et al. 1996; Abe et al. 1994; Muhammadi et al. 2015). The hydrocarbon degraders
are also reported as good producer of PHA. The sites contaminated with oil rich in
carbon and poor in nitrogen content create a favorable condition for microbial cells
to produce PHA (Mudenur et al. 2019). Many bacterial strains of genera Ralstonia,
Caulobacter, Yokenella, Acinetobacter, Pseudomonas, Brochothrix,
Sphingobacterium, and Burkholderia are included in this category (Pan et al.
2012; Sathiyanarayanan et al. 2017). Halophiles require salts to grow and Archaea
residing in the oceans, salt lakes, and hot springs have been reported to synthesize
PHAs (Mudenur et al. 2019). The marine habitats are abundant in organic matter but
habitually limited in nitrogen, oxygen, and phosphorus that create a favorable
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environment for the marine microorganisms to produce PHA (Thatoi et al. 2013).
There are reports where highly halophilic bacteria under nutrient-deficiency
conditions could accumulate polyhydroxybutyrate (PHB) (Shrivastav et al. 2011).
There are reports, where Haloferax mediterranei and H. boliviensis were
investigated to produce 65% and 56% of PHA of its total cell dry weight (CDW)
using glucose and starch hydrolysate respectively (Chen et al. 2006). Oxygen
limitations can enhance the production of PHAs (Quillaguaman et al. 2005). Several
other sources such as anaerobic or aerobic system, activated sludge, and aerobic
dynamic feeding system have been reported for PHA production.

The second group of microorganisms does not involve nutrient limitation for
PHA production, in this case the PHA polyester is accumulated during the growth
phase. Some of the producers are recombinant Escherichia coli, a mutant Azotobac-
ter vinelandii, and Alcaligenes latus. These features are important to be reflected
during the PHA synthesis (Muhammadi et al. 2015). Some of the antibiotic-
producing aerobic gram-positive bacterium Streptomyces is also investigated for
PHA production with some vital metabolites (Valappil et al. 2007). Alcaligenes
eutrophus was reported to produce copolymers of PHA such as P(3HB-co-3HV) and
P(3HB-co-4HB) (Mudenur et al. 2019). Some of the bacterial species of
Rhodospirillum rubrum, Rhodococcus sp., and Rhodocyclus gelatinosus were
investigated to produce terpolymer of PHA containing 3HA monomers units of
C4, Cs, and Cg4 using hexanoate as major carbon substrate (Dalal and Lal 2019).
Besides, a random copolymer of HB and 3-hydroxyhexanoate (HH) was
investigated in Aeromonas caviae (Wang and Chen 2017). In addition, LCL-PHAs
were also investigated in Fluorescent pseudomonads spp. (Singh et al. 2018). Many
Pseudomonas strains (P. fluorescens) were reported to synthesize a P(3HB-co-3HA)
copolymer comprising HA monomer units of C4—~C;, from hydroxybutyric acid
(HB) and 1,3-butanediol (Cho et al. 2020). A report says that Thiocapsa pfennigii
was capable to synthesize only a PHB homopolymer using different carbon sources.
However, a genetically engineered P. putida strain harboring the phaC genes of
T. pfennigii synthesized a terpolymer of PHA, P(HB-HHx-HO) using octanoate as a
carbon source (Halevas and Pantazaki 2018; Dalal and Lal 2019). Mysteriously, the
existence of PHA is not restricted to the only accumulated intracellular granules.
PHB with poor molecular weight (Mw < 14,000 Da) was also found in B. subtilis,
A. vinelandii, and Streptomyces lividans in association with calcium ions and
polyphosphate (Dalal and Lal 2019).

Furthermore, there are reports on PHA synthesis by mutant eukaryotic yeast
species such as Saccharomyces cerevisiae (Sandstrom et al. 2015; Zhang et al.
2006; Poirier et al. 2001), Rhodotorula minuta strain RY4 (Desuoky et al. 2007),
Yarrowia lipolytica (Gao et al. 2015; Haddouche et al. 2011), and Pichia pastoris
(Poirier et al. 2002). Recently, indigenous or wild yeast species, Viz.,
Wickerhamomyces anomalus VIT-NNO1 (Ojha and Das 2018, 2017) and Candida
tropicalis BPU1 (Prakasan et al. 2016) have also been investigated as potential
producers of PHA using cheap carbon sources. A recent report showed 79% of
PHBYV production using banana peels and chicken feather hydrolysate from marine
yeast Pichia kudriavzevii VIT-NNO2 isolated from seaweeds (Ojha and Das 2020a).
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These studies showed the active role of non-halophilic and halophilic yeasts in the
accumulation of PHA using cheap raw materials as carbon substrates. Halophilic
yeasts would be developed as an effective producer of PHAs due to their unique
flexibility formed while persisting under such natural habitat (rhizosphere, man-
grove, seaweeds, estuarine sediment) (Ojha and Das 2020a). There is a necessity to
discover more eukaryotic wild-type yeast strains for the production of PHA and the
mechanism behind it.

1.6  Major Drawbacks of Microbial Bioplastic Production

Currently, only 1% of the plastics produced annually are bioplastics (Lettner et al.
2017; Sabapathy et al. 2020). Companies such as Biocycle PHB Industrial SA
(Serrano, SP, Brazil), Metabolix® (Woburn, MA, USA), Tianjin Green Bioscience
Co., Ltd. (Tianjin, China), and Procter & Gamble Co., Ltd. (Cincinnati, OH, USA)
are the commercial producer of PHAs. Few PHAs and their copolymers such as
PHB, poly-4-hydroxybutyrate (P4HB), their copolymer P(3HB-co-4HB),
copolymers of 3HB and 3HV or P3(HB-co-HV), and copolymers of 3HB and
3HHx or P3(HB-co-HHX) are being produced in a large scale with limited market
success (Mozejko-Ciesielska and Kiewisz 2016).

The major cause of the limited success of PHA is the high production costs that
are almost three times more than the conventional synthetic plastics polyethene (PE),
polypropylene (PP), and polylactic acid (PLA) (Singh et al. 2019). The high
production cost is contributed to the high substrate and high processing costs
(Kourmentza et al. 2017; Lettner et al. 2017). Moreover, low PHA productivity is
also a reason. Strategies such as the utilization of waste carbon sources along with
strain improvements have been implemented for the improvement in PHA
production.

1.7 Sustainable and Cost-Free Substrates for Microbial
Bioplastic Production

A considerable amount of agro-industrial wastes such as sugar cane bagasse, beet
molasses, teff straw, wheat straw, corn cob, animal wastes, industrial wastes (leather
effluents, chicken feathers), vegetable-fruit wastes (banana, mango, pineapple,
orange peels), used vegetable oils (palm, jatropha, sesame oils), food, dairy (Bhatia
et al. 2019a, b), and plastic wastes are being disposed of annually and increasing
environmental pollution (Getachew and Woldesenbet 2016). These biowastes are
promising sources of starch, lignin, cellulose, hemicellulose, hydrocarbons, fatty
acids, proteins, and lipids (Kumar et al. 2019), which could be efficiently utilized for
viable production of PHA (Ramadas et al. 2009). Various substrates such as sucrose,
triacylglycerols, and hydrocarbons were derived from agricultural, domestic, dairy,
food, animal, and plastic recycling by-products for the cost-effective production of
PHA as shown in Figs. 1.5 and 1.6. The substrates have been classified into three
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categories, viz., monosaccharides or simple sugars, triacylglycerol or fatty acids, and
hydrocarbons (e.g. crude glycerol, methane). Simple sugars are mostly utilized by
PHA-producing microorganisms, whereas triacylglycerol and hydrocarbons have
only been utilized by few microorganisms (mostly Pseudomonas species). The
conversion of different waste carbon sources to PHAs can be referred to as the
catalytic transformation of substrates in a chemical process. The bacterial cells act as
biochemical catalysts in the biosynthesis of PHAs while carrying out the metabolic
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reactions. Chemical catalysts can bind to a specific substrate, and the specific
substrate can be converted into different products by varying catalysts (Figs. 1.5
and 1.6). A similar mechanism occurs for PHA-producing microorganisms due to
their substrate specificity (Jiang et al. 2016). Different microorganisms can produce
PHAs with different compositions using the same substrate. For example,
MCL-PHAs, such as poly (3-hydroxylhexanoate) (P3HHx) can be produced by
Pseudomonas spp. using glucose and other simple sugars, while Ralstonia eutropha
produces only P3HB using glucose (Jiang et al. 2016). There are reports on the
conversion of a large number of waste carbon sources into simpler sugar substrates
for fermenting PHA-producing microorganisms to lower the production cost of
PHA. Recent updates on the application of waste carbon sources used for the
production of PHA and its copolymers using various types of microorganisms
have been shown in Table 1.2.
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1.7.1 Dairy Wastes Used for PHA Production

Whey is the by-product of the dairy (cheese and casein production) industry. Whey
permeate is a good source of lactose (approx. 35-50 g/L), a disaccharide comprising
galactose and glucose via a glycoside linkage (Fig. 1.5). There are reports where
bacterial strains such as Hydrogenophaga pseudoflava DSM1023 (Koller et al.
2019), Sinorhizobium meliloti (Favaro et al. 2019), Methylobacterium sp. ZP24
(Yellore et al. 1999; Amaro et al. 2019), Thermos thermophilus HB8 (Jiang et al.
2016), Caulobacter segnis DSM 29236 (Bustamante et al. 2019), Burkholderia
sacchari (de Andrade et al. 2019), and Bacillus megaterium (Israni et al. 2020)
were investigated to synthesis PHA and its copolymers using whey as its carbon
substrate. Some strains like P. hydrogenovora could not consume lactose directly.
Therefore, whey permeate was enzymatically hydrolyzed into galactose and glucose
hydrolysates, which were further utilized for the synthesis of PHA (Koller et al.
2008). However, the productivity and PHA yield of the two procedures are signifi-
cantly lower than employing the genetically modified strain of E. coli harboring
Alcaligenes latus phbC genes (Choi et al. 1998). Though lactose extracted from
whey can be consumed for PHA production, the possibility of whey waste would
fulfill only a small portion of the total production of PHA.

1.7.2 Agro-Industrial Wastes Used for PHA Production

Sugar molasses was reported as a sustainable and inexpensive source of sucrose for
the effective production of PHA (Ojha and Das 2018). A considerable quantity of
gelatinous molasses is yielded as a by-product with rich sucrose content during the
production of sucrose from sugar beets or sugarcane. Beet molasses were utilized for
the production of PHA using Azotobacter vinelandii by fed-batch culture techniques.
The total PHA production was found to be 66% of the total cell dry weight (CDW)
with a yield of 0.12 g PHA/g of molasses consumed (Page 1992). Molasses has been
broadly utilized as a carbon substrate in commercial-scale fermentation due to their
low cost and abundance. Still, the possibility of the accessibility of molasses is
limited to fulfill the growing demand for the production of PHA.

Agricultural products such as rice, cassava, potato, corn, and sorghum are
excellent sources of starch (Gowda and Shivakumar 2014). Starch is a polymer
constituent of p-glucose with p-1,4-glycosidic bonds. It is hydrolyzed into maltose
and then glucose by enzymatic or acid hydrolysis and becomes the most widely
consumed carbon substrate for large-scale production of PHAs (Fig. 1.5). Imperial
Chemical Industries (ICI) is the earliest commercial PHB producer using starch-
derived glucose by R. eutropha (Haas et al. 2008; Jiang et al. 2016). Alcaligenes
latus (Jiang et al. 2016) and engineered Escherichia coli (Bhatia et al. 2015) have
also been reported as a commercial producer of P3HB using starch as the starting
substrate. However, for the production of PHA copolymers, the ICI technology
necessitates a propionic acid as the co-carbon substrate along with the primary
carbon source for synthesizing the required copolymer (Jiang et al. 2016). Organic
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acids and alcohols are served as precursors for the biosynthesis of PHA copolymers.
For example, propionic acid is supplemented at the late steps of fermentation to
synthesize P(3HB-co-3HV) copolymer utilizing glucose as the sole carbon substrate
(Jiang et al. 2016; Jung et al. 2019a; Muniyasamy et al. 2019). There are reports
where organic acid-rich acidogenic liquid produced from waste sludge anaerobic
fermentation was exploited as a possible feedstock for PHA production, which is a
cost-effective and environmentally sustainable PHA production system. The maxi-
mal PHA content accounted for 60.3% of the CDW with initial fermentation pH 10.0
sludge acidogenic liquid, and the recovered polymer composition was 98.3% PHB
and 1.7% polyhydroxyvalerate (PHV) by mass (Liu et al. 2020).

1.7.3 Lignocellulosic Wastes Used for PHA Production

The utilization of lignocellulosic feedstocks has been reported to be the most capable
and green method regarding the production of PHA as it completely eliminates the
depletion of food crops. The usage of these renewable and green feedstocks could
able to develop affordable PHAs production and enable the inexpensive commer-
cialization of waste carbon-based microbial bioplastics production (Al-Battashi et al.
2019). Lignocellulose contains lignin (20-30%), cellulose (40-50%), and
hemicelluloses (20-50%), considered the most rich and feasible carbon source.
Hemicellulose and cellulose are important sources of consumable sugars; yet, lignin
is not degradable because of its dense aromatic structure (Dietrich et al. 2019).
Cellulose consists of beta-1,4-glycosidic bonds of p-glucose that is neither digestible
by human beings nor soluble in water due to its high molecular weight and
crystalline structure. Hemicellulose is an amorphous polysaccharide of various
pentose sugars such as xylose, galactose, rhamnose, mannose, and arabinose. There-
fore, cellulose and hemicelluloses are separated from the lignin by a process called
delignification to grasp high sugar yields for the microorganisms to produce PHA.
Steam pretreatment with dilute acids followed by cellulase enzyme pretreatment is
mostly processed to degrade these solid biowastes into simpler forms of sugar
monomers (Prem Anand et al. 2010). Along with the pentose sugars, the hemicellu-
lose hydrolysates also contain acid-soluble lignin, acetic acid, a slight quantity of
hexose, alcohols, dehydrated hexose, and volatile acids. The pure forms of pentose
sugars are used for synthesizing PHAs (Bertrand et al. 1990). On comparing the
PHA production rate between the pentose sugars (xylose and arabinose) and glucose
using P. pseudoflava, pentose as substrates had shown much lower productivity than
glucose as a substrate (Bertrand et al. 1990; Jiang et al. 2016). Moreover, the lower
molecular weight of P3HB using xylose and arabinose during fermentation was
observed as compared to glucose. However, the mechanical properties of the PHA
biomaterials remain unaffected by variations in molecular weight. Pseudomonas
cepacia synthesized 48-56% (w/w) of P3HB per biomass with a yield of 0.11 g
PHB/g xylose. However, engineered E. coli harbored with phbC genes of Ralstonia
eutropha was capable to synthesize 74% PHB per biomass with a yield of 0.226 g
PHB/g xylose, which is superior to indigenous strain (Silva et al. 2004; Jiang et al.
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2016). Direct use of the hemicellulose hydrolysates as a mixture of sugars has also
been studied. Furthermore, the findings showed that low concentrations of hemicel-
lulose hydrolysates could be fermented by R. eutropha mostly for cell growth under
fed-batch fermentation. Recently, the growth conditions of R. eutropha 5119 was
optimized to produce PHA using lignocellulosic biomass hydrolysates (LBHs),
including Miscanthus biomass hydrolysate (MBH), barley biomass hydrolysate
(BBH), and pine biomass hydrolysate (PBH) as effective carbon substrates (Bhatia
et al. 2019b).

Glucose can be produced from cellulose via saccharification, which is mainly
consumed to yield second-generation ethanol (Koller 2017). A hydroxymethyl
furfuran-resistant mutant E. coli was reported to produce 58% P3HB of the total
CDW of 5.6 g/L using cellulose hydrolysate. Utilization of cellulose and hemicellu-
lose hydrolysate mixture was found to be a favorable tactic to synthesize PHA from
lignocellulosic biowastes (Fig. 1.5). Burkholderia sacchari yields 0.19 g P3HB/g of
the 60% CDW using wheat straw hydrolysates (mainly contained glucose, xylose,
and arabinose). In comparison, pentose or hexose sugars produced 0.18 g/g PHB of
the 70% CDW (Jiang et al. 2016; Bhatia et al. 2019b). The utilization of glucose as a
primary carbon source along with liquefied wood as a low-cost co-substrate is
another interesting example to add 3-hydroxyvalerate (3HV) monomer units to
produce PHA copolymers. Liquefied woods are cost-effective than commercially
available co-carbon substrates, such as propionic or pentanoic acid. In addition, the
wood-cellulose-derived levulinic acid has also been investigated as a co-carbon
substrate for the production of 3HV containing PHA copolymer (Koller et al. 2015).

There are reports where lignocellulosic, domestic, and agro-industrial wastes
such as glycerol, plant biomass hydrolysate, agro-industrial residues, starch hydro-
lysate, sugar maple hemicellulosic hydrolysate, whey, chicken feather hydrolysate
with waste frying oil, jatropha biodiesel, agro-wastes, and sugarcane have been
utilized as cheap carbon sources for the PHA production employing bacterial strains
such as Arctic psychrotrophic bacterium Pseudomonas sp. PAMC 28620
(Sathiyanarayanan et al. 2017), Ralstonia eutropha 5119 (Bhatia et al. 2019b),
Halomonas boliviensis (Quillaguaman et al. 2005), Burkholderia cepacia (Pan
et al. 2012), C. necator (Benesova et al. 2017), Halomonas campisalis118 MCM
B-1027 (Kulkarni et al. 2015), and recombinant consortia of Ralstonia eutropha and
Bacillus subtilis (Bhatia et al. 2018). Moreover, there are reports on the production
of PHA using indigenous yeast species such as Wickerhamomyces anomalus
VIT-NNO1 (Ojha and Das 2018), Candida tropicalis BPU1 (Prakasan et al. 2016),
and marine Pichia kudriavzevii VIT-NNO2 (Ojha and Das 2020a), using sugarcane
molasses with palm oil, orange peel, and banana peel hydrolysate, respectively, as its
primary carbon substrates (Fig. 1.5).

1.7.4 Waste from Frying Oils and Animal Fats for PHA Production

Used frying oils are discarded as industrial waste after numerous uses is another
example of an economical and natural source of plant oils for the synthesis of PHA
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as shown in Fig. 1.6. Waste frying oil comprises triacylglycerol (70%) and a small
portion of polymeric or oligomeric monoacyl-glycerol, diacylglycerol,
triacylglycerol, aldehydes, ketones, and free fatty acids (Winnacker 2019). There
are reports where propanol and waste rapeseed oil were utilized as a co-carbon
substrate for producing P(3HB-co-3HV) by R. eutropha. Also, Bacillus sp. CYRI
was reported to utilize the fatty acids for its growth and P(3HB-co-3 HV) copolymer
production with high hydroxybutyrate content (Reddy et al. 2020).

Waste animal fats from slaughtering and food processing industries have vast
potential as a cheap carbon source for the production of PHA (Winnacker 2019). On
the other hand, the high melting temperature of waste animal fats can be challenging
throughout the fermentation process. Pseudomonas resinovorans was reported to
synthesize PHA polymer utilizing unhydrolyzed tallow, with 15% PHA content of
the total biomass (Pagliano et al. 2017). Moreover, P. citronellolis was reported to
produce MCL-PHA of 0.036-0.050 g/L and PHA contents of 20.1-26.6 wt% using
methanol and ester of the fatty acids obtained from tallow (Pagliano et al. 2017).
Ralstonia eutropha produced 80% P3HB of the CDW with a 1% 3HV unit using
animal fats (Jiang et al. 2016).

Crude glycerol is a by-product obtained during the transesterification of vegetable
oils or animal fats. Conversion of the crude glycerol into PHA and its copolymers is
a securing way to stabilize the biodiesel production cost and valorization of crude
glycerol (Ray et al. 2018). Ralstonia eutropha exhibited a maximum of 62% P3HB
content of the CDW using glycerol. However, P(3HB) content was found to be 38%
of the CDW by R. eutropha using crude glycerol (Jiang et al. 2016). Recombinant
E. coli, P. corrugate, and P. oleovorans have also been attempted for the production
of 3-hydroxybutyric acid and other MCL-hydroxyalkanoic acids containing PHA
copolymers using a lower concentration of glycerol 3% (w/v). Because at higher
concentrations of glycerol, P3HB content, molecular weight and the specific growth
rate of the strains decrease, which could be attributed to low enzymatic efficiency,
high osmotic stress, and earlier termination by glycerol (Andreefen et al. 2010;
Volova et al. 2019). Methylobacterium sp. is capable of growing on methanol.
Therefore, Methylobacterium organophilum was also reported to produce P3HB
using a low concentration of methanol 0.5% (v/v) under potassium limitation
(Zuiiiga et al. 2011).

Biorefineries are the developing concept for converting a large amount of ligno-
cellulosic biowastes into biofuels. The biorefinery by-products of waste plant oils,
crude glycerol, low-grade biodiesels, and hemicellulose hydrolysates might be
proved as feasible green substrates for PHA and its copolymers production (Jiang
et al. 2016). However, extensive investigation is required to screen highly efficient
strains and to optimize growth parameters to enhance the productivity and yields of
PHAs for effective conversion.
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1.7.5 Plastics Wastes for PHA Production

Plastics wastes are generally pyrolyzed to generate wax, which is used in ship
engines and power plants to generate energy. Pyrolysis is a process where plastic
particles are thermally decomposed at a temperature of 450-550 °C exhausting
pre-heated nitrogen gas in the fluidized bed into small hydrocarbon molecules
(Jiang et al. 2016). Various pyrolysis products (oils and waxes) from different
types of plastic wastes (polystyrene, polyolefins, and polyethene terephthalate)
have been studied for synthesizing PHA by hydrocarbon-degrading bacterial strains
as shown in Fig. 1.6. Many microorganisms are reported to metabolize hydrocarbons
containing up to 44 carbon such as long-chain paraffinic, olefinic, 1-alkenes (C;—
Cs), and gaseous n-alkanes (Timm and Steinbiichel 1990). However, only a few
hydrocarbon-utilizing microorganisms can synthesize PHAs wusing these
hydrocarbons as their primary carbon substrate. P. oleovorans, fluorescent
Pseudomonads and P. aeruginosa have been reported to produce MCL-PHAs
using octane, n-alkanoic acids and hexadecane respectively (Fernandez et al. 2005).

Oil produced from pyrolysis of polyethene terephthalate (PET) generates aro-
matic hydrocarbons (Kourmentza et al. 2017). These aromatic hydrocarbons have
been used for the fermentation of PHAs by several Pseudomonas strains and
Rhodococcus aetherivorans IAR1 (Hori et al. 2009). Styrene, polyethene wax, and
terephthalic acid have been used to ferment Pseudomonas sp. to produce
MCL-PHAs (Guzik et al. 2014). Moreover, polyethene wax was used as the carbon
source by R. eutropha to synthesize PHB with a minor fraction of other MCL-HA
units (Johnston et al. 2017). Nevertheless, the mainstream of production process
using plastic recycled wastes are still at their initial stages. Wide improvements are
required to improve both PHA content and productivity.

1.8  Cost-Effective Microbial Bioplastic Production Involving
Extremophiles

Attempts have been made to utilize glucose derived from cellulose for the synthesis
of PHAS, but the commercial cost of cellulase preparations remains to hamper the
major economic transformation of lignocellulosic biowastes (Jiang et al. 2016).
Development of a green-associated bioprocessing method for the single-step con-
version of lignocellulose biowastes into PHA polymer using thermophiles excludes
the supplementation of enzymes and pretreatment steps which could be cost-
effective at lower investment. This may be reflected as a significant development
for the bioplastic industry. Thermophilic bacteria retain highly active thermostable
ligninolytic, hemicellulolytic and cellulolytic enzymes for capable biomass hydro-
lysis (David et al. 2018; Bhalla et al. 2013). Attractively, very rare thermophilic
strains such as Geobacillus sp. AY 946934 (Giedraityt¢ and Kalediene 2015),
Chelatococcus sp. (Ibrahim et al. 2010, 2016; Ibrahim and Steinbiichel 2010a, b),
Thermus thermophilus HB8 (Pantazaki et al. 2005, 2003), Caldimonas
manganoxidans (Hsiao et al. 2016), and Bacillus shackletonii K5 (Liu et al. 2014)
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have been reported to produce PHB. Synechococcus MA19 are thermophilic cyano-
bacterium strain reported to produce PHB photoautotrophically, up to 62% (w/w) of
CDW consuming carbon dioxide (CO,) as key carbon, under nitrogen-limited
conditions (Nishioka et al. 2001). P(3HB-co-3HV) was reported to synthesis by
Aneurinibacillus species using glucose as a substrate at 55 °C (Xiao et al. 2015).
Moreover, MCL-PHAs were produced by Pseudomonas sp., using dodecanoate,
octanoate, and acetate as primary carbon sources at 55 °C.

Methane is a hydrocarbon which is easily available in oilfields and during the
biological degradation of organic matter. It is a potential substrate for PHA produc-
tion. A group of type II methylotrophs are known to accumulate P3HB using
methane. A yield of 0.55 g PHB g/methane and productivity of 0.031 g PHB were
reported using Methylocystis sp. (Rostkowski et al. 2013). However, to enhance the
PHA production by type II methylotrophs, optimization of growth parameters is yet
to be explored.

Many halophilic Halomonas sp. have been reported to illustrate the possibility of
next-generation industrial biotechnology (NGIB) to reduce PHA production cost and
expand PHA diversity underwater and energy-saving conditions (Ling et al. 2018).
The wild-type H. bluephagenesis are resistant to microbial contamination and found
to be a potential producer of PHA including PHB, P34HB, and PHBV (Ye et al.
2018). Halomonas bluephagenesis consumes NADH instead of NADPH as a cofac-
tor for the synthesis of PHB. To enhance the PHA production, the NADH/NAD+
ratio was increased under oxygen limitation. This was done by genetic modification
of the wild strain, where an electron transport pathway comprising electron transfer
flavoprotein subunits o and f encoded by etf operon has been blocked to improve
NADH supply. Acetic acid was used as an inexpensive co-carbon substrate along
with glucose to reduce and balance the redox state inhibition on pyruvate metabo-
lism which resulted in 94% PHB accumulation and 22% more CDW as compared to
the wild-type strain (84%) (Ling et al. 2018). Consequently, a strategy of systematic
modulation on the redox potential of mutant H. bluephagenesis led to better produc-
tion of PHA under reduced energy consumption, oxygen limitation, and scale-up
complexity.

1.9 Innovative Research on Microbial Bioplastics

PHAs have excellent physicochemical properties which warrant the commercial
exploitation of biopolymers in different field of applications, viz., food packaging,
biomedical implant materials, drug delivery carriers, automotive, infrastructure and
aerospace to military applications (Ojha and Das 2018, 2020b). PHB and poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) are considered the most familiar
biomaterial for food packaging among all the classes of biopolymers because of their
biocompatibility and biodegradability. Yet, naturally synthesized PHB polymers
have restricted applications because of their hydrophobic and brittle nature (Pérez-
Arauz et al. 2019). Blending of numerous monomers for the production of
3-HB-based copolymers was developed to enhance the thermal and mechanical
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properties of the PHB and PHBV. Unfortunately, despite their promising commer-
cial potential, most of the produced PHAs, especially those with a higher monomeric
composition of 3-hydroxybutyric acid have been reported to exhibit narrow
processing window, hydrophilicity, poor barrier performance, brittleness, severe
bacterial infection, poor heat resistance, low thermal, mechanical and structural
properties mechanical which are limiting their processing malleability, ductility
and restrict their wide applications (Ojha and Das 2020b). The lack of adequate
flexibility is the main problem of PHAs which restrict their application as food
packaging material.

Nowadays, nanostructured materials revealed various facets for their structural
elements/clusters such as nanoparticles/nanoclusters (zero dimensions), nanorods/
nanotubes (one dimension), nano-thin films (two dimensions), and nanomaterials
(three dimensions) ranging from 1 to 100 nm in size. These nanostructured materials
are bearing a superior surface volume ratio and reveal unique physicochemical
characteristics, such as strength, magnetism, diffusivity, toxicity, optics, solubility,
color, and thermodynamics (Goudarzi and Shahabi-Ghahfarrokhi 2018). Recently,
the incorporation of these nanostructured materials into PHA polymers has attracted
great research interest due to their versatile properties (Jaiswal et al. 2019). Combin-
ing nanostructured materials (>100 nm) with PHA using various fabrication
methods leading to the formation of PHA nanocomposites as shown in Fig. 1.7
and Table 1.3.

1.9.1 PHA Nanocomposites

Nanostructured materials have become attractive materials because of their excellent
features such as extreme surface area, lesser content condition, and higher strength.
The nanomaterials functioned as nucleating agents, increasing the degree of crystal-
linity and the crystallization temperature of the matrix. It also acts as mass transport
barriers and hinders the diffusion of volatiles caused during the decomposition
process, resulting in enhanced thermal stability (Pradhan et al. 2015; Ojha and Das
2020b). These nanomaterials are proved to be ideal reinforcing filling agents in
biopolymer composites as they possess exceptional mechanical and thermal conduc-
tivity with a low coefficient of thermal expansion. Enhanced thermal, mechanical
and barrier performances have been achieved upon supplementation of minor
amounts of nano-sized fillers into the PHA matrix (Maiti et al. 2007). Besides, the
incorporation of bioactive (e.g. antimicrobial, antioxidant, and oxygen-scavenging)
agents resulted in the development of efficient antibacterial packaging material
which could control the microbial growth and preserve the desirable quality
(Basumatary et al. 2018). PHAs can be blended with other polymers (nanofibers)
or filling with nano-fillers such as multi-walled carbon nanotubes (MWCNTsS),
bioactive glass, organically modified montmorillonite (OMMT), nanocrystals, and
nanoparticles to formulate PHA nanocomposites for enhancing its thermal, mechan-
ical, and barrier properties (Maiti et al. 2007; Prakalathan et al. 2014; Ojha and Das
2020b).
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Nanofibers with unique dimensions and structures, including glass, carbon,
cellulose fibers, and carbon nanotubes are being applied as nanofilling agents for
microbial bioplastics (PHAs). Inorganic nanofillers such as nano clay, silica, double-
layered hydroxides, cellulose nanowhiskers (CNW), and multi-walled carbon
nanotubes (MWCN) fuel the crystallization rate, thermal stability, and stiffness of
the PHA nanocomposites. It was observed that the crystallization rate depends on
rising or reducing the concentration of different nanomaterials. A high crystallization
rate was observed at a low concentration of nanomaterials. In contrast, the crystalli-
zation rate was declined at a high concentration of nanomaterials (Bondeson et al.
2006; Ten et al. 2012). Another microcrystalline cellulose (MCC) or needle-like
nanofibers is CNW that occurs in the cell wall of various plants and can be obtained
using the sulfuric acid hydrolysis method (Bondeson et al. 2006). CNW strengthens
PHBYV with strong links for better thermal, mechanical and crystalline properties. It
is an efficient PHBV nucleating agent, investigated by polarized optical microscopy
(POM) analysis. Other aspects such as toughness, Young’s modulus, and tensile
strength of PHBV exhibited improved material properties with the green application
of CNW/PHBV nanocomposite (Ten et al. 2010). In another study, cellulose
nanocrystals (CNCs) were incorporated with PHBV through a solution casting
method to enhance thermal stability. It was observed that both nucleation and
confinement effects were depended on the CNCs concentration, leading to rise or
reduction in the crystallization rate of CNCs/PHBV nanocomposites. Higher crys-
tallization temperature and lower nucleation rate were observed in spherulite
structured CNCs/PHBV green nanocomposites on increasing the concentration of
CNCs. Thus, blends of these pure green composites (cellulose nanocrystals) with
microbial plastics/polymers have been attracted the research interest as these
nanoblends have similar features for biodegradation with high thermal and specific
strength as compared to synthetic polymers (Ten et al. 2012) (Table 1.3).

1.9.2 PHA-Polymer Hybrids

Microbial bioplastics such as PHBV and PHB can be hybridized with other
polymers including gelatin, chitosan, starch, soy protein isolate (SPI), cellulose
acetate butyrate, cellulose, poly (butylene adipate-co-terephthalate) (PBAT), poly
(lactic acid) (PLA), poly (propylene carbonate) (PPC), poly (caprolactone) (PCL),
PEG poly (butylene succinate) (PBS) and poly (ethylene succinate) (PES) (Qiu et al.
2003; Vogel et al. 2008; Chun and Kim 2000; Nagarajan et al. 2013; Zembouai et al.
2013; Nar et al. 2014) to formulate PHA polymer hybrid nanocomposites with
advanced properties. PBS is a thermoplastic polyester, strong and highly flexible
with strong thermal stability, which was blended with PHBV using the solution
casting method. In situ compatibility of PHBV-g-PBS polymers was enhanced on
incorporating Dicumyl peroxide (DCP) into PHBV/PBS and PHB/PBS. PBS parti-
cle size was compacted in PHBV and PHB biopolymers which lead to the enhance-
ment in the mechanical properties (Miao et al. 2008; Ma et al. 2012, 2014).
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PHB was blended with poly(p-1,4)-2-amino-2-deoxy-p-glucopyranose, the
deacetylated product of chitin using trifluoracetic acid as co-solvent under continu-
ous stirring at room temperature to formulate PHB-chitosan blend. Besides,
incorporation of titanium dioxide (TiO,) nanofillers into PHBV/PCL using melt-
mixed method resulted in improved thermal and mechanical properties of PHBV/
PCL/TiO, hybrid (Mofokeng and Luyt 2015).

1.9.3 PHA Nanoparticles

Another approach which has been introduced was the synthesis of polymeric
nanoparticles (PNPs) in the form of nanospheres or nanocapsules. PNPs are proved
as a supreme ecofriendly nanocarrier for bioactive compounds aiming at the diseased
cells with narrow side effects. The surface of PNPs can easily trap or encapsulate the
drugs and carry them to the wound site. These engineered PNPs can be easily
modified to treat the specific type of therapy as well as to carry specific drugs.
Microbial bioplastics with similar biological and physicochemical properties are
found to be noble candidates of PNPs against petrochemical synthetic polymers (Din
et al. 2017). PNPs can be synthesized using different methods such as nano-
precipitation and mini-emulsification. Nano-precipitation is a process where the
target polymer is dissolved in an organic solvent and steadily supplementing to the
non-solvent solution through a modifier. The nanoparticles (NPs) are formed at a
phase of dispersing polymer-solvent with non-solvent in the aqueous medium. The
increasing stress between the two phases, leading to the high surface area and
precipitation of NPs. However, in the case of the mini emulsification method, the
diffusion of polymer-solvent was done using a solution of water and surfactant
followed by ultrasonication to produce emulsified NPs. The target drugs can be
conjugated to NPs by evaporating the solvent using heat or by dispersing drugs with
the polymer (Choiniere 2015).

1.10 Applications of Advanced Microbial Bioplastics

Multifunctional, high-performance, or advanced PHA nanocomposites with
antibacterial properties have been developed by modifying PHA into PHA
bionanocomposites, thereby extending their applications in fragile environments
(Gumel and Annuar 2014). The improvement in the physical, thermal, mechanical,
barrier, and flammability properties of PHA bionanocomposites has been
investigated by different instrumental analysis such as Fourier transform infrared
spectroscopy (FT-IR), gas chromatography-mass spectrometry (GC-MS), nuclear
magnetic resonance (NMR) spectroscopy, X-ray powder diffraction (XRD), atomic
force microscopy (AFM), scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), gel permeation chromatography (GPC), thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), pyrolysis combustion flow
calorimetry (PCFC) and dynamic mechanical analysis (DMA). Today, the nano-
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blended or nano-impregnated PHAs exhibited enhanced thermal, mechanical, bar-
rier, and antibacterial properties as compared to the neat PHAs. PHA
bionanocomposites are expected to contribute significantly to the food packaging
market soon providing multiple functionalities (Ojha and Das 2020b). There are
various applications of advanced microbial plastics in the field of biomedical,
bioengineering, and packaging industry which are discussed below and tabulated
in Table 1.3.

1.10.1 PHA Nanocomposites for Scaffolds, Tissue Engineering,
and Nanocoatings

There are reports where PHA nanocomposites including poly (3-hydroxyoctanoate-
co-3-hydroxyundecenoate) (PHOHUQ), poly (3-hydroxybutyrate-co-3-
hydroxyoctanoate) (PHBHO), and poly (3-hydroxybutyrate-co-3-
hydroxyhexanoate) (PHBHHx) have been developed by reinforcing nanofillers
such as silsesquioxane, bioglass, Cloisite 30B, kaolinite, clay, zein electrospun,
and layered silicate for various applications in the field of formulation of scaffold
for fibroblast cells, biosensor, cancer drug delivery, and bone tissue scaffold,
respectively (Gumel and Annuar 2014).

Development of biomimetic materials is one of the most important challenges in
tissue engineering research. An active scaffold was investigated by incorporating
titanium dioxide (TiO,) nanoparticles on the electrospun mats of PHBV by
electrospinning technique. An increase in fiber diameter with the increased concen-
tration of TiO, was observed in the nanocomposites fibers. The nanocomposites
fibers showed excellent biocompatibility and improved cell proliferation which
proved that TiO, nanoparticles were not cytotoxic for cells (Braga et al. 2018).
The findings indicated that PHBV-TiO, fibrous mats (scaffolds) could be utilized as
a good substrate for tissue regeneration.

In another study, photoluminescence (PL) analysis of polyhydroxybutyrate-co-
valerate (PHBV)-zinc oxide (ZnO) nanocomposite fibers was investigated. The PL
study revealed the quenching of visible emission in the nanocomposite fibers.
Enhanced UV to visible emission (/,,/l,;s) intensity was found in the PHBV-ZnO
nanocomposite fibers as compared to pure ZnO nanoparticles. The findings revealed
that PHBV-ZnO nanofibrous mats are self-supported which could provide potential
applications in biomedical imaging and optoelectronic devices (Naphade and Jog
2012).

One of the valuable biomaterials for tissue engineering and regenerative medicine
is bacterial cellulose (BC) sponges due to their nano-sized fibrous network with
interconnected open porosity and biocompatibility. However, their poor mechanical
properties and instability in the physiological environment are the main issues that
need to be fulfilled in order to develop suitable three-dimensional (3D) scaffolds for
tissue formation (Oprea et al. 2020). Recently, a polyester PHBV was impregnated
into BC sponges using the impregnation method to improve its properties for
biomedical application. To improve its affinity to PHBV, a highly hydrophilic BC
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was surface functionalized by amination (BCA). SEM microscopic images showed
the formation of a tridimensional honeycomb ordered structure with uniform
micrometer pores which confirmed the deposition of PHBV on the BC nanofibrous
network. Better thermal properties and compression strength were observed for
BCA/PHBYV nanocomposite sponges as compared to the neat PHBV, due to the
increased interactions between the PHBV and the aminated cellulose substrate.
Swelling tests revealed that BC and BCA sponges were completely fragmented in
90 min of incubation in phosphate-buffered saline, but excellent stability was
obtained in a simulated physiological environment after impregnation with PHBV.
Higher swelling stability was observed for BC/PHBV (1200-2400%) and
BCA/PHBV (700-1200%) sponges, which are quite enough to allow the transport
of nutrients and diffusion of water. Thus, the improved properties of BC/PHBV and
BCA/PHBYV nanocomposite sponges lead to a promising option for tissue engineer-
ing scaffolds (Oprea et al. 2020).

Also, PHB-Chitosan (Cs)/MWCNTs nanocomposite coating accumulated on
nano-bioglass (nBG)-Titania (nTiO,) scaffolds were fabricated by foam replication
method. The compressive strength of the PHB-Cs/MWCNTs scaffolds coated with
1.0 wt% MWCNTs was increased up to 30-fold compared to nBG/nTiO, scaffold.
The PHB-Cs/MWCNTSs scaffolds showed an increase in the percentage of
interconnected porosity, surface roughness, and apatite-like formation on the coating
with 1.0 wt% of MWCNTs with PHB-Cs. PHB-chitosan/MWCNTSs nanocomposite
coating leads to higher secretion of alkaline phosphatase, thermal properties, excel-
lent proliferation and viability of MG-63 cells (Parvizifard and Karbasi 2020).

Besides, multifunctional bioglass poly (ester-urethane) nanocomposite scaffolds
based on 1,6-hexamethylene diisocyanate-trimer, P(3HB), and silica nanoparticles
were fabricated using sodium-acetate in situ particulate leaching technique. The
nanocomposite could be used both as a candidate for tissue engineering and as
agricultural mulch films for restoring contaminated soils. The scaffolds with salt-
leached induced porosity only affected the adhesion but not the biocompatibility of
the human mesenchymal stromal cells. The nanocomposite allowed strain
Azospirillum brasilense to form biofilms in a stressful environment. Furthermore,
the bacteria remained viable and metabolically active for up to a month without
supplying any carbon or nitrogen source (Gonzalez-Torres et al. 2020).

The currently exiting curing techniques have become ineffective towards healing
wounds; this leads to the immense need for suitable biocompatible responsive
biomaterials, which could heal the wounds quickly. Recently, a PHA-based
antibacterial mat was reported which was fabricated by incorporating green
graphene-decorated silver nanoparticles (GAg) into the fibers of poly
(3-hydroxybutyrate-co-hydroxyhexanoate) (P3HB-co-HHx) via an electrospinning
technique. The antibacterial property of PHA/GAg against gram-negative
Escherichia coli (E. coli) and gram-positive Staphylococcus aureus (S. aureus)
was examined, which showed a significant reduction of E. coli and S. aureus as
compared to PHA-reduced graphene oxide (rGO) or bare PHA within 2 h of
incubation period (Mukheem et al. 2018). The results showed that PHA/Gag could
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be applied as an efficient and faster wound healer bandage for biomedical
applications.

1.10.2 PHA Nanocarriers for Cancer Therapy and Drug Delivery

One of the essential goals in cancer treatments is healing the cancer cells at the
malign sites without affecting the healthy cells. Recently, the PHAs nanoparticles
(PHANPs) which are biocompatible, nontoxic, and naturally degradable by nonspe-
cific lipases and esterases have attracted the research interest for biomedical
applications (Din et al. 2017). For the treatment of breast cancer cells, the linkers
are connected to the functional moieties of PHANPs with other folate functional
groups to reduce the overexpression of folate receptor a. For fluorescence imaging
and tracing of live and dead cancer cells, functional groups of fluorescent tags are
attached to PHANPS to trace and medicate the affected area. PHANPs attached to the
MT3 line of breast cancer cells bearing fluorescent tags had been used as nano-tracer
during the recovery of cancer cells. Poly (3-hydroxyoctanoate-co-10-undecanoate)
nanoparticles (PHOUNPs) blended with PHO-N3 and Azide terminated PHA is
another compound that has been applied in the therapy of cancer and drug delivery.
The nontoxic PHOUNPs showed a significant impact on treating the A459 lung
carcinoma cells through direct assay and for drug delivery on A549 cell line by
indirect assay (Shah et al. 2011; Kilicay et al. 2016).

PHANPs are reported as an excellent nanocarrier for controlled drug release and
enhanced therapeutic availability. For drug delivery systems, the size and zeta
potential are two important aspects that must be measured while synthesizing in
PHANPs. PHANPs can be used as a therapeutic nanocarrier by encapsulating the
drug and carry it safely to the diseased prone area without damaging the healthy
cells. Besides, PHANPs are highly capable of loading and controlled release of drugs
as a safe nanocarrying agent. In a report, PHANPs were conjugated with
levofloxacin using a triple emulsion method, and the in vitro levofloxacin release
was investigated through the dialysis method. Levofloxacin-loaded PHANPs had
showed improved solubility, sustainability, and therapeutic availability as compared
to bare levofloxacin. Besides, 90% controlled drug release was observed until 22 h
after the treatment (Umesh et al. 2018). In another report, an amorphous amphiphilic
block copolymer, P(3HV-co-4HB)-monomethoxy poly(ethylene glycol) (P
(3HV-co-4HB)-mPEG) was synthesized by blending poly(3-HV-co-4-HB) with
mPEG using bis (2-ethyl hexanoate) tin catalyst coupled via transesterification
reaction. The controlled release of chemotherapeutic cisplatin-loaded PHANPs
was investigated using microscopic observations that revealed the internalization
of cisplatin-loaded PHANPs into the tumor cells. Besides, the cisplatin-loaded
PHANPs were found to suppress the tumor cell growth and compel the tumor
cells into the process of apoptosis (Shah et al. 2012).
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1.10.3 PHA Nanocomposites as Smart and Active Packaging
Material

Recently, biogenic nanoparticles have been investigated to use as smart green,
biocompatible, and active reinforcing nanofiller agents. A recent report by Zare
et al. (2019) investigated a smart fortified PHBV-CS biopolymer reinforced with
zinc oxide-silver nanocomposites (ZnO-Ag NCs) for the advanced shelf life of food
packaging material. ZnO-Ag NCs were prepared using Thymus vulgaris leaf extract
as a stabilizer and reducing agent. The ZnO-Ag NCs were reinforced into poly
(3-hydroxybutyrate-co-3-hydroxyvalerate)-chitosan (PHBV-CS) to fabricate the
PHBV-CS/ZnO-Ag nanocomposite via solvent casting method. The ZnO-Ag NCs
act as a nanoactive agent which helps in food preservation by controlling its spoilage
from contaminants, and as a result, its shelf life was enhanced. The PHBV-CS/ZnO-
Ag nanocomposite was investigated as a potential sensory evaluator of refrigerated
chicken breast, enhanced thermal, mechanical, and barrier properties. Antimicrobial
activity was shown which suggested a prospective replacement of traditional syn-
thetic plastics currently being used for poultry and food items packaging (Zare et al.
2019). A recent report by Ojha and Das (2020b) investigated PHBV/SiO,
nanocomposites which were formulated by reinforcing biogenic silica nanoparticles
(bSNPs) into Wickerhamomyces anomalus synthesized PHBV via the solution
casting method. The PHBV/SiO, nanocomposites revealed considerable enhance-
ment in the barrier, heat resistance, thermal and mechanical properties as compared
to the pure PHBV matrix. The improvement in the material properties of PHBV/
Si0, nanocomposites was due to the uniform dispersion of bSNPs and its strong
hydrogen-bonding interactions with the PHBV matrix. Besides, excellent biocom-
patibility against L929 mouse fibroblast cells and antibacterial activity against
S. aureus and E. coli of PHBV/SiO, nanocomposites was observed upon increasing
bSNPs concentration (Ojha and Das 2020b). The biodegradable PHBV/SiO,
nanocomposites revealed excellent antimicrobial and biocompatible properties and
proved as an efficient active packaging material which could extend the shelf-life of
food and minimize the spoilage caused by microorganisms. Hence, the biodegrad-
able PHBV/SiO, nanocomposite could serve as an eco-friendly and antibacterial
food packaging material.

Many antibacterial nanoparticles have been reinforced to PHAs to formulate
antibacterial packaging materials. There are reports where ZnO-reinforced PHBV
bionanocomposites with antimicrobial function were investigated for food packag-
ing (Diez-Pascual and Diez-Vicente 2014). PHBV/ZnO films showed antibacterial
activity against human pathogen Escherichia coli and Staphylococcus aureus. The
nanocomposites also showed excellent stiffness, impact strength, toughness and
lower water uptake, and oxygen and water vapor permeability due to the strong
interfacial adhesion formed between the matrix and nanofiller via hydrogen bond
formation. In addition, enhanced tensile strength, thermal, and barrier properties
were also obtained. A similar report investigated by Yu et al. (2010) demonstrated
the formulation of PHBV/ZnO nanofibers by electrospinning method. These sus-
tainable nanomaterials with antimicrobial function showed great potential as an
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alternative to synthetic plastic packaging materials, especially for use in food and
beverage containers and disposable applications like cutlery or overwrap films
(Yu et al. 2010).

In another study, cellulose nanocrystals (CNC) and ZnO were incorporated into
the PHBV to fabricate PHBV CNC-ZnO nanohybrids via simple solution casting for
possible use as antibacterial biomedical materials (Abdalkarim et al. 2017). The
nanocomposites exhibited an excellent antibacterial (95.2-100%) activity for
S. aureus and E. coli and 9-15% degradation after 1 week. The incorporation of
CNC-ZnO resulted in a positive effect on hydrophilicity and barrier properties. Most
importantly, the nanocomposites showed significant improvement in Young’s mod-
ulus (183.1%), tensile strength (140.2%), and the thermal degradation temperature
on incorporating 10 wt% of CNC-ZnO. A possible mechanism for utilizing
CNC-ZnO nanofillers on PHBV hydrolytic degradation was noted which was
found to be beneficial to develop the high-performance nanocomposites with
modulated degradation rate for antibacterial biomaterials. Modified PHBV by
impregnating chitin nanocrystals through chlorination was investigated to enhance
the thermal properties of PHBV (Wang et al. 2012).

PHB-silver nanocomposite (PHB-AgNc) was reported to be stable,
polydispersive, and hydrophobic. It exhibited a degradation temperature of 340 °C
with a significant antimicrobial resistance against common food pathogens such as
Pseudomonas spp. and E. coli. Mechanical properties such as Young’s modulus,
tensile strength, and elongation at break were found to be 1.305%, 35.42, and
1.058 N/mm?, respectively. The migration properties of PHB-AgNc films were
tested for various food stimulants, and the values obtained were less than the overall
migration limit established for food contact materials which proved that the
PHB-AgNCc film could serve as efficient food packaging material (Jayakumar et al.
2020). In another study, the impact of different dosages of gamma irradiation on the
biodegradable and physical properties of PHB/sepiolite (PHB/SP) nanocomposites
was investigated. A proper network formation was observed in the SEM
micrographs of nanocomposite films. Formation of agglomerates, pits, and biofilms
on the surfaces of irradiated nanocomposite films was observed after in vitro and soil
burial. SEM micrographs revealed better biodegradability as compared to unirradi-
ated nanocomposite films (Masood et al. 2018). These findings proposed the poten-
tial application of the PHB/SP nanocomposite as a biodegradable food packaging
material.

Omri et al. (2020) reported a novel nanocomposite which has been formulated
from ethylene-co-vinyl acetate copolymer (EVA) and PHBV in combination with
small amounts of Fullerene (C60) A significant increase in the thermal degradation
pattern of nanocomposite at low loading (0.3, 0.5, and 0.7 wt%) dispersion of C60.
The oxidation induction time values of nanocomposites were remarkably increased
with the increase of C60 amounts. Furthermore, the oxidation induction time of
EVA/PHBV/C60 (0.3 wt%) was 1643 s higher than that of the unfilled EVA/PHBV
blend. The flammability properties showed that the addition of C60 could prolong
the time to peak heat release rate (pHRR) of around 30 °C compared to EVA/PHBV
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blend. It was demonstrated that C60 is an inhibitor of the thermal and thermo-
oxidative degradation of EVA/PHBYV blend.

In addition, there are reports where PHA has been compounded with tailor-made
long alkyl chain quaternary salt (LAQ) functionalized graphene oxide (GO-g-LAQ)
that could disperse in the PHA matrix uniformly and improve the interfacial adhe-
sion between GO and PHA due to the hydrophobic nature of LAQ. The modified
PHA/GO-g-LAQ nanocomposites reported 99.9% antibacterial activity against
Gram-positive and Gram-negative bacteria without any leaching. Besides, the oxy-
gen barrier was found to be improved due to the condensed crystal structure of PHA
and the impermeable property of GO sheets. Besides, the tensile strength, storage
modulus, and heat-resistant performance of the PHA nanocomposites were signifi-
cantly improved due to the enhanced crystallization capability. Therefore, the well-
designed PHA/GO-g-LAQ nanocomposites could be ideal candidates for functional
materials for food packaging applications (Xu et al. 2020).

In another study, PHBV/PBAT was blended with different concentrations of
organically modified nanoclay (0.6, 1.2, and 1.8 wt%) using compression molding
and cast film extrusion techniques. Firstly, the pellets of PHBV/PBAT/nanoclay
nanocomposite were prepared using the melt extrusion method; then, nanocomposite
pellets were used to fabricate films using compression molding and cast film
extrusion method. The cast extruded PHBV/PBAT nanocomposite films showed
improved oxygen and water vapor, i.e., barrier properties as compared to compres-
sion molded films because of the chain orientation during the high-speed stretching.
The barrier and rheological properties of cast PHBV/PBAT/nanoclay (1.2%)
nanocomposite film showed significant improvement in oxygen and water vapor
permeability due to the excellent dispersion of nanoclay and its strong interfacial
adhesion with the PHBV/PBAT matrix. Also, % elongation at break (567.6 & 0.1)
was highly improved as compared to that the PHBV/PBAT blend due to better stress
transferability. Hence, the cast extruded nanocomposite film with 1.2% nanoclay
was proved as a potential candidate to be used in flexible packaging (Pal et al. 2020).
Besides, PHA nanocomposites such as PHB, PHB4HB, and PHBV have been
developed by reinforcing nanofillers such as MWCN, chitosan matrix, and montmo-
rillonite for packaging applications of pharmaceutical drugs, capsules, and food.
Ajmal et al. (2018) reported the clay polymer nanocomposite which was fabricated
using PHBV and vinyl triethoxy silane grafted sepiolite (VTES-g-SEP) by the
solution casting method. The absence of voids and high interfacial interaction
between PHBV and VTES-g-SEP was observed using SEM micrographs. Better
biodegradability and thermal and mechanical properties of the clay polymer
nanocomposites were observed as compared to the PHBV, which proved that it
could be used in packaging applications.
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1.11  Conclusion and Future Perspectives

Microbial bioplastic has gained considerable research interest and become a
promising agent for an extensive range of applications due to its biodegradable,
biocompatible, and thermoplastic nature. The recent development of advanced PHA
nanocomposites and PHANPs can function as a reliable alternative to petrochemical
synthetic plastics compared to other bioplastics. Nanocomposites of PHB, PHBV,
and other PHA copolymers were proved as promising materials for use in the
medical field such as tissue engineering, bone scaffoldings, surgical implants, and
drug delivery for the healing of wounds and blood vessels. Blending of PHA and its
copolymers with other biopolymers such as chitosan and cellulose impregnated with
antimicrobial nanoparticles was proved as an excellent smart and active packaging
biomaterial which can be utilized as a promising alternative to nonbiodegradable
packaging material. There are more ways to explore some excellent eukaryotic
extremophiles for optimization of the cost-effective PHA production parameters.
Extensive studies can be carried out on the biogenic and herbal PHA synthesis for
developing a multifunctional high-performance green microbial plastic in the future.
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Abstract

The term “bioplastics” refers to chemically unrelated products that are
manufactured exclusively or partially from renewable biomass sources such as
agricultural products or microbes such as bacteria, yeast, and sometimes several
nanometre-sized carbohydrate chains (polysaccharides). Bioplastics prepared
from renewable means can be naturally recycled by biological processes, thus
limiting the use of fossil fuels and shielding the environment. Biodegradable
plastics are categorized as agro-polymers (starch, chitin, protein) and
bio-polyesters (polyhydroxy-alkanoates, polylactic acid). Usually, foodstuffs
with limited shelf life including fresh vegetables and fruits as well as those with
long shelf life like cooked food items which are not in the need of increased
oxygen supply are parceled using these bioplastics. Mainly, the enzymatic actions
of microorganisms cause bioplastics polymers to decay into CO,, H,O, and other
inorganic compounds. This current effort provides a general idea about
bioplastics, aiming their production methods from biomass-based resources.
Similarly, it will discuss the origin and classification of bioplastics. Furthermore,
the details about the structure and components of bioplastics including polymers
and the ways how these polymers are biochemically converted into bioplastics
will also be reviewed. Moreover, different biopolymers currently under research
will also be explored. With further improvements in the biopolymer area of
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research in the coming future, it can be more effectively utilized in various fields
of life.

Keywords

Biopolymers - Bioplastics - Biodegradable - Classification - Biochemical
synthesis - Renewable resources

2.1 Introduction

Bioplastic simply means the use of living organisms such as plants, animals, and
microorganisms for the production of plastic. This type of plastic is different in many
ways from fossil fuel-derived plastics. The bioplastic derived from biomass sources
is also known as bio-based plastic. These are usually biodegradable because they are
derived from renewable sources and can degrade by direct hydrolysis. A wide range
of oil-based polymers are now utilized in many industries as packaging material.
Plastic leftover is one of the most important issues in the present world because the
plastic derived from fossil fuels is nondegradable and difficult to recycle, so this type
of plastic is a major contributor to solid waste. To overcome the nondegradable
plastic waste, scientists have now introduced bioplastics that are derived from living
organisms (Kumar and Thakur 2017). According to the European Bioplastics Orga-
nization (EBO), bioplastics are referred to as plastics which are biobased and are
biodegradable and/or compostable. These bioplastics are decomposed into carbon
dioxide and water and biomass of inorganic nature under natural or unnatural
conditions mainly by the degradation caused by the enzymes of microorganisms
(Song et al. 2009). Furthermore, it is also required that these materials should be
almost 50% organic in nature by composition. The developed polymer should be cut
down during 6 months under-stimulated composting state by at least 90% of its
weight/volume (Ezeoha and Ezenwanne 2013).

In recent years, bio-based polymers are extensively utilized for packaging
purposes in various industries. The use of bio-based polymers has encouraged
researchers to support ecological development because of diverse disposable options
(Kumar and Thakur 2017). The major interests behind the production of bioplastics
are mainly two in number: the first interest is the making bioplastic in bulk quantity,
and the second is the proper disposal of bioplastic. Fossil fuel-based plastics are very
slowly degraded in the environment that is why they are considered nonbiodegrad-
able. There is a variety of biodegradable polymers such as lignin, starch, and
cellulose that are actively involved in the production of bioplastics (Ross et al.
2017). The major drawback of the use of nondegradable plastics obtained from
petrochemicals involves the emission and long-period accumulation of carbon
dioxide in the environment. This accumulated carbon dioxide affects the ozone
layer and is also a major contributor to climate change. Therefore, the world is
seeking the sustainable use of plastic (bioplastic) that can be easily degradable and
are environment-friendly (Tokiwa et al. 2009). To move toward a sustainable
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environment and prevent the disposal of plastic waste in the environment, the
production of bioplastic has gained a lot of interest due to its high biodegradable
ability. Bioplastics obtained from biomass or renewable resources include
polyhydroxyalkanoate (PHA) and polylactic acid (PLA) in contrast to the plastics
obtained from fossil fuels (like polybutylene succinate, PBS) that put a negative
impact on the environment (Mekonnen et al. 2013). Although bioplastic is consid-
ered to be environment-friendly, it may have some limitations such as poor mechan-
ical properties and high production cost. High production costs can be tackled by
utilizing agriculture waste that is a low-cost renewable resource. Polylactic acid
(PLA) is a type of bioplastic that has some unique properties like high tensile
strength and modulus, but polyhydroxyalkanoate (PHA) lacks some mechanical
properties when compared with polylactic acid (Tabasi and Ajji 2015).

These bioplastics can be degraded very easily in the environment and can be
recycled easily. The degradation of polymer is completed in three steps in the
environment: (1) biodeterioration, the microorganisms grow in or on the surface of
the polymer, which changes the chemical, physical, and mechanical properties of the
polymer; (2) bio-fragmentation, the microorganisms act on the large polymer unit
and convert it into oligomers and monomers, the smaller units; and (3) assimilation,
after the breakdown of polymer into smaller unit monomers, there is a release of a
large amount of carbon, energy, and nutrient sources that are used by the microor-
ganism and convert them into the water, carbon dioxide, and biomass (Lucas et al.
2008). Some factors actively involved in the degradation of plastics in the environ-
ment are the polymer chain, the chemical structure of the polymer, and the complex-
ity of a polymer formula along with crystallinity. The specific functional group is
selected and can be processed by using an appropriate enzyme. The polymers that
have a more amorphous part, a shorter chain, and a less complex formula are more
easily degraded by microorganisms (Massardier-Nageotte et al. 2006).

2.2  Types of Bioplastics

There are mainly three types of bio-based polymers which have been designed
depending upon their source and manufacturing process (Ezeoha and Ezenwanne
2013): (a) polymers obtained from biomass, i.e., polysaccharides (starch and cellu-
lose) and proteins (casein and gluten); (b) polymers obtained via renewable
bio-based monomers. Polylactic acid is a good example here, which is obtained
from monomers of lactic acid. The monomers themselves may be made via fermen-
tation of carbohydrate feedstock and (c) polymers obtained from microorganisms.
To date, bio-based polymers of this group consist primarily of
polyhydroxyalkanoate, but advancement with bacterial cellulose is in progress.
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2.3  Sources of Bioplastic

Plastic plays a very significant role in our daily life because there are a lot of things
that we use today are directly or indirectly made up of plastic. But too much plastic
use in our world makes plastic a major contributor to solid waste due to its
nondegradable ability. That is why the world is seeking the alternative use of plastic
that must be easily degraded and should be environment-friendly. So, bioplastics
have their importance due to their degradable property and can be easily recycled.
They are acquired from several biological foundations such as plants,
microorganisms (bacteria), and algae. The plant and microbial products are the
major contributors to the production of bioplastics (Reddy et al. 2003).

2.3.1 Plants as a Source of Bioplastics

The main plant source that is responsible for the production of bioplastic is starch.
Starch is a naturally occurring polysaccharide consisting of two types of polymers:
amylose and amylopectin. Starch is abundantly present in wheat, corn, sweet potato,
barley, rice, etc. Along with starch, cellulose is also of key importance in bioplastic
production. Thermoplastic starch is very common and widely used in the synthesis
of bioplastic. The pure form of starch has a unique humidity-absorbing property; that
is why pure starch is commonly used as bioplastic and is used in synthesizing drug
capsules in pharmaceutical companies. Polylactic acid (PLA) is also a widely used
bioplastic that is commonly obtained from cane sugar. There is a lot of genetic
engineering practices that are being done on plants to get next-generation bioplastics
(Rajendran et al. 2012).

2.3.2 Bacteria as a Source of Bioplastic

Bacteria are the most studied organism for the production of bioplastic. There are a
lot of bioplastics that are directly or indirectly synthesized from bacteria. Many
bacterial species contain intracellular polyhydroxyalkanoate (PHA) granules as a
source of carbon and energy in their cells. The PHA that is extracted from gram-
negative and gram-positive bacteria shows similar properties to polypropylene
(Braunegg et al. 1998). Bacillus megaterium is an important bacterial species for
the production of PHA because this bacterium contains 20% w/v of PHA content.
The bacteria produce acetyl coenzyme A, which is converted into poly-3-
hydroxybutyric acid (PHB) by the activity of three enzymes: acetoacetyl-CoA
reductase, 3-ketothiolase, and PHB synthase (Ross et al. 2017).



2 General Structure and Classification of Bioplastics and Biodegradable Plastics 65

2.3.3 Algal Sources

Algae are one of the diverse groups of organisms that range from unicellular to
multicellular photosynthetic organisms. The by-products of many algae are used in
the production of bioplastics. Spirulina dregs are microalgae commonly used in
bioplastic manufacturing, but this alga is difficult to harvest. But macroalgae like
seaweeds have many advantages over microalgae. The seaweeds produce high
biomass, are cost-effective with the capability to grow up in a wide range of
environments, and can be easily cultivated and harvested in a natural environment.
Seaweeds produce polysaccharide that is commonly used in the field of microbiol-
ogy, food technology, biotechnology, medicine, and now plastic industries.
Bioplastic is now produced from the polysaccharide of seaweeds, this bioplastic is
low-cost, environment-friendly, and nontoxic. The bioplastic derived from seaweeds
has high tensile strength and much better in all aspects than the conventional plastic
that is being used today (Rajendran et al. 2012).

24  Classification of Bioplastics

The bioplastics also known as biodegradable polymers are obtained from biomass,
microorganisms, are petrochemicals and are biotechnologically derived. The
bioplastics are majorly divided into two main categories that are agro-polymers
and bio-polyesters (Fig. 2.1). Agro-based polymers are derived from natural renew-
able sources that may be polysaccharides, starch, cellulose, lignin, pectin, animal,
and plant proteins and oils, while the bio-polyesters are obtained from
microorganisms, petrochemicals, and biotechnological means. In agro-polymers,
the main source is biomass that is obtained from plants and animals. Biopolymers
that are derived from starch have many key features like renewability, high biode-
gradability, and good oxygen barrier property that make it more suitable than
ordinary plastic (Thuwall et al. 2006). Most of the proteins that are obtained from
animal and vegetable sources are used as a raw material for the production of
bioplastics. Proteins are a well-known source used in the plastic manufacturing
industries (Kumar and Thakur 2017).

2.4.1 Bioplastic from Biomass Products

Biomass is the material obtained from plants and animals, and these materials are
used for the synthesis of bioplastic. The bioplastic obtained from biomass is also
known as agro-bioplastics. The biomass products include polysaccharide, starch,
cellulose, chitin, lignin, pectin, and proteins derived from plants and animals. These
substances are directly obtained from plants and animals, and these are the major
contributors to the production of various types of bioplastics (Kumar and Thakur
2017).
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2.4.1.1 Bioplastic-Based on Polysaccharide

There have been variously reported polysaccharides that are involved in the produc-
tion of bioplastics. Polysaccharides are a long chain of carbohydrate molecules that
bind with one another through glycosidic linkages. There are a lot of polysaccharides
that have unique properties, which is why they are used in bioplastic production
(Mali et al. 2002).

2.4.1.2 Bioplastic Obtained from Starch

Starch is one of the best-known polysaccharides that is formed by the combination of
amylose and amylopectin (Fig. 2.2). The specific ratio of these two glucose-based
polymers makes its unique physiochemical properties. If starch has a high content of
amylose, this contributes to the film strength of the polymer, and if the starch
contains branched amylopectin, then this will lead to a film with low mechanical
properties. This low mechanical property of polymer can be upgraded by means of
plasticizers such as glycerol and sorbitol (Mali et al. 2002). Different biopolymers
that are manufactured by blending conventional polymers with granular starch will
increase the strength, permeability of film, and water absorption and decreases the
cost of production of the polymeric film (Kumar and Thakur 2017).

Bioplastic from the Modified Form of Starch

The starch molecules are manipulated for their physiochemical characteristics by
adding the ester group. This manipulation improves the thermal stability, moisture
absorption, and water vapor transmission rate and also increases the barrier
properties for different gases. Starch has a good biodegradable property, which is
why starch molecules are used in conventional polymers to increase its biodegrad-
able ability. Scientists have successfully proved how starch mixed with a conven-
tional polymer like low-density polyethylene to improve the biodegradable property
(Albertsson and Karlsson 1995).

2.4.1.3 Bioplastic Obtained from Cellulose

Cellulose is naturally occurring biodegradable polysaccharides in plant cells. Cello-
phane is a chemically synthesized biodegradable material that is made by dissolving
the cellulose in the mixture of carbon disulfide and sodium hydroxide and obtained
product is cellulose xanthate (Fig. 2.3) which is further dipped into the acid solution
(H,SO,), and the final product produced is cellophane film (Jabeen et al. 2015).
Another method is adopted to obtain the derivatives of cellulose by the process of the
esterification and etherification of the hydroxyl groups (Cyras et al. 2007). To make
the cellulose as bioplastic material in the form of thermoplastic materials, further
additives are added as cellulose diacetate and cellulose triacetate. These chemicals
enhance the extrusion molding and laminating process, and finally, cellophane
exhibits good film properties (Zepnik 2010).

2.4.1.4 Bioplastic Obtained from Pectin
Pectin is a linear biomacromolecule which is based upon the linear configuration of
a-(1-4)-linked p-galacturonic acid. Many chemical changes are produced in the
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R=H or —C—S"Na*

Cellulose Cellulose xanthate
Fig. 2.3 Synthesis of cellulose xanthate from cellulose (Boy et al. 2018)
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Fig. 2.4 Rhamnogalacturonan I and rhamnogalacturonan II as bio-polymers (Jaskolski 2013)

pectin by the partial replacement of monomer units like an a-(1-2)-L-thamnose
leading to a new structure rhamnogalacturonan I (Fig. 2.4). Rhamnogalacturonan
1L is the third type of new structure which is common, except highly for branched and
complex polysaccharide structure (Fig. 2.4) (Thakur et al. 1997). In nature, ~80%
esterification of the galacturonic acid carboxyl group is based on the methanol; this
condition is based on the proportion of extraction. In food applications, the behavior
of pectin depends upon the ratio of esterified and nonesterified galacturonic acid.
Based on esterification, pectin is classified as high- and low-ester pectin (Malathi
et al. 2014; May 1990).

2.4.1.5 Bioplastic Obtained from Chitin and Chitosan

Chitin is one of the most familiar agro-polymer after the cellulose in nature that is
produced in rich quantity. It mainly exists in nature in the form of an orderly
crystalline microfibril structure. Chitin is also the main component of the exoskele-
ton in many arthropods and also a component of the fungal and yeast cell wall
(Rinaudo 2006). It is naturally occurring polysaccharides that are biodegradable,
nontoxic, and biocompatible (Itoh et al. 2002). Flieger et al. (2003) identified that
usually, the extraction of naturally occurring chitin is based on the crab crumb during
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Fig. 2.5 Synthesis of CH,OH CHEOH

chitosan from chitin
OH H

(Krélczyk et al. 2020)
NHCOCHj, NHCOCH3
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Deacetylation of chitin
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g

pretreatment; dilute solution of sodium hydroxide (pH 13.5) is used for the preven-
tion of microbial infection of the flesh of crab and protection of shell degradation.
The isolated crushed shell passes into the rector for the further process where they
are treated with hydrochloric acid (HCL) to gasify the materials (Flieger et al. 2003).
In the third step of the process, produced chitin and liquefied proteins go into the
washing procedure before ingoing into another NaOH solution, following a slightly
high temperature. After completion of the whole procedure, 12% of chitin yield is
obtained from crushed crab crumbs. Chitin is used to produce chitosan from various
chemical processes (Fig. 2.5). In the process, chitin is washed and put under the
boiling condition until acetate is removed from the molecules. After the hydrolysis,
the resulted material chitosan is shifted for the following procedure, washed, dried,
ground, weighed, and packed for sale.

2.4.2 Bioplastic Obtained from Proteins

Proteins have vast and empirical importance for the production of bioplastics. The
main sources of protein are plants and animals that act as a raw material in the
synthesis of bioplastics. Proteins play a significant role in thermosetting
modifications of plastics due to their denaturation ability. The protein-based
bioplastics are well-known for their high degradability and also make them a fast
degrading polymer. A certain number of proteins have gained maximum attention
due to their biodegradable polymer nature, but only a few of them have an impact
due to their definite industrial scale-up, high assembly cost, and low product
performance. There are certain plant proteins which are the main potential source
such as com protein (zein), soy protein, and wheat protein (gluten) (Sorrentino et al.
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2012). Some animal-based proteins also act as biodegradable polymers such as
gelatin or collagen protein and casein. These are purely animal-based proteins.
Some proteins inside the bacteria also play an effective enzymatic role such as
lactate dehydrogenase, fumarase, and chymotrypsin (Itoh et al. 2002).

2.4.2.1 Bioplastic from Wheat Gluten Protein

There is a protein known as wheat gluten, a by-product that is produced from the
bio-ethanol industry also used for packaging purposes in the baking industry. This
wheat gluten has many advantages over other proteins like abundantly available,
relatively inexpensive, and mechanical and biodegradation ability. Wheat gluten
also has other unique properties such as gas barrier, film formation, and biodegrada-
tion ability. The properties of polymers developed from wheat gluten depend upon
the two types of proteins: gliadins, and glutenins (Fig. 2.6). The wheat gluten is
usually thermoplastic and it has been utilized for manufacturing natural fiber-based
bio-composite and biofilms (Muneer et al. 2014).

2.4.2.2 Bioplastic from Cottonseed Protein

Cottonseed is also an important source of plant protein. It has a unique amino acid
combination that increases its nutritional value and commonly used in cattle feeds
but not as much used in nonfood industries. The protein-based bioplastics have low
mechanical properties as compared to synthetic polymers. Its inferior mechanical
properties are due to its hydrophilic nature, complex composition, and environmen-
tal sensitivity. To overcome these issues, protein requires different modifications like

Wheat - Gluten - ATI
Wheat

|

Wheat protein_’ Non-gluten —3 ATI

(ca. 10% of dry flour) not dough forming (0,3 %)
(1,5 %)
Gliadin Glutenin Glutenin
(cross-linked molecules)
Gluten
dough forming
(8,5 %)

Gliadin
(single molecules)

Gluten: Gliadin + Glutenin
(stable, light and airy structure)

Fig. 2.6 An overview of wheat gluten composition (Schuppan and Gisbert-Schuppan 2019)
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plasticization, denaturation, and cross-linking. Cottonseed protein is used to produce
bioplastic. The protein obtained from cottonseed undergoes some modifications like
denaturation and cross-linking with aldehyde and urea. This modified form of
cottonseed protein is capable to produce bioplastics (Yue et al. 2012).

2,5 Bioplastics from Microorganisms

Bioplastic is a special type of biomaterial. They are usually polyester in nature and
can be produced in microbes under different nutritional and environmental
conditions. Most of the polyesters are produced inside the microbes under the lack
of some important nutrients. They are usually a storage substance that is produced by
microbes under stress conditions. The number of granules, size of granules, and
physicochemical properties vary from species to species (Calero-Bernal et al. 2020).

2.5.1 Polyhydroxyalkanoate (PHA)

Polyhydroxyalkanoate (PHA) is a biopolymer that is well-known for its biodegrad-
ability, usually present inside microorganisms as a source of energy. PHA obtained
from more than 90 genera of both gram-negative and gram-positive bacteria under
anaerobic and aerobic conditions. Bacteria can be divided into two groups based on
conditions required for PHA production. The first group needs some nutrients such
as oxygen, nitrogen, phosphorus, and magnesium for the accumulation of PHA, but
this group does not accumulate PHA during the growth phase. The second group
does not require any limitation of nutrients and can accumulate PHA during the
growth phase (Muhammadi et al. 2015).

Suszkiw (2005) explained polyhydroxyalkanoates are linear and are produced as
a by-product by the bacterial fermentation of lipids and sugar. Bacteria produce
polyhydroxyalkanoates as the product to store the maximum amount of energy in the
form of carbon. On the large scale of the industrial level, the optimum conditions
provide the bacteria to obtain the purified polyester by the fermentation of sugar.
During the fermentation, more than 150 types of monomers are combined in this
polyhydroxyalkanoate production, and these monomers change the whole properties
of this family (Fig. 2.7). PHA is a less elastic material and more ductile than plastic
material, and it is also biodegradable. Due to the efficiency of these materials, they
are more extensively used in the medical industry (Suszkiw 2005).

2,5.2 Polyhydroxybutyrate (PHB)

Polyhydroxybutyrate (PHB) is a macromolecule present inside the bacteria, which
acts as inclusion bodies. These are energy reserves that are used by bacteria under
unfavorable conditions. They are polymers, and their properties are similar to
synthetic plastic like polypropylene. These properties make this polymer a valuable
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product for the synthesis of bioplastic that can replace the petro-based plastic
(Kumar and Thakur 2017). A major hurdle in the production of PHB is its high
production cost as compared to petro-based plastic. Different techniques such as
optimizing fermentation, recovery process, and development of efficient bacterial
strain have been used to reduce the production cost of PHB. PHB generally
accumulates in the bacteria under a high level of carbon and low levels of nitrogen,
oxygen, and phosphorus (Verlinden et al. 2007). The PHB is produced by the
activity of acetyl coenzyme-A that is completed in three steps. In the first step,
two acetyl-CoAs are converted into acetoacetyl-CoA by the activity of acetyl-CoA
acetyltransferase. In the second step, acetoacetyl-CoA is converted into 3-D-
hydroxybutyryl-CoA with the help of acetoacetyl-CoA reductase, and in the last
step, the final polymerization step is catalyzed by PHB synthase (Peoples and
Sinskey 1989).

Suszkiw (2005) stated that the production of the biopolymer poly-3-
hydroxybutyrate (PHB) is based on the processing of the bacteria that utilize
the raw substrate in the form of glucose, corn starch, or wastewater (Suszkiw
2005). The production of poly-3-hydroxybutyrate by bacteria increases every year,
and the properties of the PHB are quite similar to the petro-plastic polypropylene
(Gouda et al. 2001). Chen and Patel (2012) also stated that the South American sugar
industry is surely going to enhance PHB production at the industrial level. At the
primary level, on the industrial scale, isolation of the PHB is based on the physical
characteristics, and after that, it can be developed into an apparent film with a high
melting point of more than 130 °C (Chen and Patel 2012).

2.6 Bioplastics Obtained from Biotechnological Inventions

Biotechnology plays a significant role in the invention of various methods to get a
product in bulk quantity within a short period. By using biotechnology, we can alter
the product according to our needs, and product quality can be enhanced. There are a
lot of biotechnological methods through which we can obtain our desired product.
Biotechnology involves converting plant sugar into plastic, growing plastic in
various crops, and producing plastic inside microorganisms. The effort of biotech-
nology makes bioplastics a more useful and environment-friendly product as com-
pared to conventional plastic (Kumar and Thakur 2017).

2.6.1 Polylactic Acid (PLA)

Polylactic acid is an aliphatic biodegradable polymer that is made from hydroxyl
acids mainly polyglycolic acid. Polylactic acid is one of the most important renew-
able monomers of bioplastic material which are derived from the fermentation of
agricultural by-products such as starch-rich substances like sugar or wheat and corn
starch. The fermentation process is followed for the conversion of corn and another
carbohydrate into the dextrose and finally into the lactic acid (Fig. 2.8). PLA is
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Fig. 2.8 Synthesis of polylactic acid (Ding et al. 2018)

obtained from lactic acid by two different methods. In the first method, the lactic acid
cycle produces cyclic lactic acid dimer lactide that further produces PLA with high
molar mass. The second method is direct polymerization of lactic acid, usually
condensation polymerization, which yields PLA polymer with low molar mass
(Polyesters and Albertson 2001). There are two stereo-regular forms of lactic acid:
L-lactic acid and p-lactic acid. The lactic acid obtained from petro-chemical is D-
lactic acid, while L-lactic acid is obtained from the fermentation of starch. PLA
obtained from lactic acid is also called thermoplastic that is a result of biodegradable
aliphatic polyester having sufficient potential for the application of packaging (Rhim
et al. 2009). PLA pellet formation is directly based on the lactic acid monomers
polycondensation or ring-opening polymerization of lactide (Jabeen et al. 2015).
PLA is a packaging material most commonly used for the packing of different
materials. The strength of packing material depends upon the ratio of isomers of
lactic acid monomers. PLA is the first more safe biobased material that fulfills the
requirements of packaging material on a huge scale. Due to its safety and
eco-friendly nature, PLA is most actively used in large-scale coatings, film, and
injection-molded objects (Rasal et al. 2010). PLA is also modified with low-density
polyethylene (LDPE), high-density polyethylene, and polyethylene terephthalate to
be used as packaging material. PLA is well-known for its biodegradability in nature
due to the presence of ester bonds which act as its backbone. It is much similar to
polyolefins and can be converted into plastic by some standard methods such as
extrusion and injection molding. PLA is commonly used for packaging purposes as
the PLA is present in our body as a nontoxic material. So, when the PLA is used in
packaging, food contamination is neglected. By increasing brittleness and thermal
properties, PLA requires various modifications such as blending with other polymers
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and copolymerization. PLA is also copolymerized with polyethylene glycol (PEG)
because PEG is well-known for its hydrophilic and biocompatible ability. In this
way, PLA improves its hydrophilic property and can be later used in drug delivery
systems (Ross et al. 2017).

2,6.2 Polyethylene

Ethylene is the main constituent for the development of polyethylene (Fig. 2.9). The
source of ethylene is ethanol, and it has many similar properties. Fermentation is the
main process for the synthesis of polyethylene from agricultural feedstocks such as
corn or sugar cane. Although bio-derived, polyethylene is nonbiodegradable but has
chemical and physical similarities with traditionally synthesized polyethylene.
Bio-ethylene is a bioplastic material, and it can also eliminate greenhouse emissions
(Shiramizu and Toste 2011).

2.7 Bioplastics Obtained Chemically

The chemical method is one of the most applicable and conventional methods for the
synthesis of polymers; there is one suitable method for the production of “bio-
polyesters” in a huge quantity. By adopting the chemical method, a large number
of “bio-polyester” are produced; however, in the class of “bio-polyester,” polylactic
acid (PLA) is one of the materials which can be synthesized commercially in a huge
quantity for the production of renewable packaging material (Jamshidian et al.
2010). In the present time, all types of classical packaging materials derived from
mineral oil-based renewable resources are derived from the fermentation process.

2.7.1 Polycaprolactones

Polycaprolactone is a crude oil-based bioplastic material that is chemically
synthesized by adopting thermoplastic polymer methods. Polycaprolactones contain
oil, solvent, water, and chlorine resistance due to these ingredients
Polycaprolactones is used as thermoplastic polyurethanes, resins for the synthesis
of leather, fabrics, and surface coating due to its adhesive nature (Mousa et al. 2016).

Fig. 2.9 Structure of H H H H

ethylene and polyethylene \ / ’ |

(Sherazi 2014) o c c C
/N ]

H H

Ethylene Polyethylene



2 General Structure and Classification of Bioplastics and Biodegradable Plastics 77

2,7.2 Polyamides

Aliphatic polyamides, also considered nylons (Fig. 2.10), are among the most
significant product polymers. Polyamides also contain amide groups in the backbone
of the macromolecule, which makes polyamides heterochain polymers. These are
thermoplastic due to wide-ranging presented properties which are actively utilized in
the creation of fibers and films, molding compounds (Page 2000). There are three
main methods which are used for the synthesis of polyamides: (1) the first method is
amino carboxylic acid polycondensation as bifunctional monomers, (2) diamines
and dibasic acids both are polycondensed, and (3) the third method is lactams—
cyclic amides ring-opening polymerization method and amide monomers contain
three to seven ring atoms (Rulkens and Koning 2012). Literature well covers all
synthetic pathways as well as polyamide copolymers of various compositions and
structures (Hashimoto et al. 2004). Recently, the researches are fully focused on the
more significant class of bio-based polyamide thermoplastics, which are partially or
entirely manufactured from renewable resources of low cost (Stevens 2013). In the
fabrication of bio-based polyamide thermoplastics, castor oil is used as a bio-based
monomer and also mass-produced by the fermentation process. The process of
synthesis of bio-based polyamides and synthetic polyamide are the same, and
there are several profitable yields accessible in the market (Rilsan®11 of Arkema
(Colombes, France), Ultramid Balance® of BASF (Ludwigshafen, Germany),
Vestamid Terra® of Evonik (Essen, Germany), etc.) (Thielen 2010). The latest
research includes the most well-known and fast-developing family of thermoplastic
poly-(ester amides) that contain the most effective and valued characteristics of both
polyesters and polyamides, i.e., polyesters naturally originated by bio-based castor
oil so that is biodegradable and also shows the properties of high tensile strength and
high thermal stability (Fonseca et al. 2014). Recently, all consideration is being
given to the production of poly-(ester amides) that contain a-amino acids which are
actively participated in the biomedical materials (Rodriguez-Galan et al. 2011). The
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role of the a-amino acid enhances polymer-cell interactions and also contributes to
the addition of functional groups. This whole process is actively involved in the
biodegradability of the material.

2.7.2.1 Polyamide (PA11)

Natural oil is the main source of biopolymer polyamide 11 (Fig. 2.11). PA11 is not
biodegradable and belongs to a family of technical polymers, and it is also known as
tradename Rilsan B and at a commercial scale by the name of Arkema PA11. The
properties of PA11 are quite similar to PA12, although, during the production of
PA11, emission of greenhouse gases and utilization of nonrenewable assets are
depleted. PA11 is superior to PA12 and thermally resistant. Due to extraordinary
properties, it is the most commonly used in pneumatic air brake tubing, automotive
fuel lines, flexible oil and gas pipes, electric cable anti-termite sheathing, control
fluid umbilicals, sports shoes, electric device components, and catheters. PA410
polyamide is another closely related bioplastic material extracted from castor
(Levchik et al. 1992).

2.8 Role of Petrochemical Products in the Synthesis
of Bioplastics

Petrochemical products played a very effective role in the synthesis of bioplastic
materials. Polycaprolactone and polyvinyl alcohol are the main synthetic (petro-
leum) source product. The origin of polycaprolactone is based on crude oil and
chemically synthesized biodegradable thermoplastic polymers. Polycaprolactone
shows the properties of the good solvents, and chlorine resistance used in thermo-
plastic, resin for surface coating, and synthesis of leather and fabrics.
Polycaprolactone and polyvinyl alcohol both have limited use, due to low glass
transition and melting temperature of 60 °C actively used in the starch-blends.
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Polyvinyl alcohol (POVH) is another polymer used in packaging applications. The
preparation of POVH is based on the hydrolysis of polyvinyl acetate. The method is
based on the starch control over the water solubility, and finally, resin products are
formed—although the PVOH biodegradability is still disputed further. Starch and
PVOH blends are sensitivite to water, both can be water-soluble (Kumar and Thakur
2017).

2.9 Conclusion and Future Perspective

Production of bioplastic material at the commercial level is costly in the current
situation, but the future advancements in the technologies play an effective and
viable role in the production of these biomaterials. Researchers are already doing a
great job in this field, and some positive results have been obtained. The utilization
of bioplastic material in the market is minimal due to rare uses for special purposes
such as food items, medical items, and consumable packages. In the future, there will
be more possibilities which will eliminate all environmental hurdles we are facing
currently due to the petroleum hydrocarbon-derived plastics. To date, the number of
polyesters with plastic material is 160, and the number of this bioplastic material
increases exponentially by the genetic modification and metabolic genetic engineer-
ing techniques. However, some limitation is observed about original microbial
strains as compared to the recombinant microbes for the synthesis of novel
polyesters. Thus, by utilizing appropriate organisms, many other bioplastic materials
could be obtained with different properties and structures. In conclusion, bioplastic
materials, due to special characteristics and broad biotechnological application, offer
an extremely promising future.
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Abstract

In the last decade, bioplastic production and utilization have been great attention
due to rising environmental problems and consciousness. These materials which
can be made from renewable resources or wastes have already been used in a
wide range of industrial applications such as packaging, biomedical, agriculture,
electrical, structural, and hygiene products. In 2019, approximately 2.1 million
tons of bioplastic was produced. Presently, about 50% of bioplastics currently
have been created in Asian countries. European countries are the second center of
production bioplastics with only a 20% market share. On the other hand, it is
expected that this market share will be raised and the global bioplastic production
will also be increased by 34% in 2023. However, all these predictions depend on
the adaptation and development of bioplastic production technologies at an
industrial scale. Although developing countries tend to adopt traditional
bioplastic production methods currently in use, innovative technologies direct
the bioplastic industries with a competitive approach. Therefore, this study
focused on conventional and innovative bioplastic production technologies at
the industrial level to support a tactile direction.
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3.1 Introduction

In the last decades, the world has become a planet full of waste and depleted all of its
natural resources due to unconscious consumption and rapid population growth
(Kakadellis and Harris 2020). Although most countries have developed strategic
plans for waste management and natural resources, many have failed in implemen-
tation, mostly due to the frenetic use of single-use plastics. So, these versatile
materials’ global production has reached almost 360 Mtons in 2018 (Plastic Europe
2019). However, they have been at the center of all these environmental problems
because of shrinking landfill capacity, low recycling rates, increase of toxic
emissions caused by the burning, their nondegradability or durability, and invasion
of the oceans by the nano-/microplastics (Arikan and Ozsoy 2015). In light of these
increasing environmental concerns, humanity has started to seek new renewable
resources, reuse waste, and use more environment-friendly products such as
“bioplastics.”

In general, bioplastics can be made from renewable resources such as corn and
potatoes (Karana 2012) and produce by a range of microorganisms (Luengo et al.
2003). Although its first official discovery dates back to 1926, it is known that the
use of bioplastics has increased in the last 20 years (Cooper 2013). European
Bioplastics (2019) estimated that 2.43 Mtons of bioplastics would be produced in
2024. Currently, it is known that these innovative materials have been used in many
industrial areas such as food packaging (52% in 2019), consumer goods (10%),
textiles (10%), agriculture (7%), automotive (7%), coating and adhesives (7%),
construction (4%), and other sectors (3%) (Brizga et al. 2020). Although bioplastic
is known as one of the most innovative materials of the twenty-first century and has a
wide variety of usage areas presently, its production is only about 1% of the annual
total traditional plastics manufacturing. It is clear that the bioplastics industry has
passed from its infancy to childhood, and all market niches explored. However, to
increase global bioplastic production amount and a complete replacement of petro-
chemical plastics with bioplastics mainly depends on three factors: (1) government
policies for sustainable development, (2) production cost, and (3) development of
process (bio)-technology (Horvat and Wydra 2017). Whereas there is a growing
interest in bioplastics in many countries worldwide, few countries have policies
explicitly targeting the bioplastics sector (OECD 2013). On one hand, some
countries currently adopt traditional bioplastic production methods in use for enter-
ing to market. On the other hand, large blocs such as the United States and Asian
countries need innovative technologies to build up bioplastic production capacity.
Therefore, this chapter focuses on traditional and innovative production technologies
that have shaped the transition from the age of bioplastics. In addition to that, it gives
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an overview of the development of a strategic direction at the industrial and labora-
tory scale of bioplastic production.

3.2 Definition of Biopolymers and Bioplastics

Nowadays, there has been a significant shift in the market towards bioplastic from
traditional plastic due to its environmental-friendly label. Bioplastic production and
consumption will grow more prominent in the future. Because of this, these
materials need to be evaluated carefully for sustainability. Otherwise, the use of a
product attributed to the environmentally harmless could result in the same damage
as traditional plastics. Hence, it is primarily to know their differences from plastics
and definitions and classifications of bioplastic. Plastics are defined as long-chain
polymers, and they are synthetic/semisynthetic materials (Braun et al. 2005).
Although plastics are produced from natural resources such as cellulose, coal,
natural gas, and mostly crude oil (Plastic Europe 2020), using additives to improve
their performance such as durability make them hazardous for human health and the
environment (Lithner et al. 2011). Currently, “bioplastic” is a misused,
misunderstood, and abused term in marketing to attract environmentally conscious
consumers’ attention. Like plastics, they are defined as long-chain biopolymers, but
their production processes contain different feedstocks, properties, and applications
(Kakadellis and Harris 2020). However, these materials are classified as bio-based
and biodegradable. Bio-based bioplastics initially refer to producing from biological
material. They are made from partially or fully renewable resources and classified as
first-, second-, and third-generation bioplastics according to the utilization of renew-
able resources (Brodin et al. 2017). First-generation bio-based bioplastics are pro-
duced from plants and crops consumed by humans and animals such as corn, wheat,
sugarcane, potato, sugar beet, and rice. Due to concerns about on land-use, competi-
tion for arable lands, and hunger in the world (Nanda et al. 2015), debate on the use
of plants in the production of bio-based bioplastics has led to arise second-generation
bio-based bioplastics. These types of bioplastic can produce from cellulosic
materials such as bagasse, wheat straw, pulp, corncob, palm fruit bunches, and
grass or waste of raw materials used in first-generation ones such as vegetable oil
or wastewater, which is not suitable for human or animal nutrition (Brodin et al.
2017). For example, polylactic acid (PLA) is a first-generation bio-based bioplastic
due to corn production. On the other hand, Bio-polyethylene (Bio-PE) is the second
generation due to the utilization of sugarcane of waste fats and oils on production.
Finally, third-generation bio-based bioplastic refers to produce from biomass such as
algae (Barrett 2018a, b). Due to these aspects, bio-based bioplastics have been
addressed to the bioeconomy of the future (Brodin et al. 2017).

Biodegradable bioplastics are fully degraded by microorganisms without leaving
visible toxic remainders (El-Kadi 2010). In other words, they can be degraded
completely by a microbial attack in a short period, under appropriate environmental
conditions (Albuquerque and Malafaia 2018). European Bioplastics (2016) defines it
as degraded by naturally occurring microorganisms into the water, carbon dioxide,
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methane, and inorganic compounds under certain conditions. It means biodegrad-
able bioplastics could not be degraded in the backyard because of biotic and abiotic
factors. Another critical point to be known is that bio-based bioplastics are not
always biodegradable (e.g., PLA and Bio-PE) (Polman et al. 2020), and these
nonbiodegradable bioplastics called drop-in bioplastics recently (Brizga et al.
2020; Hwang et al. 2020). On the other hand, plastics obtained from petrochemical
resources such as polycaprolactone (PCL), polyglycolic acid (PGA), and
polybutylene succinate-co-adipate (PBSA) are classified as biodegradable. At this
point, it is essential to understand that conventional plastics (polymers, obtained
from petrochemical resources) and bioplastics (biopolymers, obtained from renew-
able resources or petrochemicals) (Zhong et al. 2020) are (1) biodegradable or not
and (2) biobased or not (Hwang et al. 2020). Figure 3.1 provides a visual distinction
according to these definitions.

3.3  Recent Developments in the Bioplastic Industry

Although the term of bioplastic has been known in recent years, its development
dates back to the nineteenth century. American inventor John Wesley Hyatt
Jr. patented the cellulose-based coating instead of the ivory used in the production
of billiard balls in 1869 (El-Kadi 2010). Cigarettes accidentally fired the balls, and
this attempt was prevented. However, Hyatt continued to work on his project and
developed celluloid, mostly known as film tape today (El-Kadi 2010). In 1897,
Wilhelm Krische and Adolf Spitteler produced a plastic made from casein in milk
marketed as “Galalith.” This type of plastic was used in materials such as jewelry
and electronic equipment in these years. However, milk became a raw material in
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short supply, and the plastic produced from casein lost its importance due to the
abundance of crude oil after 1945 (Arikan and Ozsoy 2014).

In the 1920s, Henry Ford tried to use soybeans in automobile production. Ford
was motivated by the desire to find nonfood applications for agricultural production
surplus. Finally, Ford produced a car prototype made from soybeans, and it was
exhibited in 1941 with a big advertisement. However, at the end of the year, a plastic
car’s interest decreased due to war and other reasons (El-Kadi 2010). In 1926,
French chemist and bacteriologist Maurice Lemoigne discovered the
polyhydroxybutyrate (PHB), an intracellular biopolymer produced from the Gram-
positive bacterium Bacillus megaterium (Anderson and Dawes 1990). Nowadays, it
is known that these biopolymers have been used in a vast industrial application such
as razor blades, kitchenware, diapers, pens, combs, gloves, bags, cosmetic product
containers, packaging materials such as shampoo bottles, glasses, and milk boxes
(Anjum et al. 2016) In 1932, Poly(lactic acid) or polylactide (PLA), which is the
most broadly used biodegradable bioplastic type, was developed by Carothers
(at DuPont) (Farah et al. 2016). In the 1950s to 1960s, industrial-scale production
of PHBs from microorganisms was evaluated in the United States, but this attempt
was unsuccessful due to the fall in oil prices (Barrett 2018a, b). Finally, a company
named Imperial Chemical Industries established in the United Kingdom in 1983,
succeeded in producing the Biopol that is a type of bioplastic produced from
microorganisms on a commercial scale (Barrett 2018a, b). Later, Novamont
(in 1990), Cargill and Dow Chemicals (in 1997), Metabolix (in 2001), and many
biopolymer manufacturers entered the industry. All historical development of
bioplastics is illustrated in Fig. 3.2.

From a broader perspective, it is thought that plant-based resources such as carob
and cotton waste for plastic production triggered the discovery of bioplastics
(Stevens 2002). With the discovery of oil in the early 1900s, bioplastics remained
in the background, and synthetic plastics began to be used in many areas (El-Kadi
2010). However, bioplastics have attracted again due to the oil crisis in the 1970s.
Due to increasing environmental damage and the global awareness of society,
interest in bioplastics has grown with the support of ecological campaigns after the
2000s (Albuquerque and Malafaia 2018). According to European Bioplastics
(2019), global bioplastic production was 700,000 tons in 2010 (Soroudi and
Jakubowicz 2013), 1657 Mtons in 2014, 2054 Mtons in 2017, and 2114 Mtons in
2019. Furthermore, it is expected that global production capacity will increase by
approximately 2.43 Mtons in 2024 (European Bioplastics 2019). Currently, 45% of
bioplastics are produced in Asian countries. European countries are the second
center of production bioplastics with a 25% market share. On the other hand,
North and South America participated in the global bioplastics market with 18%
and 12%, respectively (European Bioplastics 2019).

Presently, biodegradable bioplastics such as polybutylene adipate terephthalate
(PBAT), polybutylene succinate (PBS), polyhydroxyalkanoate (PHA), PLA, and
starch-blends are the most produced bioplastic type with 55.5% (1.16 Mtons) of the
total bioplastic market (Brizga et al. 2020). Among these bioplastics, PHAs are the
promising bioplastic type due to their remarkable growth rates (European Bioplastics
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Fig. 3.2 Historical development of bioplastics

2019). On the other hand, the market share rate of biobased/nonbiodegradable
bioplastics called drop-in is 44.5% of the total bioplastic market (European
Bioplastics 2019). Among them, bio-PE (polyethene), bio-PET (polyethylene tere-
phthalate), and bio-PA (polyamides) are the most popular bioplastics produced in
2019 (Brizga et al. 2020). It is also expected that polyethylene furanoate (PEF),
which is defined as a 100% bio-based alternative to petro-based PET (Hwang et al.
2020), will enter the bioplastics industry in 2023 (European Bioplastics 2019).
Nowadays, bioplastics are used in many industrial areas, including textiles, automo-
tive, and cosmetics, but still, the largest field of application is packaging.
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34 PHA Production

Among the bioplastics, polyhydroxyalkanoates (PHAs), a family of biopolymers,
have attracted attention due to their degradability, compostability, biocompatible,
and nontoxic features (Tarrahi et al. 2020). Polyhydroxybutyrate (PHB) is the most
recognized and researched type of PHA currently (Sabbagh and Muhamad 2017).
However, many biopolymers are belonging to this family, such as poly
(3-hydroxypropionate), poly(3-hydroxyhexanoate), poly(3-hydroxyoctanoate), and
poly(5-hydroxyvalerate) (Rajan et al. 2018). Various microorganisms can synthesize
PHA as a storage material in the presence of excess carbon sources and under limited
nutritional conditions (nitrogen or phosphorus) (Lee et al. 1999; Anjum et al. 2016).
It is known that PHAs have been synthesized by more than 300 microorganisms
including bacteria such as Wautersia eutropha, Cupriavidus necator, Thermus
thermophilus, Hydrogenophaga pseudoflava, Saccharophagus degradans,
Azohydromonas lata, Rhodobacter sphaeroides, and Zobellella denitrificans
(Reddy et al. 2003) and algae such as Nostoc muscorum, Spirulina platensis,
Synechococcus elongates, Aulosira fertilissima, Botryococcus braunii, and
Dunaliella salina (Costa et al. 2019). As demonstrated in Fig. 3.3, PHA production
consists of five significant steps: fermentation, harvesting, pretreatment, extracting
PHA from microorganisms, and purification.

PHA production mainly starts with fermentation after microorganism inoculation
onto a substrate such as corn, wheat, and rice (Fig. 3.3). During fermentation,
microorganisms accumulate PHA biopolymers as storage compounds for energy
and carbon in their cell under special fermentation conditions. At the end of the
fermentation, harvesting or separating of biomass (cell) is conducted with centrifu-
gation, sedimentation, or filtration (Pérez-Rivero et al. 2019). Following harvesting,
PHA granules covered by enzymes and structural proteins in the cell extracted from
the biomass (Koller 2018). The extraction step includes different methods such as
chemical (chloroform/methanol, sodium hypochlorite, methylene chloride, sodium
dodecyl sulfate, chloropropane, and 1,2-dichloroethane), mechanical (bead milling
and high-pressure homogenization, ultrasonication), and biological (freeze-drying)
(Pérez-Rivero et al. 2019). However, combined methods are mostly applied to
reducing the amount, costs, and harmful effects of chemicals (Murugan et al.
2016). At the end of the last step, extracted PHA is purified by washing, grinding,
and polishing according to the final product’s final requirements (Kunasundari and
Sudesh 2011).

Production of PHA at an industrial scale has been focusing on using the first-
generation plant and bacteria mostly. Some companies producing bacterial PHA and
their production costs are shown in Table 3.1. PHA cost ranges from 1.5 to 5.0 €/kg,
whereas the production cost of petrochemical plastic such as PE and PP is about
1.12-1.6 €/kg (Kourmentza et al. 2017). Although PHAs are one of the most
promising bioplastics, they have not been used more in the industry due to their
high cost (Amaro et al. 2019). It is known that the cost of PHA effects by three main
factors, including the cost of carbon substrate, the extraction methods, and steriliza-
tion steps (Dias et al. 2006; Ivanov et al. 2015; Kourmentza et al. 2017). However,
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Table 3.1 PHA production cost by some companies (Kumar et al. 2020)

Price (€/
Company Name Country PHA Microorganism kg)
Biomer Inc. Germany |PHBYV and PHB Alcaligenes latus 3.00-5.00
Biomer®
Bio-On Srl. Italy PHB, PHBV Cupriavidus necator | —
minerv®-PHA
Biomatera Canada PHA Biomatera Non-pathogenic, -
non-transgenic
bacteria
PHB Industrial SA. Brazil PHB, PHBV Alcaligenes sp. -
(BIOCYCLE®™)
Tianan Biologic, China PHBV, Ralstonia Entropha 3.26
Ningbo PHBYV + Ecoflex
blend Enmat®
Telles UsS PHB Mirel™ Ralstonia eutropha 1.50
Mitsubishi Gas Japan Biogreen®, PHB - 2.50-3.00
Chemical Company
Inc.
Lianyi Biotech China PHBH Nodax™ - 3.70

pure sugars such as glucose or sucrose or other sugar-based compounds such as corn,
which lead to high cost, were used widely for PHA production (Serafim et al. 2008).
Thus, recent studies have focused on using low-cost carbon substrates such as waste
or wastewater to simultaneously reduce PHA production and disposable waste costs
(Nielsen et al. 2017). In this concept, a lot of low-cost carbon sources such as
lignocellulosic raw materials (wood, xylose, hemicellulose hydrolysates, wheat
bran, etc.) (Tamer et al. 1998), whey (hydrolyzed soy and malt, hydrolyzed whey
and whey molasses) (Koller et al. 2008), molasses (sugarbeet, cane-sugar, and soy
molasses) (Verma et al. 2003), waste cooking oils (olive oil, coconut oil, soybean oil,
palm oil, etc.) (Solaiman et al. 2006), and wastewater (brewery, palm oil, paper,
food) were studied (Adeleye et al. 2020). For example, Santimano et al. (2009)
investigated the utilization of molasses for PHA production, and they reported an
increase in PHA production to 6.0 g/L. Moreover, besides laboratory and pilot-scale
studies, some companies have started to produce PHA from waste materials on an
industrial scale. For example, PHAs are produced from molasses as agricultural
waste material by Bio-on, a firm based in Italy (Bio-on 2016). Another company, the
government-owned SIRIM Bioplastics from Malaysia, used palm oil mill effluent
(POME) and crude palm kernel oil to produce PHA at a pilot scale (SIRIM 2020).

From the biotechnological point of view, another cost-effective solution is using
mixed microbial consortia (MMC) for PHA production due to eliminating the
sterilization step (Serafim et al. 2008). MMC can be defined as a microbial popula-
tion of unknown composition capable of performing specific intra- and extracellular
reactions. Therefore, activated sludges in wastewater treatment plants are considered
MMC. As illustrated in Fig. 3.4, the PHA production process using mixed microbial
cultures is usually carried out in a mostly sequence of stages depending on the
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substrate type (Serafim et al. 2008). The first step is acidogenic (anaerobic) fermen-
tation for the production of volatile fatty acids (lactic acid, acetic acid, propionic
acid) from carbon-rich wastewaters. Following VFA production, culture selection
(enrichment) was carried out mostly in aerobic dynamic feeding conditions in a
sequential batch reactor to produce biomass with PHA accumulation potential
(Bengtsson et al. 2017). Another stage is the production (accumulation) of PHA in
the biomass to maximize the biomass PHA content (Pittmann and Steinmetz 2017).
Then, the PHA produced in the accumulation step is extracted and purified at the last
stage (Albuquerque et al. 2007). This production process can be applied to complex
substrates such as olive mill wastewater cheese whey and other food wastes to obtain
a more homogeneous PHA production (Kourmentza et al. 2017).

3.5 Manufacturing Methods of Bioplastics

Bio-based bioplastics are produced from natural or renewable sources after a series
of stages as illustrated in Fig. 3.5 (Syed 2016; Tonuk 2016). Raw materials as
sugarcane, corn, and potatoes are collected from their fields and processed to extract
their starches (Bastioli et al. 2013; Tsang et al. 2019). The starches are treated further
in refineries by using fermentation or special enzymes to synthesize the chemical
constituents that react to make bioplastic. The compounds can be refined to fit
manufacturers’ recommendations for different products (Mostafa et al. 2018;
Tsang et al. 2019). Then bioplastics producers utilize granules or pellets of the
compounds to make plates, utensils, cups, carpeting, and many other products
(BMEL 2016). The advantage of most bioplastics, biodegradable ones, is that they
can be disposed of with biodegradable wastes. The organic waste shall compost and
return to the ground as mulch to support new crops and complete the cycle (Syed
2016).

Bioplastics are like any other regular polymer or plastic. It can be processed using
traditional techniques, for instance, injection molding and compression molding.
However, the way of bioplastics synthesis does not affect biodegradability (Srikanth
2011; Thielen 2014). Procedures can be divided into two categories, synthetic or
biotechnological, where most plastics preparation is based on a natural polymer that
is chemically or mechanically treated (Syed 2016). Particular attention should be
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given to the bioplastic itself rather than its processing. For example, to avoid
hydrolytic degradation of bioplastic, moisture needs to be removed from the polymer
before processing. Plastics would be dried for a determined period for moisture
removal. Additionally, the processing should be achieved under known monitored
humidity (BMEL 2016; Syed 2016; Thielen 2014).

Most biodegradable plastics are produced by ring-opening polymerization
reactions (BMEL 2016). In the injection molding and extrusion process, too high
processing temperatures might result in monomer formation because of the thermo-
dynamic equilibrium between the reverse and the forward reaction. This additional
monomer can perform as a plasticizer distressing material mechanical properties and
degradation kinetics. Consequently, these materials are required to be processed at
low temperatures. Bioplastics are remarkably different from conventional plastics in
material features. The distinctive fine processing window makes them a challenge to
process. This leads to the processing of equipment adjustment (Syed 2016). Most
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bioplastics can be manufactured using an assortment of processing methods (BMEL
2016; Syed 2016; Thielen 2014). Examples of processing methods are listed as
injection molding, compression molding, film casting, blow molding, blown film
extrusion, thermoforming, and fiber spinning.

3.6 Traditional Technologies for the Manufacturing
of Bioplastics

The most common traditional technologies for bioplastics production to be discussed
in this section are injection molding and compression molding processes.

3.6.1 Injection Molding

Injection molding is the most commonly used process for thermoplastic production,
particularly for those with a complex shape, and high dimensional accuracy is
necessary (BMEL 2016; Syed 2016). Bioplastics processes like traditional
thermoplastics as polycarbonate (PC) and acrylonitrile butadiene styrene (ABS)
can be processed in a conventional machine, as illustrated in Fig. 3.6. Though
bioplastics are semicrystalline and have low melting temperatures, they are relatively
slow to crystallize (Bastioli et al. 2013). The improvement of cycle time and heat
resistance can be achieved by utilizing nucleation technology (Syed 2016).
Bioplastics are likely to stick to metal surfaces while processing and absorb moisture
on contact with ambient air leading to dilution of plastic drying (Syed 2016).
Bioplastics are hydroscopic and should be dried to avoid a decrease in melt viscosity
and molecular weight, in addition to enhanced potential for flashing and brittle parts
(BMEL 2016). Excessive drying temperature results in soft and agglomerate mate-
rial in the drying hopper. However, at low drying temperatures, the material will not
dry as readily. To keep the temperature in the required range, it is suggested to utilize

oe,_,° :
# .. ® Mold cavity  noyable Pattern
Hopper®™

Final Product

i /
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Screw Barrel Nozzle 'y ¥
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Fig. 3.6 Injection molding machine scheme
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fluid-bed crystallizers, hopper agitation, infrared crystallizing, and drying units
(Srikanth 2011; Syed 2016).

As a good practice, after using an injection molding machine, it is recommended
to purge the bioplastics from the machine. It is known that it is challenging to process
bioplastics between the point of decomposition and melting point. If the polymer is
exposed to excessive heat, gels, black specs, and yellowing are formed during the
production process. The mentioned materials are hygroscopic and sensitive to
moisture. Therefore, the following parameters must be monitored closely during
processing: screw speed, melt temperature, proper drying, and injection speed (Syed
2016).

3.6.2 Compression Molding

The compression molding process is characterized by two matched metal molds used
to manufacture a composite product. The compression molding machine is com-
posed of a stationary plate and a movable plate, as shown in Fig. 3.7. Matrix and
reinforcement are positioned in the metallic mold, and the entire assembly is kept in
between the compression molding machine. The matrix could be a biodegradable
polymer, while reinforcement is fiber or support material. The two parts of the
compression molder are brought together with the application of heat and pressure.
The polymer takes the shape of the cavity and the shape of the mold. A remedial step
of the composite may be necessary either at ambient temperature or at a relatively

Compressing molding —

Movable Upper Mold Plate =

Guide pins = = =

Compound to be molded —

Lower mold plate __

Ejektor pin — — —

Fig. 3.7 Schematic compression molding machine. (Adapted from Syed 2016)
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higher temperature. The mold is then opened, and the product is removed for the next
operations (BMEL 2016; Syed 2016).

Three main parameters are considered in compression molding technology to
obtain the desired properties of the composite product. Pressure, temperature, and
time are essential and need to be optimized (Syed 2016). The insufficient applied
pressure may lead to poor interfacial adhesion of fiber and matrix (BMEL 2016).
More pressure is applied to cause fiber breakage and expulsion of resin from the
composite system. At low temperatures and in particular for thermoplastics, the
viscosity of polymer increases, and therefore, fibers cannot get correctly wetted. If
the temperature is much higher than desired, fiber characteristics may get changed. If
time is too low or too high, the material may have defected. Besides these three main
parameters, other processing factors may affect the production process such as plates
closing rate, mold wall heating, and de-molding time (Syed 2016).

3.7 Innovative Technologies for the Production of PHA

Recent developments on bioplastic showed that the development stage is classified
as an infancy period and childhood period until today. Briefly, most bioplastics
producers were focused on only producing and marketing from first-generation
plants at the infancy period. Besides, most producers used petrochemical/bioplastic
blends for commercial production due to a lack of legislation and classification.
However, it is realized that these blends were harmful to the environment because of
labeling “biodegradable.” In the childhood period, because of rising concern,
standardization and legislation, including classification and definition, were
published by some organizations such as International Organization for
Standardization (ISO), European Standards (EN), and the American Society for
Testing and Materials (ASTM). To reach adulthood, it is necessary to apply innova-
tive approaches compatible with technology. With this concept, innovation
approaches are summarized in the following subsections.

3.7.1 Waste Utilization/Valorization

In recent years, wastes have gained importance due to obtaining new valuable
products as an alternative option for disposal and landfilling (Kanani et al. 2020).
Therefore, wastes are considered as unwanted and worthless material in the new
sustainable world. On the other hand, as mentioned before, the use of first-generation
resources such as sugar in bioplastics production causes high production costs.
Consequently, various studies showed the potential utilization of waste oils, indus-
trial by-products, agricultural feedstocks, and wastewater for bioplastic production.
For example, WHEYPOL Projects funded by the European Union reported that the
cost of PHA production was below 3 €/kg when whey from the dairy and cheese-
making industry was used as a carbon source (Kumar et al. 2020). In this concept,
waste valorization for bioplastic production could solve the high production cost of
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bioplastics simultaneously with waste disposal. However, these cost-effective
substrates should meet some basic requirements for biotechnological production of
bioplastic as mentioned below (Koller and Braunegg 2018):

. Waste should be sufficient and consistently available.

. Its composition should be stable and resistant to microbial degradation.
. If the microbial degradation rate of waste is high, it should be storable.
. It should be easy to handle and transport.

AW N =

Although the production of bioplastics from waste has many advantages, the final
bioplastic product may contain toxic substances, which prevents its usage in some
industrial areas such as cosmetics (Kumar et al. 2020). Hence, the process cost used
to remove undesirable substances/components from the final product is one of the
points to consider.

3.7.2 Engineered Microorganism and PHAome

In some cases, large-scale production and commercial applications of bioplastics
could be limited due to complicated production processes (Tsang et al. 2019).
Production processes of PHAs from wild-type microorganisms involve a compli-
cated extraction process for the recovery of PHA (Reddy et al. 2012). Moreover,
production from wild-type microorganisms does not provide a high yield of produc-
tion. For this reason, recent research has been focused on the production of PHA
from genetically engineered microorganisms. Genetically engineered bacteria can
provide accelerated growth, high cell density, simplification separation, and reduc-
tion in bio-production cost (Jiang and Chen 2016). It is known that PHAs can
synthesize diverse molecular weights and various monomer arrangements and ratios
by the bacteria (Chen and Hajnal 2015). Genetically engineered bacteria can synthe-
size single selective monomers instead of a mixture of copolymers (Kumar et al.
2020). It is also called the “PHAome concept.” This concept provides producing
defined PHA structures and constant molecular weights from bacteria (Chen and
Hajnal 2015). Recent advances in engineered microorganisms improve PHA bio-
synthesis, including ribosome-binding site (RBS) optimization, promoter engineer-
ing, chromosomal integration, cell morphology engineering, and cell growth
behavior reprogramming (Zhang et al. 2020). When considering PHA production
from “waste” and “engineered microorganisms” together, the most innovative
approach considered as combining these two production processes as a techno-
economic way.

3.7.3 Recycling and Symbiotic Technologies

Circular bioeconomy (CB) mainly targets these four principal “actions”: reduction,
reuse, recycle, and return to nature. Therefore, circular bioeconomy is based on
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Fig. 3.8 A symbiotic approach way for the PHA production

developing a waste stream recycling for a sustainable future. In this concept, CB
recommends not only the production of PHA from waste or by-products but also the
use of waste generated in the PHA production process. It is known that bacterial cell
contains proteins about 50% of its dry weight (Xiao et al. 2017). Therefore, after the
extraction stage in the production of PHA from bacteria, recovery of protein, lipids,
polysaccharides, and nucleic acids from cells is considered as another bioeconomic
solution (Kumar and Kim 2018). After the characterization analysis, the recovered
protein could be used as animal feed, pet food, glue, or a bioplastic component
(Yadav et al. 2020). The refeeding liquid, which contains protein to the fermentation
stage as a nutrient source, could be another bioeconomic solution for PHA produc-
tion (Koller 2015). In this context, the PHA production industry evaluated with a
symbiotic approach, as shown in Fig. 3.8.

3.8 Conclusions

PHA production is one of the key elements for developing the bioplastic industry.
The bioplastic industry’s history, classifications, production, and manufacturing
methods are elaborately discussed in the chapter. It is to be emphasized that the
advancement of PHA technology depends on innovative approaches such as waste
valorization, engineered microorganisms, and symbiotic technologies in a greener
future. Further research should include the innovative production of PHAs compati-
ble with bioeconomy and environmental sustainability.
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Abstract

Due to the environmental concerns related to the use of nondegradable polymers,
the market for bioplastic-based materials is increasing. Currently, bioplastic
materials are used in bags, medical devices, food packaging, automotive, and
electronics areas. Not all bioplastics are biodegradable, but they are derived from
renewable resources and permit the modification of their properties by adding
suitable additives in order to have good mechanical and thermal properties as well
as easy processing at an industrial scale. Polyesters like poly(lactic acid) (PLA),
polybutylene adipate terephthalate (PBAT), and polyhydroxyalkanoates (PHA),
together with starch-based materials are the most representative commercial
bioplastics available on market. This chapter reports the main manufacturers of
bioplastics and the traditional and emergent technologies for their processing to
commercially use, highlighting the processing parameters and the main
advantages/disadvantages of each technology.
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4.1 Introduction

Bioplastics refer to bio-based and/or biodegradable plastics which have similar
properties as conventional plastics but correspond well to environmental strategy
and market demand (Fahim et al. 2019). Although bioplastics represent 1% of
320 million tons of plastic produced annually (Fahim et al. 2019; Liliani et al.
2020), their demand for the market is increased. The global price for commercial
bioplastics was valued to be over $17 billion USD in 2017, and it is estimated to
reach $43 billion USD by 2022 (Price et al. 2020). Among bio-based plastics, the
poly(lactic acid) (PLA) is one of the commercially available biopolymers derived
from natural resources such as corn starch and sugar cane. PLA possesses excellent
film-forming nature and barrier properties against water, air, and oil-grease (Sundar
et al. 2020) and shows biocompatibility, and its properties are comparable with those
of traditional polymers such as poly(propylene) (PP), poly(styrene) (PS), and poly
(ethylene) (PE). In addition, PLA is more sustainable than petroleum-derived
plastics (Labonté and Dubois 2015) and biodegradable under industrial composting
conditions (Musiot et al. 2016). Poly(butylene adipate-co-butylene terephthalate)
(PBAT) is a fully biodegradable, flexible aliphatic-aromatic copolyester designed to
improve the toughness of PLA blends (Chiu et al. 2013).

Polyhydroxyalkanoates (PHAs) produced through biotechnology are the
competitors for PLA, being commercially available for medicine, agriculture, con-
struction, and packaging applications (Adeleye et al. 2020). PHA can be processed
by injection molding, extrusion, and extrusion bubbles into films and hollow bodies
(Bugnicourt et al. 2014). The main advantage of PHA blends is that they are
biodegradable in a wide range of environmental conditions (Cinelli et al. 2019).
The high price of PHA ranges between $2 and $16 per kg (Price et al. 2020) limits
the applications of the final polymer blends.

Starch is one of the most abundant natural polysaccharides and can be extracted
from different sources: cereals (corn, wheat, or rice), tubers (cassava or potato), or
legumes (pea). According to the report on starch market production in 2017 (https:/
www.beroeinc.com/category-intelligence/starch-market/), the global starch produc-
tion was ~85 million metric tons (MMT), out of which 53% went into sweeteners,
36% into native starches, and 11% into modified starches, shared by regions like
North America 40%, Europe 21.5%, and Asia Pacific 30%. The key production
countries for types of starch were as follows: corn starch, the USA with 30%; tapioca
starch, Thailand 35.7%; and wheat starch, Europe with ~20%. The leading suppliers
for commercial starch were considered ADM and Cargill (USA) for corn starch (the
price of ~14.36 $/hundredweight (CWT)), Siam Quality Starch Co Ltd and General
Starch Ltd (Thailand) for tapioca starch (the price of ~356 $/MT), and ADM and
Roquette Freres (France) for wheat starch (~410 $/MT). As for native and modified
potato starch suppliers, Novidon and Avebe (The Netherlands)), AGRANA
(Austria), Ingredion Incorporated (USA), and Manitoba Starch Products (Canada)
are some important players on the market. The difficulty of starch processing due to
the inter- and intramolecular hydrogen bonds in starch macromolecules can be
exceeded by adding a plasticizer to improve its processability and obtain
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thermoplastic starch (TPS). The plasticizers such as glycerol, water, glucose, fruc-
tose, and sucrose are usually used (Teixeira et al. 2007). Due to its colorless,
transparent, odorless, and nontoxic properties, glycerol is a classical plasticizer for
starch (Rhim et al. 2013). Starch sources, additives, processing parameters, and
chemical treatment of starch influence its thermal, mechanical, barrier properties,
moisture sorption behavior, and surface tension, which define the final applications
of TPS: compost bags, coatings, packaging materials, mulch films, and disposable
diapers (Zhang et al. 2014). TPS has several unfavorable properties such as high
shrinkage in the mold, relatively weak mechanical properties, high moisture uptake,
and high viscosity (Girones et al. 2012). An alternative to overcome the limitation of
TPS and to retain its biodegradability is blending TPS with other biodegradable
polymers such as poly(caprolactone) (PCL) (Averous 2000; de Campos et al. 2013),
poly(vinyl alcohol) (PVA) (Fahma et al. 2017), or PLA (Jullanun and Yoksan 2020).
Another important application of commercial starch is a biomedical field, due to its
biocompatibility and chemical stability, particularly in wound management, drug
delivery, and tissue engineering applications. This chapter summarizes the tradi-
tional and emergent technologies for the processing of some representative commer-
cial bioplastics, highlighting the processing parameters and the main advantages/
disadvantages of each technology.

4.2 Processing of Commercial Bioplastics

Although not all bioplastics are biodegradable, they are derived from renewable
resources and by modification of their properties with suitable additives, improved
mechanical and thermal properties, biodegradability, and/or biocompatibility, as
well as easy processing at an industrial scale can be achieved. The most typical
technologies available for processing of the selected representative commercial
bioplastics available on market, together with their properties modifications, are
outlined in Table 4.1. Therefore, injection molding, compression molding, melt
blending and single/twin-screw extrusion, blown extrusion, thermoforming, 3D
printing, electrospinning, as well as common processing techniques such as solution
casting (solvent evaporation) and coating were applied to obtain the bioplastic
specimens or other materials having improved properties compared with petrochem-
ical polymers.

4.2.1 Injection Molding Technology

Different PLA, PBAT, PBSA, and starch systems processed by injection molding
and their related properties are summarized in Table 4.1. According to data shown in
Table 4.1, the technological steps necessary prior to injection molding technology
are the drying of biopolymers and the compounding of blends. The use of biomass
and mineral fillers such as talc and clay in formulations with the purpose to increase
the crystallinity of blends and to decrease the cost of the injection molding process
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was also evidenced in Table 4.1. For example, nanocomposites based on Ingeo
4060D and 2500HP, poly((butylene adipate)-co-terephthalate) (PBAT) (Ecoflex® F
Blend C1200), poly((butylene succinate)-co-adipate) (PBSA) (BIONOLLE 3001
MD), and nanoclay (Cloisite 30B) were prepared through an injection-molding
(IM) process with the attempt to improve the ductility and processability of PLA
(Nofar et al. 2019). The authors showed that the Ingeo 4060D/PBAT blends
exhibited an increase in ductility of ~205% from ~5%, while the incorporation of
1 wt% nanoclay into the PLA/PBAT blend led to increasing the ductility to only 8%.
In the case of the PLA/PBSA blend, the ductility was lower due to heterogeneous
morphologies. In another paper (Barletta et al. 2019), Ingeo Biopolymer 3260HP
and Ingeo Biopolymer 2500HP (NatureWorks LLC), two commercially PLAs,
designed for extrusion and injection molding, respectively, in equal amounts, were
compounded with poly(butylene) succinate co-adipate (PBSA) (Bionolle 3020 MD)
and talc and further used for manufacturing of coffee capsules by injection molding.
It was reported the significant role of talc in the dimensional stability of coffee
capsules by limiting the capability of PLA blends to recrystallize, validated by
brewing tests in instant coffee machines. Chiu et al. (2013) performed the
compounding of PLA 2100D grade from Nature Works in the presence of PBAT
(Ecoflex 7011) from BASF for the obtaining of specimens from injection-molding
technology. Immiscible blends with the best tensile and impact properties were
reported for 30/70 PLA/PBAT, due to sea-island morphologies. The increase in
the crystallinity degree and heat deflection temperature (HDT) was achieved by
annealing of PLA/PBAT samples at 100 °C for 8 and 24 h. The foaming
characteristics of PLA 4032D compared to those of acrylonitrile butadiene styrene
(ABS) were investigated by Seo et al. (2012), using an injection molding process.
The combining effects of chemical blowing agents (1%, 2%, 3%, and 10%) and
nitrogen for the microcellular foaming process (MCP) permit to achieve a higher
foaming ratio. In this way, the mechanical properties do not deteriorate. This process
can be applied to manufacture lightweight materials, which show good mechanical
properties. High-performance multifunctional porous materials with potential
applications in auto, aerospace, transportation, and packaging have been obtained
by high-pressure microcellular injection molding (HPMIM) of composite based on
commercially PLA (Ingeo™ 8052D) and bio-based PET (BioPET 001) (Wang et al.
2020). HPMIM is an innovative technology that permits the extruded PLA/PET
composite to stretch and spun into PLA/PET fibers with the help of a self-designed
melt spinning apparatus.

Injection molding can be also used to form capsules or other shaped products
containing starch made from corn wheat, potatoes, rice, and tapioca with molecular
mass in the range of 10,000-20,000,000 Da (Wittwer and Tomka 1984). Different
compositions of commercial starch with water (5-30 wt%) or extenders (sunflower
proteins, peanut proteins, rapeseed proteins; soybean proteins, cotton seed proteins,
blood proteins, egg proteins, water-soluble derivates of cellulose, polysaccharides,
polyvinylpyrrolidone; bentonite, polyvinyl acetate-phthalate; vinyl acetate, gelatin,
silicates, etc.) or starch mixed with one or more plasticizers (0.5-40 wt% based on
starch weight) such as polyethylene glycol and low-molecular-weight organic
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plasticizers (for example, glycerol, sorbitol, dioctyl sodium sulphosuccinate, triethyl
citrate, tributyl citrate, 1,2 propyleneglycol, mono-, di-, and tri-acetates of glycerol)
can be used. For injection molding, plasticizing the starch composition should be
performed at a temperature in the range from 80 to 240 °C, then injecting the
plasticized composition into a mold; the injection pressure is preferably in the
range from 600 x 10° to 3000 x 10° N/m?. Blending of PLA with thermoplastic
cassava starch (TPS) imparts reasonable cost to the final PLA/TPS blend and reduces
the brittleness of PLA (Yokesahachart and Yoksan 2011). Continuous melt pro-
cesses, i.e., twin-screw extrusion and injection molding, have been used to prepare
biodegradable TPS/PLA (60/40 wt%) blends containing 2.7, 5.5, 8.2, and 10.9 wt%.
coir fibers (CF) of 3-7 mm length (Chotiprayon et al. 2020). Pellets of TPS were
obtained by compounding the premix of cassava starch (Dragon Fish brand, Tong
Chan Registered Ordinary Partnership, Thailand) and glycerol in a twin-screw
extruder (L/D ratio of 40, barrel temperature in the range of 80-150 °C, screw
speed of 280 rpm), the final TPS/PLA/CF composites being realized by means of a
twin-screw extruder (L/D ratio of 40, barrel temperature in the range of 95-165 °C,
screw speed of 200 rpm). Dumbbell- and bar-shaped composites specimens were
processed using an injection molding machine (temperature range of 140-170 °C,
injection speed of 5-28%, a maximum injection pressure of 42—45 bar, and a cooling
time of 30 s). Temperature-dependent FTIR indicated hydrogen bond formation
between the cassava starch and PLA (Ingeo™ biopolymer 3052D) and/or
CF. Results showed that CF reinforced the TPS/PLA blend, improved the dispersion
of TPS and PLA phases, and played the role of nucleating agent for PLA in the
blend, although CF reduced the melt flowability and decreased the tensile strength,
extensibility, and impact strength of the TPS/PLA blend. TPS/PLA/CF composites
could be used for obtaining renewable, biodegradable, and eco-friendly injection-
molded products including packaging (e.g., tray, box, cup), toys, and stationery.

Microalgae biomass with a high protein content (~48%) (Lopez Rocha et al.
2020), fish proteins (Aradjo et al. 2018; Uranga et al. 2019), and wheat gluten
(Jiménez-Rosado et al. 2019) were found as a great potential solution for
manufacturing of commercial bioplastics due to some advantages in term of scale
production and cost. Microalgae biomass was mixed with glycerol at different ratios
(50%, 55%, and 60%) and processed by injection molding at a temperature of
140 °C, injection time of 5 min, and injection pressure of 500 bar (Lépez Rocha
et al. 2020). The specimens showed high thermal stability and lower water
absorption.

4.2.2 Extrusion Technology

Rapa et al. (2019) reported the processing of bionanocomposites based on Ingeo™
Biopolymer 2003D, polyethylene glycol (PEG 4000) and Lapol 108 (as plasticizer
and compatibilizer), collagen hydrolysate, and silver nanoparticles (AgNPs) by
extrusion technology at laboratory scale for manufacturing of potential antimicrobial
urinary drains. The introduction of collagen hydrolysate into PLA-based
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Fig. 4.1 Flexible tube
obtained by extrusion of PLA
bionanocomposite
formulation. (Reprinted with
permission from Rapa et al.
2019)

formulations led to obtaining tubes with nonuniform and stiffer surfaces, while the
smooth and glossy tube surfaces with an inner diameter of 3 + 0.1 mm and outer
diameter of 4 £ 0.1 mm were achieved in the case of formulation without
hydrolyzed collagen (Fig. 4.1). The manufacturers of PLA films at an industrial
scale should envisage different strategies to improve the melt strength and overlap
the brittle properties of PLA. Incorporation of chain extenders (under the name
Joncryl) and the blending of PLA with other polymers are two routes used for
overlapping the main drawbacks of PLA. For example, films with a thickness of
0.05 mm and adequate propertied for packaging applications were obtained at
laboratory scale using blown film extrusion process by blending of PLA 4044D
grade with poly (butylene succinate-co-adipate) (PBSA) and epoxy functionalized
styrene acrylate (ESA) as chain extender (Palai et al. 2020). The improvement in the
gas barrier properties of PLA has been demonstrated by Aversa et al. (2020) by three
strategies: (1) incorporation of the inorganic filler (talc); (2) adding of immiscible
biodegradable polymers, such as polybutylene succinate (PBS) and poly-3-
hydroxybutyrate (PHB); and (3) introduction of an antioxidant agent, tocopherol
(vitamin E), into the polymeric matrix. In this context, films 180 mm thick and
100 mm wide were manufactured by cast extrusion of PLA/PBS and PLA/PHB
loaded with tocopherol, talc, and processing additives (Aversa et al. 2020). Low
oxygen permeation concomitant with maintaining the thermomechanical properties
of sheets can be explained by the antioxidant agent’s action to delay any degradation
effect of the polymeric melts during the compounding and cast extrusion. In a recent
study performed by Luchian-Lupu et al. (2020), it was found that the PLA 2003D
grade/styrene-isoprene-styrene triblock polymers (SIS) compound treated by
gamma-irradiation shows the improvement in material stability, thereby extending
its application range on the packaging materials.

The introduction of palm leaves as natural filler up to 2% by weight into PLA
PLSF 101 grade (Natureplast) was investigated by extrusion film blowing (Kharrat
et al. 2020). The increase in the tensile strength and elongation at break of
composites was assigned to the filler effect, which contributed to the orientation of
amorphous polymer chains along the machine direction (MD). In another paper, a
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(b)

Fig. 4.2 (a) PLA modified with 0.7 wt% of Joncryl (b) films processed by blown film extrusion
process. (Reprinted from Al-Itry et al. 2015, open access)

compound based of PLA (4032D grade) and poly(butylene adipate-co-terephthalate)
(PBAT) (Ecoflex FBX 7011) in the presence of Joncryl ADR®-4368 was processed
using a co-rotating twin-screw extruder having a length: diameter ratio of 25:1 with
the purpose to be used in blown film extrusion for packaging application (Table 4.1)
(Al-Itry et al. 2015). A large and stable bubble (Fig. 4.2b) has been achieved by the
modification of PLA 4032D with 0.7 wt% commercial styrene-acrylic oligomers
(Joncryl ADR®-4368) compared to that of pure PLA (Fig. 4.2a).

An innovative approach to ensure compatibility between the PLA matrix and
nanoparticles was obtained using liquid-assisted extrusion (Herrera et al. 2017).
From this perspective, PLA Ingeo 4043D grade together with a suspension of chitin
nanocrystals in water, triethyl citrate (TEC) as the plasticizer and ethanol as solvent
were feeding into a co-rotating twin-screw extruder. This technique permits a good
dispersion of nanoparticles, due to the covering effect of the plasticizer. In another
paper, Jiménez-Rosado et al. (2019) prepared wheat gluten plasticized with glyoxal
or xanthan gum and water by extrusion technology at the following processing
conditions: temperature of feed of 80 °C, temperatures for first mixing zone
110 °C and 120 °C, temperature for second mixing zone 120 °C, temperature for
the nozzle of 100 °C, and spindle speed of 30 rpm. These blends showed greater
compatibility, tensile strength, and water uptake capacity enhanced compared to the
compression molding process (Jiménez-Rosado et al. 2019).
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4.2.3 Thermoforming Technology

Rigid prototype packages from PLA 2002D were produced by thermoforming of
PLA films previously obtained by extrusion (Musiot et al. 2016). In a comparative
study between thermoforming of polyethylene terephthalate (PET) and Polysole
PLA (from Solegear Bioplastics) performed by Labonté and Dubois (2015), it was
found that the impact modified-PLA can successfully replace PET. For the
thermoformed containers obtained using PLA, the overall molding cycle was
3.31 s, very close to that recorded by PET (3.13 s). In addition, the pressure
necessary to cut the PLA shape was ~40% less than in the case of PET. For
improving the thermoformability of PLA, the strategy is to add processing additives
available on the market, which allow the reduction in the polymer melt’s instability,
its tendency to thermo-hydrolytic degradation, and the defectiveness during
thermoforming (Barletta and Puopolo 2020). Three kinds of commercial mineral
fillers, namely, micro-lamellar talc, titanium dioxide, and calcium carbonate
(CaCOs), previously dried in a dehumidifier at 50 °C for 6 h were introduced into
commercial two PLA grades for manufacturing of food containers (dimensions
~150 x 150 x 50 mm?) (Barletta and Puopolo 2020). The higher thermal diffusivity
ensured by the reinforcing agent in the content of 20 wt% is assumed to give a
uniform stretching ratio during thermoforming of the food containers.

4.2.4 3D Printing Technology

3D printing called “additive manufacturing” is a new technology for obtaining
commercial products such as jigs, fixtures, high-precision gauges for quality control,
custom car parts, and biomedical devices (Ezeh and Susmel 2020; Oladapo et al.
2020). Filament fused fabrication (FFF) also known as fused deposition modeling
(FDM) is a common technique of extrusion-based 3D printed finish goods using the
extrusion of filament, layer by layer (Lay et al. 2019). By 3D printing, complex
shapes of prototypes, without occurring of typical waste can be manufactured. The
choice of infill density, print speed, and layer height are the main parameters proving
the success of manufacturing by 3D printing. The main obstacles in 3D printing are
the lack of mechanical properties of filaments and the degree in crystallinity of 3D
objects (Dong et al. 2019). Lay et al. (2019) showed that these drawbacks are caused
by the presence of voids that appeared at the incomplete diffusion between layers.
For this purpose, a good strategy for preparing feedstock filaments for 3D printing is
represented by the blending of PLA with ABS (Dhinesh et al. 2020), polyvinyl
chloride (PVC), wood power, and Fe;O, (Kumar et al. 2019), cellulose fibers (Dong
et al. 2019).

Literature data reported the use of 3D printing for producing dumbbell-shaped
tensile test specimens (Caminero et al. 2019; Dong et al. 2019; Ecker et al. 2019;
Guduru and Srinivasu 2020). By processing PLA (Ingeo 3260HP from NatureWorks
LLC) with 20 wt% PHA copolymer (Mirel grade from Metabolix USA) by 3D-fused
layer modeling (FLM) printing technology, specimens with higher impact strength
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compared to injection molded parts were obtained (Ecker et al. 2019). Three
commercial PHAs, namely poly(hydroxybutyrate-co-hydroxyhexanoate) (PHBH
X131A) purchased from Kanaeka Corporation, KITA-KU Osaka, Japan, poly
(hydroxybutyrate) (PHB Hydal) provided by Nafigate Corporation, Prague, Czechia,
and poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV, Mirel P1004) purchased
from Telles Inc., USA. have been evaluated for their suitability for 3D-FDM
(Kovalcik et al. 2020). The filaments with a thickness in the range of 1.6—-1.75 mm
were prepared by extrusion at 150 °C and 20 rpm, then the scaffolds were printed at a
nozzle temperature of 205 °C and a printing bed temperature set to 60 °C. Compared
to PLA 2003D, the PHBV scaffolds permit cell proliferation, while the PHBH
X131A scaffolds show the thermal stability and rheological properties adequate
for the processing by FDM. Ceramic composite scaffolds based on naturally sourced
gelatinized starch with HA have been created using an additive manufacturing
method, ceramic slurry-based solid freeform fabricator (SFF) (Table 4.1 and
Fig. 4.3). Starch incorporation improved the mechanical strength of the scaffolds
and increased the proliferation of osteoblast cells in vitro (Koski et al. 2018).

4.2,5 Electrospinning Process

Electrospinning is a hydrodynamic process for manufacturing polymeric nanofibers
with unique properties via spinning of polymeric solution from a syringe under an
established voltage. PLA is the most promising polyester used in combination with
other biodegradable biopolymers for preparing nanofibers for tissue engineering and
regenerative medicine applications. For example, Rahmani et al. (2020) prepared
PLA and poly(mannitol sebacate) (PMS)/PLA nanofibers by spinning homogeneous
solutions containing polymer in concentrations of 8% and 10% w/v, respectively,
dissolved in hexafluoroisopropanol (HFP) solvent. The PMS/PLA nanofibers
showed non-cytotoxicity by evaluation in vitro cell test and the proper degradation
for use in tissue engineering without deteriorating the mechanical properties
(Table 4.1). 3D scaffolds can be designed ad-hoc by electrospinning process, the
resulted microstructures with high surface areas and interconnected channels
(>90%) favor cell growth, transport of nutrients and metabolic waste (Gutiérrez-
Séanchez et al. 2019; Salgado et al. 2004). Potato starch (Signet Chemical Corpora-
tion Pvt. Ltd., India) based nanofibrous (diameter in the range of 110-300 nm)
scaffolds for wound healing applications have been obtained by electrospinning by
Waghmare et al. (2018). The electrospinning parameters were: flow rate varied
between 0.3 and 0.5 mL/h, the voltage varied between 15 and 37 kV, distance
from the needle to the rotating collector varied between 13 and 23 cm. The
incorporation of polyvinyl alcohol (PVOH) as plasticizer and glutaraldehyde as a
crosslinking agent, impart durability for skin tissue engineering, the mechanical
strength of 0.5-0.8 MPa being registered for starch-based scaffolds, which were
found also to be nontoxic and able to promote fibroblast (L929 mouse) cellular
proliferation. Stramarkou et al. (2020) performed a comparative study for the
loading encapsulation of 10% and 20% Rosemarinus officinalis (rosemary) essential
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oil into PLA and zein by lab-scale electrospinning and twin-screw extrusion
equipments and the release rate of the bioactive agent from the obtained fibers and
pellets. The results demonstrated that the PLA matrix is a more promising material
for the controlled release of rosemary during 30 days as a natural pesticide and
electrospinning is an appropriate process for this. Another example of flexible
electrospun mats with a thickness in the range of 25-50 pm, with potential for
agriculture applications, was offered by Arrieta et al. (2020), which use the PLA
3051 grade (supplied by NatureWorks™), PHB P226 grade (supplied by Biomer,
Germany) and oligomeric lactic acid (OLA) (synthesized by Condensia Quimica S.
A., Spain) as a plasticizer. According to the authors, the coaxial electrospinning
parameters were set at a flow rate of 1.0 mL/h, an electrical field of £11 kV and the
distance from needle to a grounded aluminum foil collector of 14 cm (Arrieta et al.
2020). Melt electrospinning is a most promising technique for obtaining of fibers
without solvent using an umbrella-like spinneret that permits a large-scale produc-
tion of up to 300-600 g/h (Mingjun et al. 2019). By melt electrospinning of 6 wt%
PLA under the airflow velocity of 25 m/s, the fibers with an average diameter
~256 nm were achieved.

4.2.6 Casting Method

Casting represents a laboratory-scale methodology used to prepare films of small
dimensions by solution/suspension spreading that implies economical equipment
and limited space (Madhumitha et al. 2018). The issues of the simple casting method
refer to the long drying time (depending on the film composition and thickness), the
difficulty of scaling-up to the industrial level, and the high processing cost due to low
production (Yepes et al. 2019). Takkalkar et al. (2019) performed a comparative
study for PLA 4032D (NatureWorks) films processed by melt processing and
solvent casting methods. The differences between these two methods consist in the
appearance of PLA film surface: rough surface in the case of solvent cast PLA with
crystalline regions, and smooth surface, and a broad amorphous XRD peak in the
case of the melt processing. The casting method is preferred to extrusion process
when the dispersing of metallic nanoparticles into PLA matrix is desired. Li et al.
(2020) prepared PLA/TiO, nanocomposite films by casting process without the self-
aggregation of TiO, nanoparticles. PLA was dissolved in dichloromethane at a
solvent ratio of 4% (w/v) and the different amount of 0.2—-1.0 wt% TiO, precursor
obtained by sol-gel synthesis was added. The tensile strength, thermal stability, as
well as the photocatalytic activity and antibacterial activities against Staphylococcus
aureus and Escherichia coli of PLA films were evidenced. Higher thermal stability
of PHB/TiO, nanocomposite films obtained by casting method was also reported
(Tulianelli et al. 2018). The good thermal stability was attributed to the strong
interaction between the dispersed phase and the polymeric matrix leading to the
reduced molecular mobility of metallic nanoparticles. Partial miscibility of PHB
produced by Biocycle blended with low molar mass PCL through solution casting
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Fig. 4.4 (a) The preparation steps of cellulose fibers—starch films by tape-casting. (b.1) The
support used for spreading suspension in the discontinuous (manual) tape-casting device. (b.2)
Scheme of the acrylic plate. (c) Picture of a doctor blade device. (Reprinted with permission from de
Moraes et al. 2013)

was reported by differential scanning calorimetry (DSC) and time-domain nuclear
magnetic resonance (TD-NMR) (Cavalcante et al. 2017).

The casting technique is preferred for obtaining simple cassava starch films
because those realized by extrusion processes present only satisfactory properties,
due the high shear rates applied. Compared to the well-known casting technique
used for the production of biodegradable and edible films, tape-casting is a suitable
technology to scale-up the production of commercial starch-based films as it controls
(by an adjustable blade at the bottom of the spreading device) the thickness of a
suspension spread on large supports (de Moraes et al. 2013). Figure 4.4 shows the
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Fig. 4.5 Large dimension
film prepared by tape-casting,
containing 3 g starch/100 g of
suspension, 0.20 g glycerol/g
dry starch, and 0.30 g fibers/g
dry starch. (Reprinted with
permission from de Moraes

et al. 2013)

steps and the tape-casting device used by de Moraes et al. (2013) to realize films
based on starch—glycerol-fiber suspensions with different amounts of cassava starch
(Yoki Alimentos-Brazil) (3 and 5 g/100 g of suspension), glycerol (0.20 and 0.25 g/g
of starch) and cellulose fibers (0 and 0.30 g/g of starch, 30 pm in diameter and
1.3 mm length). The flow properties (shear thinning) of the suspensions and interac-
tion at the liquid—solid interface assure the film spreading by tape casting, the
resulted uniform and easy to handle film is presented in Fig. 4.5. Starch-based
films/coatings exhibit poor water vapor barrier properties and water solubility due
to their hydrophilicity (Hassan et al. 2017).

4.2,7 Coating Method

PLA 3052D (NatureWorks) has been studied for the coating of industrial-grade
Kraft paper abrasive products (Sundar et al. 2020). The coating parameters are a
temperature of 30 °C, relative humidity of 75%, and coating time of 24 h in a
vacuum oven, at a pressure of 100 mbar. The improvements in bursting strength of
6.3 kg/cm?, air porosity of 245 s/100 cm®, and surface roughness of 1.65 pm for
paper coated were reported. Coating weight of 9 g/m” led to superior overall barrier
properties for the fabrication of coated abrasive products. In another paper
(Schlebrowski et al. 2019), a protective coating of PLA film with a thickness of
50 pm was achieved by the deposition of hydrogenated amorphous carbon, with the
thickness layers in the range of 50 nm up to 500 nm, by plasma-enhanced chemical
vapor deposition (PECVD) using acetylene.

Starch-based coatings have a great potential for food packaging application. Li
et al. (2019) made a review comprising the recent developments in starch-based
materials as coating binder and surface sizing agent, emphasizing the potential
toxicity and migration of starch-based bionanocomposites for paper coating, as
well as the environmental safety of their use. Starch is one of the preferred polymers
to form edible coating films due to its availability, low cost, and good filmogenic
capacity, forming colorless and tasteless films with high oxygen barrier capacity. It
also presents good carrying properties for different actives which can protect fruits
and vegetables from microbial decay or physiological disorders. Different
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compounds, such as plasticizers, surfactants, lipids, or other polymers, have been
incorporated to improve the functional properties of starch-based films/coatings,
such as water sensitivity, limited water vapor barrier properties, and mechanical
resistance (Sapper and Chiralt 2018). Camatari et al. (2018) developed edible
coatings based on cassava starch (Dinha B4 brand, Brasil) (0%, 0.25%, and 0.5%)
and chitosan (0%, 0.25%, and 0.5%), and verified their effect on the physicochemi-
cal characteristics and post-harvest shelf life of the mango of “Tommy Atkins”
variety. The most favorable coating contained 0.25% of chitosan and 0.5% of
cassava starch and showed the lower rates of CO, production, improving with
3 days the mango’s post-harvest shelf life compared with control fruits by decreasing
the rate of the respiratory processes of mango, without compromising the proper
ripening of the fruit.

The incorporation of lipid compounds, shellac (Sh) and oleic acid (OA), into
Canadian non-GMO (non-genetically modified organism) yellow pea starch
(PS) (Yantai Shuangta Food Co., China)—guar gum (GG) coatings and a layer-
by-layer (LBL) approach reduced orange’s respiration rate, ethylene production,
weight and firmness loss, peel pitting, and orange’s decay rate index (Saberi et al.
2018). For coating preparation, a first step 1 day before use was to dissolve 2.5 g PS,
0.3 g GG and 25% w/w glycerol in 100 mL degassed deionized water, heating the
solution at 90 °C for 20 min in constant stirring, then cooling to room temperature.
Second, the PSGG-Sh mixture was prepared by adding emulsifier OA (1% of the dry
weight of PS and GG) and surfactant Tween20 (0.3 mL) to the PSGG solution, then
food grade alcohol-based solution of shellac at 40% was added to the PSGG-OA-
Tween 20-glycerol mixture. The final emulsion was gelatinized at 90 °C for 20 min
on a hot plate with continuous stirring. After melting the lipids, samples were
homogenized for 4 min at 22,000 rpm using a T25 Ultra-Turrax. The homogeneous
film solution was cooled to room temperature with slow magnetic stirring, showing
stability, with no phase separation, on the second day when the whole orange surface
was sprayed with each coating solution uniformly by using a paint sprayer. Five
treatments were applied on oranges: (a) PSGG; (b) PSGG-Sh; (c) bilayer formulation
of PSGG as an inner layer with Sh solution as an external layer (PSGG/Sh); (d) CW
(commercial wax, shellac-based “Citrus Gleam”) and (e) distilled water acting as a
control.

4.3 Recyclability of Bioplastics

The bioplastic compounds include, generally, bio-derived polyesters or
polysaccharides highly sensitive to hydrolytic degradation at high temperatures.
Soroudi and Jakubowicz (2013) evaluated the effect of PLA blends recyclability
on the properties, in order to reduce the negative environmental impact of PLA
waste. It was found that the mechanical properties of PLA did not deteriorate at its
reprocessing by extrusion up to ten times. Another study performed by Chaitanya
et al. (2019) showed that the high-performance PLA biopolymer (grade Ingeo
3260HP, acquired in the form of pellets from NatureWorks LLC, USA)/sisal fiber
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composite, was recycled (eight times) using the extrusion process. The screw speed
of the extruder was set at 60 rpm, and the temperature profile from feed zone to die
was 150/175/180/185 °C. Items with acceptable strength for nonstructural
applications could be obtained during the first three recycled cycles. At eight
recycled cycles, the decline of glass transition temperature with 10%, mechanical
properties together with the hydrolytic degradation of PLA were observed. In a study
of Lin et al. (2020), in view of overcoming the pollution and reutilization problem of
the waste starch during the recycling process of old corrugated cardboard paper,
hydrogen peroxide (H,O,) was used for ionization of waste starch, so improved
mechanical properties of OCC paper were achieved during the reutilization. The
steps for waste starch recycling include dissolving, ionization modification, and
retention on the surface of the paper sheet. Cationic polyacrylamide improved the
absorption of ionic starch onto the fibers, reducing the dissolution of starch in water
in the re-pulping process. The retention rate of the modified starch was 30.2% higher
than waste starch. Bioplastics based on starch reduces the carbon footprint of plastic
packaging and also present some challenges regarding their recyclability. These
modern starch materials are not recycled in the traditional way, but are compostable
in controlled facilities, breaking down into carbon dioxide and water.

4.4 Conclusion

The research interest in the processing of commercial bioplastics, bio-based and/or
biodegradable, has been recently increased. The typical technologies currently used
to manufacture commercial bioplastics include injection molding, thermoforming,
extrusion, and casting. The processing of most bioplastics takes place at a laboratory
scale, using the conventional equipments for petroleum-derived polymers. However,
new technologies such as 3D printing and electrospinning are developed for the
manufacturing of prototypes with special properties for applications in the medical
field, food packaging, automotive, and electronics areas. Optimization of the
bioplastic compositions by adding renewable and inexpensive resources to facilitate
both the reduction of cost and the maintenance or improvement of some properties
still remains a challenge for use of bioplastics at an industrial scale.
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Abstract

Even though proteins have been used for the development of plastic materials for
a long time, their use has not proliferated when compared to other plant materials,
such as starch or cellulose. Moreover, the current trend in the bioplastic market is
based on polylactic acid or polyhydroxycarbonates, such that a feasible and
globally accepted formulation of protein-based bioplastics is still pursued. The
physical instability along time, together with the need of using non-food
resources are drawbacks for the development of protein-based materials. Since
lots of biowastes from the industry contain a considerable amount of proteins, the
application of these natural polymers in the production of biodegradable materials
would seem to benefit from a revalorisation of those resources, in agreement with
a circular economy. This review is aiming for a comprehensive analysis of the
current status of protein-based bioplastics, considering the main plant and animal
sources that have been used, describing different wet and dry processing
techniques and conditions, as well as the most reported properties (thermal,
mechanical, optical, among others).
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5.1 Introduction

The amazing versatility of polymers, together with their low price and density, has
allowed their massive use in several fields (e.g. packaging, construction) since the
middle of the twentieth century. However, all those years of uncontrolled disposal
and the intrinsic negligible degradability have resulted in serious environmental
issues, such as their accumulation which gives rise to the so-called Great Pacific
garbage patch. In 2018, the world’s plastic production totalled about 359 Mt
(Plastics Europe 2019), from which approximately half is destined for the production
of single-use items, mostly ending up in landfills, incinerated or flowing into the
oceans (Hopewell et al. 2009). Around 75% of the cumulative global plastic
production (~9.3 Gt) has been transformed into plastic waste, from which only
around 21% has been recycled or incinerated (Karan et al. 2019). As the world
population is becoming progressively more committed to environmental awareness,
waiting for harder regulations to be developed, different solutions have been already
approached in order to alleviate the burden caused by decades of misinformation and
poorly eco-designed items. In this sense, the demand for bioplastics (i.e., plastic
materials that are either biobased, biodegradable, or feature both properties) is
currently around 1% of the annual plastic production and keeps rising. Moreover,
it is a market whose production, according to the latest market data compiled by
European Bioplastics, is forecasted to grow continuously (expecting to be ~3.2%
higher every year), predicting 2.4 Mt for 2024 (European Bioplastics 2019).
Although the cost of bioplastics is currently higher than traditional plastics, a
price reduction would be expected as they are produced at a larger scale (Mozaffari
and Atefeh Kholdebarin 2019). Polylactic acid (PLA) and polyhydroxyalkanoates
(PHAs) are found among the most promising alternatives to common plastics,
together with starch and cellulose derivatives. Still, it should be born in mind that
their prices are higher (PLA, >1.80 €/kg; PHA, 4.00-5.00 €/kg; thermoplastic
starch, >2.50 €/kg; cellulosic plastics, 4.00-5.00 €/kg) than most consumed com-
modity polymers (polypropylene, 1.00-1.20 €/kg; polyethylene, 1.25-1.45 €/kg)
(Molenveld and Bos 2019). However, end-users are increasingly willing to pay a
higher price for so-called eco-friendly products, such as bioplastics. However, it can
be noticed that the spread of PLA in several applications (packaging, 3D-printing)
could become a drawback in the long term, considering its lack of complete
biodegradability when mixed in aqueous media. Moreover, PLA requires months
at high temperatures (~58 °C) under industrial composting conditions to fully
degrade (Jem and Tan 2020). Instead, the production capacity for PHAs is estimated
to more than triple in the next 5 years (European Bioplastics 2019), although the
large-scale production of PHA still needs to overcome certain restrictions due to
bacterial requirements. On the other hand, it should be highlighted that an important
amount of food by-products, typically containing starch (~30-60 wt%), lipids
(10-40 wt%), and protein (5-10 wt%), is wasted every year (i.e., one-third of the
food produced worldwide) (Pleissner and Lin 2013; Hicks and Verbeek 2016). In
this sense, starch, cellulose (and its derivatives), and proteins from food waste could
be better used in the production of bioplastics, which would result in the
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Fig. 5.1 Number of publications per year of protein-based bioplastics. (Source: Scopus database)

revalorisation of food by-products in an attempt for a circular economy. Moreover,
such a revalorisation would avoid the expected rise in food prices and deforestation
that might take place if human resources were deviated to produce plant-derived
bioplastics (Fernandez-d’ Arlas 2019).

Quite a lot of starch-based plastics are already commercially available, conve-
niently blended with compostable plastics (e.g. PLA, PHAs, polycaprolactone
(PCL)), and being used in applications such as bags, transport packaging, or service
ware (e.g. cups, plates) (Gadhave et al. 2018). Cellulose-based plastics were among
the first polymers used in the industry (i.e., celluloid, cellophane), and today, it is
used as a matrix for biodegradable polymer composites, improving their mechanical
properties and hydrophobicity. They find applications in different areas, such as
ophthalmic, toys, sports goods, or spectacle frames (Gilbert 2017). The beginning of
the industrial history of plastics were protein-based plastics (milk casein, zein,
soybean, animal blood), commonly cross-linked with formaldehyde. Although the
boost of plastics derived from petrochemicals and the competitiveness of the food
industry have limited their large-scale development, a growing number of research
studies have been focused on the feasibility of protein-based bioplastic (Fig. 5.1).
Regarding their price, plant proteins are generally cheaper (0.5-1 €/kg) than those
obtained from animals (2-10 €/kg). In any case, proteins derived from soy, sun-
flower, milk, whey, feather, or fish wastes have already been used in the production
of bioplastics (Tsang et al. 2019). The use of proteins in the production of plastics
shows the advantage of their lower processing costs, related to lower processing
times and temperatures when compared to common polymers such as high-density
polyethylene (HDPE) (Jerez et al. 2007a). However, their heterogeneity regarding
the composition, which largely depends on the source, as well as their tendency onto
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gradual deformation and creep, makes it necessary to examine proteins in greater
detail when considering their use in plastic production (Dorigato and Pegoretti
2012).

The fact that proteins are heteropolymers consisting of amino acids confers them
a great versatility due to the great number of amino acidic compositions and spatial
arrangements which may be found in the different sources. Thus, their chemical
reactivity differs with respect to their amino acids position, nature and/or energy. In
this sense, a relatively large amount of proline and hydroxyproline residues may
promote a disruptive effect on typical protein secondary structures, resulting in a less
ordered microstructure, which would favour a behaviour slightly more like that of a
synthetic polymer throughout the processing stage (Bengoechea et al. 2007). The
presence of polar aspartic and glutamic residues in the protein composition imparts a
greater hydrophilic character to the protein. Additionally, the presence of cysteine
residues is directly related to the potential formation of disulphide bonds along with
the plastic processing, which induce high-molecular-weight aggregates that
strengthen the material. Lysine residues may also interact and similarly lead to
protein aggregates, such as they do in collagen-rich tissues, but they have also
been used for protein functionalisation (Hwang and Damodaran 1996; Guilbert
et al. 2006; Cuadri et al. 2017, 2018; Capezza et al. 2019, 2020a). In this case, the
controlled reaction among a lysine-rich protein (e.g. soybean) and an anhydride
(e.g. succinic) may be used to introduce carboxylic groups into the protein chain for
increasing the polarity of the protein. The amino or imino group of lysine or arginine
residues may also react with formaldehyde under moderate conditions, producing
the corresponding methylol derivatives and forming then the methylene cross-
linking (i.e., N-CH,—N) (Klockenbusch et al. 2012). Cysteine, serine, or tyrosine
residues have been used in different click-chemistry protocols in order to introduce
alkynes in the polymeric chain (Li et al. 2008; Temming et al. 2013; Zhang et al.
2014).

It should be noted that much of the importance of bioplastics lies in their
promotion of circular economy, as they use alternative feedstock’s and offer a
wider scope of end-of-life options for plastic products. In this sense, Karan et al.
(2019) have highlighted the role of bioplastics either as biodegradability standards or
as carbon sinks. In the former case, protein-based bioplastics have proven biode-
gradability either in water, soil or industrial compost (Spence et al. 1996). Particu-
larly, in the case of plant protein-based plastics, lower greenhouse gas (GHG)
emissions are expected than for petrochemicals, which has been associated to the
absorption of carbon dioxide, CO,, by the plants, returning to the atmosphere once
the material is degraded (net zero carbon balance). For example, gluten bioplastics
have displayed much lower values for energy consumption or GHG emissions than
PLA or starch-based bioplastics (Guilbert et al. 2006). Moreover, it must be consid-
ered that stages like cultivation or drying have been reported to cause important
environmental impacts during plant production. However, the use of renewable
energies could help to alleviate that impact, achieving a low environmental single
score impact when gluten films are extruded conventionally and finally incinerated at
the end of the product life, with the resulting energy recovery (Deng et al. 2013). On
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Fig. 5.2 Overview for the manufacture, characterization, and lifetime of protein-based bioplastics

the other hand, the production of animal protein-based foods typically show a greater
environmental impact than plant-based foods (Ranganathan et al. 2016), with higher
GHG emissions. However, fossil fuel-based energy is responsible for about 80% of
the overall GHG emissions as compared to about 6% of animal agriculture (Pitesky
et al. 2009). Moreover, the utilisation of food wastes (e.g. protein-rich flours
obtained from oil-seed extraction, blood from slaughterhouses) for bioplastics pro-
duction is a renewable sustainable process, being mostly biodegradable and
compostable, meeting the criteria of international standards (Tsang et al. 2019). It
should be highlighted that most proteins included in this review are co- or
by-products from the food and biodiesel industries rather than wastes, not finding
many studies related to the protein production from food waste, despite their high
protein content (Aggelopoulos et al. 2014; Teigiserova et al. 2019).

The present book chapter deals with the main animal and plant biowastes that are
being used in the production of bioplastics through different processing techniques,
as illustrated in Fig. 5.2, that are characterized aiming for different applications
(from the development of personal care products or packaging materials to biomedi-
cal or agricultural applications).

5.2 Protein Sources

Proteins from plants have a wide range of applications, mainly due to their availabil-
ity and easiness to handle. On the other hand, the use of animal proteins has found
more restrictions since they have been commonly rejected in cosmetic or food
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packaging products. Hence, they have been better used in agricultural applications.
The following section summarises the main plant and animal protein sources from
biowastes which are used in the field of bioplastic materials.

5.2.1 Plant Proteins

5.2.1.1 Soy Protein

Soybean possesses a high protein content (38—45%) and has a global production of
around 350 Mt in 2018 (Food and Agriculture Organization of the United Nations
2018), being around 70% harvested in the United States, Brazil, and Argentina. A
defatted protein-rich meal is obtained as a by-product of the soy oil industry, which
is commonly used as low-price material for feeding animals and mostly discarded as
industrial waste throughout the world (Yamada et al. 2020). Proteins from soybean
mostly consist of globulins, constituting the major fraction by glycinin (7S) and
B-conglycinin (11S). The ability of soy protein to form plastic materials has been
used for a long time in Asian countries for the production of edible films known as
yuba or tofu skin, which is obtained during the boiling of soy milk (Cugq et al. 1998;
Zang et al. 2015). However, most research has focused on the processing of soy
protein concentrates or isolates through casting, compression, or injection moulding.
Soy protein bioplastics have generally displayed adequate mechanical properties, but
they have been criticized mainly due to their generally low water-resistance, which is
related to their high content in polar amino acid residues (aspartic, glutamic).
Notwithstanding, this fact has been exploited in the field of superabsorbent materials
(Hwang and Damodaran 1996; Alvarez-Castillo et al. 2018; Cuadri et al. 2018;
Fernandez-Espada et al. 2019).

5.2.1.2 Wheat Protein

Wheat gluten is a natural protein derived from wheat or wheat flour, obtained as a
by-product from the bio-ethanol industry which possesses a high protein content
(75-80%) (Ye et al. 2006). Wheat has a global production higher than 730 Mt, being
China the greatest producer (~18% of the global production). Gluten is particularly
rich in readily available glutamine (36%, compared to 17-20% in soy protein) and
also in sulphur amino acids and enough branched-chain amino acids (i.e., leucine,
isoleucine, valine) but poor in lysine (Flambeau et al. 2017). Although injection
moulding processing has been quite limited due to its high molecular weight and
aggregated structure (Cho et al. 2011), wheat gluten-based plastics have been
obtained mostly in the presence of disruptive agents through casting or extrusion
(John et al. 1998; Jerez et al. 2005; Chantapet et al. 2013; Jiménez-Rosado et al.
2019). Materials obtained from gluten are generally not water-soluble and present
good barrier properties for oxygen and carbon dioxide, allowing a great number of
non-food applications, such as films, plastics, and adhesives, related to its adhesive-
ness and cohesiveness, as well as its elastic properties (Day 2011; Capezza et al.
2020b).
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5.2.1.3 Corn Protein

Zein is obtained as a by-product of the production of ethanol, starch, and oil from
corn, from which it is the main protein (~45-50%). Zein may not be used directly for
human consumption due to its negative nitrogen balance and its poor solubility in
water, and therefore is mainly used as animal feed (Shukla and Cheryan 2001).
Current zein manufacture is around 500 t/year from corn gluten meal. Zein is a
prolamine, with a high content of hydrophobic amino acids (i.e., proline, glutamine,
asparagines) (Elzoghby et al. 2012). Like most plant proteins, it is insoluble in water
but soluble in alcohol. Due to its film-forming ability which also provides a moisture
barrier, zein has been widely used in the food and packaging industry, as a grease-
proof coating for several products (Elzoghby et al. 2015). Thus, the water vapour
barrier properties of polypropylene cast films improved with zein coating
(Tihminlioglu et al. 2010). Also, the incorporation of cross-linking agents or silicate
complexes in zein-based materials increased their tensile strength, hindering their
gas permeability (Shukla and Cheryan 2001). Moreover, it has been used in injection
moulded starch-based plastics due to its plasticising effect, although special attention
should be put on the brittleness they display when using unmodified starch under dry
conditions (Lim and Jane 1994). Several studies have been focused on the extrusion
of zein through slit dies to form films, observing that the addition of oleic acid
promoted elongation and diminished their tensile strength (Santosa and Padua 1999;
Ha and Padua 2001; Herald et al. 2002).

5.2.1.4 Animal Proteins

Keratin

Keratin is a strong natural polymer that may be extracted from epidermal appendages
such as nails, claws, beak, hair, horns, and, especially, feathers or wool (~90%). In
spite of its potential, 5 Mt of chicken feathers alone are discarded per year (Igbal
etal. 2017). Keratin is actually a mixture of high-molecular-weight proteins that may
be obtained from appendages by extraction through chemical, enzymatic, or ionic
solution methodologies, giving rise to properties that are highly affected by the
extraction procedure (Fernandez-d’Arlas 2019). It is composed of fibrous proteins
with a high presence of cystine (Barone and Schmidt 2006; Shi and Dumont 2014b;
Tesfaye et al. 2017; Ramakrishnan et al. 2018), being subdivided into two different
classes of secondary structures: a- and f-keratin (Shah et al. 2019). Keratin has been
processed mainly through casting (Ramakrishnan et al. 2018; Fernandez-d’ Arlas
2019), resulting in transparent materials, with proper UV barrier properties, thermal
stability from 50 to 200 °C, and water sensitivity. Regarding their mechanical
properties, they have been reported to possess high intrinsic toughness when
cross-linked (Fernandez-d’Arlas 2019). It has also been used as an additive for
synthetic elastomers, giving rise to materials with good thermal, mechanical, flame
resistant, and thermo-oxidative properties (Garrison et al. 2016).
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Milk Proteins

Caseins account for around 80% of milk proteins, possessing an aminoacidic
composition highly dependent on the source (Thorn et al. 2014). Around 852 Mt
of milk were produced in 2019 from different sources (81% cow milk, 15% buffalo
milk, and 4% for goat, sheep, and camel milk) (OECD and Food and Agriculture
Organization of the United Nations 2020). In bovine milk, casein is the main protein
(~25 g/L) and is principally based on ag;-casein (38%), as,-casein (10%), p-casein
(36%), and x-casein (13%) (Audic et al. 2003). Milk proteins are widely used in the
food industry (e.g. beverages, formulated meat products, margarine, whipped foods,
desserts, puffed snacks, processed cheese) due to their surface-active properties
(Kelly et al. 2009). However, the cleaning of dairy factory plants results in abundant
casein-rich water, which could be revalorized as a source of protein material for the
development of bioplastics (Ryder et al. 2020). Thus, transparent, flexible, and
tasteless films can be formed from casein, which water resistance may be improved
through cross-linking (Cuq et al. 1998; Chambi and Grosso 2006).

Whey proteins, which account for around 5.4 g/L in bovine milk (Audic et al.
2003), are a by-product of cheese processing and are those which remain in solution
after removal of the caseins from milk, being p-lactoglobulin the main protein (about
one-half of the total protein present) (Zadow 2003). Bioplastics produced from whey
are not very different from those prepared from caseins, being possible to achieve
insoluble films partly due to disulphide covalent bonding (Cuq et al. 1998).
Composites including whey and egg albumin proteins have been prepared through
compression moulding, behaving similar to zein-based bioplastics, which is more
expensive than whey protein (Sharma and Luzinov 2013).

Egg Albumin

The egg albumin (also known as egg white) is found in eggs surrounding the yolk. It
represents ~65% of the egg’s weight, and it is made up of 88% water, 11% proteins,
and 1% carbohydrates and minerals. Considering that around 77 Mt of hen eggs
were obtained in 2018 (~92% of the global egg production) (Food and Agriculture
Organization of the United Nations 2018), a production of 50 Mt of egg white could
be estimated. Since the food industry separates many times the egg white from the
yolk, it is considered a food by-product (Sharma et al. 2019). The qualification of
egg albumin, mainly composed by ovalbumin (54%) (Stevens 1991), as biowaste
remains uncertain, as it is well used by the food industry. However, even if it has
some food applications (i.e. in the wine industry, bakery), there is a surplus (Sharif
et al. 2018). It may be processed into highly transparent bioplastics, obtained though
compression, extrusion, or injection moulding (Jerez et al. 2007b; Martinez et al.
2013; Lopez-Castejon et al. 2016; Fernadndez-Espada et al. 2016a; Martin-Alfonso
et al. 2018; Pranata et al. 2019), which could be well used to produce novel edible
products (De Pilli 2020). Egg albumin-based plastics are clearer and more transpar-
ent than those based on wheat, soy, or corn proteins and may find application not
only in the food industry but also in the pharmaceutical industry as water-soluble
bags meant for conditioning and protecting additive doses (Cuq et al. 1998). Egg
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white-based bioplastics have proven to be adequate for rigid food packaging, which
shows an efficient barrier to oxygen but not to water (Pranata et al. 2019).

Blood

Blood is a certain by-product of the meat industry (~4500 ML in 2016) representing
up to 4% of the live animal weight and, as only 30% is used by the food industry, is
being extensively discarded into municipal sewers and landfills (Gatnau et al. 2001;
Sanders 2018). Blood is composed of water, cells, enzymes, proteins, and other
organic and inorganic substances that can be separated into two fractions: the cellular
fraction (3040 wt%) and plasma (up to 60 wt%) (Bah et al. 2013). After processing
blood into those fractions, different applications have been found, such as a water-
holding agent in products like frankfurters (Hurtado et al. 2011, 2012) or as a
replacer of other ingredients like egg albumen (Raeker and Johnson 1995). It
contains typically around 18% of protein (Peters 1975), which may be used in
other non-food related applications, like packaging (Nuthong et al. 2009) or super-
absorbent materials (Alvarez—Castillo et al. 2019). Particularly, some authors have
performed extensive research on bioplastics based on a commercial blood meal
(Novatein) obtained through extrusion or injection moulding (Verbeek and van
den Berg 2011; Adamy and Verbeek 2013; Verbeek et al. 2017). Plasma obtained
after blood centrifugation and drying contain around 70% of protein (Howell and
Lawrie 1983), which is mainly composed of albumin (50-60%), o-, p-, and
y-globulins (40-50%), and fibrinogen (1-3%) (Davila et al. 2007). Recently, the
potential of the plasma fraction in the field of injection moulded superabsorbent
materials has been highlighted (Alvarez-Castillo et al. 2019, 2020a, b).

Collagen and Gelatine

Collagen, which may be found within the stromal fraction of meat proteins, is the
most abundant protein in mammals. It accounts for 30% of the whole-body protein
content, and it is mainly extracted from pigskin (46%), bovine hide (29%), and pork
and cattle bones (23%) (Mullen et al. 2015). The collagen macromolecule forms a
triple helix that is abundant in proline and hydroxyproline residues (Noorzai et al.
2019). When collagen is partially hydrolysed, it results in the production of gelatine
(500 kt/year) (Lestari et al. 2019), which has been successfully and widely employed
to create packaging films as it is relatively cheap and abundant (Lacroix et al. 2014;
Chentir et al. 2019). Edible films and packaging have been produced from gelatine
due to its thermo-reversible properties, a melting point close to that of the human
body temperature, its ability to be used as a functional agent carrier, its good oxygen
barrier properties, abundance occurrence, biodegradability, and excellent ability to
form films (Murrieta-Martinez et al. 2018; Al-Tayyar et al. 2020). It has been
processed through casting, extrusion, or electrospinning, for food or biomedical
applications. Gelatine films are transparent, flexible, water-resistant, and imperme-
able to oxygen (Cuq et al. 1998).
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5.2.2 Processing of Protein-Based Bioplastics

Nowadays, conventional plastics are among the most common materials used for the
manufacture of all kind of items. However, the wastes generated after the service life
of these oil-derivative materials aim to promote a change towards the use of
eco-friendlier alternatives such as bioplastics (Peelman et al. 2013). This recent
trend forces redesigning the processing techniques typically used (e.g. injection
moulding, extrusion, compression moulding), since these new materials show dif-
ferent properties (Ashter 2016). Optimum processing parameters must be selected
for bioplastic processing, and as these parameters are highly dependent on the final
product and its end-use, they differ from those used for traditional polymers
(Lukubira and Ogale 2013). In these terms, many techniques have been employed
in the manufacture of protein-based bioplastics, where injection moulding, extru-
sion, casting, compression moulding, electrospinning, and three-dimensional
(3D) printing are especially relevant.

The processing of raw materials for the manufacture of protein-based bioplastics
requires either their solution in different solvents, in wet techniques, like casting or
electrospinning, or the use of plasticizers, in dry techniques, such as compression
moulding, extrusion, or injection moulding. Plasticizers are low molecular-weight
components which interact with protein chains, reducing protein-protein
interactions. Their effect is based on changes in ionic interactions, covalent links,
or hydrogen bonds during the processing stages (Krochta and Herndndez-Izquierdo
2008; Gomez-Estaca et al. 2016), enabling the plasticisation of materials
(Budhavaram et al. 2010). As a result, plasticizers ease protein-based bioplastic
processing and increase the flexibility of the final product. These improvements in
material processing could be also accomplished by heating the protein-containing
raw material above the glass transition temperature (7). However, lower-plasticised
proteins have a T, higher than the protein degradation temperature. In bioplastic
production, glycerol, sucrose, sorbitol, and polyethylene glycol are among the most
commonly used plasticizers (di Gioia and Guilbert 1999). For bioplastic processing,
homogeneous protein-based solutions or blends are required, for which a thorough
mixing stage of the protein system with additives (e.g. plasticizers) or other
ingredients is commonly performed before further processing (e.g. casting or injec-
tion moulding) or during the process itself (e.g. extrusion) (Redl et al. 1999; Cortés-
Trivifio and Martinez 2018). For the former case, different mixing methods such as
hand-mixing (Martin 1948), melting a mixture of protein and fatty acids (Pommet
et al. 2003b), the use of a roller pin (Lai and Padua 1997), and a torque and
temperature controlling mixing rheometer have been used (Perez et al. 2016;
Alvarez-Castillo et al. 2019; Fernandez-Espada et al. 2019). In this section, different
manufacturing techniques of protein-based bioplastics are discussed, pointing out
the key parameters typically required for every technique (Fig. 5.3).
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Fig. 5.3 Processing techniques typically used for protein-based bioplastic either by dry or wet
processing

5.2.2.1 Wet Techniques

Casting

Casting has been the most used physicochemical processing method for protein-
based bioplastic films. This wet processing method consists of three consecutive
steps: (1) first, a chemical reagent is used to disrupt disulphide bonds between
protein chains (Bernard et al. 2018); (2) secondly, a multicomponent solution is
prepared (the solution contains protein, plasticizer and solvent, although other minor
components, such as cross-linkers or antimicrobials, may also be included);
(3) lastly, the solution is spread and the solvent evaporates (or dries), giving rise to
the desired protein-based bioplastic film (Guilbert et al. 2006; Gémez-Estaca et al.
2016). The basic control of this strategy depends on the concentration of solvent
used, pH, temperature, and drying conditions (Guilbert et al. 2006).

The casting technique is mostly used at lab-scale, finding potential applications
for coating materials in the packaging industry (Farris et al. 2009; Muriel-Galet et al.
2013; Gémez-Estaca et al. 2016). The hydrophilic character of proteins leads to
biobased films with enhanced barrier properties compared with most commercial
plastics based on petrochemicals (Krochta 1992; McHugh and Krochta 1994).
Nevertheless, their mechanical properties are poorer than those of traditional films
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which are tougher and possess higher elongations (Krochta and Hernandez-
Izquierdo 2008; Wihodo and Moraru 2013). To overcome this drawback, the
physical properties of protein films could be enhanced through various methods,
like studying the plasticisation effect (Sothornvit and Krochta 2000a, b, 2001),
modifying the pH value (Avena-Bustillos and Krochta 1993; Brandenburg et al.
1993), lipid addition (Avena-Bustillos and Krochta 1993; Sohail et al. 2006), or
increasing cross-linking in the protein network (Martucci et al. 2006). On this basis,
Gontard et al. (1994) highlighted that the pH at which the film-forming solution was
prepared had a remarkable effect on the strength of gluten-based films (Gontard et al.
1992; Lim et al. 1992). This improvement in mechanical properties was related to
changes in protein conformation with pH (Wihodo and Moraru 2013). This strategy
has been developed in several studies, aiming the generation or the improvement of
films from different protein sources, such as zein corn (Martin 1948; Gennadios and
Weller 1990; Lai and Padua 1997; Ghanbarzodeh et al. 2007), soy (Rhim et al. 2000;
Kim et al. 2002; Guerrero et al. 2010; Guerrero and de la Caba 2010; Bourny et al.
2017), milk (Avena-Bustillos and Krochta 1993; Sothornvit and Krochta 2000a, c;
Sohail et al. 2006; Zhou et al. 2009), pea (Choi and Han 2001, 2002; Kowalczyk
et al. 2014; Acquah et al. 2020), and fish (Cugq et al. 1996, 1997; Ahmad et al. 2015;
Aratjo et al. 2018; Bernard et al. 2018; Ansari et al. 2019). A wide literature has
been set about this bioplastic processing technique, being gluten the most recurrent
protein used since this protein contains a high number of cysteine residues (Gontard
etal. 1992, 1993, 1994; Lim et al. 1992; Gennadios et al. 1993; Gontard and Guilbert
1994; Guilbert et al. 1995; Heralp et al. 1995; Cuq et al. 1996; Micard et al. 2001;
Mangavel et al. 2002; Hernandez-Muiioz et al. 2003, 2004; Kayserilioglu et al.
2003; Pommet et al. 2003b; Tunc et al. 2007; Lagrain et al. 2010; Balaguer et al.
2011b). This high number of cysteine residues can be considered exceptional in the
particular case of gluten since not many oilseed plants possess them (Newson 2012).
These residues are key for the development of protein-based bioplastic since they
promote covalent bonds between protein chains, facilitating the formation of a
network through simple heating or solution casting (Lagrain et al. 2010).

Electrospinning

Electrospinning is a processing technique for polymers which result in nanofibrous
materials after subjecting polymer solutions to a high-voltage electric field (Huang
et al. 2004; Bhushani and Anandharamakrishnan 2014; Fabra et al. 2016). These
materials have large specific surface areas, high porosity, small pore sizes, and low
density (Mendes et al. 2017). The commonly used experimental set-up consists of a
high voltage direct current (DC) source (typically from 5 to 25 kV) connected to a
sharp needle and a collector. The flow thorough the needle is controlled by a syringe
pump, whereas the liquid goes from the needle to the collector boost by the driving
force of an electric field. The typical distances between the needle and the collector
are between 10 and 20 cm (Ramakrishna 2005; Wang and Hsiao 2016). The effects
produced by the most important variables of the electrospinning process on the
morphology of the fibres formed has been recently summarized (Perez-Puyana et al.
2020b). Moreover, a variant of this method is the use of a rotating collector to
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increase fibre alignment (required for some applications such as biomaterials) (Pan
et al. 2006; Teo and Ramakrishna 2006; Aviss et al. 2010). When a polymer solution
is subjected to an electric field, it elongates to some extent from the needle tip,
forming the so-called Taylor’s cone (Schiffman and Schauer 2008). The morphology
of the fibres eventually formed depends on pH, electrical conductivity, interfacial
tension, and viscosity of the biopolymer solution (Kriegel et al. 2008). Although this
is the most common experimental set-up (syringe-needle-collector), other authors
have used needleless roller electrospinning, which consists of a semi-submerged
rotating roller in a polymer solution. The dispersion is also charged (higher voltages,
up to 60 kV), driving the fibres towards the collector (Kutzli et al. 2018, 2019).

Like other processing techniques, electrospinning was initially used for synthetic
polymers; however, it has been also used for biopolymer systems (e.g. proteins,
polysaccharides, or their mixtures with other polymers). Generally, proteins are not
considered to be easily spinnable. Their secondary and tertiary conformations give
them complex structures and weak internal interactions, which hinder fibre forma-
tion (Nieuwland et al. 2013; Sullivan et al. 2014). Some authors have proposed that
proteins must be unfolded to some extent before electrospinning (Dror et al. 2008).
To achieve this, the addition of disrupting agents (i.e. sodium dodecyl sulphate and
urea), the use of specific solvents, and heat application have been proposed
(Wongsasulak et al. 2007; Regev et al. 2010; Mendes et al. 2017). In this sense,
different water/polar solvents such as 2,2,2-trifluoroethanol (TFE) (Dror et al. 2008),
hexafluoroisopropanol (HFIP) (Lang et al. 2013), 2,2,2-trifluoroethanol (Huang
et al. 2004), trifluoroacetic acid (TFA) (Huang et al. 2015), dimethyl sulfoxide
(DMSO) (Elamparithi et al. 2016), and acetic acid (Wang and Chen 2012) were
used for the development of protein-based nanofibrous mats. Thus, nanofibrous
composite mats based on gelatine/PCL (Gautam et al. 2013; Perez-Puyana et al.
2020a) or gelatine/PVA mixed solutions (Perez-Puyana et al. 2018) have been
developed for scaffolds with potential applications in tissue engineering. A similar
approach has been used by other authors for several applications such as food
packaging or drug-delivery (Li et al. 2005; Zeng et al. 2005; Fabra et al. 2013;
Bhushani and Anandharamakrishnan 2014; Hu et al. 2014). Moreover, protein/
carbohydrates (conjugated or not) have been also used for the development of
nanofibrous mats. Recently, Aman Mohammadi et al. (2019) produced food-grade
mats using WPI and guar gum for the generation of nanofibrous mats. According to
Yoon and Kim (2008), protein electrospinnability can be improved by using
polysaccharides, although this strategy is not very usual. Different protein sources
have already been used for the development of nanofibrous mats such as BSA (Dror
et al. 2008; Regev et al. 2010), gelatine (Huang et al. 2004, 2015; Gautam et al.
2013; Elamparithi et al. 2016), silk fibroin (Lang et al. 2013), soy (Song et al. 2011),
egg albumen (Wongsasulak et al. 2010), or whey protein (Aman Mohammadi et al.
2019).



150 E. Alvarez-Castillo et al.

5.2.2.2 Dry Techniques

Compression Moulding

The first processing strategy for polymers with industrial applications was compres-
sion moulding, being used mainly for thermosetting polymers since the beginning of
the twentieth century for manufacturing plastic products (Tatara 2011). However, it
can be also used in thermoplastic polymers processing (Akermo and Astrom 2000;
Trende et al. 2000). Compression moulding consists of the application of a large
pressure into a closed mould which contains the polymer before curing (in the case
of thermosetting polymers) or the melt polymer (in the case of thermoplastic
polymers). When protein-based bioplastics are processed by compression moulding,
the dough-like material obtained after convenient mixing is placed on the mould
cavity (Tatara 2017). Contrary to injection moulding, both sides of the mould are
compressed themselves, and the dough-like material for protein-based bioplastics
does not flow through any cavity (Park and Lee 2012). Since a high flowability is not
strictly necessary for this processing technique, compression moulding has been
used for protein-based biocomposite materials reinforced with fibres (Otaigbe and
Adams 1997; Tkaczyk et al. 2001; Huang et al. 2003; Deng et al. 2006; Ye et al.
2006; Shubhra et al. 2011; Sharma and Luzinov 2013; Saenghirunwattana et al.
2014; Das et al. 2019; Nilsuwan et al. 2020). However, one of its major
disadvantages is that it is a batch process, which limits its industrial application
(Tatara 2011). Despite this drawback, many proteins have been processed by
compression moulding, such as corn (di Gioia and Guilbert 1999; di Gioia et al.
2000), soy (Shubhra et al. 2011), gluten (Jerez et al. 2005; Balaguer et al. 201 1a;
Martinez et al. 2013; Zarate-Ramirez et al. 2014a, b, 2011; Zubeldia et al. 2015), egg
white (Jerez et al. 2007b), cottonseed (Yue et al. 2011, 2012) and whey, among
others (De Graaf 2000; Goémez-Heincke et al. 2017). As for the processing
conditions, the temperature of the mould should always be higher than the 7, of
the dough-like protein blend studied, which means that not good results were
generally found below 60 °C (Alvarez-Castillo et al. 2019). Different studies
analysed the influence of temperature on protein-based bioplastics processed by
compression moulding at a temperature lower than the degradation temperature of
proteins which depends on the protein systems analysed. In this sense, temperatures
around 100-120 °C were the highest temperature commonly used in different
protein systems (di Gioia and Guilbert 1999; di Gioia et al. 2000; Zubeldia et al.
2015), although other authors increased the mould temperature up to ~180 °C
(De Graaf 2000). As for moulding pressure, different mould pressures have been
used, although they typically are ~10 bar, for a compression time of 2—10 min
(De Graaf 2000; Yue et al. 2012; Gémez-Heincke et al. 2017).

Injection Moulding

This technique is broadly used in polymer manufacturing when a particular shape or
a high-dimensional-precision material is required (Ashter 2016). Protein-based
bioplastics obtained by injection moulding typically consists of two stages: first,
the homogeneous blend is introduced into the thermoset injector feeding cylinder,
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which heats the sample conveniently; once it has been softened, it is forced to flow
into the mould. Thus, blends go through a nozzle into the pre-heated mould cavity,
adequately shaped (Schulze et al. 2017). Thus, cylinder and mould temperatures,
injection pressure, and injection and post-injection times are among the most
relevant parameters (Ashter 2016). Numerous publications have highlighted the
influence of processing temperature of protein/glycerol blends not only on the
dough-like material processing but also on the final properties of protein/based
bioplastics (Felix et al. 2014; Perez et al. 2016; Fernandez-Espada et al. 2016a;
Alvarez-Castillo et al. 2019, 2020a). This technique has been employed in the
development of several protein-based-bioplastics using different protein sources,
such as soy (Vaz et al. 2003; Mohanty et al. 2005; Tummala et al. 2006; Cuadri et al.
2016, 2017, 2018; Fernandez-Espada et al. 2016b, 2019; Bourny et al. 2017,
Alvarez-Castillo et al. 2018; Tian et al. 2018), albumen (Jerez et al. 2007b;
Fernandez-Espada et al. 2016a), whey (Sharma and Luzinov 2013), porcine plasma
(Alvarez-Castillo et al. 2019, 2020a, b), rice (Felix et al. 2016b), green pea (Perez-
Puyana et al. 2016; Perez et al. 2016) or sunflower protein (Orliac et al. 2003).

Moulding temperature exerts a relevant effect on the final properties of protein-
based bioplastics, while the effect of pressure has been reported to have a moderate
effect (Perez-Puyana et al. 2016). The adequate selection of both mould and cylinder
temperatures can improve the flow through the nozzle and facilitate the correct
mould fill-up and protein reinforcement. However, some properties could be
compromised. Specifically, when developing swelling materials, an increase in
mould temperature commonly give rise to greater mechanical and viscoelastic
properties, but the swelling is then limited (Xiaoqun et al. 1999). Higher
temperatures cause a strengthening in the structure due to the formation of new
interactions between protein chains; however, this reinforcement of the protein
network makes the swelling of protein-based bioplastic specimens difficult
(Alvarez—Castillo et al. 2018, 2019).

Extrusion

Extrusion is one of the most common techniques used for the production of plastics
(Pommet et al. 2003a; Robertson 2016; Zink et al. 2016), being a continuous
processing method which allows the control of temperature in a double-casing
equipment inside which, at least one inner endless screw transports the protein-
based mixture from the hopper to the extrusion nozzle or die. The movement of the
endless screw subjects the sample to a high shear rate allowing the homogenisation
of the protein source with the plasticizer without the need of a prior mixing stage.
However, when a protein-based system is subjected to extrusion, the operating
conditions to be applied are quite different from the typical extrusion of
thermoplastic materials. The thermal response of protein/plasticizer blends is gener-
ally complex, combining regions of thermoplastic behaviour with regions where
heat-induced cross-linking of different nature can be promoted (e.g. protein aggre-
gation, disulphide bonds, Maillard reactions). These phenomena typically prevent
melting, and instead, thermal degradation of protein takes place at relatively moder-
ate temperatures. As a result, a previous thermal characterisation of the protein/



152 E. Alvarez-Castillo et al.

plasticizer blend is required, in order to define the temperature profile to be applied
inside the extruder, in which the lowest applied temperature must exceed the T, of
the protein/glycerol blend (Ferry 1980), which depends on the percentage of plasti-
cizer in the sample (Slade et al. 1993; Chantapet et al. 2013). The proper selection of
plasticizer amount, shear rate, and temperature permits the formation of desired soft
viscoelastic blends along the endless screw. Eventually, the material is shaped as
desired when passing through the extruder die (Ullsten et al. 2009) and subsequently
stabilized by cooling (Zink et al. 2016). An adequate selection of the temperature
profile is key, as excessive early high temperatures in the screw may promote
extensive cross-linking and aggregation before the sample reach the die (Verbeek
and van den Berg 2010). Thus, the most influential parameters in protein-based
bioplastics are shear impact, time, and temperature (co-dependent with specific
mechanical energy) (Redl et al. 1999; Ullsten et al. 2009). Thus, Redl et al. (1999)
highlighted that the appearance of a gluten/glycerol extrudate (i.e., smooth,
disrupted) was greatly dependent on the operating conditions, obtaining better
results when employing low specific mechanical energy and temperatures around
60 °C. In the same sense, Pietsch et al. (2017) indicated that the thermal treatment
along the screw exerted the main influence on wheat gluten processing, while
pressure or the specific mechanical energy did not possess a noticeable influence.

Generally, protein-based bioplastics need a lower temperature profile to be
extruded than petrochemical polymers because proteins have a lower softening
temperature (Pommet et al. 2003a; Verbeek and van den Berg 2010). Although the
protein more widely processed through extrusion has been wheat gluten (Redl et al.
1999; Pommet et al. 2003a, 2005; Bengoechea et al. 2007; Ullsten et al. 2009, 2010;
Chantapet et al. 2013; Jiménez-Rosado et al. 2019; Pietsch et al. 2019a, b), other
proteins sources such as soy protein (Aréas 1992; Zhang et al. 2001; Liu et al. 2004,
2005, 2010; Felix et al. 2018) have also been used.

3D Printing

3D printing has brought the possibility of fabricating geometrically complex
materials after the software design of the model without expensive equipment
investments. Its main competitive disadvantage comes up when large production is
required (Chia and Wu 2015). This technique is based on solid free-form fabrication
(SFF), being applied in different ways such as stereolithography (SLA), digital light
processing (DLP), fused deposition modelling (FDM), selective laser sintering
(SLS), selective laser melting (SLM), or binder Jetting (BJ), among others (Jasveer
and Jianbin 2018). 3D printing has been originally developed for synthetic polymers
and has shown promising biomedical applications (Bose et al. 2013; Chia and Wu
2015). Schulze et al. (2017) indicated that 3D-printing was the process with the
lowest energy demand per part for batch sizes when bioplastics were processed.
Although the literature related to protein-based products is scarce, some studies have
been published using proteins for the manufacture of 3D printed food products (Lille
et al. 2018; Liu et al. 2018). This is the case of the studies about suitable printed
samples from pea protein (Oyinloye and Yoon 2021) (with alginate), soy protein
(Chen et al. 2019), plasma protein (Alvarez—Castillo et al. 2021), and milk proteins
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(Liu et al. 2018, 2019) for which it was concluded that the rheology has a relevant
role in the control of a proper process of 3D printing.

5.2.3 Characterisation of Protein-Based Bioplastics

Any manufactured material needs to satisfy different specifications in order to be
suitable for a specific end-use application. Among these requirements, certain values
for their mechanical, thermal, and/or optical properties may be desired, which
advises their assessment through different experimental techniques. Analysis
techniques make use of physical principles and properties for a systematic quantifi-
cation of macroscopic parameters, whose analysis can be related to the microscopic
(even molecular) structure of the materials evaluated. The main experimental
techniques used for the characterisation of bioplastics are shown in this section
divided into three blocks: mechanical, thermal, and morphological properties.

5.2.3.1 Mechanical Properties

The mechanical behaviour of a material is crucial when its deformation response to
an applied stress is attempted to be understood. Complex materials typically exhibit
viscoelastic behaviour when are subjected to deformation, which can be of different
nature. The mechanical properties of bioplastics have been divided into two sections:
rheological and tensile-strength tests.

Rheological Tests

Rheology is a well-established science applied for a wide range of materials (from
liquids to solids) (Uchikawa 2001). Although rheology is defined as the “study of
flow behaviour” and it was initially applied to liquid materials, the linear and
non-linear viscoelasticity of solid materials can be analysed to obtain insight into
characteristics of the material analysed (Barnes 2000). The viscoelastic behaviour
can be analysed like the sum of pure elastic and viscous characters (Hookean and
Newtonian behaviours, respectively). In rheology, this intermediate behaviour has
been represented by the combination of spring and dashpot elements for elastic and
viscous components, respectively (Banks et al. 2011). In this section, the rheological
characterisation of bioplastics has been divided into oscillatory dynamic and contin-
uous deformation tests.

Dynamic Mechanical Analysis (DMA)

DMA tests are of great importance in studying the behaviour of viscoelastic
materials. The sinusoidal deformation of a viscoelastic material is the result of the
application of sinusoidal stress (and vice versa). The analysis of the sinusoidal stress-
strain test performed can be used to find the dynamic viscoelastic moduli (Barnes
2000). In the case of viscoelastic materials, there is a region (the so-called linear
viscoelastic region) where the viscoelastic moduli do not depend on the deformation
applied, and the stress is the sum of an in-phase response (elastic component,
recoverable energy) and an out-of-phase response (viscous component,
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non-recoverable energy). According to this, the elastic (or storage) and the viscous
(or loss) moduli (E' or G’ and E” or G”, respectively) can be defined as follows:

Elastic modulus (E' or G') = ; cos (9) (5.1)

Viscous modulus (E” or G”) = ; sin () (5.2)

where ¢ is the retardation in-phase angle. To stay within this linear region, a small
amplitude oscillatory stimulus (strain or stress) must be applied to obtain a small
amplitude response (stress or strain). A strain (or stress) sweep test is typically
carried out at constant temperature and frequency to delimit the linear viscoelastic
range (i.e. obtaining the critical strain value). Then, the most common experiments
are frequency sweep tests and temperature sweep tests (at strain lower than the
critical value). This last type of test, which is also known as DMTA measurements,
will be commented below with other techniques for determining thermal properties.
In any case, linear viscoelastic tests can be carried out under different deformation
modes, such as bending, either using single or dual cantilever geometries (Sun et al.
2008; Felix et al. 2016b) or three-point bending (Bruyninckx et al. 2015); compres-
sion with parallel plates (Gomez-Martinez et al. 2009); and torsion (Alvarez-Castillo
et al. 2018).

Moreover, these experiments (e.g. small amplitude oscillatory compressional
temperature sweep tests) can be applied to protein/plasticizer blends, which are to
be processed into bioplastics, in order to select proper thermal processing conditions
(Felix et al. 2015a; Alvarez-Castillo et al. 2019). Characterisation of bioplastics by
frequency sweep tests under linear conditions has particular relevance since their
results can be related to the internal structure of the material analysed (Ferry 1980;
Jerez et al. 2005). For instance, Domenek et al. (2004) correlated the linear visco-
elastic results of wheat gluten-based bioplastics from frequency sweep tests with
their biodegradability response. The structural characterisation by means of fre-
quency sweep tests was carried out for bioplastics of different protein sources such
as rapeseed (Delgado et al. 2018), pea (Perez-Puyana et al. 2016; Perez et al. 2016),
blood meal (Alvarez-Castillo et al. 2019), albumin (Fernandez-Espada et al. 2013;
Felix et al. 2014), and zein (Ghanbarzadeh et al. 2006) amongst others (Felix et al.
2015b, 2016a). Martin-Alfonso et al. (2014) compared the elastic modulus of
albumen-based bioplastics and commercial low-density polyethylene (LDPE)
observing that E’ for albumen-based bioplastics (around 3.5 x 10° Pa) was higher
than for LDPE under the same experimental conditions (around 1 X 10° Pa). More-
over, these authors also stated that the thermoplastic character of LDPE involved a
dramatic drop in E' at temperatures above 60 °C, which was not observed in
albumen-based bioplastics.

Continuous Deformation Tests
Among the different continuous deformation tests that can be performed, stress
relaxation, and creep tests can be highlighted. The former applies a constant strain,
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whereas the stress is monitored as a function of time until reaching a plateau value. In
contrast, creep tests measure a progressive deformation under constant stress. Since
deformation depends on the stress applied, compliance (J) can be defined as the ratio
between the deformation (y) and the stress (o) applied:

Within the linear viscoelastic range, compliance remains unaltered, regardless of
the stress applied. Creep tests were used to characterise the rheological properties of
soy-based (Reddy et al. 2009) or fish-based films (Cuq et al. 1996), among others.
Moreover, this technique was also used by Martucci et al. (2006) to correlate the
creep response and the degree of cross-linking of gelatine-based films by glutaralde-
hyde. These authors indicated that gelatine-based bioplastics behave like a block
copolymer build-up from triads of a-amino acids (glycine at every third position,
soft blocks) and triads of hydroxyproline (proline and glycine as rigid blocks). The
elastic modulus obtained for cross-linked gelatine was lower (25-80 MPa) than
those obtained for HDPE and PVC (between 200 and 3500 MPa) (Xu et al. 2010).

Tensile Strength Tests

Tensile strength tests are used to obtain the stress—strain curve of a material. These
tests consist of the continuous deformation of a material at a constant rate until
breakdown. Most stress-strain curves of protein-based bioplastic materials are like
those obtained from synthetic polymers being characterised by (1) an initial region
where the material undergoes an elastic deformation at which the strain is propor-
tional to the stress applied. The slope of this region is known as Young’s modulus
(E); (2) this first region is followed by a non-elastic deformation characterised by a
decreased of the slope, reaching a maximum value (6,,.«); (3) eventually, the stress
decreases as a consequence of the formation of a necking region, the cross-sectional
area becomes smaller than the initial area, and the stress applied concentrates more in
this reduced region, ending the experiment with the collapse of the probe (en,x)
(Callister 2007). These tests have been applied to many biopolymers such as pea-,
soy-, rice-, albumin-, and whey-based bioplastics (Felix et al. 2014, 2016b; Perez
et al. 2016; Garavand et al. 2017; Gémez-Heincke et al. 2017). These measurements
were useful to determinate changes in o,,,,x When the protein/plasticizer ratio changes
(Felix et al. 2016b) or when some additives were introduced to the protein matrix
(Felix et al. 2017; Cuadri et al. 2017). The tensile strength values depend highly on
the processing technique and conditions used, as well as on the bioplastic composi-
tion. Verbeek and van den Berg (2010) summarised the main stress-strain parameters
(E, omax and €,,,5) of protein-based bioplastics processed by extrusion, reporting that
Omax Was between 2.9 and 25 MPa for soy-, zein-, and whey-based bioplastics.
Moreover, E was between 18 and 2000 MPa, whereas &,,,, was between 0.6% and
132%. On the other hand, several studies have reported these parameters for
bioplastics processed by injection moulding, indicating that E ranged between 0.3
and 90 MPa, o,,,, between 0.2 and 3 MPa, and ¢,,,, between 0.6% and 15% for
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bioplastics based on crayfish, soy, albumen, rapeseed, and blood meal proteins under
different processing conditions (Felix et al. 2014, 2017; Delgado et al. 2018;
Alvarez-Castillo et al. 2019).

Moreover, the tensile-strength parameters for synthetic polymers typically range
from 13 to 178 MPa for 0,,.x, Whereas the &,,x range between 500% and 80% for
LDPE and polyesters, respectively (Guilbert et al. 2006). These results evidence that
tensile parameters are typically higher for synthetic polymers.

5.2.3.2 Thermal Properties

The thermal properties of protein-based bioplastics are explained in a similar way to
conventional polymers. When behaving like thermoplastic materials, these
biopolymers can exhibit thermal events when subjected to thermal analysis
(De Graaf 2000). Like in conventional polymers, the glass transition temperature
(Ty), above which the mobility of biopolymer chains increases, is an essential
parameter for material processing. In the case of biopolymers, this increase in protein
mobility is a consequence of conformational changes, since physical interactions
between biopolymer chains may change (Sochava and Smirnova 1993; Verbeek and
van den Berg 2010). Hydrophobic and electrostatic interactions, as well as hydrogen
bonding of amino acid residues, cause the native folding of proteins into quaternary,
tertiary, and secondary structures. These interactions may undergo remarkable
alterations when heating the sample that may lead to a shift from a glassy to a
rubbery state. Moreover, this increase in protein mobility can be observed not only in
final bioplastics but also in the protein/plasticizer blends obtained after mixing and
before further processing (Irissin-Mangata et al. 2001). It should be borne in mind
that this temperature depends on the amino acid sequence of the proteins, as well as
on the plasticizer used (Chen et al. 2005). Hence, the processing of bioplastics
should be performed above T,, as the increase of protein chain mobility allows
better chain rearrangements and proper mixing with plasticizer and additives (Felix
et al. 2015a; Ricci et al. 2018).

Thermal properties can be assessed by several methods. Traditionally, there are
three instrumental techniques that have been widely applied in polymer science:
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and
dynamic mechanical thermal analysis (DMTA), which can be applied under differ-
ent deformation modes (bending, compression, tension, torsion, or shear).

DSC

When proteins are analysed by DSC, two different conformational changes can be
typically determined: denaturation and glass transition. Both can appear in a ther-
mogram; however, they can be differentiated since the former is irreversible and it is
observed as a minimum in the curve, whereas the latter is a reversible second-order
transition and is characterized by an inflection point. Apart from these thermal
events, protein ageing is a reversible phenomenon that typically involves longer
times than the experimental set-up (so, a return experiment is only observed during
the first run). This thermal event is observed as a minimum in the curve, which
typically appears at a lower temperature than protein denaturation (Ricci et al. 2018).
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In order to differentiate these thermal events, two scans are typically performed
when proteins are tested by DSC. Protein denaturation is observed in the first heating
scan, but it is not observed in subsequent temperature ramps since it is irreversible.
However, glass transition (responsible for T) is reversible, and it is observed in any
heating or cooling temperature ramp. This analysis has been applied to protein
powder, protein/plasticizer blends, and bioplastics (Felix et al. 2014). However,
the most relevant information is obtained when it is performed to protein powder.
This technique has been used to characterised soy protein isolate (Felix et al. 2014;
Kweon et al. 2017), albumin protein isolate (Felix et al. 2014), egg yolk (Guerrero
et al. 2004), wheat gluten (Jerez et al. 2005; Sun et al. 2007; Zarate-Ramirez et al.
2011), pea protein concentrate (Perez-Puyana et al. 2016), blood meal protein
concentrate (Alvarez—Castillo et al. 2019), canola (Zhang et al. 2018), crayfish
protein concentrate (Felix et al. 2015a), and whey protein isolated (Soukoulis et al.
2017), among others.

TGA

TGA measurements were performed to analyse the thermal stability of protein/
plasticizer blends and protein-based bioplastics. Below 150 °C, the loss of volatile
components and water leads to a decrease in sample weight (Jones et al. 2013; Ricci
et al. 2018). In this sense, this technique was used to determine the hydrophilic
character of proteins, since differences in moisture content after similar bioplastic
processing have been related to the hydrophilic character of the proteins used in the
formulation (Ricci et al. 2018). Loss of weight at higher temperatures have been
associated with protein degradation (Jerez et al. 2007a). Although this interval
depends on the protein system analysed, the temperature range typically is between
180 and 350 °C. Moreover, these thermograms also evidence the fat content of
proteins isolated (Lukubira and Ogale 2013). Furthermore, this technique has also
been used to determine the response of active ingredients such as calcium carbonate
and citric acid aimed to produce porous bioplastics (Fernandez-Espada et al. 2019).
Sharma and Luzinov (2013) also studied whey-based binary bioplastics using this
technique to determine the presence of volatile components after processing. This
technique was also used for functionalized soy protein-based bioplastics with
enhanced absorbent properties, to determine the thermal stability of samples (Cuadri
et al. 2016). Furthermore, TGA was also used to analyse the thermal stability of
sodium carbonate and bicarbonate when used as an additive in soy-based bioplastics
obtained by injection moulding (Fernandez-Espada et al. 2019).

DMTA

Although DMTA is clearly considered a rheological technique, it also provides
useful information on thermal transitions for protein/plasticiser blends. This tech-
nique can measure the response of protein-based bioplastics, after the application of
a small amplitude oscillatory test (using either bending, uniaxial tension or compres-
sion), as a function of temperature. A sinusoidal stress function is applied, and the
sinusoidal strain response of the biopolymer material is measured (Panwar and Pal
2017). Results obtained from this technique are useful to understand the viscoelastic
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Fig. 5.4 Typical effect of protein cross-linking on the storage modulus. The lower curve shows a
sometimes-found thermosetting potential of mild processed protein-based plastics

behaviour of biopolymers in relation to their molecular structure, being a comple-
mentary technique to the above-mentioned DSC and TGA analysis. From the
oscillatory stress and strain functions, DMTA provides the storage modulus (E')
and the loss modulus (E”) of viscoelastic materials during a thermal cycle (which
may involve heating and/or cooling stages). Viscoelastic properties of protein-based
materials change during heating or cooling, which allows the determination of the
temperature for the glassy to rubbery transition (i.e., T,) (Fig. 5.4).

DMTA technique has been used to characterised protein-based bioplastic
materials and films, including a wide variety of proteins, such as albumen (Jerez
et al. 2007b; Felix et al. 2017), soy (Felix et al. 2014), pea (Perez et al. 2016), wheat
gluten (Jerez et al. 2005, 2007a; Zarate-Ramirez et al. 2011), rice (Felix et al. 2016b),
blood meal (Verbeek and van den Berg 2011; Alvarez-Castillo et al. 2020b), and
whey and canola (Shi and Dumont 2014a; Delgado et al. 2018). This technique has
been key to determine changes in thermomechanical properties below and above
service temperature. Moreover, this technique also has evidenced the thermosetting
potential of bioplastics when the processing temperature of these materials was not
enough to promote extensive protein cross-linking (Felix et al. 2015a).

5.2.3.3 Morphological Properties

Among the different microscopic techniques available, four are the techniques with
major importance for the microstructural characterisation of bioplastics and films:
confocal laser scanning microscopy (CLSM), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and atomic force microscopy (AFM).
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CLSM microscopy was often preferred to characterise the microstructure of protein-
based films, exploiting the autofluorescence of proteins (Perotto et al. 2018). How-
ever, SEM is the most useful an extended technique for the characterisation of
protein-based bioplastic microstructure, which comprises a wide variety of proteins:
albumen (Felix et al. 2017), soy (Tummala et al. 2006; Felix et al. 2014; Fernandez-
Espada et al. 2016b), pea (Perez et al. 2016), wheat gluten (Jerez et al. 2005; Zarate-
Ramirez et al. 2011, 2014b), rice (Felix et al. 2016b), and blood meal (Verbeek and
van den Berg 2011; Alvarez-Castillo et al. 2020b), among others. SEM was also
used to characterise the porous microstructure obtained after a dehydrothermal
processing for bioplastics (Alvarez-Castillo et al. 2018). Moreover, this technique
has also been used for the characterisation of the surface protein-based films and
bioplastics (Oymaci and Altinkaya 2016; Thammahiwes et al. 2017). Furthermore,
two approaches when using TEM microscopy has been made for the characterisation
of protein-based bioplastic, considering that this technique requires electron trans-
parency: (1) directly by thin bioplastic film (Sukyai et al. 2018) and (2) by cutting
thin slides from bioplastic probes (Diafiez et al. 2016; Felix et al. 2018). Eventually,
surface topography has also been analysed through AFM microscopy, determining
the nanometric three-dimensional structure of surfaces from protein-based
bioplastics and films (Jerez et al. 2007b; Sukyai et al. 2018).

5.2.3.4 Optical Properties

Depending on the application selected for the protein-based bioplastic, some optical
properties can be required (i.e., colour, reflection index, birefringence, transpar-
ency). Among them, transparency has been the focus of many researchers, especially
for protein-based films. These optical properties are mainly influenced by two
factors: protein system composition and processing conditions. The transmittance
in the visible range (wavelength between 350 and 800 nm) has been measured in
order to determine the transparency of the samples. For protein composition, Gounga
et al. (2007) determined that transparency of WPI-based films increased when
pullulan (microbial polysaccharide) content decreased. The protein composition
refers not only to the inclusion of active ingredients but also to the nature of the
protein used. For instance, Felix et al. (2014) found that albumen-based bioplastics
are much more transparent than soy-based bioplastic, obtaining a high transparency
level for bioplastics made with a mixture of albumen/soy proteins. Furthermore,
Perez-Puyana et al. (2016) found that the transparency of pea-based bioplastics
decreased when pea protein content increased. However, the transparency of
protein-based bioplastics is also affected by the processing technique employed, as
Gonzélez-Gutiérrez et al. (2011) found that compression-moulding processing pro-
duced more transparent bioplastic materials than when they are processed by
extrusion. Moreover, changes in bioplastic transparency can be observed even
when these materials are manufactured using the same processing technique.
Perez-Puyana et al. (2016) found that the transparency of pea-based bioplastic
decreased with moulding time and increased with injection-moulding pressure.
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5.2.3.5 Other Features Required for Protein-Based Bioplastics

Apart from the above-mentioned properties of bioplastics, other features can be
required for these protein-based biodegradable materials. Some of these features
required are related to the final use of the material, being in many cases aimed to be
used in some specific application in specific fields (e.g. the food industry). The most
relevant features to be considered for protein-based bioplastics and films are the
following: gas permeation (barrier properties), antimicrobial activity, and superab-
sorbent capacity. Focused on packaging materials, gas permeation is required since it
is key for preventing chemical and microbiological degradation (Di Pierro et al.
2005). In this sense, selective gas permeability is quite interesting for controlling gas
exchanges during food storage (Razzaq et al. 2016), where the permeability of wheat
gluten and gelatine-based films were tested, showing permeability to O,, avoiding
oxidation (Aguirre-Joya et al. 2018). Another issue that is considered relevant in the
packaging industry is the development of active packages, where the implementation
of antimicrobial activity has been of major interest, among the different applications
proposed. Active packaging with antimicrobial properties is aimed to reduce, inhibit,
or retard the growth of undesirable microorganisms. To achieve this feature two
paths have been mainly considered: the addition of antimicrobial agents coating or
adsorption of antimicrobials onto biopolymer surfaces (Martinez et al. 2013). In
addition, the development of superabsorbent materials has been considered of great
interest for hygienic and personal care applications. These materials display the
ability to absorb and retain 10 times (1000%) their own weight of water, maintaining
its integrity. Most superabsorbent materials are based on synthetic polymers from
fossil fuels (e.g. from acrylic derivatives) which show poor biodegradability. The
development of protein-based bioplastic matrices with superabsorbent capacity will
involve a new and remarkable interest in these materials since it will contribute to
reducing their toxicity, increasing their biodegradability, and reducing the depen-
dence on the oil industry (Cuadri et al. 2017; Alvarez-Castillo et al. 201 9).

5.2.4 Applications and Trends

5.2.4.1 Current Applications

The main parameters typically considered when bioplastics are characterised have
been described in the previous section. The final application of the bioplastics
developed will depend in turn on the accordance between service conditions
required and the final properties of the materials. Mechanical properties of
bioplastics like Young’s modulus are typically required to be high in order to
allow the final product to keep its shape when a proper consistency is required.
However, excellent mechanical properties are not required in all cases. For instance,
protein-based bioplastics exhibiting superabsorbent properties have been developed,
displaying poorer mechanical properties (Fernandez-Espada 2016; Alvarez-Castillo
et al. 2019). There are certain applications where high mechanical properties are not
mandatory, such as matrices for nutrients release (Jiménez-Rosado et al. 2018).
Nevertheless, these mechanical properties indeed can be required for some
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applications. This is the case of films and bioplastics with antimicrobial activity,
although these materials have specific functionality, the mechanical properties
should not diminish after the inclusion of the active ingredient (Seydim and Sarikus
2006; Campos et al. 2011; Martinez et al. 2013; Martin-Alfonso et al. 2014; Biscarat
et al. 2015; Sharma and Singh 2016). Moreover, it must be highlighted the applica-
bility of protein-based bioplastics in food packaging. In this case, food quality and
safety during storage, extended shelf-life, reduced permeability to volatile
compounds, oxygen, and moisture are pursued (Bradley et al. 2011). Thus, these
protein-based bioplastics for packaging must be adequate to exert physical,
physiochemical, and microbiological protection to maximise the quality-safety
issues of the foods contained (Rhim et al. 2013; Dehnad et al. 2014). Eventually,
there has been recently a high interest to produce bioplastics with enhanced super-
absorbent properties (Cuadri et al. 2016), being this an added-value application with
high potentials.

5.2.4.2 Future Trends

Processing technology of protein-based bioplastics has been extensively developed
from the beginning of the twenty-first century, adapting processing methods from
conventional polymers to the processing characteristics of proteins, where T, and
degradation temperatures delimit the temperature operational window for proteins.
A reduction of mechanical properties has been observed too many times due to a
high biodegradability or a plasticizer release (i.e., leaching). Thus, unaltered
mechanical properties during their service live, together with proven environmental
sustainability and adequate functionality, remain a challenge (Fig. 5.5). For example,
a higher protein cross-linking during dough-like material processing or a post-curing
stage after their processing could minimise limitations related to poor mechanical
properties. Moreover, the production of bioplastics could be interlinked with bio-
technology in order to maximise the use of food wastes, increasing the potential
revenue of the entire bioprocessing chain. Although most processing techniques are

Industrially applicable

Adequate properties

Circular
economy

Specific Environmentally
. application sustainable

Fig. 5.5 Socio-economical requirements for future protein-based bioplastics
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well-known and suitable materials have been developed, 3D printing still requires
broad development for the manufacture of commercial products. In this sense, only
fused deposition modelling has been used to process protein-based bioplastics. The
analysis of other techniques which made use of other strategies (i.e., laser) can
promote protein cross-linking, contributing to obtain materials with enhanced
properties. The limitation related to the production scale of 3D printing can be
neglected when mass production is not required. On the other hand, 3D printing
opens the opportunity to increase process efficiency since it is the process that less
energy requires per volume unit.

The increase in global population requires an increase in food production, at the
same time as protein wastes and by-products are regarded to be used for animal
feeding, instead of commodity productions. Moreover, climate change aims to
increase forest area, which is to the detriment of using crops for bioplastic produc-
tion. Consequently, it should be considered that bioplastic production could compete
for arable land, fresh water and food production. The use of macro- and micro-algae
by solar-driven photosynthetic processes brings important new routes to produce
sustainable bioplastics, which would not be located on fertile land. Moreover, this
route would capture CO, to produce protein-based bioplastic that can act as long-
term carbon sinks.
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Abstract

Plastics have dominated nearly every avenue in business and industry since their
discovery and mass manufacture in the 1900s. Their propensity to be moulded in
numerous forms coupled with wide ranges of tensile strength has cemented their
place in modern society. However, their durability has long become a cause for
concern due to the staggering tonnes of plastic waste, generated annually,
that persists in the environment, steadily damaging our planet. ‘Bioplastics’,
specifically polyhydroxyalkanoates (PHA), present a viable solution to this
problem. The terms ‘biodegradable’ and ‘bio-based’ are often used interchange-
ably with ‘bioplastics’ which isn’t always accurate. This chapter begins with clear
definitions of these important terms, in an effort to offer complete understanding,
along with the current plastic waste scenario challenging our society. Further-
more, this chapter addresses the unexplored opportunities presented by the
utilization of lignocellulosic agro-wastes for the industrial production of PHA
(a costly prospect due to the high price of sugars). These substrates have the
potential to greatly diminish the production costs, thereby ensuring an affordable
end product. Lignocellulosic agro-wastes have escaped exploitation due to their
protective lignin barrier. This chapter briefly summarizes certain pre-treatment
techniques designed to overcome this hurdle through the removal of lignin, which
is an important step in the efficient employment of lignocellulosic agro-wastes.
Moreover, studies conducted in the past 5 years, dealing with the conversion of
lignocellulosic agro-wastes (pre-treated and untreated) to PHA, have been
discussed.
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6.1 Introduction

Plastics have dominated nearly every avenue in business and industry since their
discovery and mass manufacture in the 1900s. Their versatility is attributed to their
pocket-friendliness and propensity to be moulded in numerous forms coupled with a
desirable tensile strength. However, the extreme durability of plastics has long
become a cause for concern due to their persistence in the environment, generating
staggering quantities of waste that, alarmingly, continues to increase per annum.
Plastics are artificial, synthetic, high molecular weight polymers produced from the
petro-chemical industry which can be moulded and set into a wide range of forms
(Alauddin et al. 1995). The popular plastics in use, globally, are the thermoplastics:
polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC) and polyethylene
terephthalate (PET) (Kosior et al. 2006; Tokiwa et al. 2009). These petroleum- and
oil-based commodities are non-biodegradable due to their high molecular weights,
levels of crystallinity, degree of branching, intense melting temperatures (7},), etc.
(Kale et al. 2007; Tokiwa et al. 2009). The global production of plastics was at a
steady increase at 359 million metric tonnes (Mt) in 2018 and included
thermoplastics, polyurethanes, elastomers, adhesives and thermosets (Garside
2019). The highest consumer of plastics is the packaging industry with almost
35% from the global production. Analysis of the life cycle of plastics, from manu-
facture to recycling to waste from 1950 to 2015, revealed that the plastic waste
generated was around 6300 million metric tonnes (Geyer et al. 2017). Waste plastics
accumulate in the environment, undergoing physical deconstruction into micro-
scopic pieces, which eventually find their way to every water body on the planet,
especially oceans. Numerous studies in the past decade have shown that marine
fauna ingest these tiny particles (Eriksen et al. 2014).

Globally, scientists have presented viable environmentally friendly alternatives
that are collectively referred to as ‘bioplastics’. However, this term requires further
definition and fine-tuning as its meaning is often misunderstood, causing it to be
used indiscriminately and inaccurately. Bioplastics can be defined in two modes:
first, bioplastics could refer to the source of the raw materials used to manufacture
the final plastic products (which doesn’t necessarily mean that the product is
biodegradable) and, second, bioplastics could refer to the biodegradability of the
product in the environment through natural processes (Guillet et al. 1992; Tokiwa
et al. 2009). Another commonly used term is ‘bio-based’ which refers to the origin of
the raw materials utilized in the product. The term ‘biodegradable’ can be defined as
a substance able to undergo decomposition into its constituents through the action of
microorganisms and/or enzymes, without the production of toxic by-products
(Guillet et al. 1992; Gautam 2009). These terms are often used as synonyms of
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each other, which, from their respective definitions, are not suitable. Over the years,
governing authorities have set up standards, which include criteria and tests, to
accurately determine the biodegradability of a material. Some examples include the
European standard for packaging materials (EN13432), American Society for Test-
ing and Materials (ASTM) standard D6400 for solid material biodegradation, Inter-
national Organization for Standardization (ISO) standard 14855 for the
determination of the ultimate aerobic biodegradability of plastic materials under
controlled composting conditions, etc. (Kosior et al. 2006; Kale et al. 2007).

Polyhydroxyalkanoates (PHA) are polymers biosynthesized by microbes, trig-
gered by the restriction of an essential nutrient and an abundant carbon source. These
polymers function as spare resources to help the organism to endure stressful
environmental situations. Producers of PHA span across multiple genera of Gram-
positive and Gram-negative bacteria. Commercial PHA producers include Azofo-
bacter beijerinckii, Bacillus megaterium, Cupriavidus necator (formerly Ralstonia
eutropha), Paracoccus denitrificans, Pseudomonas putida, etc. PHA have innumer-
able qualities that render their high desirability as alternatives to popular
non-biodegradable plastics. Molecular weights, ranging from 50,000 to
1,000,000 Da, are suitably high enough to produce PHA products, that are compara-
ble to PP. Furthermore, PHA are completely biodegradable and biocompatible with
elevated levels of polymerization and crystallization, insoluble in water, UV resis-
tant, thermoplastic and non-toxic (Reddy et al. 2003; Bugnicourt et al. 2014).
Unfortunately, the costly process of PHA production, due to the high expense of
raw materials coupled with low efficiency, is responsible for the gradual deceleration
of its manufacture, marketing and mass distribution (Bugnicourt et al. 2014; Wang
et al. 2014).

Consequently, numerous studies over two decades have focussed on the conver-
sion of wastes (from the food and agricultural sectors) to PHA, as potentially
economic and renewable feedstocks. The most copious carbon source on the planet
is lignocellulose (composed of varying concentrations of lignin and polysaccharides,
i.e. cellulose and hemicellulose), which has escaped exploitation due to its recalci-
trant barricade, lignin. Although lignin confers rigidity, strength, protection from
pathogens and conduction of water and solutes, its inability to disintegrate severely
hinders the utilization of the polysaccharides (Boerjan et al. 2003; Hassan et al.
2018), because of no accessibility of hydrolytic enzymes to the polysaccharides
(Li et al. 2008). Thus, numerous pre-treatment procedures (Taherzadeh and Karimi
2008; Rabemanolontsoa and Saka 2016; Hassan et al. 2018) have been developed to
remove this lignin hindrance, which is an important step in the efficient employment
of lignocellulosic agro-wastes. Global lignocellulosic materials can be classified into
one of four different categories, namely, grasses, agricultural biomass, softwoods
and hardwoods. Agricultural biomass from cereal crops (straw, bagasse, etc.) is
preferred as feedstocks due to their high content of cellulose, which can yield
appreciable levels of fermentable sugars (Hassan et al. 2018) and can be directed
for the production of PHA. This chapter briefly summarizes certain pre-treatment
techniques and discusses the studies conducted in the past 5 years, dealing with the
conversion of lignocellulosic agro-wastes (pre-treated and untreated) to PHA.



180 L. de Souza and S. Shivakumar

6.2 Pre-treatment of Lignocellulose

Lignocellulose comprises of varying levels of lignin, cellulose and hemicellulose.
Lignin is a heteropolymer that is composed of monolignols with numerous types of
bonds, the majority of which are B-aryl ether ($-O-4) linkages (Wong 2009). Part of
the polysaccharide component, cellulose, is built from D-glucose units joined
together with p-1,4-glycosidic bonds. This polymer has a crystalline structure and
is insoluble in water and indigestible to humans. The other polysaccharide compo-
nent, hemicellulose, is built from multiple pentose sugars like xylose, arabinose,
galactose, mannose, etc. Xylose is usually found in higher quantities than the other
pentoses (Wong 2009; Jiang et al. 2016).

Pre-treatment is a crucial step required to eliminate lignin from lignocellulose.
The term ‘pre-treatment’ is defined as the removal of lignin from lignocellulose for
accessibility to cellulose and hemicellulose. A commonly used synonym, for this
process, is delignification. Pre-treatment increases the porosity of the biomass, after
which its polysaccharide component can be efficiently processed. Additionally,
pre-treatment diminishes the crystallinity of cellulose and contributes to the
material’s processability. The degree of polymerization of cellulose is in the range
of 800-10,000, preventing effective cellulosic conversion to sugars, which is over-
come via pre-treatment through reduction of polymerization levels. Furthermore,
many pre-treatment techniques target the hemicellulose component (which bonded
to both cellulose and lignin), thereby enhancing cellulose hydrolysis and digestibility
(Sawant et al. 2016; Kim 2018).

Efficient pre-treatment techniques are distinguished based on certain criteria
which include simplicity, being inexpensive, being environmentally safe, producing
desirable products (like fermentable sugars, chemical precursors, etc.), zero produc-
tion of toxic derivatives, decreased crystallization of the polysaccharide layers,
decreased sugar losses, low energy inputs, etc. The pre-treatment processes for
lignocellulose (Fig. 6.1) can be broadly classified into four main groups, namely,
(1) physical, (2) chemical, (3) physico-chemical and (4) biological (Hassan et al.
2018). However, in light of recent advancements in the field of genetic engineering,
the authors propose a fifth group, namely, (5) genetic adjustment. At present, a
singular pre-treatment method to tackle every type of lignocellulosic biomass does
not exist (Hassan et al. 2018; Kim 2018).

An accompanying step, to the pre-treatment process of lignocellulosics, is the
utilization of commercial or crude hydrolytic enzymes (mostly cellulases) to act on
the pre-treated biomass for the release of fermentable sugars. This routine step is
called enzyme saccharification (Kumar and Sharma 2017) and ensures efficient
exploitation of pre-treated lignocellulose. Efficient saccharification is impossible in
the absence of delignification, the reason being that the intact lignin barrier blocks
the contact of hydrolytic enzymes with the polysaccharide layers of lignocellulose
(Li et al. 2008). The following subsections, of this chapter, briefly summarize each
category of pre-treatment and discuss the progress of the conversion of lignocellu-
losic agro-wastes to PHA achieved in the last 5 years (Table 6.1).
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6.2.1 Physical Pre-treatment

The physical pre-treatment of lignocellulosics aim to disrupt the structural integrity
of lignin through reduction of the particle size, thereby increasing enzymatic acces-
sibility to the underlying polysaccharide layers. Additionally, physical
pre-treatments achieve reduction in polymerization and crystallinity levels of the
substrates (Mood et al. 2013; Sun et al. 2016). The disadvantage of this pre-treatment
is that this technique requires specialized equipment, high energy inputs, intense
temperatures (sometimes accompanied by elevated pressure), etc., which contribute
to the costliness of pre-treatment (Mood et al. 2013; Kumar and Sharma 2017).

6.2.1.1 Types

There are numerous subcategories of physical pre-treatment (Fig. 6.1) like mechani-
cal (grinding, milling or chipping), irradiation (microwave, gamma rays), pulse
electric field, pyrolysis, extrusion, etc., which have been extensively reviewed
(Taherzadeh and Karimi 2008; Mood et al. 2013; Sun et al. 2016; Kumar and
Sharma 2017) but will not be discussed.

6.2.1.2 Conversion of Physically Pre-treated Agro-wastes to PHA
Minimal studies have been performed on the conversion of physically pre-treated
agro-wastes to PHA. Much of agricultural waste is used as fodder for livestock in the
form of ensilage. This is the fermented fodder obtained after compressing and
storing substrates like cornstalks, oats, rye, millet, etc., while still fresh into silos
(pits or vats). A study was performed on the usage of ensiled grass press juice
(EGPJ) as the singular source of carbon for the production of PHA by Burkholderia
sacchari TPT101 and Pseudomonas chlororaphis IMD555. The former strain
accumulated 33% poly(3-hydroxybutyrate) (PHB), while from the latter, 10%
medium-chain-length PHA was obtained (Cerrone et al. 2015).

Physical pre-treatments are routinely used in combination with other
pre-treatment processes. A study was conducted using sunflower stalks, which
were hydrothermally pre-treated at 190 °C for 5 min with stirring at 800 rpm. The
slurry was rapidly cooled and centrifuged to obtain the pre-treated biomass. The
processed biomass was then subjected to enzymatic saccharification with Cellic
CTec3, to obtain the hydrolysate to be used for PHA production. The PHA producer
used in this study was recombinant Ralstonia eutropha NCIMB 11599, engineered
to express xylose-utilizing E. coli xyI[AB genes, for PHA biosynthesis. The produc-
tion of PHA from the hydrolysate of pre-treated sunflower stalk, containing 16.8 g/L
of glucose and 5.9 g/L of xylose, yielded 7.86 g/L. PHB with content of 72.53 wt%
(Kim et al. 2016). In another study, rice straw was subjected to acid hydrolysis with
varying concentrations of sulphuric acid in order to generate hydrolysates with
desirable levels of levulinic acid, for the production of copolymer poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV) or PHBV]. However,
acid hydrolysis alone was unable to yield the required levels, and thus, heat
pre-treatment of the acid hydrolysate was carried out. PHA production from the
hydrolysate, of 2% sulphuric acid digestion and heat treated for 60 min, yielded a
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copolymer with 22.9% 3HV. Additional heating decreased productivity, perhaps due
to the inhibitory effects of intermediates (elevated quantities) in the hydrolysate
(Ahn et al. 2016a). Furthermore, the research was refined to enhance the copolymer
production by adjusting the concentration of the hydrolysate of acid pre-treated rice
straw with the production medium. Cupriavidus necator yielded suitable quantities
of [P(3HB-co-3HV)] with hydrolysate-to-media (H/M) ratio of 2:8. Moreover, the
technique of introducing the fermentation medium was investigated and revealed
that the repeatedly fed method was the best for generating a copolymer with 20-30%
3HV, suitable for application in the medical field (Ahn et al. 2016b).

6.2.2 Chemical and Physico-chemical Pre-treatment

Generally, chemical pre-treatments involve the usage of acid and alkali for
pre-treatment. Acid pre-treatment is used to solubilize hemicellulose and increase
the accessibility of hydrolytic enzymes to cellulose. Alkali pre-treatment functions to
remove lignin through the cleavage of ester bonds and decreases the crystallinity of
cellulose. Although chemical pre-treatment is advantageous due to the short reaction
time, the major disadvantage is the production of toxic by-products (like formic acid,
vanillin, furfural, hydroxymethylfurfural, etc.) formed in the pre-treatment
processing. These inhibitory products require extra steps for removal before
directing the hydrolysates for usage as raw materials. Additionally, the equipment
corrosion, problems associated with the recovery of chemicals, etc. add to the
shortcomings of this technique (Mood et al. 2013; Yang et al. 2014; Sun et al. 2016).

Physico-chemical pre-treatments involve the combination of certain chemical
pre-treatments with physical ones in an attempt to enhance the pre-treatment process
by reducing the reaction time, lowering the production of toxic by-products, increas-
ing the conversion efficiency, etc. (Yang et al. 2014; Rabemanolontsoa and Saka
2016). The most popular technique is steam explosion and achieves ‘explosive
deconstruction’ of lignocellulose. This is caused by a sudden and abrupt change in
surrounding pressure, resulting in physical degradation of the recalcitrant structures
(Kim 2018). This technique is thought to be relatively eco-friendly and energy-
friendly (Yang et al. 2014). A related technique, called liquid hot water, uses water at
different temperatures to solubilize lignin and hemicellulose component (which is
present as oligomers in the solution, thus avoiding the production of undesirable
by-products).

6.2.2.1 Types of Chemical and Physico-chemical Pre-treatments

There are numerous subcategories of chemical and physico-chemical pre-treatments
(Fig. 6.1). For example, dilute acid, concentrated acid, ozonolysis, organic solvents,
ionic liquids, etc. belong to chemical pre-treatments, and ammonia fibre expansion
(AFEX), ammonia recycle percolation (ARP), and wet oxidation (hydrogen perox-
ide) are included in physico-chemical pre-treatments. Comprehensive details of each
technique are available in literature (Taherzadeh and Karimi 2008; Mood et al. 2013;
Sun et al. 2016; Kumar and Sharma 2017).
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6.2.2.2 Conversion of Chemically Pre-treated Agro-wastes to PHA
Innumerable studies have been conducted on rice straw as a potentially inexpensive
and renewable raw material for the production of PHA. Most studies have used
chemical pre-treatment techniques to make the substrate amenable to processing and
enzymatic hydrolysis. In one study, rice straw was chemically pre-treated with
sulphuric acid in a two-step process which involved pre-treatment with 1% acid at
121 °C for 45 min and then pre-treatment with 5% acid at 121 °C for 60 min, taken in
the solid/liquid ratio, 1:10. The hydrolysates were tested for PHA production by
Bacillus cereus PS 10, which yielded 10.61 g/ PHA. The organism showed
preference for the hydrolysate medium over glucose-based medium, producing
8.6 g/l PHA on the latter. Response surface methodology (RSM) for optimization
resulted in an enhanced yield of 23% PHA accumulation. The polymer produced
was found to be PHB (Sharma and Bajaj 2015). In another study, rice straw was
subjected to pre-treatment with alkali (2% NaOH, 121 °C, 30 min) and enzyme
hydrolysis, which yielded 703 mg/g sugars. These were directed for PHA production
by Ralstonia eutropha ATCC 17699 that supplied 11.42 g/l PHA with 75.45%
accumulation under optimized conditions at 48 h. As in the previous study, the
polymer was determined as PHB (Saratale and Oh 2015). Rice husks were chemi-
cally pre-treated using potassium hydroxide (KOH) at elevated temperature and
pressure levels (121 °C, 0.1 MPa) and then subjected to enzyme saccharification
with Celluclast 1.5 L (EC 3.2.1.4) and Novozyme 188 (EC 3.2.1.21). The resultant
sugar yield was up to 87% of the total carbohydrate content. The sugars were utilized
by Burkholderia cepacia USM (JCM 15050) and an engineered strain of
Cupriavidus necator H16, Cupriavidus necator NSDG-GG, for PHA production.
B. cepacia USM generated 7.8 g/LL PHA and utilized the hydrolysates much effec-
tively than C. necator NSDG-GG (Heng et al. 2017).

Another popular agro-waste is wheat bran and has been studied extensively.
Recently, wheat bran was pre-treated, chemically, with alkali and then hydrolysed
with cellulase from Trichoderma reesei (37 FPU/g) and B-glucosidase from Asper-
gillus niger (50 CBU/g). The sugars released were found to be glucose and xylose. A
mutant strain, Ralstonia eutropha NCIMB 11599, was used for PHA production
utilizing the wheat bran hydrolysates. The resultant PHA accumulation was 62.5%
with productivity of 0.255 g/L/h (Annamalai and Sivakumar 2016). In another study,
alkaline pre-treatment liquor (APL) was subjected to optimization through the
Plackett-Burman (PB) and central composite designs (CCD) for its conversion to
PHA, using Cupriavidus necator DSM 545. The experiments were based on the
supplementation of different chemicals, namely, oxidative enzymes (laccase, aryl-
alcohol oxidase), mediators (ABTS, HOBT), DMSO, silica nanoparticle Aerosol
R816 and surfactant Tween 80. Through optimization, the supplementation of R816,
ABTS and Tween 80 achieved a tenfold increase in the PHA yield, 2.1 g/L (Li et al.
2019).

Studies have been conducted on corn-based agro-wastes in the past decade.
Recently, corn stover was chemically pre-treated with acid (1% sulphuric acid for
30 min) and alkali (1% sodium hydroxide for 60 min) at 120 °C. This generated an
increase of 11.2% and 8.3% for glucan and xylan, respectively. In the same study,
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Pseudomonas putida KT2440 was subjected to PHA production from lignin,
resulting in 1 g/l PHA (Liu et al. 2017).

In recent times, corporate waste has grabbed attention as a potential substrate for
PHA production. One such study evaluated the potential of PHA production from
waste office paper (WOP). The substrate was chemically pre-treated with acid (0.5%
sulphuric acid at 121 °C for 30 min) and then subjected to hydrolysis with enzyme.
The WOP hydrolysate obtained (containing mostly glucose and xylose) was used as
the feedstock for the production of PHA by Cupriavidus necator. The PHA produc-
tion was found to be 4.45 g/L. with accumulation of 57.52% (Neelamegam et al.
2018), which is comparable to numerous PHA producers studied. Another interest-
ing substrate studied was bagasse from the tequila industry, tequila agave bagasse
(TAB). The substrate was chemically pre-treated yielding 20.6 g/L sugars with the
production of inhibitory phenolic compounds. The hydrolysate was detoxified with
activated charcoal, showing the maximum percentage of removal (92%), and this
detoxified hydrolysate was used for PHA production (two-step batch fermentation)
by Burkholderia sacchari, an organism capable of consuming xylose. The PHA
yield was found to be 24 g/L, and the polymer was PHB (Gonzalez-Garcia et al.
2019).

Commercial producer, Cupriavidus necator, has been investigated for PHA
production using inexpensive sources and has been successful at small scale. In a
study on the utilization of softwood for PHA production, spruce wood sawdust was
subjected to microwave pre-treatment (300 and 500 W) in the presence of glycerol
and p-toluenesulfonic acid, resulting in a dark viscous liquid. After filtration to
remove residual particulates and neutralization, the liquid was used as the raw
material for PHA production. The hydrolysate served as an inexpensive precursor
for 3-hydroxyvalerate (3HV). The PHA producer, Cupriavidus necator, in the
bioreactor fermentation yielded 60.5 g/l PHBV with PHA accumulation of 77%.
The concentration of 3HV in the polymer was found to be 0.8% and was enough to
produce the desired mechanical properties (Koller et al. 2015). In a study with a
different species of Cupriavidus, kraft lignin (KL) was studied for conversion to
PHA. KL is the by-product of the kraft process, which is a technique that converts
wood chips to pulp through removal of lignin. This is the main process used in the
pulp and paper industry. KL contains many toxic by-products and is difficult to
dispose. Cupriavidus basilensis B-8 was grown on medium containing KL (5 g/L.
concentration) as the singular source of carbon and was found to produce 128 mg/L
PHA. Through fed batch fermentation, the yield was enhanced to 319.4 mg/L.
Surprisingly, the polymer was found to contain 98.3 mol% of (S)-3-hydroxybutanoic
acid (S3HB), 1.3 mol% of (R)-3-hydroxybutyrate (R-3HB) and 0.4 mol% of
3-hydroxybutanoic acid (3HB) (Shi et al. 2017).

Halophiles are organisms that require growth environments that are high in salt
content (10-20%). They can be found in all three domains (Kourmentza et al. 2017).
However, the Haloarchaea have been acquiring attention over the last decade as
producers of PHA, from numerous inexpensive raw materials. A study with
Halogeometricum borinquense strain E3 for PHA production from the hydrolysates
of dilute acid (0.75% (v/v) sulphuric acid) pre-treated sugarcane bagasse (SCB) was
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conducted. The PHA productivity by the organism, on sodium chloride (NaCl)
medium supplemented with varying concentrations of SCB hydrolysate (25% and
50%), was 3.0 (mg/g/h) and 2.7 (mg/g/h), respectively. Additionally, polymer
analyses elucidated that the copolymer P(3HB-co-3HV) was produced with
13.29 mol% 3HV (Salgaonkar and Braganca 2017). Furthermore, the organism
was evaluated for its potential to produce PHA from cassava waste (CW) and starch.
The PHA yields obtained were 1.52 g/L and 4.6 g/L, respectively. Characterization
of the polymer confirmed it to be P(3HB-co-3HV) which comprised of 19.65% and
13.11% 3HV units, respectively (Salgaonkar et al. 2019). A separate study was
conducted where Haloferax mediterranei was cultured on a special medium made
from the hydrolysates of green macroalgae, Ulva sp. (25% v/v), for the production of
PHA and achieved 2.2 g/ PHA. The polymer was found to be P(3HB-co-3HV)
(Ghosh et al. 2019). These halophilic organisms have great potential as commercial
PHA producers. They require seawater over freshwater which can be applied in
unsterile conditions due to the elevated salt contents that are inhibitory to most
contaminants, and thus, this contributes to low energy inputs. Additionally, the
polymer extraction process is greatly simplified with the use of isotonic water that
will induce hypo-osmotic shock in the halophiles, thereby rupturing the cell and
releasing the polymer granules (Kourmentza et al. 2017).

6.2.3 Biological Pre-treatment

Biological pre-treatment is acquiring attention due to its eco-friendly approach
involving the elimination of lignin through the action of white rot fungi (WRF),
nature’s lignin degraders. WREF, belonging to Basidiomycota, produce potent oxida-
tive enzymes, called ligninolytic enzymes (LE), which are responsible for lignin
degradation. These include lignin peroxidase (EC 1.11.1.14), manganese peroxidase
(EC 1.11.1.13), versatile peroxidase (EC 1.11.1.16) and laccase (EC 1.10.3.2) and
are assisted by accessory enzymes. WRF attack lignin, solubilizing it through the
formation of water-soluble fragments, and further mineralize lignin via the formation
of CO, (Blanchette 1995; Wong 2009). Biological pre-treatment has countless
advantages over other pre-treatment processes. This technique executes
pre-treatment through solid-state fermentation (SSF) where the organism comes in
direct contact with the substrate, in low water conditions. SSF is preferred as it
mimics the natural habitat of the WRF and, thus, limits the time needed for
organisms’ acclimatization. The other factors contributing to the environmentally
safe approach of biological pre-treatment are the absence of toxic derivatives (like
furfural, hydroxymethylfurfural, vanillin, etc.); lack of high energy, temperature and
pressurized conditions; lack of expensive equipment; etc., which are routinely used
in most physical, chemical and physico-chemical processes. However, the one
disadvantage of biological pre-treatment is the prolonged time period of the process
(Malherbe and Cloete 2002; Thomas et al. 2013; Rabemanolontsoa and Saka 2016).
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6.2.3.1 Types of Biological Pre-treatment

Biological pre-treatment can be accomplished in two ways: through the employment
of (1) WRF and (2) ligninolytic enzymes (LE) harvested from WRF. WRF can be
classified into two factions: type 1 organisms have selective degradation affinity for
lignin with negligible hydrolysis of cellulose/hemicellulose and type 2 organisms
have collective degradative affinity for lignocellulose as a whole (Wong 2009).
Examples of type 1 organisms are Ceriporiopsis subvermispora, Pleurotus
ostreatus, Phlebia radiata, etc., and type 2 organisms include Phanerochaete
chrysosporium, Trametes versicolor, Irpex lacteus, etc. Generally, type 1 organisms
are preferred as they enrich the biomass with cellulose through their selective
degradation of lignin. In addition, some WRF produce hydrolytic enzymes (Wong
2009; Dashtban et al. 2010) which achieve saccharification of the underlying
polysaccharide layers, and thus, these organisms can perform the dual role of
bio-delignification and bio-saccharification.

Ligninolytic enzymes comprise of haem peroxidases and phenol oxidases. The
peroxidase system includes lignin peroxidase (LiP), manganese peroxidase (MnP)
and versatile peroxidase (VP). These enzymes require hydrogen peroxide (produced
by the cell or externally present) as a co-substrate to stimulate their activity. LiP is
substrate non-specific and catalyses multistep electron transfer reactions of phenolic
compounds via formation of intermediate radicals that undergo side-chain cleavage,
demethylation, etc. Unlike other peroxidases, LiP can also oxidize non-phenolic
lignin compounds with B-1 and p-O-4 linkages, without mediators. MnP oxidizes
Mn(II) to Mn(III) and forms a complex with chelators (like oxalate). This complex is
a diffusible redox mediator that reacts with phenolic units in the lignin structure.
MnP finds great use in the decolourization of industrial dyes and effluents. VP, a
relatively recent discovery, is a hybrid enzyme with the dual oxidative ability to
catalyse the oxidation of Mn(Il) and aromatic (phenolic and non-phenolic) units
(Wong 2009; Dashtban et al. 2010). The phenol oxidases include laccase (LAC) and
uses molecular oxygen as its electron acceptor. Laccases are blue multi-copper
oxidoreductases that catalyse the oxidation of aromatic and non-aromatic units in
lignin through the formation of free reactive radicals, bringing about depolymeriza-
tion reactions (Dashtban et al. 2010).

6.2.3.2 Conversion of Biologically Pre-treated Agro-wastes to PHA

Numerous studies on the conversion of agro-wastes to PHA have been undertaken
with a focus on either chemical pre-treatments or on the direct action of the PHA
producer on the substrate, without any pre-treatment. In the last 5 years, minimal
studies have explored the use of biological pre-treatment of lignocellulose with WRF
and/or ligninolytic enzymes, for the ultimate goal, conversion of lignocellulose to
PHA. In certain studies, enzyme saccharification was performed without prior
pre-treatment. Enzymatic hydrolysis of corn stover was carried out using a cellulase
cocktail prepared from the co-culture of Trichoderma reesei and Aspergillus niger.
The sugars liberated through this process were directed for PHA production using
Paracoccus spp. LL1 and yielded PHA accumulation of 72.4% (Sawant et al. 2015).
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A viable strategy for ensuring optimum sugar levels from biologically pre-treated
biomass is to choose a lignin-degrading organism, which exhibits preference for
lignin over cellulose. Further, the lignin degrader should either have little or no
cellulase-producing capacity. Such a strategy was adopted in a study conducted to
isolate and study bacterial species capable of lignin biodegradation. Pandoraea spp.
ISTKB, a Gram-negative, non-spore-producing, motile bacterium, was isolated and
found to produce lignin peroxidase (LiP), manganese peroxidase (MnP) and laccase
(LAC). Additionally, it produced hydrolytic enzyme, xylanase, but not cellulases
(Kumar et al. 2015, 2016). This organism demonstrated higher delignification on
sugarcane bagasse in submerged fermentation conditions with lignin and hemicellu-
lose removal at 10% and 20%, respectively. Pre-treatment with this organism
resulted in a 3.7-fold increase in the enzymatic saccharification, post delignification
(Kumar et al. 2016). Furthermore, this organism was investigated for its potential to
produce PHA from lignin and its derivatives (like vanillic acid, 4-hydroxybenzoic
acid and kraft lignin). The highest PHA yield was obtained from 4-hydroxybenzoic
acid, and the polymer extracted was elucidated as the copolymer, PHBV. Through
optimization using response surface methodology, the PHA production was
improved by 66% (Kumar et al. 2017). This is one of the few promising studies
conducted where a bacterium is used for biological pre-treatment and, further, for
PHA production.

In a recent study, a novel strategy for bioconversion of lignocellulose to PHA was
investigated. Rice straw was pre-treated with dilute acid and then subjected to further
processing by Cupriavidus basilensis B-8 that could act on lignin droplets formed in
dilute acid pre-treatment (DAP). In this pre-treatment strategy, bacteria-enhanced
dilute acid pre-treatment (BE-DAP) increased the enzymatic digestibility of the
substrate by 35-70% in chemically pre-treated biomass and by 173-244% in
untreated substrate (Yan et al. 2017). This strategy targeted the pre-treatment
process, DAP, using a bacterium to further degrade the acid pre-treated rice straw,
thus exposing the underlying polysaccharides to enzyme hydrolysis.

6.2.4 Genetic Adjustment

Genetic adjustment of lignocellulose targets the lignin biosynthesis pathway (specif-
ically, biosynthesis of lignin monomers) of model species of certain softwoods
(gymnosperms) and hardwoods (angiosperms). The lignin biosynthesis cycle has
undergone revision in the past two decades with the addition of new information
obtained through genetic studies. Briefly, lignin biosynthesis begins with the forma-
tion of the monolignols (derivatives of cinnamic acid) through the phenylpropanoid
pathway. The main monolignols are p-coumaryl, coniferyl and sinapyl alcohols.
Next, the newly synthesized monolignols are transported to the cell wall through the
action of plant peroxidases and laccases. And finally, the monolignols undergo
oxidization and lignification, giving rise to p-hydroxyphenyl (H), guaiacyl (G) and
syringyl (S) phenylpropanoid units, respectively (Boerjan et al. 2003; Vanholme
et al. 2010; Liu et al. 2018). The process through which monolignols (usually at the
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B-position) are joined to the growing chain of the heteropolymer via ‘end-wise’
reactions is called lignification (Boerjan et al. 2003). Genetic adjustment of ligno-
cellulosic flora is gaining momentum as a potential pre-treatment technique because
of its capacity to engineer customized vegetation, to suit the requirements of
different industries. For example, the pulp and paper industries spend immensely
for pre-treatments to remove lignin, and concentrate the cellulose fibres, from wood.
Genetic manipulation can alter these plant species to produce, say, less lignin and
more cellulose, thereby potentially reducing the costs associated with pre-treatment.

6.2.4.1 Strategies for Genetic Adjustment of Lignin

Genetic studies, investigating the monolignol biosynthetic pathway, have elucidated
certain strategies that have potential application for lignin modification: (1) lowering
the lignin content, (2) incorporation of unique monomers into the lignin structure
and (3) modification of plant cell wall proteins (Boerjan et al. 2003; Vanholme et al.
2010; Damm et al. 2016; Liu et al. 2018). The first strategy is accomplished through
the increased integration of monolignols, which are usually present in lower
quantities. For example, softwoods are known to have exclusively G units in their
lignin layers. Applying this strategy would involve the engineering of S units
because of the lower degree of their cross-linkages, as compared to G units (Boerjan
et al. 2003). Additionally, decreasing the lignin content while increasing the cellu-
lose content is another viable strategy. This strategy would greatly benefit the pulp
and paper industries as they utilize large quantities of cellulose. These techniques
serve to ‘soften’ the lignin structure, thus lessening the intensity of harsh
pre-treatment processes that are usually needed to remove it. The addition of new
genes (encoding unique monomers) into the plant genome disrupts the lignin
assembly and contributes to the fragility of the barrier. Modifying cell wall
polysaccharides can potentially lead to the facilitation of lignocellulose degradation
without the requirement of extreme pre-treatments (Damm et al. 2016) and further, if
suitably modified, could potentially lack the necessity of pre-treatment (Li et al.
2008).

6.2.4.2 Targets for Genetic Adjustment

Transgenic studies have been performed using the model plant, Arabidopsis thaliana
(thale cress). In recent years, experimentation has also extended to numerous other
organisms like pines, Pinus alba, Pinus taeda and Pinus radiata (Wagner et al.
2015; Edmunds et al. 2017); Eucalyptus trees (Sykes et al. 2015); poplar trees
(Populus spp.); tobacco plants, Nicotiana tabacum; and grasses like maize (Zea
mays) and alfalfa (Medicago sativa) (Vanholme et al. 2008; Weng et al. 2008;
Chanoca et al. 2019). The targeted enzymes, for genetic adjustment, are those
belonging to the monolignol pathway, namely, phenylalanine ammonia-lyase
(PAL); cinnamate-4-hydroxylase (C4H); 4-coumarate:CoA ligase (4CL);
hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltransferase (HCT);
p-coumarate  3-hydroxylase = (C3H); caffeoyl-CoA  O-methyltransferase
(CCoAOMT); cinnamoyl-CoA reductase (CCR); and cinnamyl alcohol dehydroge-
nase (CAD) (Vanholme et al. 2008; Chanoca et al. 2019).
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Extensive studies have demonstrated the possibility of engineering the lignin
content of flora. The downregulation of enzymes HCT and C3H have resulted in
plants with high H units, which are usually present in extremely low quantities in
wild-type plants (Vanholme et al. 2008). The downregulation of enzymes ferulate
5-hydroxylase = (F5H) and caffeic acid/5-hydroxyconiferaldehyde  O-
methyltransferase (COMT) leads to lignin comprising of G units and incorporation
of 5-hydroxyconiferyl alcohol, respectively. However, overexpression of FSH
results in plants with solely S units in lignin (Vanholme et al. 2008; Wagner et al.
2015). Modification of the C3H and C4H genes in Eucalyptus urophylla x E. grandis
demonstrated enhanced saccharification accompanied by a decrease in the height of
the plants (Sykes et al. 2015). A related study conducted on Pinus tremula and
P. alba, targeting the CAD gene, also yielded plants with enhanced saccharification
efficiency (Van Acker et al. 2017). A field test conducted with CCoAOMT
downregulation in poplar, Beijing, demonstrated an increase in saccharification
efficiency, while CCR downregulation in poplar, France, displayed increased pli-
ability to kraft processing (Chanoca et al. 2019). The genetic studies conducted in
the last 5 years have been tabulated (Table 6.2).

Although promising results have been obtained under laboratory (greenhouse)
conditions, sometimes field reports don’t always reflect the same. The reason for this
is that greenhouses lack the environmental parameters which could influence lignifi-
cation, reversal of transgenic plants to wild type, impact of pathogen resistance,
stress tolerance, etc. (Chanoca et al. 2019). For example, downregulation of 4CL in
poplars grown in a greenhouse had lower lignin content than the same trees grown
under field conditions (Xiang et al. 2017; Chanoca et al. 2019).

Even though there is much experimentation to be done, such studies provide
proof of the viability of this method. At present, most of these studies aim to produce
suitable feedstock for biofuel production. However, as the main ingredient, sugars, is
required both for biofuels and for PHA production, collaborative processes can be
investigated.

6.3 Direct Conversion of Lignocellulosic Agro-waste to PHA

Research on the direct conversion of lignocellulose to PHA has been undertaken
over the years in an attempt to discover an organism with the potential to perform
this feat in a singular bioprocessing step. The rationale is to eliminate the length of
the process, thereby curbing excessive expenditure, energy inputs, sophisticated
equipment, etc. (Govil et al. 2020). A marine isolate, Oceanimonas doudoroffii,
was selected for PHA production for its ability to utilize lignin and lignin derivatives,
as singular sources of carbon. Through analysis, it was revealed that lignin conver-
sion to PHA was executed via sinapinic acid and syringic acid (Numata and
Morisaki 2015). A study was conducted using agricultural waste for the production
of PHA. Pineapple pieces and sugarcane waste were the agricultural carbon sources
used by Bacillus spp. to produce PHA, yielding 1.86 g/LL PHB with productivity
0.077 g/L/h (Suwannasing et al. 2015). A related study evaluated the potential of
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pineapple peel waste as feedstock for PHA production. Ralstonia eutropha was used
as the PHA producer, and polymer analyses revealed the identity of the polymer,
PHB (Vega-Castro et al. 2016).

Interestingly, studies evaluating the worth of seed-based feedstocks for PHA
production were undertaken. Recently, a study was conducted using a medium
containing 1.5% (v/v) rubber seed oil for PHA production by Bacillus cereus and
yielded 2.16 g/LL PHA at 72 h fermentation (Kynadi and Suchithra 2017). In another
study, a dual feedstock of date seed oil and date molasses was utilized for copolymer
production by Cupriavidus necator H16 Re2058/pCB113. The copolymer formed
was poly-p-hydroxybutyrate-co-p-hydroxyhexanoate [P(3HB-co-3HHx) or PHBH]
with molecular weight ranging from 500 to 690 kDa and 28 mol% 3HHXx units. The
dual combination resulted in PHA accumulation of 80% as compared to 28% PHB
accumulation from date molasses (Purama et al. 2018). Thus, seed-based feedstocks
are an untapped source of sugars and should be investigated further.

The employment of microbial co-cultures and consortia has been investigated and
hold promise for effective PHA production. A study was conducted to assess the
conversion of plant and algae biomass by Saccharophagus degradans (formerly
Microbulbifer degradans) 2-40, Bacillus cereus and co-culture of both. The results
revealed that the co-culture yielded a higher PHA accumulation of 34.5% than the
individual cultures (Sawant et al. 2017). Interestingly, S. degradans 2-40 was proven
to attach and degrade the red seaweed Gelidium amansii for the production of PHA,
yielding PHA accumulation of 17-27% (Sawant et al. 2018). In a separate study,
co-cultures of Ralstonia eutropha H16 and Ralstonia eutropha 5119 were
co-cultured with Bacillus subtilis and Bacillus amyloliquefaciens (sucrose-
metabolizing organisms). Co-culture of R. eutropha 5119 and Bacillus subtilis
resulted in 45% PHA accumulation, which was optimized to yield 66% accumula-
tion. Polymer analyses revealed the polymer to be P(3HB-co-3HV) consisting of
16 mol% 3HV (Bhatia et al. 2018).

Although nature has provided potent PHA-producing bacteria, numerous
scientists have been attempting to engineer bacterial PHA producers with
capabilities to act directly on lignocellulose, for the production of PHA in a singular
bioprocessing step. In a recently published report, Pseudomonas putida KT2440 was
subjected to numerous genetic modifications to improve the accumulation of
medium-chain-length (mcl) PHA from p-coumaric acid (a monomer of lignin) and
lignin. The modifications carried out were (1) elimination of the mcl PHA depo-
lymerization gene (phaZ); (2) decrease in direction of mcl PHA pathway
intermediates to fatty acid degradation via deletion of enoyl-CoA hydratase/3-
hydroxyacyl CoA dehydrogenase (fadB) and 3-ketoacyl-CoA thiolase (fadA)
genes; and (3) increase of carbon from fatty acid chain elongation to mcl PHA
production through the integration of the hydroxyacyl-ACP thiolase (phaG), the
hydroxyacyl-CoA synthase (alkK) and the two PHA polymerase (phaC1 and phaC2)
genes. This resulted in the strain, P. putida AG2162, which yielded a 53% and 200%
increase in mcl PHA titre (g/L) and yield (g mcl PHA/g dry cell weight), respec-
tively, from p-coumaric acid. Additionally, this was accompanied by an increase of
20% mcl PHA titre (g/L) and 100% yield (g mcl PHA/g dry cell weight) from lignin,
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when compared with the wild-type strain (Salvachua et al. 2020). A similar study
was conducted using the same strain, Pseudomonas putida KT2440, wherein the
CRISPR/Cas9n-A-Red system was used to edit the organism’s genome to include
nine genes responsible for ferulic acid catabolism and production of PHA. The
resultant strain, KTc9n20, produced 270 mg/L PHA from a system with 20 mM
ferulic acid (Zhou et al. 2020). Ferulic acid is an intermediate phenolic metabolite
formed during lignocellulose pre-treatment and biodegradation. This method
appears to be very promising for utilization as an alternate for PHA production.
However, PHA yields still need to be enhanced through further experimentation and
optimization.

An extensive review of literature, over the past two decades, has postulated the
benefits and sustainability of establishing biorefineries in close proximity to
industries, thereby creating opportunities for utilizing waste streams and thus reduc-
ing pollution and disposal issues while generating additional income (Koller et al.
2010; Jiang et al. 2016; Dietrich et al. 2019). However, minimal studies have
investigated the viability of such an endeavour. Recently, an interesting study was
conducted which evaluated the economic efficiency of installing a biorefinery
attached to a sugar mill for the simultaneous production of poly-f-hydroxybutyrate
(PHB), succinic acid and electricity from sugarcane bagasse and mill trash
lignocellulosics. Of the four scenarios considered, the most viable arrangement
was found to be the production of PHB from quarter of the fermentable sugar stream
coupled with succinic acid production from the remaining three quarters of the sugar
stream. This resulted in US$477.2 million net present value coupled with 24.1%
internal rate of return (IRR). Thus, such a proposition affords a sustainable invest-
ment opportunity for sugar mills (Nieder-Heitmann et al. 2019).

6.4 Conclusion

PHA has the desirable characteristics, which make it an attractive alternative to
non-biodegradable petroleum and oil-based plastics. It is completely biodegradable
and biocompatible with UV resistance, thermoplasticity and non-toxicity. Unfortu-
nately, the process of PHA production is costly due to the high expense of raw
materials coupled with low efficiency. Thus, scientists have developed techniques to
employ lignocellulose, the most copious carbon cache, as an inexpensive feedstock
for PHA production. Although there are many issues involved with the usage of
lignocellulose, various pre-treatment methods have been developed to overcome
these obstacles. Of the multitude of pre-treatment methods, techniques like
biological pre-treatment, genetic manipulation, etc. have begun to catch the attention
of scientists. Each pre-treatment has its profits and losses; however, a universal
pre-treatment method, which can suit all types of biomass (agricultural residues,
softwoods, hardwoods, etc.), is yet to be developed. In the last 5 years, several
studies have been conducted to evaluate different lignocellulosic agro-wastes for the
production of PHA. The goal of sustainability coupled with minimal capital and
energy is the driving force behind these studies. Many studies have shown promising
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results. However, this process is still in its infancy and requires further investigation
if it is to be established and commercialized.
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Abstract

Production of polyhydroxyalkanoate (PHA) using commercially available carbon
sources like glucose or sucrose makes the bioprocess economically nonviable,
thereby hindering its commercialization. As an alternative to this issue, inexpen-
sive and easily available agro-industrial wastes are now being exploited as
feedstock for PHA production. Fruit wastes are generally discarded as they are
considered to be the non-product leftovers which do not have any economic value
when compared with the cost of their collection and recovery steps for reuse. But
through the use of appropriate technological applications, these wastes can be
converted to valuable by-products, which can increase the value of the products
much higher than the cost associated with recovery steps. By recycling and
reprocessing the fruit wastes, they can be channeled into many applications,
and thereby the amount of fruit wastes discharged into the environment can be
completely reduced along with their detrimental effects. Large amounts of fruit
wastes are produced by fruit-based industries. The waste products can be both
solids and liquids, and these wastes are of high nutritional and biomass values for
microorganism; thus their addition to waterbodies can make them highly polluted
(high BOD or COD). These fruit-based wastes still have a promising potential for
bioconversion into products of commercial importance or can be successfully
exploited as cheap raw materials for industrial production of commercially
important metabolites. This chapter deals with the strategies for production of
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PHA from fruit waste substrates, extraction and characterization of PHA, and
their applications in diverse sectors.

Keywords

Polyhydroxyalkanoates - Biopolymers - Downstream processing - Fruit waste -
Biodegradability

71 Introduction

Plastic has gained importance in day-to-day life of human beings, mainly because of
its durability, lightweight, low manufacturing cost, and the property to resist physi-
cal stress and chemical and biological degradations. The most important property of
plastic is that its chemical structure can be engineered to give us the desired shapes
with the desired property, such as packaging materials and disposable goods (Du and
Yu 2002). Plastics are generally multichains of polyethylene, polypropylene, poly-
styrene, and polyvinyl chloride and their other forms. The main disadvantage of
plastic, its “non-biodegradability,” is the main fear haunting earth and its environ-
ment. The monomers of plastics are larger in size making the microorganism to have
a lesser effect on their degradation, making them in the top category of xenobiotics
(Brandl et al. 1990; Reddy et al. 2003). The quantity of these plastics are exponen-
tially increasing in the planet; early in the 1950s, the plastic production was 2 million
tonnes per year, and in 2015, it has crossed over 385 million tonnes per year, and the
majority of these plastics are disposed of into the environment (Ritchie and Roser
2018). Due to their existence and accumulation over centuries, they are imposing a
huge strain on the environment (Albertsson et al. 1987). New enzymes which are
capable of degrading these pollutants are yet to be formed, and the built-in mecha-
nism of nature is unable to degrade these synthetic polymers (Mueller 2006).

The plastics dumped in the environment are affecting waterbodies, forest, and
even cities. The waterbodies and forests filled with plastics will create a hostile
environment to the organisms living in them and can eventually lead to eutrophica-
tion in the case of lakes and ponds (Ojumu et al. 2004). The common measures of
plastic disposal routinely followed include landfilling, incineration, and recycling.
An estimate of plastic disposal highlights that 55% of the plastic produced are being
disposed of and littered, which will be blown to the sea and eventually hit the marine
life hard (Moore 2008). Twenty-five percent of the remaining are incinerated, which
releases a lot of gases like carbon dioxide, carbon monoxide, furans, dioxins,
hydrogen chloride, hydrogen cyanide, nitrogen oxides, and benzopyrene which
can disturb their optimal levels in the atmosphere and can result in an unhealthy
and corrosive environment (Jayasekara et al. 2005). The remaining 20% are
recycled, but this in turn reduces the quality of the plastic by altering its chemical
structure or material properties. The recycling cost for plastic is high, and the
application range of recycled plastics is very much less as compared to virgin
plastics available in the market. This makes the manufacturers prefer virgin plastics
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over recycled ones. The one-time usage and steady existence of plastics increase
their rate of accumulation in the environment and the resulting adverse effects
(Mohanty et al. 2002).

7.2  Bioplastics

Bioplastics also known as biodegradable polymers are the polymers which can be
degraded by the activity of common microorganisms. Bioplastics have the capability
to replace the petroleum-based synthetic plastics which we use in day-to-day life.
These polymers are synthesized by a range of organisms under different environ-
mental and nutritional conditions, as storage molecules (stored in mobile, amor-
phous, liquid granules) to cope up with a stressed environment. Based on the source,
bioplastics are classified into different types like plant-based (starch, lignin, gluten,
cellulose, etc.), animal-based (chitin and chitosan), and microbial-based (PHA,
xanthan, pullulan, and chitin) (Al Ali AlMaadeed et al. 2020). The bioplastics can
be degraded under any condition at any place where microorganisms reside like
landfills, composts, or sewage treatment plants. The main components which are
released during the degradation are carbon dioxide, water, and humic substances,
which don’t cause any harm to the environment (Siracusa 2019).

7.3  Polyhydroxyalkanoates (PHAs)

Polyhydroxyalkanoates (PHAs) are one of the most focused groups among biode-
gradable plastics. These are polyesters of hydroxyalkanoates and are produced and
accumulated as intracellular granules in numerous prokaryotes as an energy source
under stressed conditions (usually with excess carbon coupled with limitation of
nitrogen or any other essential nutrients). Other than energy storage, these PHA
granules are known to enhance the organisms’ robustness against various stress
factors like maintaining cell integrity during an osmotic shock (Sedlacek et al. 2019).
The bioplastics in the PHA family are the only class of 100% biodegradable
polymers, exclusively synthesized by microorganisms, and more than 80% of
PHA accumulation (with respect to cell dry weight) was detected in different
bacteria (Lee 1996). Therefore, it can be completely degraded easily into the
simplest compounds which are of no harm to the environment by the accumulating
strains itself with their depolymerase enzyme. PHAs can be degraded under aerobic
and anaerobic conditions unlike many other bioplastics, and they do not need any
catalysts or additives to step up their degradation. The majorly studied class of PHA
includes poly-beta-hydroxybutyric acid (PHB) and poly-beta-hydroxyvaleric acid
(PBHV). PHB was discovered first in bacteria, and it occurs as various copolymers.
These copolymers are known to have better mechanical and film-forming abilities
like the low-density polyethylene.
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7.3.1 Chemical Structure of PHA

PHASs are monomers of hydroxyalkanoic acids which are linked by ester bonds, and
the length of PHA polymer (n-value) can be more than 3000 monomers. Based on
the producing organism, PHA length can differ, and the length of the (R)-pending
group also has a role in determining molecule’s length (Fig. 7.1). The most com-
monly occurring PHA is PHB, and hence they are the widely studied class of PHAs.
The mechanical properties of PHA are completely based on the monomer unit, and it
is reported that more than 120 monomer units of PHA with a wide variety of (R)-
pending groups have been discovered. The hydroxyl group and carboxyl group of
adjacent PHA monomers form the ester bond and hence the polymer. (R)-3-
hydroxyalkanoic acid is the major molecule present in the PHA monomer, and a
wide variety of (R)-pending groups varying from (C1) methyl to (C8) tridecyl were
observed (Table 7.1). In fact, the wide range of application of PHAs comes from the
huge variability of functional groups, length of the chain, and number of unsaturated
bonds. The chemical nature of the synthesized PHA also depends on the microbial

CH

\VAVAVAVAVA

CH

CH 0 R 0 CH,

Fig. 7.1 Basic structure of PHA

Table 7.1 Classification of PHAs based on the R-group

R-group Abbreviation Polymer name

Hydrogen = H PHP Poly(3-hydroxypropionate)
Methyl = CHj; PHB Poly(3-hydroxybutyrate)
Ethyl = CH,CHj; PHV Poly(3-hydroxyvalerate)
Propyl = (CH,),CHj; PHHx Poly(3-hydroxyhexanoate)
Butyl = (CH,);CH3 PHH Poly(3-hydroxyheptanoate)
Penyl = (CH,),CH3; PHO Poly(3-hydroxyoctanoate)
Hexyl = (CH,)sCH; PHN Poly(3-hydroxynonanoate)
Heptyl = (CH,)sCHj; PHD Poly(3-hydroxydecanoate)
Octyl = (CH,),CH3; PHUD Poly(3-hydroxyundecanoate)

Octyl = (CH,),CH3; PHDD Poly(3-hydroxydodecanoate)
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strain producing it, the type of substrate (carbon source) used, and its relative quality
and quantity (Liebergesell et al. 1993). Based on the carbon chain length of the
monomeric units, PHAs can be categorized into the following three groups (Volova
2004):

1. Short-chain-length PHA (scl-PHA)—Monomer chain has three to five carbon
atoms.

2. Medium-chain-length PHA (mcl-PHA)—Monomer unit consists of 6—14 carbon
atoms.

3. Long-chain-length PHA (Ic1-PHA)—Monomer unit with 17-18 carbon atoms.

A stiff material with high crystallinity, high tensile modulus, and long elongation
at break is obtained when the small side chains are methyl or ethyl groups of
scl-PHA. These are brittle with high melting temperature around 170 °C, which
may result in polymer decomposition and therefore limits the applicability of this
homopolymer (Madison and Huisman 1999). The introduction of 3-hydroxyvalerate
into PHB results in a copolymer of poly-3-hydroxybutyrate-co-3-hydroxyvalerate,
which is less stiff and brittle than the normal PHB, thus expanding its application
range. As the side chain length increases, the polymer formed becomes more elastic.

7.3.2 Enzymatic Synthesis of PHA

PHA biosynthesis is catalyzed by mainly three groups of enzymes (Madison and
Huisman 1999):

B-Ketothiolase: These are homo-tetrameric enzymes which have molecular mass of
160-190 kDa. It catalyzes the formation of C-C bonding and the N-terminal
amino acid sequence. f-Ketothiolase gets inhibited by coenzyme A.

Acetoacetyl-CoA Reductase: They are homo-tetramer with identical subunits, and
the molecular weight ranges between 85 and 140 kDa. They involve in PHA
synthesis and catalyze oxidation-reduction reaction between hydroxybutyrate and
acetoacetate.

PHA Synthase: They act on hydroxyalkanoate monomers and form the ester bonds
to produce the PHA polymer. The substrates for this group of enzymes are
coenzyme A (CoA) thioesters of hydroxyalkanoic acids (HAs) and release CoA
while catalyzing the polymerization of HAs into PHA. Depending on the micro-
bial strain, their molecular weight varies.

7.3.3 Biosynthetic Pathways for PHA Production

The microorganisms utilize the carbon source in order to attain energy, and the sugar
molecules are subjected to glycolysis which gives out pyruvate molecules. These
pyruvate molecules are converted to acetyl-CoA and then channeled to the Krebs
cycle as the coenzyme A released during the Krebs cycle in a regular microbial
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growth with sufficient nutrition will inhibit the activity of f-ketothiolase enzyme and
suppresses the PHA biosynthetic pathway. When we induce a low-nutrient stress,
the acetyl-CoA will not enter into the Krebs cycle and will get accumulated; these
accumulated acetyl-CoA will be used up to synthesize PHA (Liebergesell et al.
1993). By doing intense study on the groups of bacteria producing PHA, four
different biosynthetic pathways for PHA production are reported.

7.3.3.1 PHA Biosynthetic Pathway |

This is the most commonly observed PHA biosynthetic pathway in PHA-producing
bacteria (Liebergesell et al. 1993). This pathway is studied well in Cupriavidus
necator (Fig. 7.2). There are three genes responsible for this pathway: pha A, pha B,
and pha C. pha A gene codes for p-ketoacyl-CoA thiolase which catalyzes the
condensation reaction between two acetyl-CoA molecules to generate acetoacetyl-
CoA. This acetoacetyl-CoA is reduced by NADPH-dependent acetoacetyl-CoA
dehydrogenase, encoded by pha B gene, to (R)-3-hydroxybutyrate monomer.
Enzyme PHA synthase encoded by pha C gene will then carry out the polymeriza-
tion between the monomer units by forming the ester linkage (Anderson and Dawes
1990).

7.3.3.2 PHA Biosynthetic Pathway I

This pathway is evident in Rhodopseudomonas rubrum; PHA is produced by
[B-oxidation of fatty acids (Fig. 7.3). The initial step of this pathway is the same as
pathway I, where B-ketoacyl-CoA thiolase condenses two acetyl-CoA molecules and
forms acetoacetyl-CoA. In the next step, Enol-CoA is converted into (S)-3-
hydroxyacyl-CoA by the action of Enol-CoA hydratase enzyme and then into to 3-
Ketoacyl-CoA with the help of 3-Ketoacyl-CoA dehydrogenase. This Enol-CoA can

Glycolysis Pyruvate
dehydrogenase complex

Sugar B 2 xPyruvate p— 2 x Acetyl-CoA

p-Keto acefyl-CoA
thiolase

Acetoacetyl-CoA
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acetoacetyl CoA
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P(3HB)a1

Fig. 7.2 PHA biosynthesis pathway I



7  Fruit Waste as Sustainable Resources for Polyhydroxyalkanoate (PHA) Production 211

- Acyl CoAligase
Fatty acids Acyl CoA
Acyl CoA
dehydrogenase
EnolCoA
l Enol CoA hydratase
3-Ketothiolase
= I g R-enol CoA
(S)-3-hydroxyacyl Sviratate

CoA
3-hydroxyacyl CoA

dehydrogenase
3-Ketoacyl CoA

3-Ketoacyl CoA
reductase

(R)-3-hydroxyacyl
CoA

PHB synthase

P(3HB)u:1
Fig. 7.3 PHA biosynthesis pathway II

also be directly converted into 3-Ketoacyl-CoA by the action of R-enol CoA
hydratase. 3-Ketoacyl-CoA can also carry out the feedback inhibition on the first
step with the help of 3-Ketothiolase enzyme. Finally, (R)-3-hydroxyacyl-CoA is
formed from 3-Ketoacyl-CoA by the action of 3-Ketoacyl-CoA reductase (Khanna
and Srivastava 2005). The PHA polymerization happens by the action of PHB
synthase.

7.3.3.3 PHA Biosynthetic Pathway il

This pathway was majorly studied in Pseudomonas oleovorans of Pseudomonas
group I type (Fig. 7.4). This pathway is almost identical to PHA biosynthetic
pathway II, except mcl-PHA is produced at the end of the pathway and the PHA
production is happening through p-oxidation of alkanes, alkanols, and alkanoic acids
(Naik et al. 2008). Initially the alkenes and alkanes are converted into fatty acids by
terminal oxidation, and these fatty acid molecules are subjected to p-oxidation.
During the p-oxidation, the compounds enol-CoA and 3-ketoacyl-CoA are formed
as intermediates. The enzyme R-enol-CoA hydratase converts enol-CoA to (R)-3-
hydroxyacyl-COA, and the 3-ketoacyl reductase reduces the 3-ketoacyl-CoA to (R)-
3-hydroxyacyl-COA. The PHA production from (R)-3-hydroxyacyl-COA is
catalyzed by PHA synthase.

7.3.3.4 PHA Biosynthetic Pathway IV
Pathway IV is studied in Pseudomonas group Il type (Fig. 7.5), and the de novo fatty
acid synthesis pathway is used to produce PHA which involves copolymer mcl-PHA
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synthesis from acetyl-CoA (Naik et al. 2008). The (R)-3-hydroxyacyl-ACP formed
during the de novo pathway will be transformed into 