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Abstract

Plastics play a very important role in our daily life. They are used for various purposes. But the disposal of these petrochem-
ical-derived plastics causes a risk to the human and marine population, wildlife and environment. Also, due to the eventual
depletion of petrochemical sources, there is a need for the development of alternate sources for the production of plastics.
Biodegradable polymers produced by microorganisms can be used as substitutes for conventional plastics derived from pet-
rochemical sources since they have similarity in their properties. Polyhydroxyalkanoate (PHA) is one such biopolymer that
will be accumulated inside the cells of microorganisms as granules for energy storage under limiting conditions of nutrients
and high concentration of carbon. Research on the microbial production of PHA should focus on the identification of cost-
effective substrates and also identification of a suitable strain of organism for production. The major focus of this review is
the production of PHA from various cost-effective substrates using different bacterial species. The review also covers the
biosynthetic pathway of PHA, extraction method, characterization technique, and applications of PHA in various sectors.
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Introduction

Plastics are non-biodegradable polymers produced from
petrochemical sources. They are an integral part of our
everyday life. About 140 million tons of plastics are pro-
duced every year in the world. Plastic manufacturing has
increased drastically due to its low cost, durability, good
mechanical and thermal properties [1, 2]. They are used
in medical applications, telecommunication, as furniture,
packaging materials, shopping and garbage bags clothing,
liquid containers, footwear, toys, household products, indus-
trial products, and building materials [3, 4]. There are two
major problems caused by the use of plastics. First, since
they are stable, they accumulate in the environment for dec-
ades and causes several environmental and health problems.
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They contaminate water resources and are a threat to the
life of marine animals and birds. Animals get entangled in
plastics leading to their injury and ultimately death. Sec-
ond, due to the inevitable decline of petroleum resources,
alternate methods to produce plastics have to be developed
[4-6]. In order to overcome the problems caused by plas-
tics, there is a need for the development of biodegradable
polymers that have the properties similar to conventional
plastics. Biopolymers are biodegradable polymers produced
by various microorganisms. They can be degraded aerobi-
cally and anaerobically by microorganisms. The commonly
produced biopolymer is Polyhydroxyalkanoates (PHA).
Different types of PHA are polyhydroxybutyrate (PHB),
polyhydroxyvalerate (PHV), polyhydroxyhexanoate (PHH)
and polyhydroxyoctanoate (PHO). PHB is the first class of
PHA identified and studied. It has many properties similar
to that of conventional plastics produced from petroleum
resources [7]. PHB is synthesized by bacteria, as intracel-
lular granules for energy storage. They are produced under
the limited concentration of O, N, P, S or trace elements and
high concentration of carbon. Normally nutrients present in
growth medium are used for the synthesis of proteins. But
when nitrogen concentration is limiting, protein synthesis
ceases and PHB is synthesized [8]. Alcaligenes eutrophus is
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the main producer of PHB. It accumulates PHB up to 80%
of its dry weight [7]. For modern plastic materials, a range
of materials (both renewable and non-renewable) are used
as feedstock. Figure 1 illustrates the various sources utilized
as feedstock for biopolymer production. Plastics produced
from non-renewable feedstock are usually petroleum-based
and fortified using glass or carbon fibers. Renewable feed-
stock source includes microbially-grown polymers and those
extracted from starch. Such materials can be reinforced by
natural fibers, from plants such as hemp, jute, flax, and other
cellulose sources [9]. The aim of this review is to provide
an overview of PHA accumulating microorganisms and the
renewable sources that can be used to produce PHB in a
cost-effective manner. Biosynthetic pathways of PHB, its
physicochemical properties, extraction procedures, analyti-
cal studies, degradation studies and applications in various
fields are also analyzed.

Biodegradable Polymers

Biodegradable polymers are defined in a variety of ways in
the literature. In ASTM (American Society for Testing and
Materials) D 6400-99, biodegradable polymers (plastics)
are degraded by the action of naturally occurring micro-
organisms .such as fungi, bacteria, and algae. Composta-
ble polymers undergo degradation by biological processes
during the composting process, breaking down into CO,,
H,0, inorganic compounds and biomass at a rate consistent
with other compostable materials and leave no distinguish-
able toxic residue in the environment. According to the ISO
(International Organization for Standardization) definition
of biodegradable polymers, only a chemical change in the
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Fig. 1 Different waste source employed for producing PHA

@ Springer

material by microorganisms is required. The DIN (German
Institute for Standardization) standard, in contrast, demands
the conversion of polymers into microbial metabolic prod-
ucts. However, the most common definition is ‘Polymers
which are degraded to compostable products under normal
environmental conditions (aerobic and anaerobic) within an
acceptable period of time after their useful life, are termed
biodegradable polymers’. These polymers degrade and
decompose through the action of different types of microor-
ganisms such as fungi, bacteria, yeasts, and actinomycetes
which are present in the environment. The polymeric prod-
uct is biodegraded under specific environmental conditions
to a specific extent within the given time, as defined in the
test method. This is an irreversible process, causing changes
in structure, loss of properties and, ultimately disintegration
into small fragments of non-visible, non-toxic residue for
release into the environment. The polymers which degrade
in the environment via several mechanisms, concluding in
absolute biodegradation that leaves no evidenced residue
left behind in the environment are defined as environmen-
tally acceptable degradable polymers. Biological activity
is the basis of biodegradation particularly by the action of
the enzymes that direct to considerable alteration in the
chemical structure of the degraded polymers. During deg-
radation, polymers must break down completely into sim-
ple molecules such as carbon dioxide and water within a
defined time period. However, thickness and geometry of the
degradable products highly influence the rate of biodegrada-
tion. Although thin films may degrade quickly, thick-walled
articles such as plates, food trays, and cutlery may take more
than a year to degrade in the open atmosphere [10, 11].

Classification of Biodegradable Polymers

Biopolymers are biodegradable, and some are also com-
postable. Biodegradable polymers are broken down into
water and carbon dioxide by microorganisms. Compostable
biopolymers can be put into an industrial composting pro-
cess and will break down by 90% within 6 months. Biopol-
ymers are biodegradable, and some are also compostable.
There are primarily two classes of biopolymers: one that is
obtained from living organisms and another that is produced
from renewable resources but require polymerization [12].
Bioplastics are classified into three main types based on the
commercial scale of production: (1) fossil carbon source
derived plastics and biodegradable; (2) biomass-derived
plastics and biodegradable; and (3) biomass-derived plas-
tics but not biodegradable. Biopolymers may also be divided
into different classes [13] based on their production (Fig. 2).

e Polymers extracted/removed directly from biomass such
as polysaccharides (starch, cellulose and proteins).
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Fig.2 Classification of biopoly-
mers based on production

Biopolymers

e Polymers produced by microorganisms or genetically
modified bacteria. To date, this group of biobased pol-
ymers consists mainly of the polyhydroxyalkanoates,
but developments with bacterial cellulose are in pro-
gress.

e Polymers produced by classical chemical synthesis
using renewable biobased monomers. A good example
is a polylactic acid, a biopolyester polymerized from
lactic acid monomers.

e Polymers produced by conventional synthesis from
synthetic monomers. Examples are aliphatic and aro-
matic polyesters.

Biopolymers from Agro-resources

Bacterial fermentation processes are performed for syn-
thesizing the building blocks (monomers) of biopoly-
mers from renewable resources such as organic waste,
lingo cellulosic biomass (starch and cellulose) and fatty
acids. These biopolymers are similar properties to that of
conventional plastics. Natural biobased polymers are the
other class of polymers that are found naturally, such as
proteins, nucleic acids, and polysaccharides. Agropoly-
mers preserve the petrol resources replacing conventional
polymers and have common characteristics such as hydro-
philicity. They are mainly extracted from plants and are
compostable. Since they are produced from renewable
resources, they will be an interesting alternative to non-
degradable polymers for short-life range applications.
Agropolymers can find biomedical applications linked
with intrinsic properties and could contribute to carbon
footprint reduction in the future. They are classified into
polysaccharides and proteins [13-15].
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Biopolymers from Microorganisms

Microorganisms can be used for the biosynthesis of various
biopolymers such as xanthan, dextrans, pullulan, glucans,
gellan, alginate, cellulose, cyanophycin, poly(gamma-glu-
tamic acid), levan, hyaluronic acid, cellulose, organic acids,
oligosaccharides, polysaccharides, and polyhydroxyal-
kanoates [16]. Some microorganisms are particularly capa-
ble of converting biomass into biopolymers while employing
a set of catalytic enzymes. Though the fermentation proce-
dures are costly, they are considered to be best for producing
such polymers as they yield best results within the short time
[17]. Microorganisms sometimes may or may not depend
on a separate polymerization step during fermentation pro-
cesses since the type of substrate that has to be degraded, the
microbe that is involved, and the conditions that are present
during the process determines the microbial fermentation
processes. However, the major advantage is that biodegrad-
able polymers are totally degraded to water, CO,, and CH,
by anaerobic microorganisms [13, 18].

Biopolymers from Biotechnology

An environmentally conscious alternative for petroleum-
derived plastics is to design/synthesize polymers that are
biodegradable. The presence of hydrolyzable or oxidizable
linkage on the polymer main chain, the presence of suitable
substituents, correct stereo configuration, balance of hydro-
phobicity and hydrophilicity, and conformation flexibility
contribute to the biodegradation of hydrolysable polymers,
which proceeds in a diffuse manner, with the amorphous
regions degrading prior to the degradation of the crystalline
and cross-linked regions. In this context, the biotechnologi-
cal approaches are being increasingly recognized as a key to
developing better biodegradables and low-cost biopolymers.
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Fully biodegradable synthetic polymers, such as polylactic
acid (PLA), polycaprolactone (PCL), and polyhydroxybu-
tyrate-valerate (PHBV), have been commercially available
since 1990. However, these synthetic polymers from natural
resources are usually more expensive than petroleum-based
polymers [19]. For decades, scientists have been fascinated
with microbial production of PHB [20, 21]. As an alterna-
tive approach, microorganisms have been engineered to pro-
duce hydroxyalkanoates (HAs) [22, 23]. Besides wild-type
strains, recombinant strains are also being developed. Vari-
ous types of recombinant Escherichia coli strains are able
to synthesize PHA to high intracellular levels and some are
amenable to genetically mediated lysis systems to facilitate
the release of the PHA granules [13, 24].

Biopolymers from Synthetic Monomers

A large number of biodegradable polyesters are based on
petroleum resources, obtained chemically from synthetic
monomers. According to the chemical structures, we can
distinguish polycaprolactone, aliphatic copolyesters, and
aromatic copolyesters. All these polyesters are soft at room
temperature. These are polymers that do not occur in nature
as such, and, therefore, when they end up in the natural envi-
ronment, they represent a durable foreign object, since they
cannot be incorporated into the natural cycle. It is estimated
that the discarded plastic bottle remains in the natural envi-
ronment for 450 years. Among these polymers, degradability
is otherwise achieved with the integration of hydrolytically
unstable bonds into the polymer (e.g., esters, amide groups)
[13, 25].

Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) are among the most inves-
tigated biodegradable polymers in recent years. They are
superior to other biodegradable polymers because of the
large number of different monomer constituents that are
incorporated. These polyesters have chemical and physi-
cal properties similar to conventional plastics, which
add to their biodegradability and biocompatibility [26].
PHASs are mainly produced from renewable resources by
fermentation. A wide variety of prokaryotic organisms
accumulate PHA from 30 to 80% of their cellular dry
weight. PHAs are considered biodegradable and thus
suitable for, e.g., short-term packaging, and also consid-
ered as biocompatible in contact with living tissues and
can be used for biomedical applications [27]. PHAs are
polyesters of hydroxyalkanoates with the general struc-
tural formula as shown in Fig. 3, where n varies from
600 to 35,000 and if R =hydrogen Poly(3-hydroxypro-
pionate) R =methyl Poly(3-hydroxybutyrate) R = ethyl
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Poly(3-hyvdroxyvalkanoate)

R group Carbon number PHA polymer
Methyl Cy Poly(3-hydroxybutyrate)

Ethyl Cs Poly(3-hydroxyvalerate)
Propyl Ce Poly(3-hydroxyhexanoate)
Butyl C; Poly(3-hydroxyheptanoate)
Pentyl Cyq Poly(3-hydroxyoctanoate)
Hexyl Co Poly(3-hydroxynonanoate)
Heptyl Cio Poly(3-hydroxydecanoate)
Octyl Cy Poly(3-hydroxyundecanoate)
Nonyl Cp Poly(3-hydroxydodecanoate)
Decyl Ci3 Poly(3-hydroxytridecanoate)
Undecyl Cy Poly(3-hydroxytetradecanoate)
Dodecyl Cis Poly(3-hydroxypentadecanoate)
Tridecyl Cis Poly(3-hydroxyhexadecanoate)

Fig.3 General structure of PHA, n=1, 2, 3 to several thousand [35]

Poly(3-hydroxyvalerate) R = profile Poly(3-hydroxyhex-
anoate) R = pentyl Poly(3-hydroxyoctanoate) R =nonyl
Poly(3-hydroxydodecanpate) PHAs are generally clas-
sified into short-chain-length PHAs (sCL-PHAs) and
medium-chain-length PHAs (mCL-PHAs) by the different
number of carbons in their repeating units. For instance,
sCL-PHAs contain four or five carbons in their repeat-
ing units, while mCL-PHAs contain six or more carbons
in the repeating units. Accumulation of PHA by micro-
organisms can be stimulated under unbalanced growth
conditions, for example, when nutrients such as nitrogen,
phosphorus, or sulfate become limited; when the oxygen
concentration is low; or when the C: N ratio of the feed
substrate is higher [28]. During starvation, PHA serves
as a carbon and energy source and is rapidly oxidized
thereby retarding the degradation of cellular components,
combating the adverse conditions as in rhizosphere [29].
Besides functioning as a carbon and energy storage com-
pound, other possible functions of PHA have been gaining
interest. Studies on the ability of a microbial cell to take
up genetic material from an external medium (known as
competence) have led to the identification of another type
of PHA that is a constituent of cytoplasm and cytoplasm
membranes [30]. PHA production in bacterial cells was
initially described by Beijerinck and colleagues [31].
PHA inclusions within the cells were first described as
lipids by biochemists; however, in 1925 Lemoigne deter-
mined the inclusion bodies to be polyhydroxybutyrate
(PHB). Lemoigne first reported the discovery of PHB as a
component of the bacterium Bacillus megaterium in 1926
[32]. An improved fermentation process, a more efficient
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recovery/ purification process, and the use of inexpensive
carbon sources for the production of PHB have also been
found to substantially reduce the cost of production [33].
Microbial PHA is a potential renewable biopolymer with
properties closely resembling some common petrochemi-
cal plastics. Because of the vast range of structurally dif-
ferent monomers that can be polymerized by microbes, a
wide range of material properties can be achieved [34].
PHA production starts in response to stress imposed on
cells, usually by nitrogen or phosphorus limitation, in the
presence of an abundant carbon source. Under these con-
ditions (PHA accumulation phase), the cells do not grow
or divide but instead divert their metabolites toward the
biosynthesis of hydroxyalkyl-CoA (HA-CoA). HA-CoA
is an activated monomeric precursor that is polymerized
by the enzymatic action of PHA synthase to form PHA
polyester. Being insoluble in water, PHA begins to form
amorphous and nearly spherical granules that gradually
fill the cells and force them to expand. The most widely
produced PHA is PHB, which is water insoluble and rela-
tively resistant to hydrolytic degradation. PHB is soluble
in chloroform and other chlorinated hydrocarbons. Fur-
ther, PHB is suitable for medical applications like bone
plates, nails, screws, and in the treatment of osteomyelitis.
PHB has its melting point at 175 °C and glass transi-
tion temperature of 15 °C [27]. Polyhydroxyalkanoates
are different types and they can be structurally classified
on the basis of a number of carbon atoms and the types
of monomers (Fig. 3). They can be classified into three:

e Short chain length PHAs (scl-PHAs): the monomers
consist of 4-5 carbon atoms. Examples include poly
(3-hydroxy butyrate) and poly (4-hydroxy butyrate) [36].

e Medium chain length PHAs (mcl-PHAs): they consist of
6-14 carbon atoms. Examples include poly(3-hydroxy
hexanoate) and poly(3-hydroxy octanoate) [37].

e Scl-mcl PHA copolymer consists of monomers with 4—12
carbon atoms [38].

e Long chain length PHA (Icl PHA): they consist of more
than 15 carbon atoms [39].

Biosynthetic Pathways for PHA Production

Synthesis of PHA can be carried out by chemical or biologi-
cal methods. High molecular weight PHA can be obtained
when they are synthesized by biological approaches. But
the structure of PHA cannot be predicted when they are
obtained biologically [40]. There are almost 250 different
bacterial species that can produce PHB. But only a few of
them like Alcaligeneslatus, B. megaterium, C. necator, and
P. oleovoranscan biosynthesize PHB [41]. There are several
pathways for PHA generation and they mainly depend on the
strain of microorganisms employed [42]. The biosynthetic
pathways of polyhydroxyalkanoate are completely associ-
ated with the central metabolic pathways of bacteria like
Glycolysis, Citric acid cycle or Krebs cycle, pf-oxidation
pathway, de novo fatty acid synthesis pathway, Calvin cycle
and serine pathway. Under nutrient excess conditions, large
amounts of coenzyme-A will be produced from the Citric
acid cycle and this blocks the PHA synthesis by suppressing
3-ketothiolase. When the nutrients are limiting, the amount
of coenzyme A produced will not be sufficient for inhibi-
tion of 3-ketothiolase and hence acetyl CoA will be guided
towards PHA synthesis pathway [35].

The general biosynthetic pathway of polyhydroxy-
butyrate involves three different enzymes catalyzing
three different reactions. The three enzymes are coded
by three different genes. In the first reaction, two acetyl
coenzyme A (acetyl -CoA) molecules condense to form
acetoacetyl CoA [38, 42]. This reaction is catalyzed by
the enzyme f-ketothiolase, coded by phbA gene and it
catalyzes the formation of a carbon—carbon bond [43].
In the second reaction, acetoacetyl CoA A is reduced to
(R) — 3 hydroxybutyryl CoA by the enzyme acetoacetyl
CoA reductase, which is NADPH dependent. Acetoacetyl
CoA reductase is coded by phb B gene. In the third reac-
tion, PHB synthase coded by phb C gene catalyzes the
polymerization of R-3-hydroxybutyryl-CoA to PHB [35,
38, 43]. The genes coding the enzymes responsible for
PHB biosynthesis are arranged in an operon phbCAB.The
reactions are shown in Figs. 4 and 5. The key molecule
that provides the substrate 3-hydroxyalkanoyl—CoA for

Fig.4 Biosynthetic pathway
of PHB R)-3
Acetyl Co-A Acetoacetyl Co-A hydroxybutyryl- PHB
Co-A
Fig.5 Genes coding enzymes
responsible for biosynthesis of phb A gene phb B gene phb C gene
PHB |
*PHB synthase

— *B-ketothiolase

* Acetoacetyl CoA reductase
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PHA synthesis is acetyl CoA. The substrate 3-hydroxyal-
kanoyl-CoA can also be obtained from the p-oxidation of
fatty acids. Acyl CoA produced in the p-oxidation path-
way pass into the PHA synthesis process. The precursor
for PHA synthesis 3-hydroxy acyl CoA is supplied in the
process by the action of various enzymes. Those enzymes
are 3-keto acyl CoA reductase, epimerase, (R)-enoyl-CoA
hydratase/enoyl CoA hydratase 1, acyl CoA oxidase and
enoyl CoA hydratase 1 [35]. Most of the Pseudomonas
species use this pathway of PHA synthesis. PHA is also
synthesized from many other precursors and these reac-
tions are catalyzed by different enzymes. In recombinant
E. Coli, PHA precursor 3-hydroxyacyl-CoA is supplied
by the action of the enzymes 3-hydroxyacyl-ACP-CoA
transferase and malonyl-CoA-ACP-transacylase and the
reaction is catalyzed by the enzyme PHA synthase. In
pathway seen in Rhizobium, (S)-(+)-3-hydroxybutyryl-
CoA is oxidized to PHB by NADH dependent acetoacetyl
CoA reductase. 4-hydroxybutyrate containing PHA in
the organism Clostridium kluyveri is synthesized from
4-hydroxybutyryl-CoA by the enzymes succinic semialde-
hyde dehydrogenase, 4-hydroxy butyrate dehydrogenase,
and 4-hydroxy butyrate- CoA:CoA transferase. In mutants
and recombinants of Alcaligenes eutrophus, 4,5-alkanolac-
tone is converted to the PHA precursor 4,5-hydroxy acyl
CoA by the enzymes lactonase and hydroxy acyl-CoA syn-
thase. 4-hydroxybutyrate is produced by the oxidation of
1,4-butanediol in A. hydrophila 4AK4 and it is then con-
verted to 4-hydroxy butyryl CoA. The reactions are cata-
lyzed by the enzyme alcohol dehydrogenase. Pathway in
Acinetobacter species and Brevibacterium species involves
the conversion of 6-hydroxy hexanoate to 6-hydroxyhex-
anoate-containing PHA by the enzymes cyclohexanol
dehydrogenase, cyclohexanone monooxygenases, capro-
lactone hydrolase, 6-hydroxyhexanoate dehydrogenase,
6-oxohexanoate dehydrogenase, semialdehyde dehydro-
genase, putative 6-hydroxy hexanoate dehydrogenase and
putative hydroxy acyl-CoA synthase [40].

Properties of PHA

Most of the PHAS have properties identical to that of petro-
leum-based polymers like polypropylene, polystyrene, and
polyethylene [44, 45]. Polyhydroxyalkanoates are high
molecular weight, biodegradable compounds that are insol-
uble in water and soluble in chlorinated hydrocarbons and
chloroform. They are UV resistant but have poor resistance
against acids and bases. They are biocompatible and non-
toxic. The properties of PHB can be compared with that
of conventional plastics because they have an almost same
degree of crystallinity, melting temperature, tensile strength
and degradation temperature [45—47] (Table 1). The fam-
ily of polyhydroxyalkanoates (PHA) exhibits a wide variety
of mechanical properties from hard crystalline to elastic,
depending on the composition of monomer units [24]. Solid-
state PHB is a compact right-handed helix with a two-fold
screw axis (i.e. two monomer units complete one turn of the
helix) and a fibre repeat of 0.596 nm [26]. The stereoregular-
ity of PHB makes it a highly crystalline material. Its melting
point is around 177 ~close to that of polypropylene, with
which it has other similar properties, although the biopoly-
mer is stiffer and more brittle. The densities of crystalline
and amorphous PHB are 1.26 and 1.18 g/cm?, respectively
[24]. PHB is water-insoluble and relatively resistant to
hydrolytic degradation. This differentiates PHB from most
other currently available bio-based plastics which are either
moisture or water soluble. Mechanical properties of PHB
like Young’s modulus and tensile strength are close to that
of polypropylene though an extension to break is markedly
lower than that of polypropylene [24, 48]. However, due to
the high stereoregularity of biologically produced macro-
molecules, PHB is a highly crystalline polymer that is stiff
and brittle. It is also thermally unstable during processing
[49]. The molecular weight of PHB degrades significantly
at temperture just above the Tm. Poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate) combines the thermo-mechanical
properties of PE (strength, flexibility, ductility, toughness,

Table 1 General properties of

Properties PHA Polypropylene Reference
polyhydroxybutyrate
Degree of crystallinity, X, (%) 60 50-70 [5, 38]
Glass transition temperature T‘g °C) 4 -10 [5, 45]
Melting temperature T, (°C) 170-180 176 [15,37]
Tensile strength (MPa) 43 38 [5]
Elongation to break (%) 5 400 [5,37]
Young’s modulus (GPa) 1-2 1.7 [5,51]
Water vapor transmission rate (g mm/m? day) 2.36 0.5 [51]
Oxygen transmission rate (cc mm/m? day) 55.12 3,500 [51]
Impact strength (v/m) 50 45 [52]
Degrading temperature (°C) 185 250-450 [52]
Molecular weight (D) 20,000-30 million 42.08 [40]
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elasticity) with the physical-chemical properties (compat-
ibility) of polyesters (printability, dyeability, barrier perfor-
mance) [50].

Microorganisms Producing PHA

Both prokaryotic and eukaryotic type of microorganisms
can produce different types of PHAs. PHAs have also been
reported in blood and tissues of human and animals, and are
used to control of seizure, metabolic disease, and increasing
cardiac efficiency. Different bacteria produce a different type
of PHAs [53]. They are synthesized by some wide range of
Gram-positive and Gram-negative bacteria in aerobic and
anaerobic environments. PHAs are accumulated as inclu-
sions in the bacterial cytoplasm in response to inorganic
nutrient limitations when the microbes are cultured in the
presence of an excess carbon source. At present, PHAs are
classified into two major classes: short chain length PHAs
(scl-PHAs) with C4—C5 monomers and medium chain
length PHAs (mcl-PHAs) with C6—C14 monomers. They
were first described by Lemoigne, who observed that Bacil-
lus megaterium produced an intracellular polymer that con-
tained hydroxybutyrate monomers, later called polyhydroxy-
butyrate (PHB), which is the most widely produced scl-PHA
by bacteria. Several decades later, other related biopolyesters
with longer side chains (mcl-PHAs) began to be seen. Their
production in the laboratory was first reported for Pseu-
domonas putida GPol (formerly known as Pseudomonas
oleovorans GPol). Depending on the organism, PHA
production can reach levels as high as 90% of the cell dry
weight. When the environment becomes more hospitable,
the PHASs are biodegraded to the corresponding monomers,
which are used as carbon and energy sources. First investiga-
tions of purified scl-PHA granules from Bacillus and mcl-
PHA granules from P. putida GPo115 demonstrated that the
granules contained protein and lipid materials besides PHA.
It was clear that PHAs, being highly hydrophobic polymers,
must be separated from the cell cytoplasm, suggesting that
the lipids found associated with the PHA probably derived
from membrane structures that surrounded the PHA. The
nature of the PHA-lipid membrane interaction and the struc-
ture of this membrane have been the subject of considerable
debate in the PHA field. Freeze-fracture electron micro-
graphs of slowly growing P. putida GPol have shown that
the boundary (lipid) layer around the large PHA granules
formed in such cells is too thin to be a bilayer membrane,
leading to the conclusion that PHA granules must be sur-
rounded by a lipid monolayer. When such cells are fractured,
fracture faces arise due to the separation of this phospholipid
monolayer from the hydrophobic polyester granule. Similar
observations have been reported for freeze-fractured PHA
granules of Bacillus cereus. In some microbial strains, PHA

accumulation can also appear in parallel to biomass produc-
tion. This ‘growth-associated’ PHA accumulation is known
for Alcaligenes latus, Methylobacterium sp. ZP24, Bacillus
mycoides RLJ B-017 and recombinant E. coli. Additionally,
a hyperproduction of PHA after a period of carbon starva-
tion was described for Pseudomonas 2F. For PHA-producing
microbial cells, PHAs serve as reserve materials for carbon
and energy. Under conditions of starvation, these reserve
materials can be mobilized, thus providing the cell with an
advantage for survival [54]. Table 2 provides an overview
of the PHA-producing genera that have been reported in the
literature.

Production of PHA

PHA production involves strain development, shake flask
optimization, lab and pilot fermentor studies and then
industrial scale-up. Effective microbial production of PHA
depends on several factors, including the final cell density,
bacterial growth rate, percentage of PHA in cell dry weight
(CDW), time taken to reach high final cell density, substrate
to product transformation efficiency, price of substrates, and
a convenient and cheap method to extract and purify the
PHA. So far, only a few PHA is produced in large scale
for commercial exploitations. All of these PHAs are pro-
duced using a fed-batch process to achieve high cell den-
sity growth. However, continuous processes are important
for reducing the cost of PHA production. Increasingly, it
becomes attractive to produce PHA using mixed cultures
[56].

Fed-Batch Process

For most of the SCL PHA, CDWs can reach around 100 g/L
CDW after 48-60 h of fermentation containing approxi-
mately 80% PHA in CDW. When Ralstonia eutropha is used,
around 200 g/l CDW containing > 80% PHA, namely PHBV
can be achieved. While mCL-PHA is most difficult to reach
high cell density due to the heavy demand for oxygen by
Pseudomonas sp. that are obligate aerobes. For example,
when Pseudomonas entomophila was used to make PHA
using fatty acids as substrates, CDW went down to around
20 g/L due to the intensive foaming problem resulted from
fatty acids. Reduction in aeration to avoid foaming led to
reducing CDW.

Although fed-batch processes are efficient to achieve high
cell density fermentation in most cases, it suffers from hav-
ing to interrupt the fermentation process and cleaning up
the entire fermentation system including re-sterilization.
All these operations increase the complexity of the process,
leading to high PHA production cost [56].
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Table2 List of PHA
accumulating genera of
prokaryotic microorganisms
[55]

Acidovorax
Acinetobacter
Actinobacillus
Actinomycetes
Aeromonas
Alcaligenes
Allochromatium
Anabaena
Aphanothece
Aquaspirillum
Asticcaulus
Azomonas
Azospirillum
Azotobacter
Bacillus
Beggiatoa
Beijerinckia
Beneckea
Brachymonas
Bradyrhizobium
Burkholderia
Caryophanon
Caulobacter
Chloroflexus
Chlorogloea
Chromatium

Chromobacterium Lamprocystis Pseudomonas
Clostridium Lampropedia Ralstonia
Comamonasa Leptothrix Rhizobium
Corynebacterium Methanomonas Rhodobacter
Cupriavidus Methylobacterium Rhodococcus
Cyanobacterium Methylocystis Rhodopseudomonas
Defluviicoccus Methylomonas Rhodospirillum
Delftia Methylosinus Rubrivivax
Derxia Methylovibrio Saccharophagus
Ectothiorhodospira Micrococcus Shinorhizobium
Erwinia Microcoleus Sphaerotilus
Escherichia Microcystis Spirillum
Ferrobacillus Microlunatus Spirulina
Gamphospheria Moraxella Staphylococcus
Gloeocapsa Mycoplanaa Streptomyces
Gloeothece Nitrobacter Synechococcus
Haemophilus Nitrococcus Syntrophomonas
Haloarcula Nocardia Thiobacillus
Halobacterium Nostoc Thiococcus
Haloferax Oceanospirillum Thiocystis
Halomonas Oscillatoria Thiodictyon
Haloquadratum Paracoccus Thiopedia
Haloterrigena Paucispirillum Thiosphaera
Hydrogenophaga Pedomicrobium Vibrio
Hyphomicrobium Photobacterium Wautersia (Cupriavidus)
Klebsiella Protomonas Xanthobacter
Zoogloea

Continuous Process

The continuous process offers the advantages of maintain-
ing growth conditions constantly, allowing the cells to grow
to relatively high density and maintaining that density for a
long period of time. Since conditions are constant, CDW,
PHA content, and PHA monomer compositions can be
maintained relatively stable and reproducible during the
continuous processes. However, microbial contamination is
a setback especially for continuous long fermentation pro-
cesses that are more prone to attract infections. To avoid
contamination, it is important to select microorganisms that
are robust in growth and that growth conditions selectively
favor the production strains. Recently, the author’s lab found
that some Halomonas sp. were able to grow to a high CDW
in the presence of high salt concentrations such as 35-80 g/L.
NaCl and high pH of 8—11. Since most non-halophilic bacte-
ria are not able to grow under the high NaCl conditions and
high pH, these PHA-producing strain grow to over dominate
others.

Continuous fermentation processes were conducted using
the Halomonas species TDO1 for at least two weeks without
contaminated by other microbes. At the end of the fermen-
tation, CDW reached over 80 g/L containing around 75%
PHA. The process has been optimized by the industries in
the presence of seawater instead of NaCl aqueous solution
to reach over 100 g/LL CDW containing over 80% of PHA
(unpublished results). Most importantly, the continuous
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fermentation process was run for at least two weeks without
bacterial contamination under 60 g/L. NaCl and pH 8-9 and
under open (unsterile) conditions. Such a process can save
not only fresh water but also energy cost as well as intensive
labors for cleaning the fermentation systems. In the future,
such process should be developed to use cellulose as a sub-
strate to avoid food versus fuels or food versus chemicals
disputes [56].

Mixed Cultures

Many studies on PHA production have been focused on
industrial biotechnology-based production methods using
pure culture technology and genetically modified microor-
ganisms. Due to the high costs of sterilizing equipment and
the substrate, as well as the batch-wise processing, PHA
production is complicated and expensive. To lower the PHA
production cost, some studies used a strategy called micro-
bial community engineering for the enrichment of PHA-
producing biomass. They require nonsterile substrate and
operational conditions. PHA-producing microorganisms
selected from the natural environment, instead of a certain
type of modal bacterium, are used for PHA production.
Additionally, the PHA production process can be operated
continuously. Several studies have investigated the possibil-
ity of implementing the microbial community engineering
process for PHA production using synthetic wastewater. It
has proven possible to enrich a stable microbial community
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for PHA production while reaching a comparable productiv-
ity in terms of maximum PHA content (90% of CDW) and
biomass-specific productions rate to pure culture process.
The results demonstrate a possibility to produce valuable
chemicals while treating wastewater. Agro-industrial waste
streams instead of artificial substrates for PHA production
were also used, including effluents of sugar factories, oil
mills, wood mills, paper mills, or municipal wastes. How-
ever, the PHA storage capacity obtained from these studies
was still significantly lower than the microbial enrichments
selected on synthetic feedstock, reaching only PHA con-
tent around 55% of the dry weight. A study conducted by
Albuquerque et al. obtained the currently best PHA storage
capacity from real wastewater of 75% of the CDW. Never-
theless, the process should be further optimized to increase
the PHA storage capacity of enrichments selected from
agro-industrial wastewater. PHA production from wastewa-
ter opens a new way for not only low-cost material produc-
tion but also for low-cost production of PHA-based biofu-
els including 3-hydroxybutyrate methyl ester 3HBME) and
3-hydroxyalkanoate methyl esters (3HAME). Palm oil could
also be a raw material resource for PHA production. Plant
oils are known to generate higher PHA yields due to higher
carbon content per gram of oil compared to sugars. Among
various oils, palm oil is being studied extensively for the
production of various types of PHA. It has been confirmed
that high yield production of PHA could be realized from
palm oil and its by-products. The studies provide prelimi-
nary results on the efficiency of palm oil bioconversion into
PHA and future implementation of these substrates for PHA
production systems [56].

Renewable Substrates for PHA Production

The commercialization of PHA reminds unsuccessful till
now even though there are numerous advantages of using
biodegradable plastics. PHA could not currently compete
with the bulk production of petrochemical plastics because
of their high production cost. Significant exertions have
been dedicated to decrease those processing cost through the
improvement of proficient bacterial strains, fermentation and
recovery processes. The expense of the substrate is the major
cost in the PHA production. Therefore, appropriate selection
of carbon substrate becomes a significant step that deter-
mines the overall proficiency of the bacterial fermentation
and final product cost. Thus, adopting renewable, inexpen-
sive and most readily available carbon substrates that might
accept both the microbial growth and PHA production is the
simplified approach. Different carbon sources can be utilized
by the microorganism starting from inexpensive, complex
waste effluents to plant oils, fatty acids, alkanes and as well
as simple carbohydrates for the production of PHA. Waste

materials are discharged in huge amount from food process-
ing and agricultural industries throughout the year which
can be an excellent renewable feedstock for PHA produc-
tion. Exploiting these waste materials for PHA production
as a carbon source not just reduces the substrate cost as well
as recovers the waste disposal cost [41]. For cost-effective
production of PHA, agro-wastes like fruit peels, bagasse
and deoiled cakes were screened as a sole source of carbon.
Halomonas campisalis MCM B-1027, which was isolated
from one of the extreme environment, i.e. Lonar Lake, India,
was explored for the production of PHA using fruit peels and
bagasse having fermentable sugars. Among the agro-wastes
tested, 1% (v/v) aqueous extract of bagasse was found to be
the optimum carbon source with 47% PHA production on
dry cell weight basis. Significant amount of total sugars are
utilized and converted into cell mass and PHA, e.g. 62%
sugar utilized from bagasse extract, 84% from orange peel
extract and 71% from banana peel extract as compared to
51% in case of maltose. Hence the cost of production would
be positively reduced [57]. Production of poly(3-hydroxy-
alkaonates) (PHA) by Pseudomonas aeruginosa 42A2 from
agro-industrial oily wastes was studied. PHA accumulation,
throughout the cell cycle, was observed as intracellular accu-
mulation associated to polyphosphate granules. A 54.6%
PHA accumulation was obtained when technical oleic acid
(TOA) was used as carbon source. Molecular weight of the
polymer was 54.7 Da. PHA accumulation ranged between
66.1% when waste-free fatty acids from soybean oil (WFFA)
were used as carbon substrate, 29.4% when waste frying oil
(WFO) was used and 16.8% when glucose was used [58].
Nutrients such as ammonium, nitrite, and phosphate reached
as low as zero within 15 days of incubation, indicating the
system’s bioremediation capability while yielding valuable
cyanobacterial biomass for PHB extraction. Maximum PHB
accumulation in A. fertilissima was found in sedimented fish
pond discharge at 20 cm culture depth with stirring and an
initial inoculum size of 80 mg dry cell weight (dcw)/liter.
Under optimized conditions, the PHB yield was boosted to
92, 89, and 80 g/m?, respectively for the summer, rainy, and
winter seasons. Extrapolation of the result showed that a
hectare of A. fertilissima cultivation in fish pond discharge
would give an annual harvest of 17 tons dry biomass, con-
sisting of 14 tons of PHB with material properties compa-
rable to those of the bacterial polymer, with simultaneous
treatment of 32,640 m> water discharge [59]. PHA produc-
ing bacteria from soil SPY-1, produced PHA better with
the hydrolyzed seed thus the seed can be utilized as a cheap
carbon source, for the screened bacteria to grow and accu-
mulate PHA in the production medium. The strain had the
capacity to accumulate 80% of the dry cell weight as PHA
[60]. Isolates such as Bacillus cereus, Bacillus subtilis, and
Bacillus megaterium were further explored for their poten-
tial to produce PHB using different low-cost agro-industrial
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materials. PHB production was studied using agro-industrial
materials like jawar stem, neera, cashew apple pulp, sugar
cane bagasse, coconut pulp and grapes pulp. Extraction
of PHB was done by hot chloroform method. PHB pro-
duction was quantified using crotonic acid assay. Highest
cellular PHB content was obtained from Bacillus subtilis
with Neera as a source of carbon which was found to be
0.284 g/L [61]. Bacillus megaterium was explored for a
potential to synthesize polyhydroxyalkanoates by the using
of different Carbon and nitrogen sources. The presence of
biopolymer granule in cells of Bacillus megaterium strain
L9 indicated that the accumulation was depended on the
ratio of carbon and nitrogen sources in the used culture
medium. The highest polyhydroxyalkanoates accumulation
(0.25 g/L) was obtained by the using glucose and NH,CI.
Furthermore, regarding the utilization of beet molasses as
sole carbon source in the culture medium at concentration
of 3%, has induced considerably the polyhydroxyalkanoates
yield accumulation after 48 h of growth (41% w/w), whereas
the highest biomass (0.6 g/L) was obtained at concentration
of 4% beet molasses supplemented with 0.05% ammonium
chloride [62]. Inexpensive cardboard industry wastewater
was tried as a carbon source to produce PHB. Different bac-
terial strains were isolated from soil and screened for poly-
hydroxybutyrate production using cardboard manufacturing
industry wastewater as a carbon source. The bacterial iso-
late Bacillus sp. NA10 can be regarded as a potential strain
for conversion of cardboard industry wastewater into PHB.
The selected isolate efficiently utilized cardboard industry
wastewater as sole carbon source for growth and PHB bio-
synthesis, accumulating PHB up to 66.6% of the cell dry
mass with 0.072 g/L/h productivity [63]. The biosynthesis
of polyhydroxybutyrate by Pseudomonas aeruginosa grown
on reducing sugar hydrolysate obtained from raw cassava
starch as the sole carbon source and di-ammonium sul-
phate as the limiting nutrient was investigated. The results
obtained show that the hydrolysate supported the growth
of the organism and when the fermentation was shut down
after 84 h, a biomass yield on substrate (Yx/s) of 0.186 g/g
was obtained with corresponding product yield on substrate
(Yp/s) of 0.106 g/g. The results also show that the organism
accumulated polyhydroxybutyrate in excess of 50% of the
cell dry weight by giving a final polyhydroxybutyrate yield
on biomass (Y p/x) of 0.577 g/g which agrees with the gen-
eral trend in polyhydroxybutyrate production [64]. Table 3
presents the list of different renewable substrates utilized by
several microorganisms for PHA production.
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Recovery and Extraction of PHA

The recovery and purification of biopolymers are known
to contribute significantly to the overall PHAs biomanu-
facturing costs. Intracellular accumulation of PHAs and a
relatively low content of the product can result in a high
recovery cost. Despite intensive investigations carried out
in the area of PHA biosynthesis, research on Downstream
processing (DSP) of PHA is limited. Several studies on iso-
lation and purification of PHA were published recently, their
final aim was to develop competitive processes for indus-
trial implementation. Numerous factors should be taken into
account when selecting the PHAs recovery method such as
the PHAs producer, type and composition of biopolymers,
product purity requirements, impact on the PHAs properties,
cost and environmental considerations. Broadly, there are
two schemes for recovering PHA from the reaction medium
post fermentation, i.e., dissolving biomass to separate PHAs
granules with strong oxidants such as acids, or surfactants,
and extracting PHAs directly from the biomass using suit-
able solvents (Fig. 6). The role of solvent is to change the
permeability of cell membrane and then to dissolve the
polymer inside the cells. A pretreatment step could be used
to achieve better recovery, and purification step to obtain
higher purity of the biopolymer [92].

Characterization of PHA

Most of the techniques used for the characterization of poly-
mers can be utilized for the characterization of biopolymers.
Characterization of biopolymers has two purposes:

e Development of parameters for processing;
e Determination of end-use performance characteristics.

Through characterization, the most important proper-
ties of interest are molecular mass, polydispersity, size, the
degree of association, conformation, interaction, and so on.
Some of the characterization techniques which are used for
the analysis of biopolymers are listed in the following.

Quantification of PHA by Spectrophotometer

The crotonic acid assay is performed to determine the purity
of polymer. The polymer is dissolved in chloroform and con-
verted to crotonic acid by the addition of concentrated sulfu-
ric acid and heating in a water bath. PHA can be quantified
by spectrophotometer at 235 nm using sulfuric acid blank
[93].
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Table 3 List of PHA producing bacteria and renewable sources used
Substrate used Strain PHA (g/L) PHA (%) References
Aqueous extract of bagasse, orange  Halomonas campisalis MCM 0.365, 0.329,0.11 22.8,5.7,5.2 [57]
peel, banana peel B-1027
Technical oleic acid, Waste frying Pseudomonas aeruginosa NCIB 54.6,29.4, 66.1 [58]
oil, Waste free fatty acid 40045
Fish pond discharge Aulosira fertilissima 205.4 mg/L 20.7 [59]
Jambul seed (Syzygium cumini) Ralstonia eutropha 0.044 41.77 [60]
Cashew apple, Jawar stem, Neera Bacillus subtilis 0.027, 0.034, 0.284 [61]
Cashew Apple, Jawar Stem, Neera Bacillus cereus 0.054, 0.049, 0.152 [61]
Sugarcane Bagasse, Grapes Pulp, Bacillus megaterium 0.198, 0.006, 0.079 [61]
Coconut pulp
Beet molasses Bacillus megaterium, BacillusCe- 41, 25, 0.5 [62]
reus, Bacillus subtilis
Card board industrial effluent Bacillus sp. NA10 3.952 [63]
Cassava starch hydrolysate Pseudomonas aeruginosa NCIB 950 57.7 [64]
Emulsified plant oil medium Ralstonia eutropha 79 [65]
Biodiesel-glycerol Burkholderia cepacia ATCC 17759 7.4 [66]
Refined glycerol P. mediterranea 9.1 0.81 [67]
P. corrugata Al 1.14
P. corrugata 388 0.75
Crude glycerol P. mediterranea 9.1 2.93 [67]
P. corrugata Al 2.0
P. corrugata 388 1.28
Whey, Cassava powder, Coconut Streptomyces parvulus 2.8,1.0,0.1,0.2, 1.0, 1.0,0.3 [68]
oil cake, Groundnut oil, Jack fruit
seed powder, Potato starch, Rice
bran
Hydrolyzed Bermuda grass (Cya- Ralstonia eutropha 28.97,42.2 [69]
nidon dactylon), Jambul seed
(Syzygium cumini)
Sugarcane molasses, Corn steep Bacillus megaterium ATCC 6748 35,43 [45]
liquor
Crude palm kernel oil Rhodococcus equi 38 [70]
Petrochemical wastewater Bacillus axaraqunsis 6.33 66 [71]
Crude palm kernel oil + sodium Cupriavidus necator H16 6.0,6.0,6.7,6.3,6.7,3.6,5.4 78,78,78,85, 88, 74,75 [72]
propionate, olive oil, sunflower
oil, cooking oil, palm olein, crude
palm oil, coconut oil
Thippi, sago, molasses Alcaligens eutrophus 0.55, 0.65, 1.0 g/100 ml [73]
Sugar industry waste water Bacillus subtilis NG220 5.297 51.8 [74]
Sugar beet juice Alcaligenes latus 0.12 [75]
Corn steep liquor, wheat bran Bacillus megaterium 32.68, 32.12 [76]
Pretreated vinasse Haloferax mediterranei 19.7 70 [77]
Waste frying oil, pure vegetable oil ~ Cupriavidus necator 1.2,0.62 [78]
Soya waste, malt waste Alcaligenes latus DSM 1124 33,71 [79]
Beet molasses, date syrup Bacillus megaterium 50 [80]
Palm oil derivatives, fatty acids, Burkholderia sp. USM (JCM 22-70 [81]
glycerol 15050)
Castor oil, coconut oil, mustard oil, Comamonas testosteroni 79-88 [82]
cottonseed oil, groundnut oil, olive
oil, sesame oil
Bagasse hydrolysates Cupriavidus necator 54 [83]
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Table 3 (continued)

Substrate used Strain PHA (g/L) PHA (%) References
Crude palm kernel oil, olive oil, Cupriavidus necator H16 65-90 [84]

sunflower oil, palm kernel oil,

cooking oil, palm olein, crude

palm oil, coconut o0il +sodium

propionate
Waste glycerol Cupriavidus necator DSM 545 50 [85]
Palm kernel oil, palm olein, crude Recombinant Cupriavidus necator 40-90 [86]

palm oil, palm acid oil
Soybean oil Recombinant Escherichia coli 6 [87]
Palm oil Pseudomonas aeruginosa IFO3924 39 [88]
Waste frying oil Pseudomonas aeruginosa NCIB 29 [89]

40045
Coprah oil Pseudomonas guezennei 63 [90]
Whey Thermus thermophilus HB8 36 [91]
Recovery of PHB
1
1 1 1 1

Digestion method or

cell mass dissolution Mechanical
distruption, cell

fragility, super critical
fluid extraction

Enzymatic digestion

Direct extraction from
biomass

New biological
recovery methods

Sovent extraction By insects

Ultrasound assisted
extraction

Digestion by acids

Solvent gelation By animals

usage of ionic liquids

Fig.6 Recovery and extraction of PHA

Nuclear Magnetic Resonance

NMR studies are carried out to determine the structural
composition of PHA polymer. It is used to identify PHA
double bonds. Two types of NMR techniques are available
and they are 'H-NMR and "*C-NMR [35]. '*C-NMR can be
performed at 75.4 MHz [94] or at 80 MHz [93]. '"H-NMR
can be performed at 400 MHz [93] or at 10,330 Hz. Tetra-
methylsilane is used as the internal standard.
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Induction of cell lysis
via syntheitc biology
standard part

Differential Scanning Colorimetry

DSC is performed to determine the thermal properties of
PHA like glass transition temperature (T,), melting tem-
perature (T,,), heating crystalline temperature (T,), cooling
crystalline temperature (T,.), and degree of crystallization
(X,). For performing DSC, the samples are first heated up
to a temperature and then cooled suddenly and then again
heated. The temperature conditions applied for DSC is dif-
ferent for each. Samples are heated from 25 to 200 °C at a
rate of 10 °C min~'. They are held at 200 °C for 2 min and
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then quenched to -50 °C. It is again heated to 200 °C at a
rate of 10 °C min~" [94].

Thermogravimetric Analysis

TGA is performed to study the thermal stability of PHA pol-
ymer [95]. This technique also involves consequent heating
and cooling steps. The polymer is heated from 30 to 180 °C
at a rate of 10 °C min~', held at 180 °C for 5 min, cooled
to — 100 °C at a rate of 50 °C min~' and then reheated to
800 °C at 20 °C min~! [93, 96].

Gas Chromatography

Analysis of PHA using GC provides information of the total
amount and the composition of PHA. By combining GC
with MS we can obtain information regarding the mass and
monomers involved. GC can be performed only with volatile
or semi-volatile compounds. So, in order to subject PHA to
GC analysis, it has to be hydrolyzed and acylated. Sample
volume is 1 pL and the carrier gas can be helium [94] or
nitrogen [97]. The column used is 5% diphenyl-95% dime-
thyl polysiloxane with an inner diameter of 0.25 mm. The
injection port is held at temperature 280 °C. Oven housing
column is held at 100 °C for 3 min and then raised to 280 °C
at a rate of 8 °C /min and held for 2 min. It is then raised
to 310 °C at 20 °C /min and held for 10 min. Products are
detected by flame ionization detector [66].

Fourier Transform Infrared Spectroscopy

FTIR is performed to determine the crystallinity index of
the polymer. Knowledge of crystallinity index is impor-
tant because degradation depends on the crystallinity
of the polymer. FTIR is performed at a spectral range of
4000—400 cm™" and the resolution is between 4 and 6 cm™!
[96, 98].

Table 4 Application of PHA in various fields

Gel Permeation Chromatography

GPC is performed to determine the molecular weight of
PHA polymer [99], i.e weight average molecular weight
(Mw), number average molecular weight (Mn) and size
average molecular weight (Mz) [98] of the polymer. The
polymer is dissolved in chloroform and introduced into the
GPC system. Column has dimensions 30 cm X 10 um. The
eluted polymer can be detected using a differential refrac-
tometer [94].

High-Performance Liquid Chromatography

High-performance liquid chromatography (HPLC) is per-
formed to determine the purity of PHA. PHB is converted
to crotonic acid by treating with concentrated sulphuric acid
and the obtained free acid is chromatographed on HPLC
column. Sample concentration is in the range 0.2-560 pg/
mL and sample injection volume is 10 pL [100].

Applications of Biopolymers

Biopolymers, due to its biocompatible and biodegradable
nature, can be used to improve the performances of other
biologically active molecules in a product. They can also
be modified to suit various potential applications which
includes synthesis of nanomaterials, biomedical applica-
tions, food industry and packaging [101]. Table 4 furnishes
the application of PHA in various fields.

Synthesis of Nanomaterials

Nanotechnology is the science of nanomaterials which
deals with its synthesis, characterization, and applica-
tions. Researchers are currently focusing on developing
more eco-friendly shifted from physical and chemical pro-
cesses towards “green” chemistry and bioprocesses. Metal

Application field Uses Reference
Agriculture Controlled release of insecticides, herbicides and fertilizers (NODAX used as a coating for urea fertilizers [102]
that are used in rice fields)
Hygiene products Diapers, sanitary napkins, training pants, bandages [103]
Medical Scaffold material, bone plates, osteosynthetic materials, surgical sutures, swabs, dressing materials for [102, 104]
surgery, pericardial patches, artery augments, cardiological stents, vascular grafts, heart valves, implants,
controlled release of drugs and hormones
Packaging Food packaging, plastic beverage bottles, Water resistant paper and cardboard, foils, films and diaphragms ~ [102]

Miscellaneous

Food additive, pressure sensors for keyboards, stretch and acceleration measuring instruments, material test- [102, 104, 105]

ing, shock wave sensors, lighters, gas lighters, microphone, ultrasonic detectors, sound pressure measur-
ing instrument, headphones, loud speakers, substrate for denitrification of waste water, starting materials

for other chemicals
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nanoparticles, due to their quantum size effects, possess var-
ious novel properties. However, most of their synthesis pro-
tocol imposes a major threat to the environment. In common
synthetic methods, the reducing agents used which include
organic solvents and toxic-reducing agents like hydrazine,
N-dimethylformamide, and sodium borohydride are consid-
ered to be highly toxic to the environment. All these chemi-
cals are highly reactive and pose potential environmental
and biological risks. With the increasing interest in mini-
mization of waste and adoption of sustainable processes,
the development of green chemistry approaches is desirable.
Biopolymers have been extensively used as capping and
reducing agent for the synthesis of various nanoparticles.
Biopolymers can be used to replace various toxic regents in
synthesizing different nanoparticles [101].

Biomedical Applications

In recent years, biopolymer materials have aroused great
interest because of their biomedical applications, such as
those in tissue engineering, pharmaceutical carriers, and
medical devices. A common biopolymer, gelatin, was widely
applied in medicine for dressing wounds, as an adhesive, and
so on. PHAs have been applied extensively in biomedical
engineering, such as tissue engineering and drug-delivery
system. Biomaterials made from proteins, polysaccha-
rides, and synthetic biopolymers are preferred but lack the
mechanical properties and stability in aqueous environments
necessary for medical applications. Cross-linking improves
the properties of the biomaterials, but most cross-linkers
either cause undesirable changes to the functionality of the
biopolymers or result in cytotoxicity. Glutaraldehyde, the
most widely used cross-linking agent, is difficult to handle
and contradictory views have been presented on the cytotox-
icity of glutaraldehyde-crosslinked materials [101].

Food Industry

Replacing the oil-based packaging materials with biobased
films and containers might give not only a competitive
advantage due to more sustainable and greener image but
also some improved technical properties. Biopolymers are
currently used in food coatings, food packaging materials,
and encapsulation matrices for functional foods. They pro-
vide unique solutions to enhance product shelf life while
also reducing the overall carbon footprint related to food
packaging. Within food-related applications, these biobased
materials are particularly useful in three main areas: food
packaging, food coating, and edible films for food and
encapsulation. The most commercially viable materials in
food packaging are certain biodegradable polyesters and
thermoplastics like starch, PLA, PHA, and so on, which can
be processed by conventional equipment. These materials
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are already used in a number of monolayer and multilayer
applications in the food-packaging field. The inherent high
rigidity and the difficulty of processing them in conventional
equipment are the main drawbacks of these types of mate-
rials. The hydrophilic nature of most of the biopolymers
affects their use as high-end products. The absorption of
moisture causes plasticization of these materials thereby
deteriorating the barrier properties of these materials.
Renewable polymers have also been used for encapsulation
purposes. Encapsulation has previously been described as a
technology to protect sensitive substances against the influ-
ences of adverse environments. The term “microencapsula-
tion” refers to a defined method of wrapping solids, liquids,
or gases in small capsules, which can release their contents
under specific circumstances. Such technologies are of sig-
nificant interest to the pharmaceutical sector. The increasing
interest in edible films and coatings using biopolymers is due
to their ability to incorporate a variety of functional ingredi-
ents. Plasticizers, such as glycerol, acetylated monoglycer-
ides and polyethylene glycol, which are used to modify the
mechanical properties of the film or coating, make signifi-
cant changes to the barrier properties of the film. However,
the major advantage of coatings is that they can be used
as a vehicle for incorporating natural or chemical active
ingredients, such as antioxidants and antimicrobial agents,
enzymes, or functional ingredients, like probiotics, minerals,
and vitamins. These ingredients can be consumed with the
food, thus enhancing safety, nutritional, and sensory attrib-
utes. Edible films can be used as flavor or aroma carriers in
addition to providing a barrier to aroma loss [101].

Packaging Applications

Currently, the most commercially viable materials in food
packaging are certain biodegradable polyesters, which can
be processed by conventional equipment. These materials
are already used in a number of monolayer and multilayer
applications in the food-packaging field. Among the most
widely researched thermoplastics, the sustainable biopoly-
mers used in monolayer packaging include starch, PHA, and
PLA. For bio-based food-packaging applications, the most
important parameter to be considered is its barrier prop-
erties. Hydrophilic polymers usually have poor moisture
resistance which causes water vapor transmission through
packaging and thus affects the quality of foods. This results
in shorter shelf lives, increased costs, and eventually more
waste. Another technique to improve the barrier properties
of biopolymers is to add various nanofillers like nanoclays,
metal oxide nanoparticles, and so on [101].
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Conclusion

Research and development in the field of PHA production
have been driven by the limited availability of fossil fuel
resources, hiking of the petroleum price, and concerns over
environmental issues. In the meantime, significant progress
has been observed over the last few decades, with innova-
tions of existing technologies and development of novel
engineering approaches in the bioproduction of PHAs. The
potential of various native PHA-producing bacterial and
recombinant strains has been exploited further in order to
increase PHASs’ yield and productivity. However, the major
limitation for extensive application of PHAs is associated
with their high production cost, expensive raw materials,
and complicated downstream processes. In this regard, work
is underway, looking for reliable processes utilizing cheap
raw material from agricultural activities, so that the produc-
tion cost can be lowered, thus enabling PHAs to compete
with the plastics produced from fossil oil. The remarkable
production of PHAs utilizing oil fats demonstrates them as a
promising resource with greater advantages leading toward
commercialization. Moreover, one major progress in PHA
improvement allows for a greater use of these materials
through the development of heteropolymers to overcome
the limitations in properties that earlier restricted their use.
This has increased the application of these biopolymers in
a variety of fields, most notable being the packaging and
biomedical applications [51, 52, 106, 107].
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