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ABSTRACT

The extensive use of petro-based plastics, lack of suitable waste management and casual behaviour of communities to their proper disposal 
has posed a significant threat to the environment. Currently, single-use petro-based plastics are being banned all over the world due to 
their inherent non-degradability and problems with disposal. Worldwide, these bans have proved an impetus for increasing research on 
bio-based polymers as a substitute for conventional plastics. Use of greener or biodegradable polymeric materials would have immense 
socio-economic and ecological significance.
Polyhydroxyalkanoates (PHAs) are eco-friendly alternatives to petrochemical plastics and are quickly biodegraded in aerobic or anaerobic 
environments such as a  landfill, waste treatment facilities or oceans. PHAs have material and mechanical properties ranging from stiff 
and brittle crystalline to elastomeric and moulding, similar to petrochemical thermoplastics. In addition, they are hydrophobic, isotactic, 
biocompatible and have piezoelectric properties. PHAs in being environmentally friendly are seen as ideal candidates for replacing 
conventional petro-based plastics in numerous fields.
This review focuses on the biochemistry along with in-vitro reaction mechanism of PHA synthases. In addition to the applications and modes 
of production of PHAs already mentioned a few factors governing PHA synthesis will be discussed. Scope for improving PHA synthesis is also 
mentioned and some of the tools for enhancing the properties of PHAs are discussed.
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Introduction

Traditional petro-chemical based plastics have been 
a cause of concern for several decades, not only because 
of their resistance to biodegradation but also because of 
their toxic effect on terrestrial and marine environments. 
Currently, the main source of carbon backbone plastic 
production is fossil material, which is a  non-renewable 
natural resource and, therefore, of not only environ-
mental concern (Koller 2020). The search for a  suitable 
substitute involved finding new polymers with similar 
physico-chemical properties and addressing the issue of 
biodegradation. The first milestone was the discovery by 
the French microbiologist Maurice Lemoigne in 1920 of 
a  biopolymer, poly (3-hydroxybutyrate), PHB, involved 
in intracellular granule formation in the gram-positive 
bacterium, Bacillus megaterium (LeMoigne et al. 1926). 
This PHB is the most commonly accumulated member 
of polyhydroxyalkanoates (PHAs) family. PHAs act as 
microbial storage compounds with versatile plastic like 
material properties and a possible solution to the above 
problem. 

Although conventional petro-based plastics may not 
be completely phased out, the increase in socio-con-
sciousness is forcing various industries to change to us-
ing polyhydroxyalkanoates (PHAs) polymers for some 
products because of their eco-friendly properties cou-
pled with thermal, mechanical and physico-chemical 
properties similar to those of conventional plastics.

They are produced by a wide range of bacteria, which 
accumulate PHAs intracellularly in granules that act as 
energy reserves (substitute for fatty acid for maintaining 

metabolism when under stress) for the microbe. The trig-
ger for this to occur is when a nutrient in a culture me-
dium is limiting but there is an excess of carbon. Under 
natural conditions, these polymers can constitute nearly 
90% of the dry weight of a cell (Madison and Huisman 
1999). 

Non-storage PHAs of low molecular weight occur in 
the cytoplasmic membrane and cytoplasm of Escherichia 
coli, however.

Chemically, PHAs are polyesters of various hydroxyl 
alkanoates. More than 150 monomer subunits have been 
identified in PHAs synthesized by various plants and mi-
crobes. The different combinations of these individual 
subunits offer infinite scope for synthesis of various types 
of PHAs with different properties. The molecular weight 
of PHAs differ in different microbes and ranges between 
50–1000 KDa. Structurally the individual subunits have 
the (D) configuration of stereo-specific catalytic enzymes 
(Senior et al. 1972; Dawes and Senior 1973; Oeding and 
Schlegel 1973; Wang and Bakken 1998). 

An example of a low molecular weight PHA is PHB, 
which apart from being a green polymer has many of the 
chemical properties of a  conventional plastic like poly-
propylene (Madison and Huisman 1999). 

Microbes are versatile in their biosynthesis of PHAs 
and use various renewable substances like cellulose, tria-
cyl glycerol, starch and sucrose as precursors. In addition, 
non-renewable substances such as coal, methane, lignite 
and mineral oil are also reported as precursors and some 
microbes also use by-products such as molasses, glycerol 
and whey, and gases like carbon dioxide as substrates for 
the synthesis of PHAs.
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Depending on their chemical properties and structure, 
PHAs may be brittle or rubber-like. These biodegradable 
polymers are considered to be better than starch-based 
polymers (starch-polyethylene) and chemically synthe-
sized ones like polylactic acid (PLA) and polyglycolic 
acid (PGA) due to their structural and tensile properties 
(Steinbüchel and Fuchtenbusch 1998). 

PHAs are biogenic and can be produced naturally 
in microbial cultures (Steinbüchel and Lutke-Eversloh 
2003). These microbial cultures are often referred to as 
bio-refineries because they are high yielding and toler-
ant of a  wide range of environments. Some algae have 
also been found to biosynthesize PHAs (Bugnicourt et 
al. 2014).

The production of biopolymers increased recently be-
cause of their sustainability and a desire to increase the 
use of waste products. This is not only of environmental 
value, but is also economically beneficial.

Classification of PHAs

Based on the number of carbon atoms in the mono-
mers and the source of the enzyme, PHAs are classified 
into two categories: short chain length PHAs (scl-PHAs) 
and medium chain length PHAs (mcl-PHAs). There are 3 
to 5 carbon atoms in the former and 6 to 14 in the latter. 
Both scl-PHAs and mcl-PHAs are synthesized by differ-
ent species of bacteria. Examples of bacteria synthesizing 
scl-PHAs are Cupriavidus necator and Alcaligenes latus, 
and mcl-PHAs, Pseudomonas putida (Verlinden et al. 
2007).

Their properties depend on the number of carbon at-
oms and their chemical structure. The most studied scl-
PHA is PHB, which is stiff and brittle, and its crystalline 
structure makes it difficult to process. Therefore, it is cus-
tomary to co-polymerize it with poly-3-hydroxyvalerate 
in order to produce a flexible, strong and thermally stable 
bio-plastic (Marchessault 1996). The resultant copolymer 
is 3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV), 
which is now widely used in the manufacture of items 
used for the storing and packaging of food. The mcl-
PHAs are used in the production of biomedical products. 
In contrast to scl-PHAs, mcl-PHAs are more elastic and 
less crystalline (Gross et al. 1989; Preusting et al. 1990). 
In most cases, the structural monomeric component(s) 
of scl-PHAs is 3-hydroxybutyrate (3HB) and of mcl-
PHAs 3-hydroxyoctanoate (3HO) and 3-hydroxydeca-
noate (3HD) (Anderson and Dawes 1990; Steinbuchel 
1991; Steinbuchel and Schlegel 1991; Lee 1996). 

Biochemistry of PHA Synthases

Bacteria use enzymes to biosynthesize PHAs, which 
remain in the bacteria and act as energy reserves. The 
rate of biosynthesis and the quantity produced depends 

on the enzymes involved and physiological status of the 
bacteria. To understand the complexity of the biochem-
ical processes it is important to know, what enzymes are 
involved in these pathways. 

Four different types of PHA synthases are reported, 
which differ in their size, number of subunits and sub-
strate specificities. Types I and II specifically synthesize 
scl-PHAs and mcl-PHAs, respectively, and are composed 
of a single subunit (PhaC) (Bernd et al. 2003). Types III 
and IV are dimers composed of the subunits PhaC+PhaE 
and PhaC+PhaR, respectively. They are implicated in the 
synthesis of scl-PHAs. The subunits PhaE and PhaR have 
only an 18% sequence similarity, but despite this they 
function similarly in establishing contact between the 
enzyme and the hydrophobic polymer (Satoh et al. 2002). 

Witholt and Kessler (1999) report the presence of an 
operon in Cupriavidus necator, a Gram negative soil bac-
terium with three genes, namely PhaA, PhaB and PhaC, 
which code for the enzymes β-ketothiolase, (R)-specific 
acetoacetyl-CoA reductase and PHA synthase, respec-
tively. These enzymes are involved in the biosynthesis of 
PHA from acetyl CoA. The first step is the conversion 
of two molecules of acetyl CoA into acetoacetyl CoA by 
the enzyme β-ketothiolase. This reaction requires energy 
provided by the splitting of ATP into ADP and Pi. In the 
next step, the reduction of acetoacetyl CoA into 3-hy-
droxybutyryl CoA with the oxidation of NADPH occurs 
in the presence of the enzyme (R)-specific acetoace-
tyl-CoA reductase. Thereafter, 3-hydroxybutyryl CoA is 
polymerized into polyhydroxybutyrate by PHA synthase. 

The mcl-PHAs are generally heteromeric molecules 
with more than one type of monomeric unit in their 
structure, whereas mcl-PHAs are usually heteromers of 
multiple subunits in which the dominant subunit is in 
direct contact with the carbon chain (Witholt and Kes-
sler 1999). Pseudomonas spp. is the most commonly used 
for studying mcl-PHA production. The substrates for 
mcl-PHA are derived from the intermediates produced 
during biosynthesis and degradation of fatty acids, such 
as, (R)-3-hydroxyacyl-CoA, which are further polymer-
ized by PhaC. PHA accumulators polymerize hydrophilic 
monomers into a hydrophobic polymer in the presence 
of soluble or membrane-bound PhaC (Nobes et al. 2000; 
Grage et al. 2009). The result is the production of intra-
cellular granules with an amorphous hydrophobic core 
enclosed in a  monolayer of phospholipids embedded 
in proteins like the PHA synthases, phasins (a regulato-
ry protein) and intracellular depolymerases (Jurasek et 
al. 2004). The intracellular depolymerases belong to the 
PhaZ family and are implicated in the remobilization of 
a carbon supply, whereas phasins are small proteins that 
regulate the size and morphology of the granules (York 
et al. 2002).

Schuber et al. (1988) report the expression of recombi-
nant PHA synthase in Escherichia coli and a similar gran-
ular morphology to that produced by Pseudomonas. Their 
genetically engineered Escherichia coli does not have active 
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PHA depolymerase and phasins so Gerngross et al. (1994) 
suggest that there is an indigenous component function-
ally similar to phasins present in Escherichia coli. When 
PHA is synthesized in the laboratory (in vitro conditions), 
the granules of PHA are five times larger than those syn-
thesized by genetically engineered Escherichia coli. It is 
likely that this because the area available for the naked 
polymer to coalesce is greater in the absence of a regulato-
ry protein (Gerngross et al. 1994; Nobes et al. 2000). 

The in-vitro Reaction Mechanism

Reaction mechanism, kinetics, substrate specificity 
and intermolecular interactions are critical parameters in 
vitro synthesis. Most of the studies on PHA production 
are on PHA synthases. Type I PHA synthase is the most 
studied because of its simple structure, though it is pos-
sible to purify type II and III enzymes (Jossek et al. 1998; 
De Roo et al. 2000; Yuan et al. 2001; Takase et al. 2004). 
The only other highly purified synthase is that of Ther-
mus thermophiles and another from Bacillus cereus SPV, 
which is in a novel synthase class and class IV synthase, 
respectively (Lawrence et al. 2005). Purification from the 
host is a challenge as in this case the synthase is in the 
form of an aggregate, however, this can be overcome by 
using recombinant proteins and minute quantities of the 
detergent Hecameg (Stubbe and Tian 2003). 

In-vitro kinetics of type I synthases deviate from the 
Michaelis-Menten model. The initiation of polymeriza-
tion is marked by a  lag phase, which is followed by an 
exponential phase. Chromatographic analyses indicate 
that the synthase remains in an equilibrium between an 
inactive monomer and active dimer. The in-vivo state 
still needs to be deciphered (Gerngross et al. 1994). 

The lag phase is attributed to the time needed for prim-
ing the synthase and polymerization (Stubbe and Tian 
2003). Homology studies on the four classes of enzymes 
indicate a strong similarity with the α/β-hydrolase super-
family (Bernd 2003). These enzymes have a specific cata-
lytic triad motif with histidine as the nucleophile, which is 
a suitable catalytic site for interaction between two mono-
mers each contributing cysteine for dimer formation. This 
may apply to the rest of the three synthase classes and also 
fits with a polymer being associated with each dimer.

Another model is based on a post-translational modi-
fication for fulfilling the need of the second thiol, though 
this is unlikely for recombinant organisms (Stubbe et al. 
2005). The yield of polymers using various classes of syn-
thases indicate that class I and II synthases produce a sin-
gle polymer chain per molecule of enzyme while class III 
synthases result in chain transfer reaction, which yield 
several polymer chains per enzyme molecule (Jossek et 
al. 1998). Nonetheless, in vivo studies class I  synthases 
can yield 60 polymer chains (Tian et al. 2005). 

It is suggested that the termination of polymerization 
is brought about by the attachment of a nucleophilic chain 

transfer molecule at or near the active site (Lawrence 
et al. 2005). It is predicted that CoA (Kurja et al. 1995; 
Jossek et al. 1998), hydroxybutyrate (Madden et al. 1999), 
water (Kawaguchi and Doi 1992; Kusaka et al. 1997) or 
alcohol (Shi et al. 1996; Madden et al. 1999) may act 
as nucleophiles. The difference in the yield in-vivo and 
in-vitro conditions may be attributed to either the lack of 
phasin-like regulatory proteins in-vitro or high concen-
tration of nucleophilic agent in-vivo. This would account 
for the high molecular mass of in-vitro synthesized PHAs 
as the scope there for chain transfer is greatly reduced 
(Daae et al. 1999; Lawrence et al. 2005). 

The study of the biosynthesis and production of PHA 
is mainly dependent on R. eutropha. Two acetyl-CoA 
moieties are condensed to form acetoacetyl-CoA by 
b-ketothiolase (PhaA) in R. eutropha, which then under-
goes reduction by NADPH-dependent reductase (PhaB) 
resulting in the formation of the (R)-isomer of 3-hydrox-
ybutyryl-CoA. 

Similar PHA biosynthesis is also reported in R. ru-
brum in which the reductase is an NADH-dependent 
isoenzyme that produces (S)-isomers of 3-hydroxybu-
tyryl-CoA. Here two groups of enoyl-CoA hydratases 
facilitate the conversion of (S)-type to (R)-type isomer, 
which is the only form of stereoisomer that is accepted by 
the polymerizing enzyme, PHA synthase. Studies on the 
biosynthesis of PHA in R. eutropa and R. rubrum have 
revealed a  cascade of events that result in the efficient 
production of PHA in-vivo (Sudesh et al. 2000).

The biodegradability of the PHAs is another aspect 
that needs to be considered. PHAs act as energy resource 
for microbes, which enzymatically hydrolyse them into 
HB and HV units. The degraded products further facil-
itate biomass growth in culture. The rate of degradation 
is dependent on parameters like exposed surface area, 
pH, temperature, humidity and other ingredients in the 
system. P(HB-HV) remains stable in air for an indefinite 
period and is therefore resistant to degradation under 
ambient conditions. Under aerobic conditions, PHA de-
grades into water and carbon dioxide. The rate of degra-
dation is fastest in oxygen-depleted sewage and slowest 
in marine environments (Doi et al. 1992; Lee et al. 1996).

Applications

The PHA family of products have numerous uses, 
especially for making containers for food since these 
polymers are inert and non-toxic. In addition, because of 
their anti-microbial properties, they are used for manu-
facturing adhesive films and hygiene-related baby items, 
including nappies. They can also be used in printing as 
toners and adhesives for coating films (Madison and Hu-
isman 1999).

Polyhydroxyalkanoates (PHAs) that accumulate as 
natural biogenic polyesters in microbial cultures, when 
formulated and processed, form highly flexible materi-
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als that are sustainable substitutes for traditional plastics. 
As bio-plastics, they are used in the manufacture of elec-
tronic products like mobile phones and computer tablets 
etc. Their amphiphilic property makes them suitable for 
encapsulating seeds and fertilizers (causing slow release), 
biodegradable films and containers for covering and 
storage of crops. In addition, the turnover in agriculture 
is likely to increase due to the use of their waste materials 
for the production of PHAs. 

PHAs also have many medical uses because their bio-
degradable and non-toxic properties make them suitable 
for manufacturing biomaterial for insertion in the human 
body. They are used as surgical sutures, adhesive bandag-
es, orthopaedic straps and pins, repair stents, in target-
ed drug delivery, patches and matrix for bone marrow. 
When combined with hydroxyapatite it becomes a bio-
active composite suitable for bone tissue regeneration 
and replacement (Chen and Wu 2005). There are many 
possible commercial uses of PHAs derived bio-plastics. 
A number of the applications in which bioplastics are be-
ing used are depicted in Fig. 1. 

Production of PHAs 

Biosynthetic polymers can be produced by plants or 
microbes. The mass production of bio-plastics with dif-
ferent properties using microbes is costly, requires skill, 
technical expertise and the yield is low compared to pet-
ro-chemical based plastics, which has inhibited the in-
dustrial use of PHAs (Ojumu et al. 2004). 

Natural Biosynthesis of PHAs

Various factors determine the subunit composition of 
a polymer, such as, type of microbe, composition of me-

dia, fermentation and mode of recovery. There are more 
than 300 species of Gram positive and Gram-negative 
microbes capable of PHA biosynthesis (Steinbüchel and 
Schlegel 1991; Suriyamongkol et al. 2007). These microbes 
have the necessary enzymes for the biosynthesis of PHAs 
and store them as granules in their cytoplasm as an energy 
reserve (Reddy et al. 2003). The stimulus for their biosyn-
thesis is usually some kind of stress like lack of a nutri-
ent (N or P) in the presence of excess carbon (Dawes and 
Senior 1973; Amass et al. 1998). However, a  few species 
like Azotobacter vinelandii (mutant and wild type), A. 
eutrophus and A. latus also synthesize PHAs under non-
stress conditions (Ojumu et al. 2004). Studies indicate that 
the most common limitation in almost all types of bacteria 
to the accumulation of PHA, is the availability of nitrogen. 
However, in some species of bacteria, such as Azotobacter, 
it is the availability of oxygen (Johnston et al. 2017).

PHAs Production by Recombinant Bacteria

As it has been mentioned above, there are number of 
microbes, which synthesize PHAs as an energy reserve, 
when either stressed or routinely. These organisms, how-
ever, grow slowly and have a  long generation time. The 
extraction of PHAs from these microbes is done using 
lysis, which results in a very low yield. It also depends on 
the physiological conditions of the cells since they also 
have enzymes, which degrade these PHAs, when they re-
quire the energy. 

The wild type E. coli lack PHAs otherwise its ability 
to grow rapidly make it a  good potential candidate for 
the production of PHAs. If E. coli can be genetically engi-
neered to produce enzymes for synthesizing PHAs, then 
the production and isolation of PHAs is cost-effective 
(Steinbeuchel and Schlegel 1991; Madison and Huisman 
1999; Kadouri et al. 2005).

Fig. 1 A flow chart indicating the various uses of PHAs.
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There have been attempts to characterize the met-
abolic pathways, so that it is possible to insert various 
substances at different stages. Recombinant strains of 
E. coli that have genes for the biosynthesis of PHA from 
Alcaligenes eutrophus have been produced by metabolic 
engineering, which yield high levels of PHA (Zhang et al. 
1994; Lee et al. 1996). E. coli is highly versatile in terms of 
the range of substances it can utilize from lactose, glucose 
and sucrose to xylose and more complex sugars, which 
further increases the cost-effectiveness of the process. 
Cheaper substrates like whey and hemicellulose hydro-
lyzates can also be used (Lee et al. 1996).

Production of PHA by Genetically Engineered Plants

Not only microbes but plants also produce PHA, with 
crop plants high on the list, which are even more cost-ef-
fective than bacteria or yeast in terms of yield and effort. 
The production of PHA using crops requires the genetic 
engineering of transgenic varieties capable of high PHA 
production and remaining genetically stable for many 
generations (Snell and Peoples 2002). This would enable 
the production of these green polymers in greater quanti-
ties than other ways of producing PHA. Unlike bacterial 
cells, plant cells are compartmentalized and transformed 
phb genes allocated to locations with high concentra-
tions of acetyl-CoA. Arabidopsis thaliana is the favoured 
choice for such transgenic transformation, as like E. coli, 
it is the equivalent in terms of plants (Madison and Hu-
isman 1999). The innate presence of 3-ketoacyl-CoA thi-
olase in A. thaliana required the transfection with phbB 
and phbC genes from R. eutropha for it to accumulate 
PHB in the nucleus, cytoplasm and vacuoles of its cells; 
however the plant has several growth defects. This was 
resolved by targeting the phbCAB genes in the plastid 
of A. thaliana, which receive a  high flux of carbon via 
acetyl CoA, which enhance the yield of PHA without ad-
versely affecting the growth of the plant. The maximum 
yield in terms of dry weight percentage is 14% (Nawrath 
et al. 1994). Oilseed plants are also potential candidates 
for the production of seed specific PHAs. The common 
source of PHB and oil is acetyl-CoA, which is easily in-
serted into the biosynthesis pathway of PHA with a high 
innate carbon flux courtesy of acetyl CoA. Other plants 
being used in PHA production are Gossypium hirsutum 
and Zea mays.

Co-culturing and the Biosynthesis of PHA 

Co-culturing using two or more microorganisms to 
produce PHA from complex carbon feed (Choi and Lee 
1999; Ganduri et al. 2005; Nikodinovic-Runic et al. 2009) 
is easy as several microbes are available. The synergistic 
production of PHA in such cultures is attributed to the 
specific utilization of the same substrate by different bac-

terial strains. The most well-known example is the utili-
zation of toxic compounds like benzene, toluene, ethyl 
acetate, xylene (collectively called BTEX) and styrene in 
the synthetic plastic pyrolysis of oil for conversion to bio-
degradable PHA by three strains of Pseudomonas putida, 
namely F1, mt-2 and CA-3.

Factors Governing PHA Synthesis

Species of bacteria 
A major factor determining the efficiency of PHA syn-

thesis is a species of microbe that is high yielding when 
provided with a  cheap substrate. Industrial application 
requires mass scale production for which rapidly growing 
species and strains are required, such as recombinant or-
ganisms with short generation times and are easy to lyse. 
A good example is recombinant E. coli, which is used to 
produce PHB along with other co-polymers (Schubert et 
al. 1988; Slater et al. 1988; Zhang et al. 1994; Reddy et al. 
2003). Several strains of Pseudomonas, like P. oleovorans, 
have been engineered to produce various blends of the 
polymers scl- and mcl-PHA (Preusting et al. 1993). 

Culture medium 
A culture medium, apart from providing conditions 

for optimal growth of the microorganisms, also deter-
mines the yield and cost of the product, as it is the major 
cost of producing PHA on an industrial scale. Therefore, 
there is a need to reduce the cost of making the medium 
without compromising on essential ingredients need-
ed for high productivity (Lee 1996; Ojumu et al. 2004), 
which are corn steep liquor (Nikel et al. 2006), molasses 
(Solaiman et al. 2006), rice bran and wheat (Huang et al. 
2006; Van-Thuoc et al. 2008), starch-rich waste (Kim and 
Chang 1998), activated sludge (Yuan et al. 2006; Jiang et 
al. 2009), effluents from olive and palm oil mills (Ribera 
et al. 2001; Pozo et al. 2002; Bhubalan et al. 2008) and 
whey (Marangoni et al. 2002; Koller et al. 2008). The me-
dium selected depends on the culture organism. In addi-
tion, by varying the medium used to produce homopol-
ymers or heteropolymers it is possible to produce more 
than 100 different monomers, which can be combined to 
produce homopolymers or copolymers with molecular 
weights ranging between 50 to 100 KDa (Taguchi and 
Doi 2004; Valappil et al. 2007). 

Fermentation conditions 
This process involves first achieving a  high density 

of microbes and then creating a nutrient-limited condi-
tion that enhances the synthesis of PHA (Asenjo et al. 
1995; Madison and Huisman 1999; Tsuge 2002). The 
temperature and pH of the medium are determined by 
the species of microorganism used. The temperature is 
kept at 30–37  °C and slow stirring determines its oxy-
gen concentration, while the pH is varied depending on 
substrate (Kim et al. 1994; Chung et al. 1997). Various 
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things can be done to produce fermentation conditions 
suitable for maximum yield, such as varying the source of 
carbon during the process (Kim et al. 1992; Koyama and 
Doi 1995; Henderson and Jones 1997; Durner et al. 2001; 
Zinn et al. 2003), diluting the medium (Sun et al. 2007), 
fed and unfed culture batches (Kim et al. 1992; Rhee et al. 
1993; Kim and Chang 1995; Kim et al. 1997) and limiting 
the supply of nitrogen, phosphorus or oxygen (Sun et al. 
2007).

Recovery
The final step in the biosynthesis is recovery the cost 

of which is dependent on the method of purification. 
The most primitive of which is extraction using an or-
ganic solvent (Lee 1996), which is better in terms of the 
percentage recovery of PHA than cell lysis followed by 
aqueous extraction, since cell lysis alters the molecular 
mass of the polymer (Ojumu et al. 2004). Other meth-
ods include enzymatic digestion of non-PHA compo-
nents, floatation-mediated extraction using supercritical 
carbon dioxide and spontaneous liberation of polymers. 
Because of their limitations, however, neither are suitable 
for industrial use.

Methods for Improving the Properties of PHAs

Blending
Blending of PHAs results in an appreciable improve-

ment in the properties of the biopolymers. The raw ma-
terials determine the properties of the final product in 
terms of its physical and mechanical durability, whereas 
by varying their concentrations and optimizing the tem-
perature and pH alter the biodegradability and toxicity 
of the bio-plastics. Currently, this is very important due 
to increase in societal and government concerns over 
non-sustainable energy resources. The blending has also 
proved to be a boon for the medical industry, which is 
using this method in the manufacture of implants and 
absorbable non-toxic surgical sutures.

Components Used in Blending 

Natural raw material 
Starch is the most widely used as it is highly biode-

gradable, readily available and convenient (Pilkington et 
al. 2015). The linear amylose and branched amylopectin 
structure of starch determines the mechanical properties 
of the final product. It is reported that it results in a sig-
nificant improvement in the properties of PHB and a re-
duction in the cost of production (Godbole et al. 2003). 
PHB and all percentages of it in blends of starch have the 
same transition temperature (Tg) and the final product 
in all cases is crystalline. The tensile strength of the prod-
uct is best when the percentage of starch is 30% (Pilk-
ington et al. 2015), which is what the packaging industry 

requires for paper and cardboards packaging etc. The 
amends were also possible with the thermal and phase 
separation properties by starch blending. The final blend 
is immiscible as there is a direct relationship between Tm 
and percentage of starch (Zhang et al. 1997a). The en-
thalpy of melting did not change significantly while Tg of 
9 °C is required for all percentages of starch.

However, in spite of reducing manufacturing costs and 
improvements in mechanical properties, the final prod-
ucts are brittle and unsuitable for producing strong bio-
films, but this can be overcome by using copolymer grafts 
of starch and glycidyl methacrylate (GM), which increase 
the compatibility between the bio-films and PHA matrix 
(Willett et al. 1998). Treatment of starch with GM results 
in the polymer being more durable and tensile and there 
is a direct correlation between this property and percent-
age of treated starch. Scanning electron microscopy re-
vealed strong adhesion between the film and matrix. By 
using corn starch treated with polyvinyl acetate (PVAc) 
also increases the mechanical strength of the film (Lai et 
al. 2015). When the percentage is 27% the Tg increases to 
44 °C and the compatibility with PHB is maintained. This 
blend is also compatible with the recovery method as it 
does not affect the α-amylase degradation of corn starch 
(Lai et al. 2015).

Cellulose derivatives 
Cellulose derivatives like cellulose acetate, cellulose 

butyrate, cellulose propionate or ethyl cellulose are po-
tential candidates for PHB blends, especially for materi-
als used in the biomedical industry (Zhang et al. 1997b). 
They are compatible with PHAs and are easily recovera-
ble (Wang et al. 2015). Studies on crystallization, melting 
properties and miscibility of these blends indicate a con-
centration dependent increase in Tg with decrease in the 
percentage of PHB. These blends lack crystalline prop-
erties in non-isothermal crystallization tests, however, 
spherulite formation continues but is delayed (El-Shafee 
et al. 2001). The single Tg indicates the blends are misci-
ble and the phase morphology analysis that the polymer 
is homogeneously amorphous. The presence of cellulose 
acetate butyrate in the inter-lamellar region of PHB en-
hances the mechanical properties of the final blend.

Lignin
The functional groups of lignin (phenyl propane re-

peats and carboxylic acid groups) determine its amor-
phous nature, which in turn make it a suitable candidate 
for producing PHA blends. The phase morphology of 
lignin prevents crystal nucleation and spherulite forma-
tion, and decreases the brittleness reported when using 
cellulose derivatives. Lignin and its derivatives are high-
ly miscible with PHB and prevent crystal formation and 
reduce the number and size of spherulites (Weihua et al. 
2004; Mousavioun et al. 2013). Soda lignin is  another 
modified derivative that has a  significant effect on the 
thermal stability of PHB (Mousavioun et al. 2010). Ther-
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mo-gravimetry and electron microscopy indicate that 
the optimal percentage of soda is 40%. The intermo-
lecular interactions between the blending components 
are due to hydrogen bond formation between carbonyl 
groups of PHB and carboxyl groups of lignin. This is the 
major reason for the enhanced fractural stability of this 
blend and also prevents degradation (Mousavioun et al. 
2012). During degradation, there is an increase in the un-
evenness of the surface of the bio-film, which indicates 
efficient biodegradation.

Co-polymerization

Different monomeric subunits of PHA
Production of copolymers using different combina-

tions of monomers is a  common commercial practice. 
The different monomers are important in determining 
the strength and durability of the biopolymer. PHB is 
brittle and tends to form spherulites. Blending PHB with 
PHA-mcl monomers imparts thermal and mechanical 
properties similar to polyolefin (Saad 2002). These com-
binations are also an effective way of producing polyes-
ter-like blends and products for biological applications. 
Different blends of poly-3-hydroxybutyrate (P3HB) and 
poly-4-hydroxybutyrate (P4HB) vary from crystalline to 
elastic and the use of different blends of PHBHHx with 
PHB have resulted in the production a wide range of bi-
omedical products (Yoshie et al. 2004) and the modifica-
tion of the properties of biological materials. PHB rapidly 
crystallizes and forms an inundated bio-film that is not 
a suitable matrix for mammalian cells, but by incorporat-
ing copolymers into blends alters the degree of crystalli-
sation and results in an even surface for attachment and 
growth of cells (Kai et al. 2003).

Synthetic Biodegradable Polymers 

Poly-lactic acid (PLA) 
Poly-lactic acid is produced from lactic acid or by fer-

menting simple carbohydrates. It is biodegradable and 
therefore is widely used to produce biodegradable pack-
aging and biocompatible devices. Despite being an envi-
ronmentally friendly option, its poor durability and ther-
mal stability hinders its use in the industrial production 
of polymers. Blending mineral fillers with PHA/PLA re-
sults in immiscible polymers with a nodular morphology 
(Koyama and Doi 1997; Ohkoshi et al. 2000; Gerard and 
Budtova 2012) and those with PHBV enhancing the ther-
mal stability of PLA. Despite being brittle, these bio-films 
are very ductile and plastic (Gerard and Budtova 2012). 
The ductile strength can be increased by including more 
PHA-mcl than PHA-scl co-polymers in the blend., which 
resulted in Noda et al. (2004) hypothesizing that PLA 
blends with PHA can compensate for the limitations of 
the individual ingredients in a combination (Noda et al. 

2004). An addition of 10% PHA to the blend transforms 
the phase morphology from crystalline to amorphous 
and PHA mcls and epoxy-PHA mcls results in amor-
phous elastomers. This is attributed to the interaction of 
the epoxy group with the hydroxyl in the PLA (Takagi et 
al. 2004). The method of blending also affects the mis-
cibility and compatibility imparted to the final product. 
PHA/PLA blends prepared using solvent casting and 
melt blending methods vary in their miscibility (Zhang 
et al. 1996), with the former immiscible for a  range of 
percentages and the latter appreciably miscible, which af-
fect the crystalline properties of the product (Furukawa 
et al. 2007). Those PLA blends with low crystallization 
temperatures are miscible but those with high crystalli-
zation temperatures are not.

Polycaprolactone (PCL)
Because of its mechanical and ductile strength, it is ex-

tensively used in medical applications, which have under-
gone several modifications. It is inherently semi crystal-
line and blending with PHBHHx yields a soft and flexible 
polymer suitable for musculoskeletal tissue engineering 
(Lim et al. 2013). The biodegradable and non-toxic na-
ture of this blend makes it even more suitable for tissue 
engineering, adhesion and proliferation surfaces for hu-
man foetal mesenchymal tissue and human bone (Chen 
and Wu 2005). The ductility of PCL/PHBV blends is di-
rectly proportional to the percentage of PCL in the blend 
(Chiono et al. 2008). Even vascular grafts are prepared 
using these blends, which are biocompatible with the rat 
cerebral endothelial cells in terms of adhesion, prolifera-
tion, viability and migration over a period of two weeks 
(Del Gaudio et al. 2012).

Chemical Modification of PHAs

This is another tool for enhancing the properties of 
PHAs, which is more regulated than blending as it mod-
ulates the structure of the polymer and the resulting 
changes are mostly predictable. This can be taken to the 
next level by controlled polymerization, which impart 
a  new dimension to the architecture of the PHA. PHA 
graft graphene nano-composites degrade at higher tem-
peratures and have a higher electrical conductivity than 
neat PHA (Yao et al. 2019).

Grafting on natural polymers
Grafting PHA onto natural polymers have proved 

highly suitable for medical applications including tis-
sue engineering, production of antimicrobial material 
and drug delivery. The interaction of the –NH2 group of 
chitosan with –COOH group of PHB and the ester for-
mation between –COOH of PHB and –OH of cellulose 
produces two variants of PHB graft copolymers (Yalpani 
et al. 1991). Hydrophilic nature of chitosan imparts an 
amphiphilic tendency to the graft copolymer and there is 
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a direct correlation between the solubility of the final bi-
opolymer and the degree of the graft (Arslan et al. 2007). 

PHA graft copolymers with vinyl or (meth)acrylate groups
Copolymerization of PHA grafts with oligomers con-

taining vinyl or (meth)acrylate groups like 2-hydroxyeth-
ylmethacrylate, polyethylene glycol or poly(methylmeth-
acrylate) by irradiation is highly effective in altering the 
property of PHA grafts (Hazer and Steinbüchel 2007). 
The presence of vinyl chains enhances the hydrophilicity 
of the polymer, which reduces the inter-facial tension and 
platelet adhering property of the product, hence making 
it suitable for the manufacture of blood containing bags 
and devices (Chung et al. 2003). 

Scope for Improving PHA Production 

With increased demand for environmentally friendly 
PHA there is a  need to consider the sustainability and 
cost-effectiveness of its synthesis. 

Screening of New Species of Microbes 

There is a need to explore a wide range of habitats for 
more microorganisms for PHA production, especially 
those in estuaries, rhizospheres and wastewater efflu-
ents, and develop measures for distinguishing between 
efficient and non-efficient PHA producers. Genetic in-
terventions like using recombinant organisms with suit-
able enzyme requirements and the identification of PHA 
producing species using FISH or PCR has facilitated 
this process. Mixed microbial cultures (MMC) are being 
widely adopted in preference to recombination as MMC 
creates an ecosystem with various species contributing to 
the biosynthesis of PHA. The medium for the microbes 
and synthesis conditions are provided by bioreactors 
(Duque et al. 2014). Use of agro-industrial waste as the 
raw material in these bioreactors for producing PHA 
has proved very successful. Similarly, the fermentation 
of agro-waste like sugar cane molasses, olive oil efflu-
ents and even food waste in MMC systems (Koller et al. 
2017). The production of PHA in photo bioreactors with 
mixotrophic microbe culture containing cyanobacteria 
(recombinant or wild type) is sustainable and economic 
(Stal 1992; Narodoslawsky et al. 2015), with the process 
optimal in terms of carbon dioxide emission and soluble 
organic compounds in cultures with Nostoc muscorum 
Agardh acting on poultry waste (Bhati and Mallick 2016).

Genetic interventions for improvement of PHA producers 
Molecular biology has provided tools that can be used 

to convert non-PHA synthesisers to producers or for im-
proving yield and properties of PHA. Recombinant E. coli 
cloned with PHAc synthases on a  lactose substrate pro-
duces PHB (Ahn et al. 2001). In another study, Cupriavi-

dus necator was engineered to exploit more substrates in 
a medium and produce more PHB. The lac system genes 
(lac0, lacZ and lacI) can be integrated into the bacterial ge-
nome for allowing the conversion of lactose to polyesters 
(Povolo et al. 2010). In addition, genetic tools have facili-
tated improvements in the recovery process, for example, 
PHAmcl can be produced in vivo if staphylococcus nucle-
ase is integrated into the genome of Pseudomonas putida. 
Currently this is the most effective way for producing me-
dium chain length PHA (Boynton et al. 1999). P. putida 
with knock-outs of fatty acid degradation enzymes and the 
substrate carrier protein, 3-hydroxyacyl-CoA-acyl, is able 
to produce homomers instead copolymers due to reduc-
tion of β-oxidation by these mutants (Liu et al. 2011).

Utilization of inexpensive agro-waste as raw material 
Fifty percent of the cost of producing PHA is the cost 

of the substrate and subsequent processing. The most 
common raw materials are simple sugars, fatty acids and 
oils, however, there are alternative carbon-rich resourc-
es. The waste from agriculture is a rich source of carbon 
that can be used as a substrate for the synthesis of PHA. 
Agro-waste is a by-product of a variety of crops, such as, 
the bagasse from fruit and sugarcane, peel from potato, 
orange and banana, and bran of wheat and rice (Stavroula 
et al. 2020). The geographical availability is restricted to 
tropical countries, like India. It is estimated that for every 
10 tonnes of sugarcane, 3 tonnes of bagasse is produced 
(Kulkarni et al. 2014). Further, as India is the world’s larg-
est producer of bananas there is a great potential for it to 
use the peel to produce PHA. Sugarcane and corn cob are 
the richest sources of carbon used in media for culturing 
C. necator. When considering a  substrate for synthesis 
of PHA it is important to determine whether it is readily 
available all year round, cheap and easy to store in good 
condition for long periods. The  agricultural substrates are 
first converted to stable sugars like lactose via anaerobic 
fermentation and then aerobically used to produce PHA. 
In addition, green gas effluents from anaerobically pro-
duced silage can be added to C. necator cultures produc-
ing PHA (Koller et al. 2005). The major challenge in using 
agro- or industrial waste as substrates is the poor yield of 
PHAs. Purified sugars deliver higher yields as they pro-
vide higher concentrations of the substrate for synthases 
to act on, whereas agro- or industrial waste, not only is the 
concentration of the carbon source less but there are other 
ingredients inhibiting or slowing down the synthesis. The 
dilution of the substrate increases the production time, 
which increases the operation costs, especially, in mass 
scale production. There is, therefore, a need to look for in-
gredients rich in carbon that optimise the process and re-
duce the cost. Lactose-rich whey protein consists of about 
4–5% carbon by weight, but after ultrafiltration, one is left 
with a lactose-rich feedstock (Ahn et al. 2001). Whey pro-
tein can also be enzymatically broken down into glucose 
and galactose and after dehydration the mix consists of 
50% sugars by weight. Charcoal stripping wood is good 
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for removing inhibitors in the reaction mix (Koller et al. 
2005). Liquefied wood is produced from spruce wood 
dust via a microwaved toluene sulfonic acid mediated hy-
drolysis. Although it is a good substrate for PHA produc-
tion by C. necator, it is also contains an abundance of in-
hibitors, which are removed cheaply by means of charcoal 
media filtration in order to restore the growth kinetics of 
the reaction. The use of liquefaction is widely criticised 
because it introduces toxins and inhibitory substances 
into the process. The extreme temperatures, pressures and 
pH leads to the production of inhibitors like furfural and 
5-hydroxymethyl furfural. This can be avoided by using 
enzymatic hydrolysis under normal conditions, however, 
the many hydrolytic enzymes required make it very ex-
pensive (Koller et al. 2017). In the circumstances charcoal 
stripping is an effective way of producing a substrate (ba-
gasse hydrolysate) suitable for Burkholderia cepacia and 
B. sacchari (Silva et al. 2004). As these two Burkholderia 
strains are able to utilise both pentose and hexose sugars 
in the bagasse hydrolysate, they give higher yields than 
those obtained using a purified sugar substrate (xylose). 
Charcoal stripping is also used for removing inhibitors 
from chicory root hydrolysate for fermentation by C. ne-
cator (Haas et al. 2015). An economic alternative to char-
coal bed filtration for removing inhibitory components 
like free fatty acids, ash, residual biodiesel and methanol 
is demethanolization, which involves thermal or vac-
uum  – assisted evaporation (Hájek et al. 2012). Phase 
separation techniques or even distillation and vacuum 
dehydration are useful for concentrating glycerol. Con-
sequently, a  multi-culture system can use both glycerol 
and methanol as substrates. Methylomonas extorquens 
has been used in such studies, in which a crude glycerol 
medium resulted the diauxic growth of the microbe and 
conversion of methanol before the utilisation of glycerol 
(Braunegg et al. 1999). Using crude glycerol as the sole 
carbon source results in a high yield of PHB in sequenc-
ing bioreactors (Moita et al. 2014). PHA production is 
also associated with the generation of biofuel. Integration 
of these two industries that have similar feed stocks would 
be a step closer to sustainability.

Conclusion

PHAs are extremely important because they enable 
society to decouple economic growth from resource ex-
haustion and environmental ruin. With increase in the 
diversity of PHAs there will be a considerable increase 
in their application. However, the cost of production of 
PHAs constrains their large-scale industrialization and 
commercialization. A lower-cost can be achieved by in-
tegrating fields like synthetic biology, systems biology, 
morphology engineering, next generation industry bio-
technology and high-cell-density cultivation, which will 
facilitate the synthesis of all kinds of PHA. Moreover, 
bacteria can be designed that have multiple metabolic 

pathways and can synthesize a  particular PHA on de-
mand. Eventually, an economically, ethically and envi-
ronmentally sustainable production of PHA is feasible. 
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