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Abstract
Because petroleum-based plastics are not biodegradable, as well as
the energy they require in their production, the rising plastic
substantially contributes to the depletion of the environment. In
contrast to synthetic plastics, polyhydroxyalkanoates (PHAs) are
sustainable and eco-friendly bioplastics. A variety of
microorganisms, such as fungi, bacteria, and algae, can be used to
entirely synthesize PHAs. Enhanced biodegradability,
biocompatibility, as well as other mechano-chemical properties are
some of the promising properties of value-added biopolymers. It
was also shown that PHA polymers have different properties
depending on their chemical composition (units of monomer) and
substrates. As an alternative to petroleum-based polymers, PHAs
have great promise and need further study to determine how to
economically produce and utilize them. Various applications of
microbially synthesized PHAs are described in the review. Several
microbial groups have also been shown to synthesize these
biopolymers by genetic regulation. Also revealed in this review are
the potential biomedical, environmental, and industrial
applications of this biopolymer.
Keywords: Polyhydroxyalkanoates, Biopolymers, Microbes,
Bioplastics

Introduction
Plastics have become one of the most commonly utilized
materials on the planet. Plastics have undeniably become an
integral part of modern society, that enables it to function, from
uses in construction, biomedical industries, and disposable
packaging to maintaining food quality, and much more. In 2018,
359 million metric tons of petroleum-based plastics were
produced worldwide, a serious environmental threat (Othman et
al., 2021). The market size of PHA was estimated to be 73.6
million USD and is expected to grow to 93.5 million by 2022
(Varghese et al., 2022). Each of these plastics has a variety of
uses in everyday life. Polymers of this type are not biodegradable,
which is their main disadvantage (Qin et al., 2021). Thus, to make
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petrochemical plastics more environmentally friendly, several
studies have been conducted. Various value-added biopolymers
are polyesteramide, polyethylene, polyhydroxyalkanoates
(PHAs) Figure 1, polycaprolactone (PCL), polylactic acid
(PLA), etc (Varjani et al., 2021). In contrast to petroleum-derived
plastics, bioplastics, also known as PHAs, are made of renewable
resources, such as proteins, vegetable oil, and starch. These
biopolymers provide a sustainable alternative to petroleum-based
plastics than can conserve fossil fuels and reduce CO2 emissions,
making them an important component of sustainable
development (Nofar et al., 2019).

Figure 1. Polyhydroxyalkanoates structure (R1 and R2 are
alkyl groups-C) (Ranganadhareddy, 2022)
The production of these biopolymers at a large scale, however,
poses significant challenges. As well as a high energy
requirement, one of the challenges in the PHA production process
is the price of the carbon sources utilized by the microorganisms
(Ranganadha et al., 2019). Waste organic resources, waste from
agriculture, wastewater, plant oils, fats from animals, and waste
cooking oils have all been utilized in the process (Guleria et al.,
2022). PHA can also be extracted and purified using advanced
energy-efficient and environmentally friendly technologies
(Ranganadha et al., 2021). In addition to polyhydroxybutyrate,
there are various poly (3-hydroxybutyrate)/ polyhydroxybutyrate
derivatives (Ranganadhareddy, 2022). The first monomer
components were identified in monomeric form in poly- (3hydroxybutyrate)/ polyhydroxybutyrate. About 150 monomers
make up different PHAs (Sharma et al., 2021). Polymeric PHAs
have properties similar to petroleum-based polymers along with
strong tensile strengths and high melting temperatures. Their
properties like biocompatibility, biodegradability, and
piezoelectricity make PHAs attractive biopolymers in biomedical
applications (Ranganadha, 2022). Using microbially synthesized
PHAs as models, this review aims to understand the diversity and
properties of these compounds. Additionally, these value-added
polymers have been described regardingtheir biosynthesis and
genetics. PHAs are also discussed in detail in terms of their
environmental, industrial, and biomedical applications.
Sustainable and eco-friendly alternatives to petroleum-based
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plastics are a family of biocompatible and biodegradable
polyesters called microbial PHAs. PHAs can be produced from
microbial sources, according to various reports. Although the
present article describes PHA biosynthesis from microbial
sources and these biopolymers’ properties, production on a
commercial scale, methods of extraction as well as their
applications, it does not explain their synthesis. To synthesize
eco-friendly biopolymers, it is necessary to understand extraction
procedures and screen for efficient microbes that produce PHA.
Classification
Various microorganisms can synthesize polyhydroxyalkanoates
(PHAs), which are eco-adoptable polyesters of hydroxyalkanoate
(HA). They are commonly stored in the cytoplasm as insoluble
inclusion bodies, ranging from 0.2 to 0.5 um in diameter (Obruca
et al., 2021). Cells synthesize PHAs when adverse conditions
prevail, such as low oxygen levels or a lack of nutrients, such as
phosphorus and nitrogen (Ranganadha & Chandrasekhar, 2021).
However, the presence of a carbon source is one prerequisite for
the biosynthesis of PHAs (Choi et al., 2020). As a result of this,
microorganisms producing PHAs can tolerate and store these
polymeric materials' osmotolerance in high concentrations
(Nandakumar et al., 2021). The materialistic properties of PHAs
resemble those of synthetic plastics in stark contrast to
biopolymers, such as polyethylene terephthalates (PET) or
polylactic acid (PLA). PHAs have been extensively studied as they
are the most potential biopolymers due to their properties (Talan et
al., 2021).
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Compared to chemical means, it is easier to produce PHAs with
higher molecular weight through biomedical means, spite the
possibility to synthesize PHAs through both chemical and
biological approaches (Costa et al., 2019). Different microbial
groups have different metabolic pathways for the production of
PHA (Adriana et al., 2020; Röhr et al., 2020). These biopolymers
can be produced by both exponential and stationary phases of
microbial growth. PHAs are produced in the exponential phase
under favorable, balanced conditions whereas, the synthesis and
accumulation of PHAs occur in the stationary phase as a result of
limitations in nutrients such as phosphorus, excess carbon,
nitrogen, and oxygen. Cells of microbes store excess nutrients in
the form of PHAs, and when favorable growth conditions arise,
they are released. In addition, a carbon source is essential to the
production of microbial PHA (Reddy et al., 2019).
Biosynthetic Pathway of Polyhydroxyalkanoate
Through the Calvin Benson cycle, atmospheric CO2 is converted
into PHA, which is converted to Acetyl-CoA through glycolysis.
Acetyl-CoA is converted into the most prevalent PHA, PHB by
three enzymatic reactions (Ranganadha, 2022). Two Acetyl-CoA
molecules are combined into Acetoacetyl-CoA by the first
enzyme, Pham. PhaBis the second enzyme thathelps in the
formation of hydroxybutyric-CoA by the reduction of
Acetoacetyl-CoA. Finally, a growing PHB molecule is added
with hydroxybutyric-CoA fatty acid monomer via an ester bond
by PhaEC (Krieger & Kececioglu, 2022; Ranganadhareddy,
2022) as shown in Figure 2.

Figure 2. Biosynthetic pathway of Polyhydroxybutyrate in microbes (Ranganadha, 2022)
PHA Properties
Depending on their chemical composition as well as the chain
length (copolyesters or homopolyesters), PHAs have different
properties, being thermoplastic polymers synthesized naturally by
microorganisms (Cywar et al., 2022). Under aerobic conditions
naturally, these polymers produced carbon dioxide and water when
degraded by various microbes (Mishra et al., 2018). On the other
hand, carbon dioxide and methane were released as a result of
anaerobic degradation. Complete biodegradability, high
processability, biocompatibility, structural diversity, and non-

toxicity are the general characteristics of PHAs (Mahmoudpour et
al., 2018). Certain materialistic properties such as aroma barrier
and moisture resistance properties can be retained by the artificial
modification of PHB through the addition of monomers such as
polypropylene (PP) (Nofar et al., 2019). Polyesters are used for
tissue engineering in the case of scaffolds, biological materials in
reusable suturing, cardiovascular devices, and substitutes for bone
implants have been approved by the Food and Drug Administration
(FDA) based on these properties. Additionally, to regulate
medication release, PHAs are used for dressings as nano and
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microspheres and devices for drug carriers. It has also been
reported that these polymers are used as a coating and packaging
material. The usage of these polyesters for tissue engineering as
scaffolds, biomaterials in reusable sutures, cardiovascular devices,
and substitutes for bone implants has been approved by the Food
and Drug Administration (FDA) based on these properties
(Muneer et al., 2020). Additionally, to control the release of drugs,
PHAs are used for dressings as nano- and micro- spheres and
devices for drug carriers. It has also been reported that these
polymers are used as a coating and packaging material
(Ranganadhareddy et al., 2022).
The polymers derived from biopolymer PHA have various
properties similar to polymers produced from petroleum byproducts like polypropylene, like high melting point (175 ˚C) and
high tensile strength 930-35Mpa) (Xu et al., 2019). As PHAs are
partially crystalline, the polymer amorphous phase is observed by
using the glass transition temperature (Tg). Although, the
crystalline phase’s thermal properties are described using melting
temperature (Tm) (Ranganadha et al., 2020). The temperature at
which the polymers of PHA melt and the number of carbon atoms
contained in the side chain are directly proportional to each other.
In contrast, the side chain’s length is inversely proportional to the
glass transitional temperature. Furthermore, an increase of 24 ˚C
in the Tm (45˚C- 69˚C) could be observed when the number of
carbon atoms increased from C4 TO C7 in the side chain (3HA).
On the contrary, Tg was seen to decrease with an increase in the
side chain of carbon atoms (from 1 to 7) (Oliveira et al., 2020).
Due to their low Tg value compared to MCL-PHAs, SC—PHAs
are more crystalline and brittle. For example, with a Tg of 4 ˚C
and a Tm of 180 ˚C, the SCL-PHA P (3HB) is very brittle, stiff,
and crystalline (Ansari et al., 2021). Contrary to this, the melting
temperature range for MCL-PHAs is 42 ˚C to 75 ˚C, with a Tg
ranging between 25 ˚C and 65oC (Zhang et al., 2021). Compared
to SCL-PHAs, MCL-PHAs are less crystalline because of their
irregular side groups. These irregular side groups obstruct the
compact packaging inside the polymers. The crystalline structure
and the Tg result in the elastomeric properties of these kinds of
polymers. Out of all the biopolymers synthesized by
microorganisms, properties similar to thermoplastic elastomers are
seen only in MCL-PHAs (Muneer et al., 2021). However, the
elastomeric properties are shown inside a small temperature range
due to their low Tm. The thermoplastic polymers become easy to
mold as they are fluid at a temperature greater than their Tm which
makes them completely powdered. Furthermore, it was observed
that the Tg of the MCL-PHAs decreased when the length of the
side chain increased (Larrañaga & Lizundia, 2019)
Additionally, a decrease in the Tg of MCL-PHAs was seen when
the average side chain length increased. This characteristic was
observed as a result of the increasing polymer chain mobility. The
thermal properties of the PHAs were determined by the substrate
used for the synthesis of the PHAs. For example, MCL-PHAs
demonstrated a Tg of 43.7 ˚C. These MCL-PHAs were produced
using coconut oil as substrate by P. putida. When the PHAs were
synthesized using the same strain with linseed oil as substrate, a Tg
of 61.7 ˚C was observed, which is 18 ˚C less (Larrañaga &
Lizundia, 2019).
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There is a variation in the mechanical properties too, based on the
length of the polymer chain. Among MCL-PHAs and SCL-PHAs,
the properties like tensile strength and elongation at bred show a
significant variation (Oliveira et al., 2020). Higher flexibility and
elasticity are demonstrated by MCL-PHAs while SCL-PHAs are
highly crystalline and more brittle. Even so, these properties are
not small for all PHAs, with some exceptions present. For example,
Young’s modulus of 3.5 GPa and tensile strength of 40 MPa.
Likewise, elongation at break for P(3HB) and P(4HB) was seen to
be 1000% and 3% respectively (Meng & Chen, 2017). The location
of the R-groups in the side chains is a key distinction between these
two polymers. The mechanical properties and 3D polymeric
structure of these polymers are altered by the R-group position
(Zhang et al., 2018).
Additionally, the blending of other polymers and co-monomers in
various ratios with the biopolymers for different industrial
applications and biomedical applications improves the flexibility
of the PHA (Amina et al., 2018; Zheng et al., 2019). For instance,
P (3HB-co-3HHx) copolymer has mechanical properties like
flexibility, hardness, and rigidity, which differ greatly from those
of P (3HB) (Ranganadhareddy et al., 2018). These properties are
dependent heavily on the units 3HHx. A copolymer containing a
5.9% mol fraction of 3HHx exhibited the highest flexibility (163%
elongation at break). Likewise, Young’s modulus (631.3 MPa) and
the maximum result for tensile strength (25.7 MPa) were attained
when 2.5% was the mol fraction of 3Hx units in the copolymer
(Behera et al., 2022). To analyze the mechanical properties,
scaffolds and biopolymeric films were produced by the usage of
mixtures of P (3HB) and P (3HB-co-3HHx) in another study
(Ansari, 2019). An increase from 40 to 60% in the ratio of P (3HBco-3HHx) in the blend resulted in a slight decrease in tensile
strength, and the flexibility remarkably increased (to 106% from
15%). The scaffolds containing 60% of P (3HB-co-3HHx)
supported the rapid proliferation of chondrocytes on the surface
and escalated growth. Therefore, it can be inferred that the PHA
biopolymer effect in industrial as well as biomedical applications
can be significantly enhanced by the suitable blending of PHAs.
Applications of PHA
Industrial Applications
Different monomer compositions are used to industrially produce
the polymersto meet various requirements for their wide use in the
industrial sectors. A US-based company, Metabolix, manufactures
P (3HBco-3HB) and its copolymer BIOPOL®. Many different
types of applications can be performed with this including
shampoo bottles, packaging, disposable cups, disposable razors,
etc (Alexandrovich et al., 2018).
Biomedical Implants
Human implants containing PHAs have become commonplace,
including screws, staples, sutures, stents, bone plates, nerve guides,
articular cartilage repair devices, and adhesion barriers. A potential
biomedical application for the PHA is that it is biodegradable,
biocompatible, stimulates bone formation, and promotes wound
healing, among many other properties. It has mechanical properties
like tensile strength and elasticity modulus which are similar to the
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mechanical properties of the bone. Currently, only some PHAs are
sufficiently manufactured that can be used as materials for
implants. The composition of these implant materials can alter
their degradability and mechanical properties. There have been
reports that SCL and MCL-PHA members (PHBVHHx, PHBHHx,
P3HB4HB, PHBV, and PHB) could be used for biomedical
implants (Akhtartavan et al., 2019; Ho et al., 2022). It has been
known that tissue regeneration and cell proliferation can be
enhanced by these biopolymers. Another advantage of the PHAbased implants is that even during their degradation, the pH does
not change where they are implanted. This allows the host immune
system to tolerate them.
Tissue Engineering
The main objective of tissue engineering is the promotion of the
growth of new tissues using biomaterials, cells, and different
signaling molecules for the restoration of damaged tissues. It
involves maintaining, restoring, and improving various tissues of
the body like skin tissue, periodontal tissue, heart valve tissue,
nerve tissue, vascular tissue or bone, and cartilage tissue (Wu et
al., 2022). The regeneration of muscle, blood vessels, skin, and
repair of nerves and cartilages have also been performed by PHAs.
Therapeutic Carrier
The use of these polymers as drug carriers was the first
pharmaceutical application of PHAs. A drug delivery system that
consisted of a polymeric matrix was used to deliver the
therapeutics to the target site in a controlled manner. Additionally,
the bioavailability of the drugs can be increased by these polymers.
These polymers can escape the immune system without causing
any therapeutic toxicity or other immune responses (Masood et al.,
2015).
Conclusion and Future Perspectives
In the last few years, Polyhydroxyalkanoates have emerged as a
potential substitute for synthetic plastics. In scientific research and
commercial applications, these biopolymers have gained
widespread interest. Microorganisms such as fungi, bacteria, and
microalgae have been utilized to achieve the commercial
production of these value-added biopolymers. The substrate and
types of PHAs determine the production and extraction of
microbially produced PHAs, respectively. Extracting and
purifying these biopolymers can be performed by various methods,
and each method has a specific effect on the purity of the resulting
PHA. As biopolymers, these materials can be used in a variety of
environmental, agriculture, and biomedical applications due to
their biodegradability and biocompatibility. These biopolymers are
manufactured by various industries with a wide range of
applications, for example, thermoplastic materials, packaging and
coatings, food supplements for animals, injection moldings, drug
carriers, and anti-fouling agents. These biopolymers can be used as
a replacement for plastics, thus reducing the amount of pollution
emitted by petroleum-derived plastics.
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