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Abstract

The population growth in the present era and the
great advances made in life has made the human
beings inclined towards various industries and
materials as a result of which the production and
the accumulation of the waste materials in the
environment are inevitable. Plastic industries are
among the most important and most frequently
applied industries and they are widely used and
also the increase in the effects brought about by
the non-degradable plastic waste has been turned
to a growing concern. Polyhydroxyalkanoate (PHA)
and Polyhydroxybutyrate (PHB), naturally produced
by a great number of the microorganisms, can be
considered as a substitute for the ordinary plastics
and, unlike the plastics derived from petroleum,
PHAs are completely biodegraded in one year by
the microorganisms and turn to water and carbon
dioxide and return to the nature. PHA and PHB
are polyesters produced under imbalanced growth
conditions in microorganisms. These polyesters
are comprised of hydroxy fatty acids and they are
considered as a relatively complex class of reservoir
polymers synthesized by bacteria and archaea and
deposit in cell cytoplasm in the form of nanometer-
size components.
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1. Introduction

Plastics are used in manufacturing industries
including automobiles to medicine. Plastics are very
useful because, as synthetic polymers, their structure
can be manipulated chemically and they can be
given a wide spectrum of length and shape. Their
molecular weight is in a range of 50000 to 1000000
Dalton (Da) [1]. The US annually discards about 25
million tones of home plastic wastes and these waste
materials are usually disposed in garbage dumping
landfills where they might remain undegraded for ten
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years [2]. Since plastics account for 20% of the urban
solid wastes volume, there is a high incentive for the
society to find alternative dumping methods [3]. The
conventional plastics, used at present, are made of
petroleum material, undegradable sources [4]. These
materials are predominantly made through carbon-
carbon binds which resist degradation. Therefore,
recycling plastics plays a significant role in conserving
the environment. Plastics are readily recyclable. For
example, polyethylene can be washed, melted and
changed five times in their physical characteristics
[5]. Polyvinyl chloride and poly acetone are used in
manufacturing plastics to a great extent. Plastics can
easily take any favorable form like fibers and thin
films. They have a high chemical resistance and their
elasticity might be very much or very little. Thus, they
have found their ways into some disposable and re-
usable products as packing material. The difficulty
with which such plastic products can be degraded
or recycled is their unfavorable feature. The plastics,
featuring a xenobiotic nature, are problematic in
microbial degradation [6]. In the recent years, there
has been a growing trend of public worries related to
the harmful effects of plastics derived from petroleum
material on the environment. The mechanisms
devised by the nature and the self-regulating abilities
cannot fight back the new pollutants because
these mechanisms and devices used by nature are
unfamiliar with plastic materials and this has made
some countries begin developing biodegradable
plastics.

According to the estimations, more than 100 million
plastics are produced annually. The plastics annual
use in the US is 80 kg per capita and it is 60 kg
per capita in European countries and it is 2 kg per
capita in India [7]. Forty percent of the 70 billion
pound plastics produced annually are discarded in
landfills. Several hundred tons of plastic are annually
discarded to the marine environment and finally pile
up in the oceanic regions. The solution to getting
rid of the undegradable plastics is burning them
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but, besides being cost-intensive, such a method is
dangerous because harmful chemical compounds
such as hydrogen chloride and hydrogen cyanide
are released in burning processes [8]. There are
also substantial flaws in recycling plastic materials
because classification of many types of plastics is
problematic and also there are changes made in
plastic materials that have rendered their usability
cover a wide spectrum. Replacing the degradable
plastics with non-biodegradable plastics benefits
the plastic industry and the decision-makers.
Manufacturing environment-friendly products like bio-
plastics helps us overcome the form of contamination
created by undegradable plastics [9].

2. A Solution for the Plastics

Three types of biodegradable plastics, namely
photodegradable, semi-biodegradable and perfectly
biodegradable plastics, are currently being used.
Photodegradable plastics have light-sensitive
groups which are directly inserted in their polymeric
structure as additives. High rate of UV radiation can
degrade their polymeric structure and make them
prone to further degradation by bacteria but because
the dumping areas do not receive enough of the
sunlight, they, consequently, remain undegraded
[7]. Semi-degradable plastics are starchy plastics
in which starch is inserted into their composition
for holding their short polyethylene parts. When the
starchy plastics are discarded in the landfills, the
bacteria living in the soil attack the starch and free
the polymeric parts that can, resultantly, be degraded
by the other bacteria. In fact, the bacteria attack
the starch and convert it to polyethylene parts and
therefore they are rendered degradable. The third
type includes the biodegradable plastics which are
relatively new and promising and these are used by
bacteria as biopolymer among which the followings
can be pointed out:

Polyhydroxyalkanoate (PHA), Polylactive (PLA),
Aliphatic Polyesters, polysaccharides, copolymers
and a combination of the aforesaid cases [9].

2.1 Polyhydrozyalkanotes

PHA is a family of bio-polyesters featuring diverse
structures and it is the only bio-plastic that can be
synthesized by microbes. PHA can be synthesized
by more than 30% of the soil-borne bacteria [10].
These polymers accumulate intracellular for about
90% of the cell's dry weight under nutritional stress
conditions and they are served as the carbon
resources and energy storage [1]. Some bacteria are
active in the sludge in the sea floor regions and in
extreme environments and they also have the ability
to make PHA. During the past decade, PHA has
been developed to serve various uses [11]. PHA's
molecular mass is about 50000 to 1000000 Dalton
which is different from the same of the PHA producers.
Monomeric units, as well, exist in D configuration as a
result of the spatial features belonging to biosynthetic
enzymes [12-15]. PHA has structure-related rich
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features. PHA's homopolymers, random copolymers
and blocking copolymers can be produced depending
on the type of the bacteria and the growth conditions.
More than 150 monomers have been reported for
PHAs. PHAs have changeable mechanical and
thermal features as well as use diversities such as in
environment-favorable biodegradable plastics which
are currently used for packing, fibers, degradable
and biocompatible implants. They also facilitate
drug releasing transporters and PHA monomers
can also be used for the development of bio-fuels,
drugs or chiral intermediates. PHA oligomers have
also been reported as nutrients for animals. Due to
these advances, microbial PHA composes a valuable
chain of industrial fermentation, materials, drugs and
biofuels to the excellent chemical compounds. More
than 20 companies have been established worldwide
to commercialize such progresses [16,17].

2.2 PHA biosynthesis

PHA can be synthesized by means of chemical
substances or by taking advantage of biological
methods. PHA biosynthesis leads to the generation
of compounds having high molecular weight in
contrast to the chemical methods applied. Therefore,
PHA biosynthesis allows for a greater control over
the monomeric structures in PHA polymers. PHA
polymerase (PHA's synthase)’s features influence
the monomers combined in polymers. Thus, PHA
synthesis is carried out by grown microorganisms in
an aquatic solution containing stable resources such
as starch, glucose, sucrose, fatty acids and even
the nutrients extant in sewage below a temperature
ranging from 30°C to 37°C [11].

2.3 Prokaryotic PHAs

The greatest number of PHAs is produced by
prokaryotic groups such as bacteria and archaeas,
though transgenic plants have also been reported
for the production of PHA. Prokaryotic PHA functions
as energy and carbon storage as well as increasing
the survival under various environmental conditions
therefore all PHA-related applications are prokaryotic
[17,18].

2.4 PHA biosynthesis in natural isolates

There are extensive information provided regarding
the metabolism, biochemistry and physiology of poly-
3-hydroxybutyrate up to 1987 through the relevant
molecular genetics studies. Numerous coding genes
involved in the formation and degradation of cloned
PHA and from various types of microorganisms have
been identified and the genetic research provide
us with the regulation and formation of PHA based
on different growth conditions. The primary roles of
central metabolism and cell physiology have been
revealed through studies on PHA mutants via genetic
manipulation of PHB genes [1]. Such studies provide
specifications regarding microbial physiology and
they are considered as powerful tools for the design
and engineering of recombinant organisms for the
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production of PHA. Biosynthesis path of poly-3-
hydroxy butyrate includes three enzymatic reactions
catalyzed by three different enzymes.

The first reaction includes two molecules of acetyl
coenzyme A turned to Acetyl CoA by beta ketoacyl-
CoA thiolase (encoded by PHB A). The second
reaction involves acetoacetyl-CoA’s reduction to
3-hydroxybutyrile-CoA which is polymerized to PHB
by poly-3-hydroxybutyrate polymerase (encoded by
PHB C) (Figure 1) [1].

2.5 PHA production by recombinant bacteria

Producing natural PHA by bacteria takes a long time
and it needs optimum production temperatures. It is
difficult to lyse these bacteria and they follow certain
processes to degenerate PHA. Bacteria such as E.
coli are unable in synthesizing or degenerating PHA.
Therefore, E. coli grows fast in high temperature and
it can be easily lysed. Fast growth makes the bacteria
capable of accumulating large amounts of polymer.
Cell lysis allows for cost-effective PHA granules
purification [1,20,21]. Metabolism engineering for
the purpose of launching new metabolic paths for
expanding the range of the usable substrate has
been intensively investigated so as to elevate PHA
synthesis and produce new PHAs. Recombinant
E. coli strains insert in them the PHA biosynthesis
genes from Alcoligenes eutrophas in a stable plasmid
featuring a high number of copies and they are
applied to enhance PHA productivity [21,22]. Thus,
E. coli can take advantage of variegated carbon
sources such as glucose, sucrose, xylose and similar
substrates like molasse and hemicelluloses can
be applied to reduce the costs when working with
PHA. Such a strategy can be generalized to almost
all bacteria if the given bacterium is found having
more metabolic symbionts than what is currently
consumed [23]. The heterologous expression of PHA
biosynthesizing gene of the bacterium A. eutrophic in
Psedomunas oleavorans facilitates a mixture of poly-
3-hydroxybutyrates and Msc-PHA [24]. There are
two different approaches adopted in developing the
bacterial strains producing PHA from cheap carbon
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substrates. Firstly, substrate-applying genes can be
introduced to the PHA producers. Secondly, PHA
biosynthesizing genes can be introduced to non-PHA
producers making use of cheap substrate. For now,
the second approach seems more promising [25].

2.6 PHA featuring biodegradability

The feature distinguishing PHA from plastics
produced of petroleum material is the biodegradability
of PHA. PHAs degrade through being exposed to the
soil, composts or marine sediments. Biodegradability
depends on some factors such as bacterial activity
in the environment and being exposed to surface,
moisture, temperature, pH and molecular weight
[26]. Polymeric composition and crystallization are
also considered as important factors for PHA. It
has also been verified that the nature of monemeric
units influence the degradation [27]. There are
found copolymers containing PHB monomeric units
that can be degraded to 3-hydroxybutyrate-co-3-
hydroxyvalerate (3-HB-Co-3HV) more quickly.

Microorganisms secrete enzymes thatbreak polymers
to their molecular constituents, hydorxyacids, used
as carbon sources for growth. PHA biodegradation
under aerobic conditions leads to the production
of CO, and H,O, whereas, the carbon hydrolysis
products are dioxide and methane under anaerobic
conditions [6,8]. PHAs can be turned to composts in
a wide spectrum of temperatures, even in maximum
60°C with a moisture rate of 55%. Studies show that
85% of PHAs can be degraded within seven weeks.
PHAs can also be degraded in aquatic environments
within 254 days even in disallowed temperatures,
6°C [8].

2.7 PHA uses

PHAs as packing material: PHAs are primarily
used in materials used by us on a daily basis such as
shampoo bottles and packaging materials. PHAs are
also of use in packing films which are predominantly
developed for use as freezer bags, paper covers,
containers, disposable items like shavers, kitchen
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Figure 1. Poly-3-hydroxybutyrate biosynthesis path.
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and medical containers, feminine hygiene products,
utensils, cosmetic tools and medical and surgical
uniforms, home furniture and instruments, carpet,
packing, fertilizer bags and so forth [28,29].

PHA as medical implant materials: during the
past 200 years, PHA and its derivatives have been
applied for the development of tools such as stitches,
stitch sewers, coatings, clasps or crampons, screws,
epiphyseal plate systems and bone plating, tumor
surgeries, heart stents, tendon repairing tools,
devices used in repairing the inter-ventricular wall
deformities, bulking agents, venous valves, bone
marrow scaffolds.

It has been shown in another study that 3HB boosts
the cell propagation in cultured L929 cells as well as
in high cellular densities. Although 3HB has not been
evidenced influencing the cellular cycles it has been
found considerably curbing the cellular death.

Cheng et al found out that PHBHHX microparticles
enhances the propagation of rats’ fibroblast L929
cell and it causes an incerase in intacellular calcium
concentration.

Oligo-3-hydroxybutyrate or OHBs are found in
various organisms. They can constitute complexes
with inorganic polyphosphates, nucleoic acids and
proteins [30-32].

PHA as drug delivery transporters: Lactate and
glycolate homopolymers and copolymers are widely
used commercially as releasing products for drug
delivery. Therefore, lactate and glycolate copolymers
are predominantly degenerated via hydrolysis. Thus,
drug release cannot be completely controlled. In
early 1990, PHA was considered as a candidate
drug transporter due to its ready biodegradability,
biocompatibility and degradation resulting from surface
erosion. Among various PHAs, only PHB and PHBV
are applied as controlled drug delivery agents [30-33].

PHA as bio-fuels: recently, Zhang et al. [22] showed
that acetomethyle 3-hydroxybutyrate (3HBME) and
acetometyle 3-hydroxyalkanoate (3HAME) obtained
from PHB and PHA featuring a medium chain
length can be used as a biofuel. They investigated
differential groups, namely 3HBME, 3HAME, ethanol,
n-propanol, n-butanol, gasoline and mixed 3HAME-
and 3HMBE-based fuels and found out that 3HBME
and 3HAME possess 30 and 30 Kj, respectively.

PHA monomers as drugs: 3-D-hydroxybutyrate,
3-DL-hydroxybutyrate and 3HBME salts are
derivatives of 3HB. D-3HB is the most common
product of microbial PHA degeneration used for tissue
engineering applications. 3HB and its derivatives
exert effects on cellular apoptosis and rats’ cytosolic
glial cell Ca?* concentration and they have been found
causing a reduction in apoptosis and an increase in
the cytosolic cell’'s Ca?* concentration. The effects of
3HB derivatives on cytosolic Ca?* concentration can
be reduced by Nitrepidin [34].
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2.8 Polyhydroxybutyrate

PHB was first discovered in 1925 by Lemoigene
who described it a lipidic inclusion in megaterium
bacillus bacteria [35]. Later, it was figured out that
PHB is a polymer featuring high mollecular weight
involved in carbon and energy storage by a certain
types of microorganisms. Because the bacteria
synthesizes and degrade PHB, it is economically and
environmentally an alternative method for petroleum-
based plastics for the production of which degradable
resources are consumed and waste materials are
produced. From thousnads of polymers, PHAs
have globally undergone the highest number of
developmental and research efforts during the past
ten years because their physical characteristics are
comparable with the conventional plastics. PHA,
a polyhydroxybutyrate-co-valerate (PHVB), was
previously produced under the commercial name of
Biopol [36].

The more fascinating feature of PHB and the
other PHAs, which is also considered as one of
their advantages, is that they perfectly degrade
aerobically to Co, and H,O [37,38]. PHB possesses
better oxygen-tight characteristics in respect to
polypropylene and polyethylene tetraphetalate.
It also exhibits better water vapor insulation
characteristics in respect to polypropylene and it also
has anti-odor and anti-lipid peroxidation features
rendering it appropriate for food studd packaging
[39]. Moreover, this polymer has a better resistance
to UV radiations in comparison to polypropylene
and it displays thermal resistance as high as 130°C.
PHB is completely nontoxic in mamals because it
possesses a LD, more than 5000 mg/kg and, in fact,
it is applied in denitrification of the pot water [39,40].
Considering all the aforementioned features, PHB
efficiency is restricted to its low solidity of the effects
it poses. lIts flexibility to breaking is 6% as compared
to a value of 40% scored for polypropylene [41,42].
Another disadvantage of PHB is that it degrades
almost ten degrees above its boiling point, 177°C
and this is problematic in processing [37]. The
solution lies in appending long-chain units of hydroxy
acid monomers such as hydroxy valerate to the PHB
structure which makes the polymere more solid and
more flexible [39]. Polyhydroxybutyrate-co-valerate
(PHBV)was discovered in 1983 and PHB copolymere
has been extensively studied up to the present time.
PHBV copolymer contains 25% valerate and it is
more flexible in comparison to PHB and it indicates
five time as much reduction in Young’s Modulus in
comparison to a 7% GPa [39]. Young’s modulus is
defined as stress to strain ratio.

Hydroxy Valerate was added [42]. Also, the melting
point is reduced to some extent without exerting any
efect on the degradation temperature and makes it
an easier copolymer for the process [43-46].

3. Conclusion

Recent advances in metabolic engineering
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are supported by the genomic information and
bioinformatics that have allowed for an array of
opportunities for initiating new metabolic paths.
This helps us not only in expanding the domain of
the substrate usable in manufacturing PHA but it
also increases the current PHA output. The studies
should also be concentrated on understanding
the host-plasmid interactions as a result of which
more stable plasmids can be created and it is also
worth mentioning that the recombinant bacteria are
suuperior to the wild-type bacteria in terms of their
consumption for producing PHAs. Transgenic plants
that carry PHA biosynthesizing microbial genes have
lately been developed aiming at decreasing the total
price of polymer production. Therefore, there is a need
for further research in this area for increasing the bio-
plastics manufacturing as successful alternatives for
the undegradable plastics.
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