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Abstract

Polyhydroxyalkanoate (PHA) is the most promising solution to major ecological problem of plastic accumulation. The
biodegradable and biocompatible properties of PHA make it highly demanding in the biomedical and agricultural field.
The limited market share of PHA industries despite having tremendous demand as concerned with environment has led to
knock the doors of scientific research for finding ways for the economic production of PHA. Therefore, new methods of its
production have been applied such as using a wide variety of feedstock like organic wastes and modifying PHA synthesiz-
ing enzyme at molecular level. Modifying metabolic pathways for PHA production using new emerging techniques like
CRISPR/Cas9 technology has simplified the process spending less amount of time. Using green solvents under pressurized
conditions, ionic liquids, supercritical solvents, hypotonic cell disintegration for release of PHA granules, switchable anionic
surfactants and even digestion of non-PHA biomass by animals are some novel strategies for PHA recovery which play an
important role in sustainable production of PHA. Hence, this review provides a view of recent applications, significance of

PHA and new methods used for its production which are missing in the available literature.
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Introduction

The consistent accumulation of conventional synthetic plas-
tic in environment has compelled us to think that there is
an urgent need to replace it with biodegradable plastics.
Polyhydroxyalkanoate (PHA) is the most promising solu-
tion to this major ecological problem. The properties of
PHA make it close to plastics hence PHA bioplastic makes
a good alternate which is biodegradable and biocompatible.
Chemically, PHAs are in vivo polymerized polyoxoesters
of hydroxyalkanoates (Sowinski et al. 2010) which are pro-
duced by microorganisms when there is carbon rich and
nutrient (nitrogen, phosphorous, magnesium or sulfur) lim-
iting condition for their energy and carbon storage (Koller
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2018a, b). PHAs are produced in the form of water insoluble
granules within the cytoplasm of the cell. PHA help micro-
organisms to survive under environmental stress conditions,
and it is the key mechanism for their survival (Saharan et al.
2014). During starvation, the presence of PHA protects the
cellular components such as RNA and proteins (Vinet and
Zhedanov 2010) and it also plays an important role in sporu-
lation. It has potential protective mechanisms for bacterial
cells when they are exposed to freezing and thawing (Obruca
et al. 2016), osmotic shocks, oxidative pressure, desiccation,
H,O, supply, heavy metals and UV exposures (Obruca et al.
2020).

PHA was first discovered by Lemoigne in 1925 from
Bacillus megaterium (Chee et al. 2010) in poly(3-hydroxy-
butyrate) (PHB) form. Other forms of PHA were discovered
afterwards. In 1974, Wallen and Rohwedder (1974) extracted
3-hydroxyvalerate along with 3-Hydroxybutyrates and some
higher molecular weight components from activated sewage
sludge. Short chain length hydroxyacids of 11 different types
were reported by Findlay and White (1983) from marine
sediment extracts, also 3-Hydroxyheptanoate (3HHp) was
detected in B. megaterium in same year. Since then the num-
ber of PHA being discovered is increasing, and nearly 150
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different monomers of PHA have been discovered and the
number is still increasing with the introduction of new tech-
niques like modifying natural PHA by physical or chemi-
cal techniques and genetic modification of microorganisms
to synthesize PHA with particular functional group (Tan
et al. 2014). The developments have also been made in the
sustainable production of PHA in many ways such as using
inexpensive carbon sources, genetic engineering techniques
and using different recovery methods which is discussed in
this review in later sections. The use of recombinant strains
should be focused as genetic and metabolic engineering has
promoted novel methods for enhancing the PHA production.
Many reviews on Polyhydroxyalkanoate and its production
can be found but our review mainly focuses on the outlook
of the biotechnological approaches, molecular engineering
of the PHA producing strains and PHA recovery methods to
increase overall yield of PHA which is not common in the
currently available review articles.

Sources of PHA

Different species of bacteria and archaebacteria have been
used to produce PHA in sufficient amount. New bacterial
species which produce copolymers and recombinant strains
have been used to produce large amount of PHA in industrial
scale. Some bacterial species known for economical produc-
tion of PHA are Ralstonia eutropha, Aspergillus eutrophus,
Cupriavidus necator, Rhodobacter sphaeroides, Wauter-
sia eutropha, Pseudomonas sp., Thermus thermophiles,
Hydrogenophaga pseudoflava, Haloferax mediterranei,
Saccharophagus degradans, Bacillus sp., Halomonas sp.,
Azohydromonas lata, Chromobacterium sp., Methylobacte-
rium sp., Azotobacter sp., Burkholderia sp., Zobellella deni-
trificans, Dechloromonas sp., Comamonas sp., Aeromonas
sp., Erwinia sp. and recombinant E. coli (Anjum et al. 2016).

Structure, classification and properties

PHA is a linear polyester which contains 3-hydroxy fatty
acid monomers. Hydroxyl group from one monomer forms
an ester bond with the carboxyl group of another monomer
unit. The R group in the structure represents alkyl group.
If the R group is methyl (CH;), the polymer is named as
poly(3-hydroxybutyrate) as it will contain four carbons in
the monomer unit, likewise if R is C;H5, it is called poly(3-
hydroxyhexanoate) (Fig. 1). The chemical modification in
PHA depends on the varying composition and size of the
side chain substituents which are likely responsible for their
different applications.

Based on the number of carbons chain length, polyhy-
droxyalkanoates are classified into three classes on the
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R group Carbon no. PHA polymer

methyl C, Poly(3-hydroxybutyrate)

ethyl C, Poly(3-hydroxyvalerate)
propyl C, Poly(3-hydroxyhexanoate)
butyl C, Poly(3-hydroxyheptanoate)
pentyl C, Poly(3-hydroxyoctanoate)
hexyl G, Poly(3-hydroxynonanoate)
heptyl C, Poly(3-hydroxydecanoate)
octyl C, Poly(3-hydroxyundecanoate)
nonyl C, Poly(3-hydroxydodecanoate)
decyl C, Poly(3-hydroxytridecanoate)
undecyl C, Poly(3-hydroxytetradecanoate)
dodecyl C, Poly(3-hydroxypentadecanoate)
tridecyl C, Poly(3-hydroxyhexadecanoate)

Fig.1 The general structure of PHA, where R can be different
groups. If the R group is methyl (CH;) the polymer is named as
poly(3-hydroxybutyrate) as it will contain four carbons in the mono-
mer unit, likewise if R is C3Hj, it is called poly(3-hydroxyhexanoate)
(Tan et al. 2014)

basis of chain length, short chain length (scl) PHA, medium
chain length (mcl) PHA and long chain length (Icl) PHA.
Short chain length (scl) PHA consists of three to five car-
bon atoms. Some bacteria which produce scl-PHA are Azo-
hydromonas lata and Cupriavidus necator. Medium chain
length (mcl) PHA consists of 6-14 carbon atoms in the
chain. Pseudomonas mendocina and Pseudomonas putida
are two examples for mcl-PHA accumulating strains. Long
chain length (Icl) PHA consists of more than 14 carbon
atoms and some bacteria known for producing Icl-PHA are
Aureispira marina and Shewanella oneidensis.

Depending on the type of PHA, the unique properties
of PHASs vary physically and chemically. PHAs with dif-
ferent monomers have specific melting point, hydrophobic-
ity, degree of crystallinity and glass transition temperature.
Thermal and mechanical properties have been compared in
Table 1. Properties of different types of PHAs are discussed
below.

Short chain length PHA, polyhydroxybutyrate (PHB)

Among different PHAs, PHB is the most studied compound.
The unique properties of PHB resemble those of polypro-
pylene such as thermoplastic process ability and complete
water resistance (Hrabak 1992). It is insoluble in water and
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Table 1 Comparison of thermal and mechanical properties of different types of PHA (Singh et al. 2015)

PHA composition Mol% T, (°C) T, °O) Elastic E:B* (%)  Tensile
modulus strength
(GPa) (MPa)
Homo polymer
3HB 100 171-179  2.5-10 1.1-3.5 04-5.0 19-40
4HB 100 53 —48 149 1000 104
Copolymers
3HB:HV 95:5 170 22 - - -
80-90:10-20 137-156 —-1.0to 1.7 0.8-1.2 50-100 20-30
70-8-:20-30 138-139 —-6t0o—0.1 1.37 30 70
50-60:40-50 113-138 —-16t0o—-10 - - -
30:70 87 —13 - - -
3HB:4HB 95:5 169 -2 1.23 10.7 1.36
84:16 150 -7 - - -
76:24 161 -5 0.79 222 0.87
62:38 152 - 10 0.66 48 2.98
3HB:3HHx 88-90:10-12 96-127 -12 0.5 113400  9.4-21
3HB:4HV 90:10 159 - - 242 24
Tercopolymer
3HB:3HV:4HB 73:8:19 131 - 10 0.1 316 12
63:4:33 - - 14 0.1 937 9
49:18:33 - - 16 0.03 554 2
87.3 —-21.1 0.14 9 4
11:23-24:55-56 92-100 —15t0o—-17 0.4-0.6 5-Mar 10-Sep
10:40:50 88 -13.7 0.12 300 9
55 -51.6 0.13 430 14
3HB:3HV:3HHx 75:13:12 101 -19 0.07-0.1 740-833 12.8-14.3
70:25:5 129 -7.2 - - -
67:20:13 58-68 —6to—3.6 - - -
56:43:1 155 —-55 - - -
48:24:28 54 -5.1 - - -
3HB:3HHx:3HHx 94:3:3 153-168 2 - - -
89:6:5 145 -7 - - -
65:18:17 145-165 —11 0.19 7.4 3.86
3HB:3HHx:3HO 94:3:3 126 -4 0.39 15 22
Other copolymers
3HB:3HA 98:2 150-167 1 0.95 16 26
94-96:4-6 133 -8 0.22 680 17
3HB:3HV:3HHx:3H2MB:3H2MV 90:4:1:4:1 171 4.6 - - -
84:7:2:5:2 137 2.8 - - -
74:24:2 101 2.68 - - -
12:63-78:1-6:5-6:4-14  90-98 -12to—-14 - - -
11:63:6:6:14 89 - 14 - - -
3HB:3HV:3H2MV 7:82:11 96 - - - -
3HB:3HP:33HHx:3HHx 52:0:27:21 139 -12 - - -
51:3:25:44 148 - 11 0.04 10.3 1
28:3:25:44 105 - 16 - - -
3HB:3HHx:3HO:3HD 89:6:4:1 111 -6 0.07-0.21 188493 10-Apr
3HB:3HV:3HHD:3HOD 83-87:5-8:4:4-5 115-120 -13t0o—-14 0.2 701-723 18
3HHx:3HO:3HD:3HDD:3HDDE:3HTDE = 1-3:13-38:30-42:5— 37-40 —49t0—-53 - - -
12:0-37:tr:0-23
{5 ) Springer
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Table 1 (continued)

PHA composition Mol% T, (°C) Tg °O) Elastic E:B* (%)  Tensile
modulus strength

(GPa) (MPa)
3HHx:3HO:3HD:3HDD 1-15:0-93:0-92:0-56 53-75 —37t0—-44  0.19-0.35 188-346 5.8-8.7

*Elongation to break

soluble in chlorinated hydrocarbons like chloroform. It does
not float on water and can undergo anaerobic biodegrada-
tion when descends under the water. The density of crystal-
line PHB is 1.26 g/lcm® whereas the density of amorphous
PHB is 1.18 g/cm?. It is very stiff and brittle material. It
shows good oxygen permeability and is relatively resistant to
hydrolytic degradation and UV radiations but shows suscep-
tibility towards acids and bases. Monomers and oligomers
of 3HB and some of the other PHASs have been known to be
present naturally in human and animal blood stream which
suggests that they are highly biocompatible and non-toxic
and can be used for medical purposes (Koller 2018a, b). It
also aids in the process of inducing osteogenesis because
of its piezo-electric effect. It has high tensile strength of
40 MPa and melting temperature of 179 °C above which it
starts to degrade. In addition, it is not sticky when melted
which makes it significant for use in many industrial applica-
tions like in textiles (Jangra et al. 2018).

PHB copolymers

One of the commonly used copolymer is poly(3-hydroxybu-
tyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV)) which has
more flexibility, toughness, increased elongation to break,
lower melting point, lower crystallinity and lesser stiffness
as compared to PHB (Ciesielski et al. 2015). Another copol-
ymer, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
[P(3HB-co-3HH)] shows good thermo-mechanical proper-
ties of flexibility, strength, toughness, ductility and elasticity
in addition with the physicochemical properties of polyesters
such as dyeability and printability. It can also be blended
with Polylactic acid (PLA) and thermoplastic starch to add
more beneficial properties.

PHA terpolymers

A better alternate to copolymers is the terpolymers. In ter-
polymers, properties are enhanced by addition of more than
one secondary monomer in combination of different concen-
trations. For example, P(3HB-co-3HV-co-3HHx) has com-
paratively higher amorphousness, elongation at break 408%
and a tensile strength of 12 MPa when at concentration of
39 mol% 3HV and 3 mol% 3HHx while P(3HB-co-3HV-co-
4HB) at concentration of 93 mol% 4HB and 3 mol% 3HV
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has elongation at break 430% and 33 MPa toughness which
is similar to low-density polyethylene (LDPE) (Anjum et al.
2016).

PHA biosynthesis

PHAs are intracellular energy and carbon materials produced
by various prokaryotes under nutrient limiting conditions.
PHA synthase is the main enzyme responsible for PHA pro-
duction. A set of genes consisting of PHA synthase (PhaC),
f-ketothiolase (PhaA) and NADPH-acetoacetyl-CoA reduc-
tase are co-localized and organized into PHA biosynthetic
operon (Rehm 2003). The biosynthetic pathway of PHB, a
scl-PHA starts when two molecules of acetyl-Co-A get con-
densed to form acetoacetyl-CoA with the help of the enzyme
3-ketothiolase (PhaA). The acetoacetyl-CoA is then reduced to
(R)-3-hydroxybutyryl-CoA which is catalyzed by (R)-specific
acetoacetyl-CoA reductase (PhaB) (Fig. 2). (R)-3-Hydroxybu-
tyryl-CoA is finally polymerized to PHB by the enzyme PHA
synthase (PhaC) (Urtuvia et al. 2018).

On the other hand, for mcl-PHA production, the interme-
diates of fatty acid metabolism are converted to (R)-3-hy-
droxyacyl-CoA. If the fatty acid p oxidation pathway is not
followed, acetyl CoA is generated by the oxidation of carbon
source and the intermediates of fatty acid de novo pathway
are directed towards PHA biosynthesis with the help of the
enzyme transacylase (PhaG). The (R)-3-hydroxyacyl moi-
ety of the respective ACP (acyl carrier protein) thioester is
transferred to CoA by this enzyme (Hoffmann et al. 2002).
Whereas if the carbon source is oxidized by -oxidation path-
way, then enoyl-CoA is oxidized to (R)-3-hydroxyacyl-CoA
by the enzyme enoyl-CoA hydratase (Phal) (Fukui et al. 1998).
The PhaG and PhaJ encoding genes are co-regulated but not
present within the PHA synthase operon.

The formation of PHA granules is done with the help of
different proteins including phasins. Phasins are amphiphilic
molecules that are responsible for the size and number of the
granules of PHA formed (Pfeiffer and Jendrossek 2014).
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Fig.2 Metabolic routes towards
biopolyester synthesis. Trian-

gles depict targets for inhibitors
enabling biopolyester synthesis.
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Production of PHA in sustainable way

The ability of PHA to get modified by chemical and molec-
ular-biological ways and attaining desired properties makes
it applicable in many ways. Most suitable and popular use
of PHA is in making bioplastic. Bioplastic comprises only
1% of the total annual production of 359 million tons of
synthetic plastic. However, the awareness about environ-
mental hazard caused by conventional plastic has risen the
demand of bioplastic and the target set for its production
has increased from current capacity of 2.11 million tons to
2.43 million tons in next 4 years globally. Currently PHA
based bioplastic is only 1.2% of the total production of bio-
plastic. The main cause that PHA bioplastic is not so com-
mon is its higher production cost than conventional plastic.
The PHA production costs two to three times more than the
conventional plastic (Bioplastic market data 2019). Sustain-
able production of PHA includes engineering aspects for
upstream processing to make adequate substrates accessible
for microbial conversion, the intrinsic biotechnological cul-
tivation process and feeding strategy, and the downstream
processing to recover PHA as an intracellular product from
the non-PHA biomass. Various microbiological, genetic, raw
material-related, or process engineering strategies have been
applied for the sustainable production, some of which are
discussed here in detail.

Use of cheaper carbon sources

Microorganisms can utilize a number of carbon sources and
use them when they are available in excess, for synthesizing

ynthesi o
(R)-3- hydroxyacyl CoA 4—/,

(R)-3-hydroxyacyl-ACP
Polyester synthase
¥

Medium-chain length polyester

PHAs. Huge number of different carbon sources from
cheaper sources such as industrial waste, byproducts and
agricultural wastes has been used in past few years for the
production of PHA from different bacteria (Table 2). The
market price of PHA based bioplastic was 15-17 times
higher as compared to synthetic plastics in beginning but
the efforts to reduce the production cost has actually reduced
it but it is three times higher than the synthetic polymers.
The use of industrial and agricultural waste for the produc-
tion of PHA not only makes its production process economic
but also helps in management of wastes generated in thou-
sands of tonnes every year and reducing the environmental
pollution.

Molecular engineering

PHA synthase is the key enzyme involved in the biosynthesis
of PHA as discussed in the above section. Along with PHA
synthase, other enzymes such as 3-ketothiolase (PhaA), (R)-
specific acetoacetyl-CoA reductase (PhaB), transacylase
(PhaG) and enoyl-CoA hydratase (Phal) are also important
part of conversion of substrates into final PHA polymer. The
genes corresponding to the respective enzyme involved in
the process are responsible for the type and the amount of
PHA produced by the microbe using different substrates.
Using this fact, PHA production can be increased by altering
the genes involved in the PHA production process. Modify-
ing the enzyme at molecular level has been used by many
researchers. CRISPR/CAS9 technology has been recently
used for manipulating genes. Chimeric enzymes have been
prepared with improved properties and higher stability.
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Table 2 PHA production from different bacterial isolates using various substrates

S.no Carbon source used Bacterial source PHA yield PHA production References

1 Coconut oil Pseudomonas mendocina 58% - Basnett et al. (2018)

2 Palm oil Cupriavidus necator 9.7% 97 ¢/l Khunthongkaew et al. (2018)

3 Apple pulp Pseudomonas citronellolis 30% 0.025 g/l Rebocho et al. (2019)

4 Glycolate Recombinant E. coli 1% - Insomphun et al. (2016)

5 Wheat bran Halomonas boliviensis 50% 4 ¢g/1 Van-Thuoc et al. (2008)

6 Whey P. hydrogenovora 12.7% 1.27 g/l Koller et al. (2008)

7 Rice bran Haloferax mediterranei 55.6% 77.8 g/l Huang et al. (2006)

8 Potato starch Ralstonia eutropha 52.51% 94 g/1 Haas et al. (2014)

9 Pineapple peel waste Ralstonia eutropha 60% - Castro et al. (2016)

10 Glucose Bacillus sp. - 3.09 g/l Mohapatra et al. (2015)

11 Olive oil deodorizer distillate Pseudomonas resinovorans 62% 4.7+0.3 g/l Cruz et al. (2016)

12 Soyabean oil Pseudomonas aeruginosa 50.27% 0.98 g/l Abid et al. (2016)

13 Synthetic wastewater Pseudomonas pseudoflava 57% 20 g/l Reddy et al. (2017)

14 Crude glycerol and activated Alphaproteobacteria 80% 236 mg/l Fauzi et al. (2019)
sludge Betaproteobacteria

15 Rice mill effluent Acinetobacter junii 94.28% 2.64+0.18 g/l Sabapathy et al. (2018)

16 Macroalgal-derived carbohydrates ~Haloferax mediterranei 54.89% 22+0.12 g/l Ghosh et al. (2019)

17 Aegle marmelos Bacillus aerophilus 11.62% 2.47 g/ Sabapathy et al. 2019

18 Camelina oil Pseudomonas resinovorans 40% (wiw) — Bustamante et al. 2019

19 Glycerol Cupriavidus eutrophus B-10646  78% 85.8 g/l Volova et al. (2019)

20 Peanut oil Cupriavidus necator 51% 0.56 g/g Arauz et al. (2019)

21 Agro-industrial effluents Halomonas sp. SF2003 31% 1.89 g/l Lemechko et al. (2019)

22 Low-rank coal liquefaction prod-  Pseudomonas oleovorans Rho- 8% -— Fuchtenbusch, and Steinbuchel
ucts dococcus ruber 2.4% (1999)

23 Waste frying oil Cupriavidus necator - 1.2 g/ Verlinden et al. (2011)

24 Spent coftee ground Burkholderia cepacia 54.78% 2.69 g/l Obruca et al. (2014)

25 Lipid waste from animal-process-  Cupriavidus necator - 0.65 g/g Koller and Braunegg (2015)

ing industry

Increasing the protein expression is an important strategy
to get higher level of production of PHA. In addition, clon-
ing of the genes and harboring the recombinant strain has
been highly accepted.

Engineering metabolic genes can be used to increase the
PHA production by many ways such as (a) overexpression
of PHA synthase operon, (b) inhibiting PHA depolymerase
(phaZ) enzyme of the cell, (c) providing sufficient amount of
NADH/NADPH for synthesis, (d) inhibiting beta oxidation
pathways to favor the PHA synthesis, (e) enhancing cell size
by modifying cell morphology, and (h) deleting pathways
competing with PHA synthesis. The combinations of two
or three ways can be used in a single recombinant strain to
maximize the production.

Overexpression of PHA synthase operon and inhibiting
competing pathways to favor the PHA synthesis

The most widely accepted method for enhancing the pro-
duction is overexpression of the concerned enzyme. This
can be attained by selecting strong promoters for increasing
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the transcriptional levels of the PHA synthase enzyme. This
was shown by a recent study in which three promoters were
selected for integration into upstream of phaC operon in
Pseudomonas mendocina NK-01 which resulted in enhanced
transcriptional levels of phaCl and phaC2. Further they
deleted phaZ gene coding for PHA depolymerase from the
recombinant strains which would inhibit the PHA utiliza-
tion by the bacteria and led to the higher production of PHA
(Zhao et al. 2019).

Another approach to increase PHA production by meta-
bolic engineering is deletion of PHA depolymerase. PHA
depolymerase is an enzyme secreted by the bacteria to
degrade PHA to utilize it as a carbon and energy source.
Deletion of phaZ gene coding for enzyme PHA depolymer-
ase leads to accumulation of PHA in the cell. Research-
ers working in the field of PHA production may use other
approaches like overexpression of certain genes favoring
PHA production along with the phaZ knockout. For exam-
ple, PHA production by deleting phaZ and fadBAI and
fadBA2 (responsible for fluxing 3-hydroxyacyl-CoA towards
p-oxidation pathway) genes has been studied recently
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(Salvachua et al. 2019). This increased the PHA accumula-
tion in the cell to some extent. The modified strains showed
a 53% and 200% increase in mcl-PHA titre (g 17') and a
20% and 100% increase in yield (g mcl-PHA per g cell dry
weight) as compared with the wild-type strain. To further
increase the production, genes such as phaG, alkK, phaCl
and phaC2 were overexpressed to boost the substrate avail-
ability to PHA synthesis (Fig. 3).

The approach of inserting the PHA synthesis genes and
not the genes encoding PHA depolymerase into non-PHA
producing microorganisms like E. coli to increase PHA
productivity has been practiced since decades (Langenbach
et al. 1997). Further improvements like rearranging the three
genes of phaCAB operon in the host organism can lead to
production of ultrahigh molecular weight PHA (Hiroe et al.
2012).

Enhancing cell size by modifying cell morphology

Modifications in cell morphology related genes has been a
recent approach to increase the number and size of the bacte-
rial cell and hence increasing PHA accumulation in the cells.
Overexpression of genes such as ftsZ (responsible for Z ring
formation and cytokinesis during bacterial cell division),
sulA (inhibits cell division by interacting with FtsZ through
GTP hydrolysis), mreB (maintains cell shape), minC and
minD (inhibits FtsZ ring) can affect the PHA accumulation
of the cell. For example, a study conducted by Zhao et al.
(2019), used a minCD knocked out mutant Pseudomonas
mendocina and overexpressed ftsZ, mreB and sulA genes in
the mutant strain which resulted in improved PHA produc-
tion. The reason being that minCD knock out resulted in
increased cell length which resulted in increased PHA yield
by 45.62% (i.e., from 0.28 to 0.41 g/1) whereas overexpress-
ing mreB gene changed the shape and increased the width of
the cell. Increasing ftsZ expression achieved multiple fission
of the cell with 60.87% increase in PHA yield (i.e., from
0.23 to 0.37 g/1). Therefore, the combined effect increased
the overall potential of the cell to produce high amount of
PHA (Zhao et al. 2019). Similar results were observed in
another study in which E. coli mutant strain showed long
filamentous shaped cells after knocking out envC and nlpD
genes which are responsible for degrading peptidoglycan.
Deletion of minCD gene compelled the cell to divide by
multiple fission rather than binary fission. Over expression
of sulA gene in these E. coli mutant strains showed com-
bined effect of multiple fission and elongated shape with
accumulation of larger PHB granules in the cell accom-
modating 70% PHB in 9 g/l cell dry mass (CDM) which
was significantly higher than the wild-type strain that pro-
duced 51% PHB from 8 g/l CDM (Wu et al. 2016). Besides
increasing the cell size for higher PHA accumulation, the
size of PHA granule can also be altered as smaller size of

PHA granules make their recovery and purification process
incommodious and costly. The number and size of PHA
granules can be regulated by regulating the amount of phasin
protein (PhaP) present on the surface of PHA granule. The
deletion of some phasin genes (phaP) can result in produc-
tion of enlarged PHA granules but size of the bacterial cell
can restrict the process. Therefore Shen et al. (2019), in their
study suggested that overexpression of minCD genes with
phaP deletion could be done to achieve greater cell size
with large PHA granules. They observed that 4HB mol%
of PHA produced by H. bluephagenesis TDH4-minCD-
AphaP1 was 14% more than the wild-type strain.

Providing sufficient amount of NADH/NADPH for synthesis

By increasing the NADH/NADPH availability to the bacte-
ria, PHA biosynthesis can be increased (Zheng et al. 2017).
As discussed in the biosynthesis of PHA that acetyl CoA
acts as precursor for PHA synthesis and it requires NADPH
as a cofactor. Low levels of NADPH lead to conversion of
acetyl CoA to acetic acid by an alternate pathway. But high
levels of NADPH favor the catalytic action of NADPH-
dependent oxoacyl-CoA reductases which reduces the oxoa-
cyl-CoA thioesters to corresponding (R)-hydroxyacyl-CoA
thioesters, a process also known as “pseudo-fermentation”
(Koller 2018a, b). NADPH levels can be increased by over-
expression of gapN gene which codes for NADP-dependent
glyceraldehyde 3-phosphate dehydrogenase. In addition to
increasing the levels of NADPH, ackA-pta gene responsible
for acetic acid production can be deleted and hence favor-
ing more acetyl CoA flow towards PHA production (Heras
et al. 2016).

Another recent study revealed that Halomonas
bluephagenesis required NADH and not NADPH as a cofac-
tor and increase in NADH/NAD +ratio under limited oxy-
gen conditions could enhance the PHA production. NADH
inhibits citrate synthase which is required for conversion of
acetyl CoA to citrate which follows TCA cycle. If NADH
amount was considerably increased, then it would be fluxed
for PHA synthesis (Ling et al. 2018). Therefore, to increase
the NADH levels, Ling et al. (2018) blocked the electron
transfer flavoprotein subunits o and  encoded by etf operon
to stop electron transport pathway which ultimately led to
enhanced level with 94% of PHA as compared to 84% of
PHA originally accumulated in the cell.

Using CRISPR/Cas9 technology

New developments in genome-editing tools, particularly
clustered regularly interspaced short palindromic repeats
(CRISPR)-based tools, have made a revolutionary change
in genome-editing techniques. CRISPR-based genome edit-
ing, derived from the RNA-guided immune systems found in
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«Fig.3 The mcl-PHA production pathway in P. putida KT2440 via
fatty acid biosynthesis and competing fatty acid p-oxidation path-
way. Red boxes indicate genes targeted for deletion, and green boxes
indicate genes targeted for overexpression. AccA-D, acetyl-CoA car-
boxylase; FabD, malonyl CoA-ACP transacylase; FabH, 3-ketoacyl-
ACP synthase; FabG, 3-ketoacyl-ACP reductase; FabA and FabZ,
3-hydroxyacyl-ACP dehydratase; Fabl and FabV, enoyl-ACP reduc-
tase; FabB and FabF, 3-oxoacyl-ACP synthase; PhaG, hydroxyacyl-
ACP acyl-transferase; AIkK, acyl-CoA-synthase; PhaCl and PhaC2,
PHA polymerases; PhaZ, PHA depolymerase; Phal, R-specific enoyl-
CoA hydratase; FadB, enoyl-CoA hydratase/3-hydroxyacyl-CoA
dehydrogenase; FadA, 3-ketoacyl-CoA thiolase; FadE, acyl-CoA
dehydrogenase; FadD, long-chain acyl-CoA synthetase (Salvachua
et al. 2019)

many bacteria, has been successfully adapted to manipulate
organisms at genetic level, very efficiently and rapidly, with-
out any damage to organism. The approach has been applied
to many organisms such as Streptococcus pneumoniae, E.
coli, Streptomyces, Lactobacillus reuteri, Clostridium,
Bacillus subtilis and Corynebacterium glutamicum which
also includes bacteria for efficient production of PHA. For
example, in a recent study, genome-editing method using
an electroporation-based CRISPR/Cas9 technique has been
developed in R. eutropha (Xiong et al. 2018). They have
disrupted five putative restriction endonuclease genes con-
cerned with restriction modification system of the bacteria
which limits its electroporation efficiency. This made them
to optimize cas9 expression enabling genome editing via
homologous recombination based on CRISPR-Cas9 in R.
eutropha. They were able to edit five genes very efficiently,
this can be applied for higher production of PHA. As com-
parison to conventional methods, which would involve inte-
gration of a suicide plasmid via a single-crossover recom-
bination event, transferring it to R. eutropha from a host
and then selecting transconjugants with desired result, the
method is very laborious, time consuming and do not pro-
duce efficient results. Similarly, in another study, CRISPR/
Cas9 was used to construct eight mutants to study combined
effect of four different genes on glucose metabolism in H.
bluephagenesis TDO1 (Qin et al. 2018). The modified strain
produced P(3HB-co-3HV) more efficiently and PHA pro-
duction was increased to 16-folds.

Using different extraction methods

PHA recovery is an important factor which influences the
total cost of the production process. PHAs are produced
intracellularly, so they must be extracted using different sol-
vents but use of expensive solvents makes the process not
feasible for industrial use. Solvent-based, chemical, enzy-
matic, and mechanical recovery methods have been devel-
oped to make it cheaper. Recently, novel strategies have been
implemented to use “green solvents” under pressurized con-
ditions, ionic liquids, supercritical solvents, hypotonic cell

disintegration for release of PHA granules, switchable ani-
onic surfactants, and even digestion of non-PHA biomass by
animals (Koller 2020). The right choice of recovery method
influences the economic value of the whole process. Some
of the methods are discussed here.

Sodium hypochlorite extraction

Digestion with sodium hypochlorite solution has been
among the most common and widely used methods. The
harvested and dried cells are treated with 30% sodium
hypochlorite and incubated for 1 h at 37 °C. After treatment
with sodium hypochlorite, the cells are washed with water
cold acetone and ethanol. The extracted PHA crystals are
dissolved in chloroform and boiled at 100 °C for 20 min.
The final powdered PHA can then be analyzed for purity
(Marjadi and Dharaiya 2014).

Extraction using DMSO

Dimethyl sulfoxide (DMSO) being a non-toxic solvent
can be used for extracting PHA from bacteria Caston et al.
(2015) used DMSO to extract PHA from C. necator. The
harvested cells were treated with 50 ml DMSO at 70 °C
with agitation and aliquots of cell suspension added periodi-
cally until maximum production was obtained. The PHB was
separated by precipitation by ethanol for 160 min at 4 °C.
This method eliminates the requirement for use of halogen-
ated solvents.

Solvent extraction

PHA extraction has been carried out using various organic
solvents and this method had been used from past many
years till now. In this method, the harvested bacterial cells
were treated with methanol at high temperature for 1 h and
granules were kept for drying after removing methanol.
Finally, a mixture of methanol and water in the ratio 7:3
was used to precipitate out PHA (Sadasivam et al. 2018).

Extraction using ionic liquids

Tonic liquids (ILs) have been used for the extraction of PHA
as they are also non-toxic. IL, 1-ethyl-3-methylimidazolium
diethylphosphate ([C2mim]-[(C2)20P03]) has been used
by Dubey et al. (2018) for extracting PHA from Halomonas
hydrothermalis. [C2mim][(C2)20PO3] served as a good sol-
vent because of its high hydrogen bond basicity (f=1.07).
They recovered PHA with a yield of 60% +2%. It was quite
an effective method for the extraction of PHA.
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SDS sonication method

Sodium dodecyl sulfate (SDS) is an anionic detergent and
used for the lysis of bacterial cells. SDS was used for soni-
cation of cells which were then centrifuged to recover PHA
(Arikawa et al. 2017). It was then washed with water and
ethanol and measured by checking the dried weight. The
purity was checked by a laser-scattering instrument and it
was found that SDS at a concentration of 3.3% gave purity
greater than 96%.

Ultrasound-assisted extraction

Ultrasound-assisted extraction process is mainly suitable
for intracellular medium chain length PHA. The method
uses a mixture of acetone as a solvent and heptane as a
marginal non-solvent in the medium for extraction. Treat-
ment was given with the sonication frequency of 37 kHz.
Ishak et al. (2016) used the method for extracting PHA from
Pseudomonas putida. They reported ultrasonic energy out-
put of 1151 +3 J mI~! gave maximum of 74x 10~ g PHA
g~ ! dried biomass min~! at 50:50 acetone/heptane ratio for
irradiation time.

Enzyme digestion of non-PHA cellular materials (NPCM)

Digestion of non-PHA cellular materials (NPCM) such
as nucleic acids, lipids and phospholipids, peptidoglycan,
proteins, glycoproteins and in case of Gram-negative bac-
teria, lipopolysaccharides and other carbohydrates has been
done to extract the PHA granules from the cells. Proteolytic
enzymes and also cocktail of enzymes are used for the diges-
tion of NPCM. The process is carried out in mild conditions
with low-energy requirements but usually not preferred for
industrial use because of the expensive enzymes involved
in it. A study used a fungal strain Aspergillus oryzae which
produces a number enzymes mainly proteases along with
pectinases, lipases and phosphatases, for digesting NPCM
(Kachrimanidou et al. 2016). A combination of enzyme and
chemical treatment has also resulted in good recovery of
PHA. Chemical treatment with SDS and EDTA combined
with enzymatic action of Alcalase has resulted in good
recovery of PHA with a degree of purity of higher than 90%
(Martino et al. 2014). This treatment also eliminated a step
of pretreatment of heat.

Use of supercritical fluids (SCF)

Super critical fluids (SCF) are fluids which have low viscosity,
like a gas, high density, like a liquid, and almost non-existent
surface tension. These properties of SCF make them suit-
able for use in cell disruption of bacteria and yeast without
any damage to the enzymes such as alcohol dehydrogenase,
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invertase, glucose-6-phosphate dehydrogenase, fumarase, and
protein activities. Supercritical CO, (scCO,) is the best stud-
ied SCF. Abrupt discharge of scCO, penetrates and expands
within the cell which results in cell wall disruption due to rapid
pressure force. The process is very simple, inexpensive, and
offers minimum damage without any heat generation. It makes
PHA recovery easier as CO, simply evaporates after extraction
(Khosravi-Daravi et al. 2004).

Use of animals for PHA extraction

More recently, a new method of using animals for PHA recov-
ery has been successfully applied. The method involves feed-
ing rats with freeze-dried PHA producing C. necator H16
cells. It was found that the rat was able to digest cytoplasmic
content excluding PHA due to the absence of PHA depolym-
erize (PHA digesting enzyme). This method was also applied
to mealworm beetles which were fed with C. necator bio-
mass and PHA granules could be recovered from their feaces
(Kunasundari et al. 2017). The biological method of extract-
ing PHA is eco-friendly without the use of toxic solvents and
chemicals.

Extraction of PHA with solvents such as chlorinated hydro-
carbons, i.e., chloroform, 1,2-dichloroethane or some cyclic
carbonates such as ethylene carbonate and 1,2-propylene car-
bonate is generally not regarded as environmentally friendly.
Other factors such as high capital and operational costs do
not encourage the use of such solvents. However, sequential
surfactant-hypochlorite treatment promotes better and rapid
recovery of PHA and results in 50% reduction of overall cost
when compared to solvent extraction (Kunasundari et al.
2011). Though the operating cost is low, the process is more
complex and involves relatively high cost of surfactants used.
On the other hand, use of enzymes for digestion is attractive
because of its mild operating conditions and high specificity,
recovery of PHA with good quality could be expected. But the
high cost of enzymes again makes the process not favorable.
Use of super critical fluids is a good option in this context as
the process is simple, inexpensive, rapid and environmentally
friendly. However, biological recovery process of PHA from
bacterial cells coupled with insect farming has also joined
the debate as it minimizes the use of solvents, chemicals, and
water. The proteins, lipids, and minerals from the bacterial
cells do not end up as wastes but in turn are used as nutrition
by the animals thus reducing the costs of both PHA recovery
and insect production.

Applications of PHA

With time, the applications of PHA have expanded rapidly
in medical implants, drug delivery carriers, nutritional sup-
plements, printing and photographic materials, drugs and
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fine chemicals. Nowadays, PHA has also been used as a type
of biofuel. PHA genes and proteins have been modified to
regulate the metabolisms and to increase the potential of
industrial microorganisms for specific drug targeting and
protein purifications (Chen 20009).

PHA in medical use

PHA has been widely used to develop many medical implant
devices including sutures, meniscus repair devices, suture
fasteners, tacks, staples, surgical mesh, repair patches, bone
plates and bone plating systems, cardiovascular patches,
orthopedic pins (including bone filling augmentation mate-
rial), adhesion barriers, stents, guided tissue repair/regenera-
tion devices, nerve guides, articular cartilage repair devices,
tendon repair devices, ocular cell implants, atrial septal
defect repair devices, pericardial patches, bulking and fill-
ing agents, vein valves, bone marrow scaffolds, spinal fusion
cages, bone graft substitutes, skin substitutes, bone dow-
els and wound dressings. The flexibility to alter monomer
component of PHA makes it more efficient for the selective
mechanical properties, its degradation and biocompatibility.
PHA provides ideal environment for cells to grow and dif-
ferentiate when used for tissue engineering. The improved
chemical and physical properties are desirable for blood-
contact material with less platelet adhesion, reduced eryth-
rocyte contact and hemolysis reactivity as compared with
PHB and PHBYV films. PHB conduits have been proved to
be useful in repairing a 10 mm gap in rat sciatic nerves with
good regeneration and biocompatibility and to produce bone
tissue with favorable response.

PHA polymers are used to entrap or microencapsulate
drugs. Multiple layers of PHA are made with at least one
layer of magnetic substance added which can be altered
according to feasible microcapsule structure for drug deliv-
ery (Yano et al. 2006). 3-Hydroxybutyrate is known to be
present in human blood as ketone bodies which can be used
as alternative energy source for brain when glucose is lim-
ited (Martin et al. 2002).

PHA as a packaging material

Gas barrier property of PHA makes it best suitable for use
in food or beverage packaging. It can be used in coating
and making films for milk bottles. Packaging consists of the
major portion (1.6 million tonnes, 40%) of the total bioplas-
tic market. There is a continuous increase in the use of bio-
plastics in others sectors including household items, health
and safety (22%, 0.9 million tonnes), automobile industry
(14%, 0.6 million tonnes) and building sector (13%, 0.5
million tonnes) (Bioplastic market data 2019). However,
according to an article published by European Bioplastics
in 2016, it is estimated that global bioplastics production

capacity is set to 17 times increase from around 4.2 million
tonnes in 2016 to approximately 6.1 million tonnes in 2021.

PHA in agriculture

In agriculture, the development towards making it sustain-
able has led to the use of degradable plastics as mulching
material. PHA films have been used well during last few
years for mulching in water efficient agricultural practices.
The film can be degraded with time based on the climate and
crop conditions. PHA is also known to help bacteria during
stress conditions. It has been reported that using PHA pro-
ducing bacteria as plant growth promoters has proved to be
very beneficial because they are able to resist the stress con-
ditions such as carbon limitation, desiccation and variations
in osmolarity or temperature. 3-Hydroxybutyrate acts as a
chemical chaperone which can help the bacteria to survive
under unfavorable conditions of heat and oxidative stress
(Vinet and Zhedanov 2010).

Conclusion

The biodegradability of PHA has made its use not just lim-
ited to bioplastics but it has now been used in many areas
such as medical, cosmetics, and agriculture. Advancement
in genome engineering strategies has significantly increased
the scope of study in different organisms for PHA produc-
tion. Identifying new carbon sources ensures the sustainabil-
ity of the production. The use of green solvents, enzymes,
ionic liquids, supercritical solvents, anionic surfactants and
even animals have made the recovery process of PHA easier
and eco-friendly. All these new methods provide more scope
to a researcher to choose best methods considering its envi-
ronmental feasibility and cost effectiveness without compro-
mising its degree of purity and molecular weight. Therefore,
this review gives a broad view of various methods recently
used by researchers for cost-effective and efficient produc-
tion of PHA, which could also help in further improvement
of the present methods with respect to future perspective of
this eco-friendly polymer. In addition, it is believed that in
the coming future if cost effective raw materials and eco-
nomic production methods are used, the market size of PHA
industries would be increased further and would contribute
towards getting a plastic free world.
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