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Achieving circularity in materials requires fundamental changes in the polymers we 
use today and the way they are produced. Functional polymeric materials from renew-
able feedstocks that do not conflict with food and animal feed, and their renewal through 
biodegradation under diverse environmental conditions as the desired end-of-life option 
indeed constitute a paradigm shift for today’s plastics industry. Considering the ever-in-
creasing environmental problems associated with the disposal or incineration of fossil 
plastics, the increasing microplastic formation, food contamination, and rising atmo-
spheric CO2 concentrations, have made it clear that the time is ripe for alternative, inno-
vative, and sustainable polymers with plastic-like properties. In this nexus, the present 
review shines new light on the benefits of biobased and, at the same time, biodegradable 
microbial polyhydroxyalkanoate (PHA) biopolyesters. Special emphasis is dedicated to 
carbon recyclability through biodegradability and compostability of these fascinating 
natural materials, which are slowly but surely being commercialized as replacement for 
fossil plastics that are produced and disposed of in multi-million-ton scale annually, re-
sulting in a growing environmental threat. This review highlights that end-of-life options 
of PHA are analogous or even superior to another well-known polymer from nature, 
cellulose, while PHA offer the additional attributes of plastics in use with tailor-made 
properties. Finally, the review demonstrates how PHA biopolyesters can contribute to 
reaching many of the heavily discussed and desired UN Sustainable Development Goals.
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Introduction

Almost all full carbon backbone (“carbon–car-
bon backbone”) plastics of fossil origin are highly 
resistant to bio-mediated degradation. The current 
practice of plastic production and disposal is gener-
ating enduring impairment to the marine and terres-
trial environment1. Estimates of global emissions of 
plastic waste to rivers, lakes, and the ocean range 
from 7 to 9 million metric tons per year, with a sim-
ilar amount emitted as carbon dioxide (CO2) and 
methane (CH4) into the atmosphere as of 2016. 
These quantities are forecasted to double by 2025. 
Noteworthy, almost 80 % of all conventional plastic 
ever made is still present on our planet, amounting 
to roughly 6.3 Gt as of 20162. Pollution by plastic 

waste accumulating in the environment is a “hardly 
reversible” development, as natural mineralization 
processes for such materials are extremely slow. 
While reports on biological degradation of the poly-
ester poly (ethene terephthalate) (PET) exist3,4, such 
processes are far from industrial realization, and do 
not apply to highly durable polyolefins like poly 
(ethene) (PE), poly (propene) (PP), poly (vinyl 
chloride) (PVC), or poly (styrene) (PS); these poly-
mers fragment under diverse environmental condi-
tions (solar irradiation, abrasion, etc.) to nano- and 
microparticles, but do not undergo biodegradation5. 
Despite having brought numerous benefits to soci-
ety, fossil plastics have a dark side: “Plastics are 
Forever”6!

In addition, engineered remediation solutions 
(chemical and mechanical recycling), though need-
ed, are still embryonic, inadequate or insufficient to 
handle the steadily growing volumes of plastic 
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waste7. Hence, negative consequences of plastic 
pollution are almost irreversible. Potential impacts 
from hardly reversible fossil plastic contamination 
encompass, inter alia, changes to the global carbon 
cycle, deterioration of soil quality, disturbed aquatic 
ecosystems, and negative consequences to human 
health. These impacts coincide with threats to biodi-
versity, which ultimately is connected to severe so-
cietal impacts8,9.

On the raw material side, we currently witness 
unstable geopolitics, resulting in disrupted global 
supply chains causing increasing supply impairment 
of fossil resources required for production of estab-
lished fossil plastics.

The combination of negative environmental 
impact of fossil plastics and the disruption to their 
primary feedstocks provides society the ideal op-
portunity for step change to move towards alterna-
tives10. These alternatives utilize local, renewable, 
and waste carbon sources to produce materials of 
value: Materials that at their end of life are recycled 
(the material and the carbon) without causing the 
societal and environmental impacts of fossil plas-
tics. The two principles – use of renewable/waste/
local carbon feedstocks to produce materials of val-
ue and the ability to recycle them (material as well 
as carbon) – without disrupting nature need to be at 
the core of any step change model11.

This review, for the first time, combines the 
key features of polyhydroxyalkanoate (PHA) bio-
polyesters, namely, their bio-based origin, their bio-
synthesis, and their appealing end-of-life options in 
a holistic way, putting special emphasis on circular-
ity aspects of these materials. In addition, it shines 
new light on the potential of PHA to solve the cur-
rent microplastic predicament, and attempts to re-
move widespread contradictions and incorrect as-
sumptions on the topical subject of “bioplastic”. As 
a unique feature, the article comprehensively com-
pares circularity of PHA with the prototype natural 
circular material, namely cellulose, thus demon-
strating that PHA is indeed embedded into nature´s 
closed cycle from every criterion imaginable. The 
authors further endeavor to demonstrate that switch-
ing from fossil plastics to PHA biopolyesters can 
contribute to achieving the UN Sustainable Devel-
opment Goals (SDGs) as long as PHA is produced 
from renewable carbon sources as it is prevalent in 
nature.

Fossil plastics accumulation and persistence 
– implications for the future

Global fossil plastics production is estimated at 
400 million tons of virgin plastic per year and is 
expected to reach 1 Gt per year in 20502. Typically, 
most of this fossil plastic is disposed as macroplas-

tic waste in landfills and in the environment, which, 
through erosion, abrasion, and other weather-related 
acts would turn into micro- and nanoplastic parti-
cles12. Such nano- and microplastic particles are 
also generated during the use of the fossil plastics 
by abrasion during diverse industrial processes, 
from vehicle tires, and even from shoe soles. Two 
types of plastic particles were thought to be created; 
they are defined as “macroplastics” for particles of 
a size of more than 5 mm, “microplastics” or plastic 
particles of less than 5000 µm (5 mm) in size. More 
recently, it was discovered that a third category, de-
fined as “nanoplastics” are also formed, having par-
ticles as small as 1–100 nm13. Nanoplastic and mi-
croplastic particles have the appropriate size to 
enter the food chain starting with planktons which 
ingest them. Plankton serves to nourish higher ani-
mals like fish, and the nanoplastic and microplastic 
particles finally end up on our table14,15. According 
to a study by Wilcox et al., plastic particles are 
present in the intestines of about 90 % of investigat-
ed seabirds from 186 different species16. It is im-
portant to note that not all micro- and nanoplastic 
particles taken up via nutrition and respiration leave 
our bodies: A recent study estimates that until the 
age of 70 we accumulate about 50,000 plastic parti-
cles 1–10 µm in size, corresponding to about 40 ng, 
in our tissue17.

Mechanical plastic recycling, a process extolled 
by plastics manufactures, especially in the field of 
beverage bottling, is an excellent source of micro-
plastic formation: A study conducted by Schymans-
ki et al. demonstrated that mineral water sold in 
plastic bottles contains microplastic particles con-
sisting of PET, the same material as the bottle itself; 
the more recycling cycles the material undergoes 
the higher the quantity of microplastic particles 
found in the beverage packaged in the plastic bot-
tle18. This was illustrated by Cox et al., who calcu-
lated that the recommended daily intake of 1.5 – 2 
L water, if bottled in plastic, causes the consump-
tion of 90,000 microplastic particles per year per 
person19. In addition to mineral water, beer connois-
seurs should also be warned by a study by Liebezeit 
and Liebezeit, where authors described that all in-
vestigated samples of German beer display micro-
plastic pollution; between 16 and 254 particles per 
liter on average that include fibers, granules, and 
other fragments, were found per liter of beer20.

Surprisingly, microplastic particles are found in 
many other food products, where we would not ex-
pect their occurrence a priori. A study by Peixoto et 
al. reported the detection of microplastic particles 
of different types and geometry in samples of table 
salt, both of marine (which is rather obvious consid-
ering the discussed marine plastic pollution) as well 
as of alpine origin, which was rather unexpected21. 
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Detailed studies demonstrated microplastic fallout 
in most remote areas in the Pyrenean mountains, far 
away from any civilization or industrial activity, 
which in turn proves the ease by which such light-
weight particles are transported not only by fresh 
and marine water22, but also by wind and clouds23. 
More recently, a study reported the detection of mi-
croplastics in the polar regions (both Arctic and 
Antarctic)24, which shows that microplastics are al-
ready omnipresent in the ecosphere and the bio-
sphere.

Only in the last few years, we have started to 
understand the effects caused by microplastic parti-
cles in animals and humans. The intestinal toxicity 
of microplastic fibers of different geometry and 
length is already well described for the zebrafish 
Danio rerio, a model organism to study toxicity of 
microplastics25. For this species, it was recently 
shown that exposure to microplastic prevents suffi-
cient nutrients uptake26. In 2019, it was shown that 
plastic particles are found ubiquitously in the hu-
man digestive tract27. Now, in 2022, we even have 
proof that microplastic circulates in our bloodstream 
(1.6 µg of microplastic particles ≥700 nm, mainly 
PE, PET, and PS, was found per mL of blood taken 
from test persons), and evidence that this in vivo 
presence of microplastic causes devastating effects 
like inflammation and cancer28.

Besides the negative effects of microplastic 
formation due to plastics use, recycling of recalci-
trant plastics is only a partial remedy to get rid of 
plastic waste: Recycling decreases the quality of the 
plastics, and the spent plastic after one or two recy-
cling steps turns into real waste. Hence, mechanical 
recycling of plastics serves to only postpone the 
waste problem but does not constitute a remedy. 
Chemical recycling has been promoted as a solution 
to this issue, whereby the monomers or even the 
carbon could be reclaimed to upgrade into polymers 
and plastics for reuse. These processes have been 
known since the early days of polymer synthesis 
and production. While considerable research and 
scale-up efforts are underway here, most are still in 
their infancy. Moreover, chemical recycling is se-
verely challenged by the mixed plastics waste 
streams that are available today, making the job of 
separating various monomers difficult and uneco-
nomical1,2,7. In addition, chemical recycling involves 
energy-intensive processes, and while one can use 
renewable energy, this, in itself is emerging, and we 
are far from an ideal renewable energy use state.

To get rid of spent plastic waste completely, it 
needs to undergo thermochemical conversion into 
energy (incineration), which in turn increases atmo-
spheric CO2 concentrations, thus fueling global 
warming. This global warming has a momentum of 
its own: The warmer the oceans get, the less CO2 

they can fix in a dissolved form. Importantly, the 
oceans serve as a CO2 sink for roughly 4 · 1013 tons 
of carbon, about 60 times the carbon amount of the 
pre-industrial atmosphere! Oceans fix about 25–30 
% of the CO2 generated by anthropogenic activity, 
summing up to an excess of about 1,300 Gt CO2 per 
year. Thus, they are less effective in counteracting 
the increase in atmospheric CO2 level, which ulti-
mately leads to a vicious spiral, in which the rise in 
ocean temperature and CO2 emissions from the 
oceans fuel each other29. Despite the lower solubili-
ty of CO2 in oceans at higher temperature, the entire 
quantity of CO2 dissolved there has elevated due to 
the higher overall amounts of CO2, which are ex-
changed between the atmosphere and the oceans; 
this, in turn, leads to an acidification of the oceans 
by a pH-value drop of about 0.1 since the onset of 
industrialization, a rate that is 10 times faster than 
during the last 300 million years. The impact of this 
ongoing acidification on the ecosystem and its so-
cioeconomic consequences cannot be even roughly 
estimated at the moment30,31.

Hence, the only rational response to all the 
global threat posed by heavily aggravating and 
poorly reversible plastic pollution is to rapidly re-
duce plastic emissions through reduction in con-
sumption of virgin plastic materials, replace them 
where necessary by using biobased and biodegrad-
able alternatives, along with internationally coordi-
nated strategies for waste management8.

Alternatives and their benefits: so-called 
“bioplastics”

Estimates published by European Bioplastics 
for 2021 report a global “bioplastics” production of 
about 2.42 million tons per year, which is by far 
less than 1 % of the entire global plastic produc-
tion32.

It is important to note that this quantity also in-
cludes (partly) biobased, but not biodegradable/
compostable materials like biobased PE (“bio-PE”), 
a material originating from fermentatively generat-
ed ethanol; “bio-PE” does not biodegrade in the en-
vironment, and is produced from food carbon sourc-
es such as cane sugar. The global production of 
“bio-PE” already amounts to about 230 kt per year, 
and its consumption is expected to more than dou-
ble by 2026. Another example of “bioplastics” is 
“bio-PET”, a material used by famous beverage 
producers to manufacture “plant bottles” or “green 
bottles” despite only 30 % of the carbon present in 
them being of biological origin (ethylene glycol 
stemming from ethanol via oxirane), while tereph-
thalic acid, the aromatic co-monomer in “bio-PET”, 
is produced from fossil resources. “Plant bottles” or 
“green bottles” made of “bio-PET” are advertised to 
be readily recyclable, while this process leads to in-
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creased recalcitrant PET-microplastic formation, as 
observed for its fossil version. Currently, about  
35.8 % of all materials termed “bioplastics” account 
for such biobased, but not biodegradable materials 
like “bio-PE” and “bio-PET”. This clearly demon-
strates that using the term “bioplastics” in their con-
text is nothing more than greenwashing, misleading 
the consumer, and continuing along the same envi-
ronmentally destructive path. For the sake of differ-
entiation, the authors of present review would like 
to term those “bioplastics” that are identical mole-
cules to fossil plastics but use partly or entirely re-
newable carbon sources, but are neither biodegrad-
able nor compostable as “Type II Bioplastics”

About 64.2 % of today´s “bioplastics” account 
for materials like PHA, poly (lactic acid) (PLA), 
poly (butylene adipate terephthalate) (PBAT), poly 
(butylene succinate) (PBS), poly (ε-caprolactone) 
(PCL), thermoplastic starch (TPS), polysaccharides, 
and various cellulose-based materials and their 
blends. This group of “bioplastics” have their ori-
gins and attributes so diverse that it likely prompted 
the use of the word “bioplastics”. The authors would 
like to define these materials as “Type I Bioplas-
tics”. PBAT, PLA, and TPS are the current market 
leaders, amounting to 19.2 %, 18.9 %, and 16 %, 
respectively, of the entire “bioplastic” market in 
2021. For microbial PHA biopolyesters, a current 
share of less than 2 % of the bioplastic market is 
reported, accounting for a global production for 
2021 of not more than an estimated 40,000 to 
50,000 tons32. Among the second group of “bioplas-
tics” some are of entirely biological origin – PHA, 
PLA, TPS, polysaccharides, and cellulosics. PBAT 
is industrially compostable, but does not degrade 
during anaerobic digestion. It undergoes biodegra-
dation in soil, albeit at rather low rates. In addition, 
PBAT is not marine biodegradable, and its required 
raw materials (terephtalic acid, adipic acid, 1,4-bu-
tane diol) are currently produced from fossil raw 
materials. The aliphatic copolyester PBS is biode-
gradable in both fresh and sea water, while its raw 
materials are only partly accessible from biological 
processes: succinic acid is produced by anaerobic 
fermentation using biological carbon, while 
1,4-butandiol is a fossil-carbon product. PCL is a 
fossil carbon-based product although it is biode-
gradable and compostable. Cellulosics, TPS, and 
polysaccharides are biological in origin, and al-
though they are all chemically modified, they bio-
degrade in nature. However, this group has limited 
commercial use due to their property profiles; none-
theless, they are commercially produced. Lactic 
acid, the monomer for producing PLA, is of biolog-
ical origin, although the subsequent polymerization 
of lactic acid into PLA is a chemical synthesis pro-
cess33.

The diversity of products, product origin, and 
end-of-life profiles of this second group of “bio-
plastics” is perhaps the reason for the term “bio-
plastics”, an offshoot of the term “biopolymer”. 
“Biopolymer” is defined as a polymer that is bio-
synthesized from biological carbon and is biode-
gradable in the environment including in the marine 
environment. The term “bioplastics” cannot claim 
to have the same meaning, since it encompasses 
products with such diversity. Therefore, it is dan-
gerous and misleading, especially to the layperson 
and to the consumer to use a term like “bioplastics”, 
as it gives the impression that materials termed as 
such are biosynthesized and biodegradable when 
they are not. Some are of biological origin – PHA, 
PLA, TPS, polysaccharides, and cellulosics. PBAT 
is produced from fossil origin monomers, PBS has 
one monomer that is biobased, although its co-
monomer is also being produced from biological 
carbon in limited quantities. Therefore, the so-called 
“bioplastics” like PBAT, PBS, or PCL are not circu-
lar materials.

However, the situation is expected to change 
fundamentally very soon. European Bioplastics ex-
pects the entire “bioplastic” production to more 
than triple in volume between 2020 (about 2.1 mil-
lion tons) and 2026 (about 7.6 million tons). The 
“bioplastics” trend is here to stay and it will even 
increase! PBAT is anticipated to take 30 % of the 
volume produced until 2026, second being PBS (16 
%), and significantly overtaking PLA (10.4 %). 
PHA, a truly biological and circular material, most 
likely will rank among the top 5 “bioplastics” in 
2026, with an estimated market share of 6.4 % of 
all “bioplastics” (approximately 0.5 million tons), a 
tenfold increase in just five years! Importantly, for 
2026, it is also estimated that PHA will be produced 
at higher quantities than the recalcitrant biobased 
polyolefin “bio-PE”32.

Eliminating microplastics: Follow nature’s cycle 
of life – biodegradation

Industrially and commercially relevant bio-
polymers to replace established thermoplastics and 
elastomers are of growing interest for the scientific 
community as well as the Industry34–36. For the ob-
vious reason, their production and entire life cycle 
are embedded into nature´s closed material cycles. 
Being based on renewable resources, which ulti-
mately stem from the photosynthetic fixation of 
CO2 by green plants, cyanobacteria, or algae, their 
production requires no depletion of fossil resources 
fixed in Earth´s interior. In the case of microbial 
PHA biopolyesters, the most essential and diverse 
class of biopolymers with plastic-like properties, 
conversion of these renewable resources (carbohy-
drates, lipids, alcohols, CO2, or CH4) occurs in vivo 
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– inside the microbial cells as intracellular products 
of the cell´s secondary metabolism; hence, such 
cells serve as “cellular bioplastic factories”37,38. 
From microbial biomass, these intracellular prod-
ucts are isolated using multiple available strategies, 
refined, and processed into vendible materials using 
the same techniques and machineries as are current-
ly used for the processing of fossil plastics39. The 
PHA biopolymers, when spent, can undergo end-of-
life scenarios fundamentally different from the fate 
of spent fossil plastics: Under aerobic conditions, 
they are mineralized by the enzymatic toolbox of 
diverse organisms (bacteria, fungi) towards CO2 
and water as the sole products of their oxidative 
breakdown and biomass that is being used as organ-
ic fertilizer. CO2 and water, in turn, are the starting 
materials for regeneration of the raw materials 
needed for PHA production (carbohydrates, lipids) 
by phototrophic organisms, closing the carbon cy-
cle, thus balancing carbon! In case of anaerobic 
treatment of spent PHA, as it is the case in biogas 
plants, CH4 is also generated. This renewable CH4, 
sometimes also called renewable natural gas (RNG), 
in turn, not only serves as potential green energy 
carrier, but is accepted by a number of microbes 
(predominantly type II methanotrophs) as substrate 
for biomass growth and PHA accumulation, again 
closing the carbon cycle38 (see Fig. 1). This is in 
contrast with linear fossil plastics, which, after use, 
remain on Earth as macro-, micro-, and nanoplastic 
waste, or are thermally converted to surplus CO2.

The circularity of PHA biopolyesters is already 
being commercially exploited in many uses, includ-
ing for replacing intentionally added fossil micro-
plastics in cosmetics to offer UV protection (sun 
screen), and in skin peeling and scrubbing40. This 
light scattering effect of such products emulates liv-
ing cells harboring PHA granules: here, microbes 
are protected by the PHA inclusion bodies against 
excessive UV exposure, known to cause fatal cell 
damage by formation of reactive oxidative species 
(ROS)41. When intentionally added, PHA micropar-
ticles in shower gels and in cosmetic peeling and 
scrubbing agents are released into the environment, 
such as in sewage and wastewater treatment plants, 
lakes, rivers and in the marine environment, they 
undergo biodegradation, unlike fossil microparticles 
which remain recalcitrant and persistent microplas-
tics causing excessive microplastic loads in sewage 
sludge generated in wastewater treatment plants. 
Wastewater treatment plants filter up to 99 % of the 
microplastic from domestic wastewater, but with 
PHA microparticles this would not be needed. Sew-
age sludge is an excellent organic fertilizer42; how-
ever, currently they contain significant microplas-
tics, which end up in agricultural fields when used 
as fertilizer. Replacing fossil microparticles with 

PHA microparticles would allow the PHA micro-
particles in sewage sludge to readily biodegrade in 
fields by the microflora present there. The presence 
of PHA microparticles has an added benefit, espe-
cially in sewage and wastewater treatment plants. 
PHA, while undergoing biodegradation, converts 
the high nitrogen content present in sewage sludge 
into nitrogen gas, a process also called “denitrifica-
tion”, thus aiding in improved sewage treatment43.

Products containing PHA microparticles as an 
additive are already on the market, e.g., “NatureticsTM” 
products by Nafigate Cooperation, which were 
launched in Czech Republic in 2021, and are based 
on the Hydal technology to produce PHA from 
waste cooking oil44. Considering current and ex-
pected legislative regulations, such as the amend-
ment to the REACH Regulation on Intentionally 
added Microplastics, The European Green Deal or 
the new Circular Economy Action Plan by the Eu-
ropean Commission, which aim at drastically reduc-
ing microplastic release into the environment45, it is 
expected that biodegradable PHA granules would 
soon replace primary fossil microplastics in many 
more technological applications.

Other “Type I Bioplastics” such as PLA, PBS, 
and PBAT, form bioplastics that are recalcitrant and 
persistent; however, their lifetime as microplastics 
is generally accepted to be shorter than the non-bio-
degradable fossil plastics. Large pieces of items 
produced from these “bioplastics” would disinte-
grate into smaller particles forming microplastics 
and microparticles from these “bioplastics” (“bio-
microplastics”) and would persist in nature. Their 
persistence as “biomicroplastics” is being studied, 
and the academic and the industrial communities 
need to overcome present rudimentary and incom-
plete data situation on the formation rate of micro-
plastics, their degradation rate, sorption behavior, 
and eventual detrimental effects. This will remain a 
central field of research in the near future, especial-
ly by the manufacturers of these materials, primari-
ly due to the aforementioned European legislation46. 
Present knowledge in this field, although undevel-
oped and mostly publicized by the manufacturers, 
indicates that microplastics created by materials 
such as PLA, PBS, PBAT would biodegrade sooner 
than fossil plastics and their microplastics.

Definition and examples of biodegradable 
materials from nature

Prior to continuing the discussion on “biode-
gradable materials”, it is important to start with its 
definition and some related points. Per definitio-
nem, “biodegradable materials” are a class of mate-
rial, which can be degraded by the action of living 
systems like bacteria, fungi, animals, etc., or by iso-
lated enzymes stemming from these organisms. Hy-
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drolytic enzymes, be they in living cells or in isolat-
ed form (free or immobilized enzymes) are key for 
biodegradation of biopolymers, and biodegradable 
materials are the only ones that are defined as bio-
polymers. Important examples for such hydrolytic 
enzymes are hydrolases, recognizable by a four-dig-
it enzyme commission (E.C.) number beginning 
with 3. Key representatives for hydrolases running 
biodegradation of polymers are presented and dis-
cussed in Table 1.

In the biodegradation of PHA, esterases play a 
key role. Among esterases breaking down PHA 
(“PHA depolymerases”), we need to differentiate 
between intracellular and extracellular PHA depoly-
merases. Intracellular depolymerases (i-PhaZ, E.C. 
3.1.1.7x), on the one hand, serve the organisms ac-
cumulating PHA as storage material to re-utilize the 
stored PHA as a carbon and energy source during 
periods of starvation. On the other hand, extracellu-
lar PHA depolymerases (e-PhaZ) are those enzymes 
excreted by microflora (both prokaryotes and eu-
karyotes) to convert PHA that is released by 
PHA-accumulating microbes after cell lysis and 
spent PHA items into accessible substrates (Fig. 1). 
Hence, e-PhaZ are the enzymes accomplishing bio-
degradation of PHA materials in diverse environ-
ments! Typically, such e-PhaZ are less specific than 
i-PhaZ, and are able to hydrolyze the ester bonds in 
different polymers, such as in PLA54. Nota bene: 
There are no enzymes like intracellular PLA de-
polymerases; PLA is not produced as intracellular 
product by natural organism, hence, there was no 
need for Nature to develop such enzymes. This also 

makes it clear why PLA is not a “biopolyester” sen-
su stricto: Only the monomer, lactic acid, is pro-
duced biologically, while its polymerization to PLA 
occurs chemically in the presence of expensive and 
often toxic catalysts. In addition, highly crystalline 
PLA shows slow biodegradation, which is catalyzed 
by unspecific esterases55. Indeed, PLA should really 
be regarded as xenobiotic rather than a biopolymer; 
it simply does not exist as a natural material. This 
contrasts with PHA, which is a biopolymer and a 
biopolyester, whose entire life cycle is biological: 
based on renewable raw materials, intracellular bio-
synthesis of both the monomers (hydroxy acids) 
and the polymers (PHA), and is biodegradable and 
compostable. Moreover, PHA is known as biocom-
patible, which means that it exerts no harmful ef-
fects on the environment and living organisms, 
while PLA, e.g., when applied in vivo as implant 
material, is reported to cause inflammatory reac-
tions by the generation of highly acidic degradation 
products (lactic acid)56. In addition to polyester de-
polymerases, lipases (E.C. 3.1.1.x) are also an im-
portant class of esterases, pivotal for digestion of 
fats and oils. Different from other esterases, lipases 
are focused on lipophilic substrates like triacyl-
glycerides57. Among the class of esterases, there are 
also enzymes able to hydrolyze PET, such as PETase 
(E.C. 3.1.1.101) isolated in 2016 from Ideonella 
sakaiensis, a bacterium that has adapted over the 
past half century to thrive on PET as the sole carbon 
source. However, large-scale application of such en-
zymes for PET biodegradation requires additional de-
velopment due to their very low catalytic activity58.

Ta b l e  1  – Hydrolases responsible for biodegradation of diverse polymers

Glycosidases
(polysaccharases; 
E.C. 3.2.x.x)

Glycosidases are cofactor-independent enzymes, which catalyze the hydrolytic conversion of polysaccharides to 
mono-, di-, and oligomeric sugars.
Important examples from nature are cellulases (E.C. 3.2.1.4, E.C. 3.2.1.21, and E.C. 3.2.1.91), which hydrolyze 
the β-1,4-glycosidic bonds in cellulose, the most frequently occurring polymer on Earth, which is essential as cell 
wall material of plants.
Amylases, especially E.C. 3.2.1.1 (α-amylase) and E.C. 3.2.1.2 (β-amylase), are well known as enzymes that 
hydrolyze starch47; we become aware of the result of the action of amylases when chewing old bakery products: 
They will become sweet in our mouth due to sugar formation!
As another hydrolase, chitinase (E.C. 3.2.1.14) breaks down the glycosidic bonds in chitin, an important component 
of the cell walls of fungi and exoskeletal elements of many animals like mollusks or arthropods48. Chitin, the 
second most abundant natural polysaccharide, in turn is also an important raw material to manufacture 
biodegradable biopolymer films, and, together with its deacetylation product chitosan, is used to size and strengthen 
paper49.
Finally, pectinase (E.C. 3.2.1.15) should be mentioned as the enzyme hydrolyzing the 1,4-α-d-galactosiduronic 
bonds in pectin, an important structural polymer in the non-woody parts of plants; its hydrolysis by pectinase 
makes fruits to become mushy during ripening. Technologically, pectin is widely used, mainly in the food sector 
as a gelling and thickening agent, particularly in jams and jellies, and as dietary fiber50.

Proteases
(polyamidases;  
E.C. 3.4.x.x)

This group of hydrolases (“proteolytic enzymes”) hydrolyses peptide bonds, such as those linking amino acids in 
proteins. In the contexts of “bioplastics”, they hydrolyze polymeric films made of gelatine51 or processed whey 
retentate proteins52.

Esterases
(E.C. 3.2.x.x)

Esterases are an essential group of hydrolases when it comes to biodegradation of biopolyesters like PHA or poly 
(lactic acid) (PLA); these enzymes catalyze the conversion of biopolyesters into hydroxycarboxylic acids53.
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The degradation products generated by the bio-
catalytic action of listed hydrolases in turn undergo 
conversion by diverse organisms using well-known 
catabolic pathways, such as the glycolysis pathway 
(Emden-Meyerhoff-Parnas pathway, fructose-1,6-bi-
sphosphate pathway), or the 2-keto-3-desoxy-6-phos-
phogluconate (KDPG) pathway (Ender-Doudoroff 
pathway) to generate pyruvate, which finally under-
goes decarboxylation to yield acetyl-CoA. Ace-
tyl-CoA, in turn, is the central compound in the me-
tabolism of organisms. PHA hydrolysis produces 
oligomers of hydroxyalkanoates, which are further 
depolymerized by oligomer hydrolases generating 
hydroxyalkanoic acid monomers. These are then 
converted to acetyl-CoA by the microorganisms59.

In aerobic processes, acetyl-CoA undergoes 
conversion in the tricarboxylic acid cycle, where it 
is oxidized to CO2, and reduction equivalents and 
energy are generated, beside electrons (bound to co-
enzymes), which react with molecular oxygen as 
the terminal electron acceptor in the respiratory 
chain. Biodegradation through this metabolic se-
quence is exactly what happens in PHA-producing 
microbes during cultivation in a nutritionally bal-
anced medium. The degradation products of PHA 
biopolymers (sugars, amino acids, or hydroxy acids 
in the case of spent PHA as substrate) are converted 
by the cells as substrate for biomass and energy for-
mation60.

The situation fundamentally changes when 
such PHA-producing organisms are exerted to envi-
ronmental stress conditions, such as a deprivation 
of nitrogen or phosphate source, or low oxygen ten-
sion. Under such conditions, the tricarboxylic acid 
is blocked for acetyl-CoA, but PHA-accumulating 
organisms have an exit strategy to convert this in-
termediate compound: By the anabolic PHA en-
zyme toolbox, acetyl-CoA undergoes a condensa-
tion reaction to acetoacetyl-CoA (catalyzed by 
3-ketothiolase, previously known as β-ketothiolase; 
E.C. 2.3.1.9)61, which is reduced to 3-(R)-hydroxy-
butyryl-CoA (catalyzed by the NADH-preferring 
acetoacetyl-CoA reductase; E.C. 1.1.1.36)62, serving 
as substrate for the enzyme PHA synthase (E.C. 
2.3.1.304), which catalyzes the formation of the 
PHA homopolyester poly(3-(R)-hydroxybutyrate) 
(P(3HB))63. The metabolic rationale behind this 
PHA biosynthesis is the fact that redox equivalents 
(NAD+) need to be regenerated (hence, NADH 
needs to be oxidized) even under conditions of the 
TCC being inactive. NAD+ regeneration in turn is 
needed to warrant further oxidative substrate break-
down, which is dependent on availability of redox 
equivalents in oxidized form (NAD+). The “pseudo-
fermentation” reaction from acetoacetyl-CoA to 
3-(R)-hydroxybutyryl-CoA, which converts NADH, 
provides a tool for NAD+ regeneration59. Now, PHA 

is accumulated as intracellular inclusion bodies 
(“PHA granules”, also called “carbonosomes”)64, 
which act as carbon- and electron sinks, serving the 
cells as storage for energy and carbon, and as pro-
tectant against various stressors (UV-exposure, 
hypo- and hypertonic stress, desiccation, heat, oxi-
dation, heavy metal exposure, etc.), in addition to 
other metabolic and biological roles65. These “bio-
polymeric organelles” consist of a hydrophobic 
PHA core, surrounded by a hydrophilic layer made 
of enzymes involved in generation (PHA synthas-
es), degradation (PHA depolymerases) and intracel-
lular organization (phasins) of PHA64.

Intracellularly, storage PHA is degraded (“mo-
bilized”) by previously discussed i-PhaZ depoly-
merases under conditions favoring intracellular 
PHA degradation (low energy charge of cells, typi-
cally under conditions of exogenous carbon limita-
tion); hence, microbial cells harboring PHA have a 
survival advantage under conditions of starvation 
compared to PHA-negative cells. When present as 
extracellular PHA, such as in form of a spent PHA 
bioplastic item, e-PhaZ depolymerases degrade the 
material to accessible carbon sources (hydroxy ac-
ids), also for PHA accumulating strains, and the cy-
cle of PHA biosynthesis and breakdown starts de 
novo54.

Fig. 1 provides a visualization of the previous-
ly discussed circularity of PHA in nature.

Biodegradation in the modern world – compost 
to recover carbon present in PHA biopolyester 
– biogas and organic fertilizer

“Biodegradable” is frequently connected to en-
vironmentally friendly products, capable of decom-
posing back into those natural elements from which 
they were once produced. Therefore, by reasonably 
modifying and controlling (bio)degradation, biode-
gradable materials can play a key role in reducing 
ecological pollution66,67. Sustainable production of 
materials, like PHA that has such end-of-life op-
tions, easily comply with current policies and ac-
tions set by the European circular economy strategy 
and the 17 United Nation’s Sustainable Develop-
ment Goals (SDGs), which are elucidated later in 
this discussion.

However, it is important to emphasize that the 
property “biodegradability” is not identical to “com-
postability”, although these two expressions are fre-
quently used interchangeably. Both properties are 
defined in norms that form the basis for a commer-
cialized polymeric material to reach established cer-
tifications. In Europe, such certification processes 
are regulated at the national level in cooperation 
with the European Bioplastics Industry Association. 
As a prime example, the European norm EN 13432, 
the standard norm to assess a “bioplastic” on a ho-



280 A. Mukherjee and M. Koller, Polyhydroxyalkanoate (PHA) Bio-polyesters…, Chem. Biochem. Eng. Q., 36 (4) 273–293 (2022)

listic basis, addresses both biodegradability and 
compostability of packaging materials made of 
polymers. According to norm EN 13432, a “biode-
gradable” material has 90 % of its carbon metabo-
lized under standardized conditions of humidity, 
temperature, and pH-value within 180 days. A 
“compostable” material, in turn, disintegrates with-
in 180 days of composting into leftovers passing 
through a sieve of 2 mm pore size by at least 90 %. 
At that point, it should be stressed that all commer-
cialized PHA biopolyesters meet the requirements 
for both “biodegradability” and “compostability” 
according to norm EN 1343267.

Composting, also known as “rotting”, describes 
a process of the natural nutrient cycle where organ-
ic materials (often containing high-molecular bio-
polymers) are aerobically disintegrated by hetero-
trophic soil organisms (bacteria, archaea, protozoa, 
fungi, etc.). In addition to CO2, water-soluble min-
erals are also released from composting of organic 
materials, such as nitrates, ammonium salts, phos-
phates, potassium, and magnesium compounds, 
which act as precious biological fertilizers. More-
over, finished compost can be used in multiple oth-
er ways, such as for mulch, amending soil, and 

compost tea. Some of the intermediate products 
generated during this degradation process are con-
verted into humus, which, in the scientific field of 
pedology, refers to all of the finely decomposed or-
ganic matter present in a soil sample67.

When discussing “compostability”, one needs 
to distinguish between “industrial composting” and 
“home composting”. In this context, norm EN 
13432 refers explicitly and exclusively to the com-
posting process in industrial composting facilities 
(“industrial” or “technical composting”). Here, con-
version of biogenic materials to compost occurs by 
the controlled, aerobic, exothermic (with a thermo-
philic phase >55 °C) biological degradation and 
conversion. Such industrially compostable materials 
can undergo separate organic waste collection; sub-
sequently, they can be converted in industrial com-
posting facilities, or, alternatively in anaerobic di-
gestion plants into the green energy carrier biogas 
and organic fertilizer or humus or compost. How-
ever, many materials disposed of in industrial com-
posters and anaerobic digestors are not “home com-
postable”, hence, they should not be disposed in the 
private compost heap in the garden, where the pro-
cess is not controlled, and is determined by the giv-

F i g .  1  – Circularity of PHA biopolyesters. (a) Photosynthetic fixation of CO2 by green plants; (b) Formation of carbonaceous feed-
stocks (e.g., carbohydrates) by green plants based on photosynthetic fixation of CO2; (c) Feedstock (substrates) are metabolized by 
PHA-producing microbes; (d) Intracellular accumulation of PHA granules by microbes based on consumed substrates; (e) Release of 
PHA granules into the environment after cell death; (f) Technological downstream processing for recovery of PHA from cell biomass, 
followed by processing of recovered PHA to vendible bioplastic items, and disposal of PHA-based items after use; (g) End-of-life fate 
of disposed PHA-based items by aerobic biodegradation via composting (generates CO2) or anaerobic fermentation to CO2 plus CH4 
in biogas plants; (h) CO2 generated during these processes is again photosynthetically fixed by green plants: The cycle is closed! (i) 
Some type II methanotrophic microbes can directly metabolize CH4 stemming from anaerobic PHA digestion to PHA; (j) Several au-
totrophic microbes like various cyanobacteria directly convert CO2 stemming from PHA digestion to PHA.
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en environmental and weather conditions. Such 
“home composting” can be understood as upgrad-
ing household waste to produce compost at home. 
This process can be practiced at home with various 
environmental advantages, such as increasing soil 
fertility, reducing landfills, minimizing CH4 contri-
bution to the environment, and limiting food waste. 
Incidentally, PHA biopolymers are also home com-
postable, and as such, home composting of spent 
PHA items like packaging materials also reduces 
the amount of packaging in domestic waste67.

Standards for the measurement of 
biodegradability and compostability of 
materials

Until 2020, no EU-wide standard for “home 
composting” was available, until the norm prEN 
17427 (“Packaging – Requirements and test scheme 
for carrier bags suitable for treatment in well man-
aged household composting plants”) was estab-
lished. It refers to the end-of-life fate of plastic 
bags. Prior to the establishment of the EU-wide 
norm, several standards and corresponding certifi-
cates regulated home compostability of bioplastics 
on national levels, mainly based on EN 13432. For 
example, a home compostability certification 
scheme is offered by the certifier Vinçotte. Based 
on Vinçotte´s certification protocol, TÜV Austria 
offers the label “Ok compost HOME” for home 
compostable packaging, in addition to the label 
“OK biodegradable”; hence, two different certifica-
tions make a bioplastic material both “biodegrad-
able” and “home compostable”. It is important to 
note that TÜV Austria´s “Ok compost HOME” cer-
tification must not be considered as a specific stan-
dard; it rather constitutes a list of all the technical 
demands made to a packaging material required to 
obtain this certification; it constitutes the basis of 
subsequent “home compostability” standards estab-
lished in other countries. As an example, the Aus-
tralian standard AS 5810 (“Biodegradable plastics 
– Biodegradable plastics that are suitable for home 
composting”) from 2010 is also based on TÜV Aus-
tria´s “Ok compost HOME”, while DIN CERTCO, 
in turn, provides a “home compostability” certifica-
tion based on AS 5810. Italy has the standard UNI 
11183:2006, which is another national standard for 
“composting at ambient temperature”, In 2015, the 
French Standard “NF T 51-800 Plastics – Specifica-
tions for plastics suitable for home composting” 
was introduced, which is also part of the DIN 
CERTCO certification scheme67.

Hence, several standards exist to inform wheth-
er a material is biodegradable and/or compostable 
under different conditions (aerobic/anaerobic, in-
dustrial/home, etc.). Those international standards 
prescribe the test schemes that need to be applied in 

order to evaluate and determine the compostability 
and biodegradability of PHA, cellulose- or starch-
based plastic-like materials. In general, those stan-
dards comprise the requirements to test parameters 
regarding the characterization of the material (e.g., 
chemical composition like the assessment of heavy 
metal levels), its disintegration ability, its aerobic 
biodegradation into CO2, biomass and water within 
a defined period (typically six months), anaerobic 
digestion for CH4 and CO2 formation, and ecotoxic-
ity tests. Bioplastics certified according to EN 
13432 can be recognized by conformity marks such 
as the “Seedling”, “OK compost”, or “DIN ge-
prüft”. Standards and specifications have been de-
veloped by several authorities, such as the Europe-
an Committee for Standardization (EN), the 
American Society for Testing and Material (ASTM), 
the International Organization for Standardization 
(ISO), or the British Standard Institution (BSI)67.

In this context, biodegradability and composta-
bility of PHA biopolyesters have been scrutinized 
under diverse environments and test conditions, i.e., 
soil, water, marine, as well as industrial and home 
composting. PHA-producing companies have tested 
their PHA products according to corresponding 
standards by certain certification organizations in 
order to verify the claims of biodegradability and 
compostability of each product, and to obtain the 
respective logos and labels.36

Comparing biodegradability and compostability 
of PHA and cellulose

Cellulose makes up nearly 50 % of the biomass 
synthesized on Earth by photosynthetic CO2 fixa-
tion. Wood fibers and cotton are the most common 
cellulose sources. It makes up for about 90 % of 
cotton fibers and about 45 % of typical wood fi-
bers68. Most cellulolytic, hence, cellulose-biode-
grading, microbes belong to bacteria and fungi; in 
addition, some slime molds and anaerobic protozoa 
also have been reported to decompose cellulose. In 
cellulosic waste, such cellulolytic organisms often 
establish synergism with non-cellulolytic species; 
interaction between such different organisms finally 
results in complete degradation of cellulose, releas-
ing CO2 and water under aerobic conditions, and 
CO2, CH4 and water under anaerobic conditions69. 
Therefore, it is important to compare the biodegrad-
ability and compostability of PHA with cellulose.

Composting of cellulosic leftovers is consid-
ered an effective strategy to manage such waste 
streams, in order to make them harmless and to tap 
their carbon content. Microbes capable of cellulose 
degradation have a well-equipped toolbox of differ-
ent synergistically functioning enzymes of different 
specificities. Cellulases (E.C. 3.2.1.4 and E.C. 
3.2.91) hydrolyze the β-1,4-glycosidic bonds of cel-
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lulose. Endoglucanases (endo-1,4-β-glucanases, 
EGs, E.C. 3.2.1.4) catalyze endohydrolysis of 
bonds, predominantly in amorphous regions of cel-
lulose, and form new terminal ends, where cellobio-
hydrolases (exo-1,4-β-glucanases, CBHs; E.C. 
3.2.91) take action, which hydrolyze only from the 
non-reducing chain ends. Both types of enzymes 
can act on amorphous cellulose, while crystalline 
cellulose is efficiently degraded only by CBH en-
zymes. For both types of enzymes, cellobiose mol-
ecules, hence, 1,4-β-glycosidically linked glucose 
dimers, are released. Cellobiose, in turn, is hydro-
lyzed by β-glucosidases (E.C. 3.2.1.21) into two 
glucose monomers. Such products of cellulose 
breakdown act as carbon and energy sources for 
both cellulolytic and non-cellulolytic organisms in 
environments where cellulose degradation occurs70. 
This generation of sugars from cellulose catabolism 
can be considered the basis of microbial interac-
tions taking place in such environments71. For cor-
rect functioning, EG enzymes, CBH enzymes, and 
β-glycosidases need to be in a stable form in the 
exocellular environment; often, these enzymes form 
a ternary complex with cellulose. Best-studied cel-
lulase systems are those of the mesophilic fungi 
Trichoderma reesei and Phanerochaete chrysospo-
rium (reviewed by72), while species from the genera 
Cellulomonas, Pseudomonas, and Streptomyces are 
the best-studied aerobic cellulolytic bacteria73.

Noteworthy, around 5–10 % of natural cellu-
lose is degraded under anaerobic conditions. The 
enzymatic system of anaerobic cellulose degraders 
evidently differs from the system described for aer-
obic fungi and bacteria. Clostridium thermocellum, 
an obligate anaerobic Gram-positive, spore-forming 
bacterium constitutes the best-characterized species 
among these organisms72.

For anaerobic cellulose breakdown, involved 
enzymes are organized into large functional entities, 
so-called “cellulosomes”, which are attached to the 
cell surface. This organization in “cellulosome” ori-
ents enzymes, especially their biocatalytic regions, 
in a way promoting maximum synergism among 
catalytic units. Due to the attachment of “cellulo-
somes” at the interface between the cell and the 
substrate (cellulose), which is water-insoluble, their 
hydrolysis products (such as cellobiose) enter the 
interior of bacteria via extended proteinaceous fi-
bers, which exist between the cell and cellulose. It 
is noteworthy that these microbes need elevated 
temperatures for growth and cellulose biodegrada-
tion, which explains why the anaerobic cellulolytic 
processes play a minor role in natural cellulose bio-
degradation.

Several cellulolytic anaerobic organisms have 
been isolated from typical anaerobic habitats, such 
as compost, sewage sludge, soil, sediments, and an-

aerobic digestors. Other well-described anaerobic 
cellulolytic microbes encompass rumen bacteria, 
fungi, and protozoa72.

Park et al. investigated biodegradability of di-
verse cellulose products (linen, cotton, rayon, and 
cellulose acetate) by different methods, such as ac-
tivated sewage sludge test (according to ASTM D 
5209-92; CO2 evolvement measured during 24 
days), soil burial test (according to AATCC Soil 
Burial Method 30-1993; 28 days in natural soil), 
and enzymatic (cellulase) hydrolysis. Appearance 
of samples was studied microscopically with the 
progress of degradation time. In addition, the chang-
es of internal structure were analyzed from X-ray 
diffraction patterns. It turned out that the rate of 
biodegradability in activated sewage sludge-, soil 
burial-, and enzyme hydrolysis tests was highest in 
rayon, which was followed by cotton and cellulose 
acetate, while linen showed varying behavior: It 
showed best biodegradability in the soil burial test, 
while it exhibited lower biodegradability than rayon 
and cotton in other tests. In sewage sludge tests, 
about 27 % of rayon was degraded after 24 days, 
which was more than for cotton (about 21 %), linen 
(18 %), and cellulose acetate (10 %). Remarkably, 
cotton, despite its high hydrophilicity, showed low-
er biodegradability than rayon because of linen´s 
higher crystallinity. From the correlation analysis 
between the properties of cellulose fibers and the 
biodegradability, moisture regains, and biodegrad-
ability were represented to be most closely corre-
lated74.

To conclude, it can be stated that, although 
mechanistically diverse and catalyzed by different 
enzymatic machineries, biodegradation of cellulose 
and PHA, respectively, results in the same final 
products, and occurs within reasonable periods in 
both cases. Fig. 2 compares the degradation path-
ways for PHA and cellulose, both under anaerobic 
and anaerobic conditions.

PHA’s place in the world of biodegradability 
and compostability

PHA, according to the discussed norms and 
certificates, comply with the norms for biodegrad-
ability in soil, fresh and sea water, industrial com-
postability, home compostability, and anaerobic di-
gestion. This is confirmed by the strict certification 
processes to which many commercially available 
types of PHA were subjected38. However, not all 
types of PHA are prone to biodegradation to the 
same extent; there are several factors impacting bio-
degradability of PHA, such as:

– Environmental conditions (temperature, hu-
midity, pH-value, and availability of diverse macro- 
and micro-nutrients, inter alia oxygen, for the de-
grading microflora)75–80,
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– The composition of the biopolyester on the 
monomeric level (PHA homopolyesters with highly 
structured crystal lattice like P(3HB) typically de-
grade slower than copolyesters)76,81–85,

– PHA´s degree of crystallinity (Xc; the higher 
the crystallinity, the slower the degradation rate; 
P(3HB) homopolyester, a rather crystalline materi-
al, reveals slower biodegradation than other mem-
bers of the PHA biopolyester family with more 
amorphous regions)81–86,

– Molar mass (PHA polymers with lower mo-
lar mass typically are more prone towards biodegra-
dation than those with higher molar mass)87,

– Stereo-regularity of the PHA biopolyester88,
– PHA surface area89.
Even the highly crystalline P(3HB) homopoly-

ester is biodegradable and compostable. According 
to the German company Biomer, a globally leading 
P(3HB) producer, P(3HB) is “fully biodegradable” 
and compostable89. In terms of biodegradability, in-
dustrial P(3HB) homopolyester from Imperial 
Chemical Industries (ICI), UK, even outperformed 
Novamont´s TPS-based composite material Ma-
ter-Bi®, and SK Chemical´s (Republic of Korea) 
chemosynthetic biodegradable polymer SkyGreen®, 
a material consisting of succinic acid, adipic acid, 
butanediol, and ethane-1,2-diol, most of these com-
pounds being of fossil origin. At different tempera-

tures (28, 37, and 60 °C), biodegradability of these 
materials was studied by burying thin sheets made 
of these materials in forest soil, sandy soil, activat-
ed sludge soil, and in farm soil. P(3HB) showed al-
most 100 % degradation (average mass loss of five 
parallel samples: 98.9 %) in activated sludge soil at 
37 °C after only 25 days, while degradation in farm 
soil (68.8 % mass loss after 25 days), sandy soil  
(10 % mass loss), and forest soil (7 % mass loss) 
was considerably slower, again showing the high 
impact of the environment and microflora on PHA 
biodegradability. Importantly, no complete degrada-
tion was achieved for TPS (72.1 % degradation in 
activated sludge after 25 days at 60 °C as highest 
degradability), and SkyGreen® TPS (max. 69.1 % 
degradation in activated sludge after 25 days at  
60 °C) at any condition75!

Choi et al. demonstrated the high impact of the 
degree of crystallinity and composition on biodeg-
radation of extracellular PHA, namely, the bacterial 
copolyester poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) (P(3HB-co-3HV)) with different 3HV 
fractions; the renewable resources glucose (main 
carbon source) and the 3HV-precursor levulinic 
acid were used as feedstocks. The higher the 3HV 
fractions in P(3HB-co-3HV) copolyesters, the low-
er the biopolyesters´ crystallinity, which in turn re-
sulted in faster extracellular degradation in tests 
with fungal e-PhaZ enzyme solution. Importantly, 

F i g .  2  – Comparison of biodegradation of PHA and cellulose under aerobic (industrial and home composting) and anaerobic (bio-
gas plant) conditions
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when carrying out these biodegradability tests with-
out enzyme addition, the biopolyester samples were 
not degraded at all, which demonstrated the need 
for the appropriate microflora with the right enzy-
matic machinery for PHA degradation81. This 
matches findings by Kumagai et al., who also 
demonstrated that P(3HB) homopolyester degrad-
ability is highly dependent on the degree of crystal-
linity. Incubation studies with extracellular bacterial 
depolymerase revealed faster degradation for PHA 
samples of lower crystallinity; importantly, during 
degradation, molar masses remained mostly stable, 
indicating that the attack by depolymerases first hit 
those P(3HB) chains in a polymer sample present in 
an amorphous state on the surface of the polymer 
specimen. Only after that, P(3HB) chains in the 
crystalline regions were depolymerized86. Hence, 
PHA depolymerization occurs in two main steps: 
first, adsorption of the PHA depolymerase´s binding 
domain onto the PHA surface takes place, while in 
the second step, hydrolysis of biopolyester chains 
by the catalytic domain of the enzyme occurs. Poly-
mer chain scission is initiated by endo-scissions, 
which occur randomly throughout the polyester 
chain, followed by exo-scissions from the ends of 
the polyester chain91.

In 1989, Kunioka et al. noticed that P(3HB-co-
4HB) film samples with 0 to 37 mol-% 4HB dis-
played faster biodegradation in soil and activated 
sludge at lower crystallinity, caused by higher 
shares of 4HB units82. Later, P(3HB-co-4HB) films 
(0, 6, 10, 28, 85, and 94 % 4HB) were subjected 
towards degradation by extracellular PHA depoly-
merase at 37 °C and pH-value 7.5. Also here, the 
rate of biodegradation strongly increased with in-
creasing 4HB fraction, which correlated well with 
decreasing crystallinity. However, samples with 
very high 4HB content (85 % and 94 %) degraded 
considerably slower than P(3HB) due to the hard 
susceptibility of the depolymerase enzyme to the 
4HB moieties83. Only very recently, Vodicka et al. 
demonstrated that P(3HB-co-4HB) copolyesters 
with different 4HB fractions, obtained from cultiva-
tion of the thermophilic bacterium Aneurinibacillus 
sp. H1, had degraded faster in simulated body fluids 
(artificial gastric juice, simulated colonic fluid) than 
P(3HB) homopolyester. Importantly, degradation 
mechanisms differed between studied biopolyesters. 
While incubated in artificial gastric juice, samples 
were disintegrated due to fast hydrolysis caused by 
the low pH-value; here, degradation was caused by 
abiotic factors. Incubation in simulated colonic flu-
id, in contrast, resulted in biodegradation by enzy-
matic hydrolysis. These outcomes are pivotal for 
selection of PHA of defined composition for special 
in vivo applications76.

In 1992, Luzier showed that standardized injec-
tion-molten specimens of ICI´s BIOPOL® P(3HB-
co-3HV) products were completely degraded in 
seawater after 350 weeks; in anaerobic sewage, 
only 6 weeks were needed for complete degradation 
of such P(3HB-co-3HV) specimens. Complete deg-
radation of these materials in estuarine sediments, 
aerobic sewage, and soil occurred within periods 
between 6 and 350 weeks. Again, without the pres-
ence of microflora, such as in humid or dry air, no 
degradation was observed, which is analogous to 
aforementioned findings for P(3HB) homopolyes-
ter. PHA biodegradation needs the appropriate sur-
rounding!77 In 2004, Rosa et al. studied biodegrada-
tion of P(3HB) (Xc: 72 %), and P(3HB-co-3HV) 
(Xc: 50 % crystallinity), obtained from the Brazilian 
company PHB Industrial Brasil SA (PHB/ISA), 
during about 10 months by mass loss of PHA sam-
ples. In soil composting medium at 46 °C and at 24 
°C, as well as in a soil simulator containing inter 
alia manure, both types of PHA showed similar bio-
degradation rates78. In marine environment, Doi et 
al. studied degradability of P(3HB), P(3HB-co-
3HV), and P(3HB-co-4HB) films during one year. 
Also here, it was shown that all polymers were de-
graded via surface erosion. Moreover, the tempera-
ture of seawater was more important for the rate of 
surface erosion than PHA´s composition79. In this 
context, GreenBio´s P(3HB-co-4HB) grade “So-
green-00X” is “completely degraded into CO2 and 
water at the environment of soil, rivers, sewage, 
and marine water in 3~6 months” according to 
manufacturer information80.

A detailed comparison of the biodegradability 
of thin solvent-casted films of P(3HB), P(3HB-co-3 
%-  3HV), P(3HB-co-20 %-3HV), P(3HB-co-40 %- 
3HV), and P(3HB-co-4HB), all of them manufac-
tured by Ningbo TianAn Biomaterials Co. Ltd., PR 
China, was accomplished according to ISO 14855-1 
under controlled composting conditions at 58 °C. 
This test method is based on the measurement of 
evolved CO2 during biodegradation, with cellulose 
acting as biodegradable reference material. Already 
after five days, all tested PHA samples and the cel-
lulose standard started to decompose. The order of 
biodegradability was P(3HB-co-4HB) ≈ P(3HB-
co-40 %-3HV) > P(3HB-co-20 %-3HV) > P(3HB-
co-3 %-3HV) > P(3HB), which correlated well with 
the lower degree of crystallinity of copolyesters 
with higher comonomer fraction. After 110 days of 
testing, the final degrees of biodegradation amount-
ed to 90.5 %, 89.3 %, 80.2 %, 90.3 %, and 79.7 %, 
and 83.1 % for P(3HB-co-40 %-3HV), P(3HB-co-  
20 %-3HV), P(3HB-co-3 %-3HV), P(3HB-co-4HB), 
P(3HB), and cellulose. In the broad context of PHA 
biodegradability and compostability, this is an im-
portant outcome; it shows that biodegradability of 
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most tested PHA copolyesters even outperformed 
cellulose, a well-known biological, biodegradable 
material, and biodegradation of the more crystalline 
P(3HB-co-3 %-3HV) and P(3HB) was almost as 
complete as for cellulose under the same condi-
tions84.

Moreover, PHBH®, a poly (3-hydroxybutyrate- 
co-3-hydroxyhexanoate) (P(3HB-co-3HHx)) copo-
lyester, developed and commercialized by the com-
pany Kaneka, is “certified to biodegrade in 
seawater” and received the label “OK Biodegrad-
able MARINE”, “OK Compost Industrial”, “OK 
Compost Home”, “OK Biodegradable Soil”, and 
“OK Biobased” by TÜV Austria, and the “Com-
postable” certification from the Biodegradable 
products Institute of the U.S. Composting Coun-
cil92. According to information provided on 
Kaneka´s internet page, “PHBH® was faster de-
graded under marine conditions than PCL, PBSA 
(note: poly (butylene succinate-co-butylene adi-
pate)), PBAT, PBS, and PLA (not degraded in sea-
water at all after 28 days)”. About 23 % of the ma-
terial was completely vanished in marine 
environment after only 28 days. Importantly, 
PHBH® shows even better aerobic biodegradability 
in compost than cellulose, a well-known biodegrad-
able material, according to ISO 14855 tests, and al-
most identical anaerobic biodegradation in aqueous 
phase according to ISO 14853 than cellulose92. Sim-
ilar properties are reported Solon® P(3HB-co-
3HHx), manufactured by the U.S.-based company 
RWDC Industries from waste cooking oil. This 
product is certified for “OK biodegradable SOIL”, 
“OK biodegradable MARINE”, “OK biodegradable 
WATER”, “OK compost HOME”, “OK compost”, 
and “OK biobased”93. The same goes for the P(3HB-
co-3HHx) biopolyesters made by Danimer Scientif-
ic, and commercialized under the trade mark Nodax-
TM. They are certified with “OK biobased”, “OK 
biodegradable SOIL”, marine biodegradable ac-
cording to ASTM D6691, “OK compost HOME”, 
“OK compost”, and U.S. Food and Drug Adminis-
tration (FDA) approved for food contact94. Wang et 
al. directly compared biodegradability of P(3HB) 
homopolyester and P(3HB-co-12 %-3HHx) copoly-
ester. While 40 % of the copolyester was degraded 
within only 18 days, no more than 20 % of the 
higher crystalline homopolyester degraded in paral-
lel setups under the same conditions85.

Since 2008, the P(3HB-co-3HV) product EN-
MAT Y1000P, produced by TianAn Biologic Mate-
rials, PR China, is certified as “compostable” by the 
US-Biodegradable Products Institute (BPI); more-
over, it is listed as Food Contact Material (“FCM”) 
substance No. 744 in Table 1 of Annex I of the Plas-
tics Regulation of the EU, and, since 2008, it com-
plies with EU REACH (Registration, Evaluation, 

Authorisation and Restriction of Chemicals). In 
2022, TianAn ENMAT biopolyesters received “OK 
compost HOME” and “OK biodegradable MARINE” 
certification according to TÜV Austria95. Shenzhen 
Ecomann´s Ambio® P(3HB-co-4HB) products are 
TÜV Austria-certified for “industrial and home 
composting”, and also FDA-approved96. In addition, 
P(3HB-co-3HV)´s excellent biocompatibility was 
only recently verified by Mohandas et al., who as-
sessed attachment behavior, viability, and prolifera-
tion of fibroblast cells on microbial P(3HB-co-
3HV) films; high compatibility of cells with 
P(3HB-co-3HV) films was shown, in addition to 
excellent blood compatibility as revealed by hemo-
lysis-, in vitro platelet adhesion-, and coagulation 
assays97.

The same biodegradability was ascertained for 
Danimer Scientific´s Nodax® P(3HB-co-3HHx), 
which is certificated, besides its “biobased” nature 
(ASTM D6866) regarding its anaerobic and aerobic 
degradability in soil (TÜV Austria, ASTM D5988), 
freshwater (TÜV Austria, ASTM D5271, EN 
29408), and marine water (TÜV Austria, ASTM 
D6691), and its suitability for industrial (TÜV 
Austria, ASTM D6400, EN 13432), and home com-
posting (TÜV Austria, ASTM D6400, EN 13432)98.

In 2014, Meredian Inc. (joint later Danimer 
Scientific) received a Food and Substance Contact 
Notification approval from FDA, certifying that 
their P(3HB-co-3HHx) biopolyesters are “safe to 
use for food contact” and can be classified as 
“non-hazardous waste” after disposal99.

In contrast to microbial PHA, PLA biodegrades 
in industrial composting facilities at elevated tem-
perature, while it does not biodegrade under 
home-composting conditions. This high recalci-
trance of PLA was demonstrated a long time ago100, 
and was substantiated more recently by direct com-
parison of PLA and other biopolymers like Kaneka´s 
copolyester PHBH®; in contrast to PHBH®, PLA 
was not degraded at all under these ISO 14853 (an-
aerobic biodegradation in aqueous phase) and ISO 
14855 (aerobic biodegradation in compost) test 
conditions during a 28-days test span101. However, 
in the public perception, PLA is probably still the 
prototype “bioplastic”. PHA biopolyesters should 
take this role at earliest convenience!102

Table 2 provides an overview of described 
norms and standards applicable for PHA biopolyes-
ters.

Reaching UN´s Sustainable Development Goals 
(SDG) through the use of PHA

The 17 UN Sustainable Development Goals 
(SDGs) encompass a universal approach towards 
reaching a concerted global sustainable develop-
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Ta b l e  2  – Definitions, standards, norms and certifications applicable for PHA biopolyesters

Criterion Definition Standard/Norm Label

“Biobased” Defines the biobased carbon content in a product; 1 
star: between 20 and 40 %; 2 stars: between 40 and 60 
%; 3 stars: between 60 and 80 %; 4 stars: more than 
80 %.

“OK biobased Certification Scheme TS OK20“: based 
on radiocarbon method.

EN 16640, ASTM 
D6866, CEN/TS 1613

“OK Biobased” (TÜV 
Austria)
 
 
 
 

“Biodegradable” A “biodegradable” material has 90 % of its carbon 
metabolized under standardized conditions of 
humidity, temperature, and pH-value within 180 days.

EN 13432 “OK Biodegradable” (TÜV 
Austria)

Biodegradable  
in water

Degradation in aqueous medium is determined by 
measuring the amount of CO2 produced during 
exposure.

DIN EN ISO 14853

ASTM D5271

EN 29408

“OK Biodegradable WATER”
 
 

Biodegradable  
in sea water

Marine degradation is determined by measuring the 
amount of CO2 produced during exposure.

ASTM D6691 (“Aerobic 
Biodegradation of Plastic 
Materials in Marine 
Environment”)

“OK Biodegradable 
MARINE” (TÜV Austria)
    

Biodegradable  
in soil

Aerobic biodegradability of a plastic material in the 
environment determines the extent to which and the 
time in which plastic materials are mineralized by soil 
microorganisms.

ASTM D5988  
(“Standard Test Method  
for Determining Aerobic 
Biodegradation of Plastic 
Materials in Soil”)

AATCC Soil Burial 
Method 30-1993

“OK Biodegradable Soil” 
(TÜV Austria)
 
 

“Compostable” A “compostable” material disintegrates within 180 
days of composting into leftovers passing through a 
sieve of 2 mm pore size by at least 90 %.

EN 13432

ASTM D6400

ISO 14855

“OK Compost” (TÜV Austra)

“Industrial 
compostable”

Conversion of an “industrial compostable” biogenic 
material to compost occurs by the controlled, aerobic, 
exothermic (with a thermophilic phase > 55 °C) 
biological degradation and conversion.

EN 13432

ASTM D6400

“OK Compost Industrial” 
(TÜV Austra)

 
 

“Home 
compostable”

Upgrading of “home compostable” household waste 
to produce compost at home.

prEN 17427 
(“Packaging – 
Requirements and test 
scheme for carrier bags 
suitable for treatment in 
well managed household 
composting plants”)

AS 5810 (Australia) 
(“Biodegradable plastics 
– Biodegradable plastics 
that are suitable for 
home composting”) 
(basis for DIN 
CERTCO, Germany)

UNI 11183:2006 (Italy)

NF T 51-800 (France) 
“Plastics – 
Specifications for 
plastics suitable for 
home composting”

ASTM D6400

“Ok Compost HOME” (TÜV 
Austria)
 
 

http://www.tuv-at.be/fileadmin/user_upload/docs/download-documents/bioplastics/Certification_schemes_CS/Program_OK_20-EN-c_OK_biobased_20200101.pdf
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ment agenda. They constitute the core of “The 2030 
Agenda for Sustainable Development”, adopted in 
2015 by all UN member nations103. In essence, these 
17 goals were dedicated to help spur economic and 
social progress, prevent war and starvation, while 
reducing and eliminating the environmental threats 
posed by climate change and pollution. Historically, 
the 2030 Agenda has its roots in the Earth Summit 
in Rio de Janeiro, Brazil, where in 1992, more than 
178 countries agreed to “Agenda 21”, an all-inclu-
sive strategy for sustainable development to im-
prove human lives and protect the environment104. 
Principle 3 of the Rio Declaration postulates: “The 
right to development must be fulfilled so as to equi-
tably meet developmental and environmental needs 
of present and future generations.” This principle 
can be regarded a catchy definition of the heavily 
used terminus “Sustainability”, and “Industrial Bio-
technology” through its production of PHA is one 
example of this principle. The production and use 
of PHA aims to: reduce and eventually eliminate 
fossil resource exploitation at low cost for short-
term economic benefit, reduce and eliminate nega-
tive environmental legacy (global warming, pollut-
ed environments, microplastic formation, etc.) to 
subsequent generations, and switching to truly cir-
cular, carbon-neutral material and processes. “Take 
from nature only what gets returned to nature by 
means of nature!” is another saying that fits here. 
Principle 4 of the Rio Declaration states that “In or-
der to achieve sustainable development, environ-
mental protection shall constitute an integral part 
of the development process and cannot be consid-
ered in isolation from it.”104 Here again, PHA’s re-
newable and favorable end-of-life attributes fit with 
the stated principle.

Of the 17 UN Sustainable Development Goals, 
at least eight have a direct link to industrial-scale 
PHA production:

Goal 1: “No Poverty”: “Industrial Biotechnology”, 
such as PHA production, can offer generation of 
differently qualified employment options, distribut-
ed all over the process chain from the raw material 
to the marketable product. Most importantly, these 
jobs can be generated in underprivileged global re-
gions, and locally, where material streams, agro-in-
dustrial and other processes currently treated as 
waste, can be upgraded to raw materials for “Indus-
trial Biotechnology”, such as for PHA biopolyester 
production.

Goal 2: “Zero Hunger”: Production of bioprod-
ucts from edible resources like purified sugars is 
more or less optimized for many different products 
such as PHA; however, PHA production on an in-
dustrial scale can resort to raw materials not com-
peting with food resources. Using such “second 

generation feedstocks” for manufacturing bioplastic 
would not deplete materials of relevance for human 
nutrition. Thus, food reserves can be protected in-
stead of being, e.g., burned into biofuels, as seen in 
2005–2007, when a dramatic biofuel boom resulted 
in shortage of affordable cereals, especially corn. In 
this context, we should remember, e.g., the 2006 
“Tortilla riots” in Mexico caused by a 25 % increase 
in food prices105; as a consequence, bioethanol pro-
duction from the first-generation feedstock, corn, in 
Mexico is now prohibited by law106.

Goal 7: “Affordable and Clean Energy”: Spent 
PHA can be incinerated to generate thermal energy 
in a carbon-neutral process, or can be digested in 
biogas plants, generating the renewable energy car-
rier CH4.

Goal 9: “Industry, Innovation, and Infrastruc-
ture”: Biobased industry indispensably resorts to 
fundamental changes in the way products are man-
ufactured, starting from raw materials, equipment 
(bioreactors to be operated in discontinuous and 
continuous mode, adapted downstream processing 
facilities, etc.), new ideas how the wealth of natural 
products can be tapped to transform them to desired 
marketable end products (e.g., lignin-first approach-
es for holistic utilization of lignocellulose waste107), 
and provision of secure raw material supply chains; 
the latter involves the establishment of decentral-
ized production facilities. In a best-case scenario, 
PHA production facilities should be integrated into 
existing production lines for other products, where 
current industrial waste streams accrue at large 
quantities, and can be directly used in-house for 
PHA production processes. Such concepts, also 
called “Biorefinery”, already exist in many parts of 
the world and are becoming increasingly popular to 
exploit renewable feedstocks as a whole. For PHA, 
(semi)industrial examples already exist, as shown 
for the PHA production process at the company 
PHA/ISA in Brazil, where PHA production is inte-
grated in the existing infrastructure for sugar and 
ethanol production, and runs economically based on 
in-house available raw materials (molasses from 
sugar production as main carbon source), energy 
sources (combustion of bagasse from sugar cane 
residues), solvents for downstream processing (PHA 
extraction from biomass by fusel alcohols, a 
by-product of ethanol distillery), and bagasse fibers 
to be used as filler materials to generate low-price 
– high-performance biocomposites with PHA. This 
way, the entire sugar cane plant is converted within 
a biorefinery concept108.

Goal 12: “Responsible Production and Con-
sumption”: The first part (“responsible produc-
tion”) covers already discussed aspects like mindful 
choices of raw materials (2nd instead of 1st genera-
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tion feedstocks) and energy sources for PHA pro-
duction, while the second part (“responsible con-
sumption”) addresses the responsibility of the end 
consumer, hence, the client buying products in su-
permarkets. Here, it should come to mindful choic-
es when purchasing polymeric articles: Is there 
willingness of customers to pay some “green bo-
nus” for renewable and circular products, which 
cannot be produced that inexpensively, initially, as 
from established fossil carbon sources? Are con-
sumers practicing “home composting” of packaging 
materials for appropriate disposal of spent home 
compostable packaging materials? Are (fossil) mi-
croplastics in cosmetic products replaced by biode-
gradable microparticles, e.g., made of PHA? Utiliz-
ing biopolymers like PHA as packaging materials 
aligns with Goal Number 12 to ensure sustainable 
consumption and production patterns109.

Goal 13: “Climate Action”: Rising greenhouse gas 
emissions call for the switch to carbon-neutral pro-
duction processes in order to ultimately meet the 
1.5 °C scenario of global warming in 2050; in this 
context, PHA production, if appropriately designed 
as a whole, is considered a carbon-neutral process, 
thus contributing to reaching this goal. PHA pro-
duction does not result in formation of additional 
greenhouse gases; therefore, its production does not 
contribute to global warming and climate crises, if 

renewable energy can be used in their production. 
An important point to note here: Every ton of fossil 
plastic replaced by PHA saves about 2–3 tons of 
CO2 emissions!110

Goal 14: “Life below Water”: Fossil plastics waste 
severely threatens all forms of marine life and in 
turn humanity’s well-being. This goes for mac-
roplastic waste, which is steadily consumed by ma-
rine mammals like dolphins or highly endangered 
whales, destroying their digestion system or pre-
venting the digestion of convertible organic food, 
and sea birds, which also confuse smaller plastic 
particles with food. Moreover, microplastic parti-
cles are consumed by zooplankton and other marine 
invertebrates, which confuse it with phytoplankton, 
the origin of the food chain. This zooplankton, in 
turn, is consumed by higher organisms like fish, 
birds, mammals, and that way climbs up the trophic 
chain, finally reaching our dinner plates and the hu-
man digestion system. Shells were shown to filter 
microplastic particles; consuming these plastic-en-
riched mollusks also enriches our menu with micro-
plastic particles111. Moreover, seaweeds are compro-
mised in their photosynthetic activity when covered 
by layers made of microplastic particles112. PHA 
produced in running industrial processes, in con-
trast, is marine biodegradable within not more than 
180 days according to valid norms and certifica-

F i g .  3  – The 17 UN Goals for Sustainable Development and their relation to PHA biopolyesters
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tions (e.g., those that authorize the granting of the 
“OK biodegradable MARINE” label), as reported 
by leading companies in this sector, such as Danimer 
Scientific, BluePha, Bio-On, or Nafigate (vide su-
pra). PHA therefore does not contribute to endan-
gering marine life forms.

Goal 15: “Life on Land”: PHA biopolyesters are 
biodegradable in soil and compostable; they leave 
no toxic remnants in terrestrial environments, agri-
culture, or silviculture, and form no recalcitrant 
macro- and microplastic particles remaining in for-
ests, meadows, fields, mountains, etc., where terres-
trial life forms could come in contact with them.

Fig. 3 presents the 17 UN SDGs, and highlights 
those goals to which industrial PHA production and 
use can contribute

Conclusions and outlook

PHA biopolymers, as a class of materials, are 
poised to play a leading role in our use of sustain-
able plastic-like materials in the future. Their func-
tional attributes as a material for packaging, fibers 
and fabrics, and for durable long-term use has al-
ready been demonstrated. Spent PHA biopolyesters 
fulfill our desire to have all end-of-life options 
available – recyclability and biodegradability in all 
environments, which allows them to be industrially 
and home composted. PHA’s use of renewable car-
bon as a starting raw material makes them car-
bon-neutral, establishing their credential as truly 
circular and functional.

PHA biopolymers are also the most versatile 
class of polymer materials available to humanity. To 
date, more than 150 different monomers have been 
discovered113, making infinite numbers and types of 
PHA biopolymers possible, with functional attri-
butes mimicking the top 7 best-selling fossil plas-
tics in the world. Over 28 different current and po-
tential manufacturers and start-ups are engaged in 
the development and commercialization of PHA 
biopolymers worldwide114, a testament to their po-
tential for proliferation and use, and to the potential 
for renewed economic development and growth that 
are sustainable and circular. PHA, like no other sin-
gle material, can stand out in terms of being able to 
fulfill our desire to combine circularity and sustain-
ability with continued economic development, 
growth, and collective prosperity.

Despite the promise of PHA, significant chal-
lenges still exist. The proliferation of a new product 
requires their availability in substantial quantities to 
spur innovation in downstream application develop-
ment, and the availability of new materials in large 
quantities is firmly tied to reasonable material and 
production costs. In turn, reasonable material cost is 
tied to investments in the development of produc-
tion technologies for PHA, and the availability of 

large volumes of renewable carbon raw materials 
that do not compete with food and animal feed. 
 Advances in synthetic biology and process engi-
neering have allowed PHA production to evolve; 
however, they are still significantly more expensive 
than the fossil plastics they would eventually re-
place. Only through investments in the science and 
innovation of PHA production and their use can we 
achieve the breakthroughs we so desire and need to 
bring to the masses a material that fits neatly into 
natures “Circle of Life”.

R e f e r e n c e s

1. Law, K. L., Narayan, R., Reducing environmental plastic 
pollution by designing polymer materials for managed end-
of-life, Nat. Rev. Mater. 7(2) (2022) 104.
doi: https://doi.org./10.1038/s41578-021-00382-0

2. Geyer, R., Production, use, and fate of synthetic polymers, 
in: Letcher, T.M. (Ed.), Plastic Waste and Recycling: Envi-
ronmental Impact, Societal Issues, Prevention, and Solu-
tions, pp. 13-32 (2020). ISBN: 978-0-12-817880-5. Else-
vier Inc., Academic Press.
doi: https://doi.org./10.1016/B978-0-12-817880-5.00002-5

3. Yoshida, S., Hiraga, K., Taniguchi, I., Oda, K., Ideonella 
sakaiensis, PETase, and MHETase: From identification of 
microbial PET degradation to enzyme characterization, in: 
(Ed.) Method. Enzymol. 648 (2021) 187.
doi: https://doi.org/10.1016/bs.mie.2020.12.007

4. Mueller, R. J., Biological degradation of synthetic polyes-
ters—Enzymes as potential catalysts for polyester recy-
cling, Proc. Biochem. 41(10) (2006) 2124.
doi: https://doi.org/ 10.1016/j.procbio.2006.05.018

5. Shah, A. A., Hasan, F., Hameed, A., Ahmed, S., Biological 
degradation of plastics: A comprehensive review, Biotech-
nol. Adv. 26(3) (2008) 246.
doi: https://doi.org/10.1016/j.biotechadv.2007.12.005

6. Gibb, B. C., Plastics are forever, Nat. Chem. 11 (2019) 394.
doi: https://doi.org/10.1038/s41557-019-0260-7

7. Zhang, F., Zhao, Y., Wang, D., Yan, M., Zhang, J., Zhang, 
P., Ding, T., Chen, L., Chen, C., Current technologies for 
plastic waste treatment: A review, J. Clean. Prod. 282 
(2021) 124523.
doi: https://doi.org/10.1016/j.jclepro.2020.124523

8. MacLeod, M., Arp, H. P. H., Tekman, M. B., Jahnke, A.,   
The global threat from plastic pollution, Science 373(6550) 
(2021).
doi: https://doi.org/10.1126/science.abg5433

9. Azevedo-Santos, V. M., Brito, M. F., Manoel, P. S., Perroca, 
J. F., Rodrigues-Filho, J. L., Paschoal, L. R., Gonçalves, G. 
R. L., Wolf, M. R., Blettler, M. C. M., Andrade, M. C., Nob-
ile, A. B., Lima, F. P., Ruocco, A. M. C., Silva, C. V., Perbi-
che-Neves, G., Portinho, J. L., Giarrizzo, T., Arcifa, M. S., 
Pelicice, F. M., Plastic pollution: A focus on freshwater bio-
diversity, Ambio 50(7) (2021) 1313.
doi: https://doi.org/10.1007/s13280-020-01496-5

10. Horton, A. A., Plastic pollution: When do we know enough? 
J. Hazard. Mater. 422 (2022) 126885.
doi: https://doi.org/10.1016/j.jhazmat.2021.126885

11. URL: https://www.unido.org/our-focus-cross-cutting-ser-
vices/circular-economy (16.06.2022)

12. Zhang, K., Hamidian, A. H., Tubić, A., Zhang, Y., Fang, J. 
K., Wu, C., Lam, P. K., Understanding plastic degradation 
and microplastic formation in the environment: A review, 
Environ. Pollut. 274 (2021) 116554.
doi: https://doi.org/10.1016/j.envpol.2021.116554.

https://www.unido.org/our-focus-cross-cutting-services/circular-economy
https://www.unido.org/our-focus-cross-cutting-services/circular-economy


290 A. Mukherjee and M. Koller, Polyhydroxyalkanoate (PHA) Bio-polyesters…, Chem. Biochem. Eng. Q., 36 (4) 273–293 (2022)

13. Sorensen, R. M., Jovanović, B., From nanoplastic to micro-
plastic: A bibliometric analysis on the presence of plastic 
particles in the environment, Mar. Pollut. Bull. 163 (2021) 
111926.
doi: https://doi.org/10.1016/j.marpolbul.2020.111926

14. Mitrano, D. M., Wick, P., Nowack, B., Placing nanoplastics 
in the context of global plastic pollution, Nat. Nanotechnol. 
16(5) (2021) 491.
doi: https://doi.org/10.1038/s41565-021-00888-2

15. McIlwraith, H. K., Kim, J., Helm, P., Bhavsar, S. P., 
Metzger, J. S., Rochman, C. M., Evidence of microplastic 
translocation in wild-caught fish and implications for 
microplastic accumulation dynamics in food webs, Envi-
ron. Sci. Technol. 55(18) (2021) 12372.
doi: https://doi.org/10.1021/acs.est.1c02922

16. Wilcox, C., Van Sebille, E., Hardesty, B. D., Threat of plas-
tic pollution to seabirds is global, pervasive, and increasing, 
P. Natl. Acad. Sci. USA 112(38) (2015) 11899.
doi: https://doi.org/10.1073/pnas.1502108112

17. Mohamend Nor, N. H., Kooi, M., Diepens, N. J., Koelmans, 
A. A., Lifetime accumulation of microplastic in children 
and adults, Environ. Sci. Technol. 55(8) (2021) 5084.
doi: https://doi.org/10.1021/acs.est.0c07384

18. Schymanski, D., Goldbeck, C., Humpf, H. U., Fürst, P. 
Analysis of microplastics in water by micro-Raman spec-
troscopy: Release of plastic particles from different packag-
ing into mineral water, Water Res. 129 (2018) 154.
doi: https://doi.org/10.1016/j.watres.2017.11.011

19. Cox, K. D., Covernton, G. A., Davies, H. L., Dower, J. F., 
Juanes, F., Dudas, S. E., Human consumption of microplas-
tics, Environ. Sci. Technol. 53 (2019) 7068.
doi: ttps://doi.org/10.1021/acs.est.9b01517

20. Liebezeit, G., Liebezeit, E., Synthetic particles as contami-
nants in German beers, Food Addit. Contam. A 31(9) 
(2014) 1574.
doi: https://doi.org/10.1080/19440049.2014.945099

21. Peixoto, D., Pinheiro, C., Amorim, J., Oliva-Teles, L., Guil-
hermino, L., Vieira, M. N., Microplastic pollution in com-
mercial salt for human consumption: A review, Estuarine, 
Coastal and Shelf Science 219 (2019) 161.
doi: https://doi.org/10.1016/j.ecss.2019.02.018

22. Windsor, F. M., Tilley, R. M., Tyler, C. R., Ormerod, S. J., 
Microplastic ingestion by riverine macroinvertebrates, Sci. 
Total Environ. 646 (2019) 68.
doi: https://doi.org/10.1016/j.scitotenv.2018.07.271

23. Allen, S., Allen, D., Phoenix, V. R., Le Roux, G., Durántez 
Jiménez, P., Simonneau, A., Binet, S., Galop, D., Atmo-
spheric transport and deposition of microplastics in a 
remote mountain catchment, Nat. Geosci. 12 (2019) 339.
doi: https://doi.org/10.1038/s41561-019-0335-5

24. Mishra, A. K., Singh, J., Mishra, P. P., Microplastics in 
polar regions: An early warning to the world’s pristine eco-
system, Sci. Total Environ. 784 (2021) 147149.
doi: https://doi.org/10.1016/j.scitotenv.2021.147149

25. Lei, L., Wu, S., Lu, S., Liu, M., Song, Y., Fu, Z., Shi, H., 
Raley-Susman, K. M., He, D., Microplastic particles cause 
intestinal damage and other adverse effects in zebrafish 
Danio rerio and nematode Caenorhabditis elegans, Sci. 
Total Environ. 619 (2018) 1.
doi: https://doi.org/10.1016/j.scitotenv.2017.11.103

26. Zhao, Y., Qiao, R., Zhang, S., Wang, G., Metabolomic pro-
filing reveals the intestinal toxicity of different length of 
microplastic fibers on zebrafish (Danio rerio), J. Hazard. 
Mater. 403 (2021) 123663.
doi: https://doi.org/10.1016/j.jhazmat.2020.123663

27. Senathirajah, K., Palanisami, T., How much microplastics 
are we ingesting?: Estimation of the mass of microplastics 
ingested. Summary of the study methodology. The Univer-
sity of Newcastle, Australia (2021). https://www.newcastle.
edu.au/newsroom/featured/plastic-ingestion-by-people-
could-be-equating-to-a-credit-card-a-week/how-much-mi-
croplastics-are-we-ingesting-estimation-of-the-mass-of-mi-
croplastics-ingested (14.6.2022)

28. Leslie, H. A., Van Velzen, M. J., Brandsma, S. H., Vethaak, 
A. D., Garcia-Vallejo, J. J., Lamoree, M. H., Discovery and 
quantification of plastic particle pollution in human blood, 
Environ. Int. 163 (2022) 107199.
doi: https://doi.org/10.1016/j.envint.2022.107199

29. Watson, A. J., Schuster, U., Shutler, J. D., Holding, T., Ash-
ton, I. G., Landschützer, P., Woolf, D. K., Goddijn-Murphy, 
L., Revised estimates of ocean-atmosphere CO2 flux are 
consistent with ocean carbon inventory, Nat. Comm. 11(1) 
(2020) 1.
doi: https://doi.org/10.1038/s41467-020-18203-3

30. Hurd, C. L., Lenton, A., Tilbrook, B., Boyd, P. W., Current 
understanding and challenges for oceans in a higher-CO2 
world, Nat. Clim. Change 8(8) (2018) 686.
doi: https://doi.org/10.1038/s41558-018-0211-0

31. Iida, Y., Takatani, Y., Kojima, A., Ishii, M., Global trends of 
ocean CO2 sink and ocean acidification: An observa-
tion-based reconstruction of surface ocean inorganic carbon 
variables, J. Oceanography 77(2) (2021) 323.
doi: https://doi.org/10.1007/s10872-020-00571-5

32. URL: https://www.european-bioplastics.org/ (4.7.2022)
33. Boey, J. Y., Mohamad, L., Khok, Y. S., Tay, G. S., Baidurah, 

S., A review of the applications and biodegradation of poly-
hydroxyalkanoates and poly(lactic acid) and its composites, 
Polymers 13(10) (2021) 1544.
doi: https://doi.org/10.3390/polym13101544

34. Venkatachalam, H., Palaniswamy, R., Bioplastic world: A 
review, J. Adv. Sci. Res. 11(03) (2020) 43.
doi: http://sciensage.info/index.php/JASR/article/view/505

35. Iles, A., Martin, A. N., Expanding bioplastics production: 
Sustainable business innovation in the chemical industry, J. 
Clean. Prod. 45 (2013) 38.
doi: https://doi.org/10.1016/j.jclepro.2012.05.008

36. Koller, M., Mukherjee, A., A new wave of industrialization 
of PHA biopolyesters, Bioengineering 9(2) (2022) 74.
doi: https://doi.org/10.3390/bioengineering9020074

37. Bedade, D. K., Edson, C. B., Gross, R. A., Emergent 
approaches to efficient and sustainable polyhydroxyal-
kanoate production, Molecules 26(11) (2021) 3463.
doi https://doi.org/10.3390/molecules26113463

38. Koller, M., Mukherjee, A., Polyhydroxyalkanoates (PHAs) 
– Production, Properties, and Biodegradation. In: Dusselier, 
M., Lange, J.-P. (Eds.), Biodegradable Polymers in the Cir-
cular Plastics Economy (2022), ISBN: 9783527347612, 
pp.145-204.
doi: https://doi.org/10.1002/9783527827589.ch6

39. Kurian, N. S., Das, B., Comparative analysis of various 
extraction processes based on economy, eco-friendly, purity 
and recovery of polyhydroxyalkanoate: A review, Int. J. 
Biol. Macromol. 183 (2021) 1881.
doi: https://doi.org/10.1016/j.ijbiomac.2021.06.007

40. Barrett, A. Frost & Sullivan Awards Bio-On for Best Cos-
metic Innovation. 2018. URL: https://bioplasticsnews.
com/2018/10/08/frost-sullivan-awards-bio-best-cosmet-
ic-innovation/ (15.03.2021).

41. Slaninova, E., Sedlacek, P., Mravec, F., Mullerova, L., 
Samek, O., Koller, M., Hesko, O., Kucera, D., Marova, I., 
Obruca, S., Light scattering on PHA granules protects bac-

https://www.newcastle.edu.au/newsroom/featured/plastic-ingestion-by-people-could-be-equating-to-a-credit-card-a-week/how-much-microplastics-are-we-ingesting-estimation-of-the-mass-of-microplastics-ingested
https://www.newcastle.edu.au/newsroom/featured/plastic-ingestion-by-people-could-be-equating-to-a-credit-card-a-week/how-much-microplastics-are-we-ingesting-estimation-of-the-mass-of-microplastics-ingested
https://www.newcastle.edu.au/newsroom/featured/plastic-ingestion-by-people-could-be-equating-to-a-credit-card-a-week/how-much-microplastics-are-we-ingesting-estimation-of-the-mass-of-microplastics-ingested
https://www.newcastle.edu.au/newsroom/featured/plastic-ingestion-by-people-could-be-equating-to-a-credit-card-a-week/how-much-microplastics-are-we-ingesting-estimation-of-the-mass-of-microplastics-ingested
https://www.newcastle.edu.au/newsroom/featured/plastic-ingestion-by-people-could-be-equating-to-a-credit-card-a-week/how-much-microplastics-are-we-ingesting-estimation-of-the-mass-of-microplastics-ingested
https://www.european-bioplastics.org/
https://bioplasticsnews.com/2018/10/08/frost-sullivan-awards-bio-best-cosmetic-innovation/
https://bioplasticsnews.com/2018/10/08/frost-sullivan-awards-bio-best-cosmetic-innovation/
https://bioplasticsnews.com/2018/10/08/frost-sullivan-awards-bio-best-cosmetic-innovation/


A. Mukherjee and M. Koller, Polyhydroxyalkanoate (PHA) Bio-polyesters…, Chem. Biochem. Eng. Q., 36 (4) 273–293 (2022) 291

terial cells against the harmful effects of UV radiation, 
Appl. Microbiol. Biotechnol. 102(4) (2018) 1923.
doi: https://doi.org/10.1007/s00253-018-8760-8

42. Corradini, F., Meza, P., Eguiluz, R., Casado, F., Huer-
ta-Lwanga, E., Geissen, V., Evidence of microplastic accu-
mulation in agricultural soils from sewage sludge disposal, 
Sci. Total Environ. 671 (2019) 411.
doi: https://doi.org/10.1016/j.scitotenv.2019.03.368

43. URL: TianAn Biopolymer: Nature’s Eco-Friendly Solution 
(tianan-enmat.com) (12.12.2022)

44. URL: https://www.nafigate.com/portfolio/naturetics/ (15.07.2022)
45. URL: https://environment.ec.europa.eu/topics/plastics/

microplastics_en (15.07.2022)
46. Fojt, J., David, J., Přikryl, R., Řezáčová, V., Kučerík, J., A 

critical review of the overlooked challenge of determining 
micro-bioplastics in soil, Sci. Total Environ. 745 (2020) 
140975.
doi: https://doi.org/10.1016/j.scitotenv.2020.140975

47. Saini, R., Saini, H. S., Dahiya, A., Amylases: Characteris-
tics and industrial applications, J. Pharmacogn. Phytochem. 
6(4) (2017) 1865.
https://www.phytojournal.com/archives/2017/vol6issue4/
PartAA/6-4-407-141.pdf

48. Adrangi, S., Faramarzi, M. A., From bacteria to human: A 
journey into the world of chitinases, Biotechnol. Adv. 31(8) 
(2013) 1786.
doi: https://doi.org/10.1016/j.biotechadv.2013.09.012

49. Shahidi, F., Arachchi, J. K. V., Jeon, Y. J., Food applications 
of chitin and chitosans, Trends Food Sci. Technol. 10(2) 
(1999) 37.
doi: https://doi.org/10.1016/S0924-2244(99)00017-5

50. Thakur, B. R., Singh, R. K., Handa, A. K., Rao, M. A., 
Chemistry and uses of pectin — a review. Crit. Rev. Food 
Sci. Nutr. 37(1) (1997) 47.
doi: https://doi.org/10.1080/10408399709527767

51. Masui, A., Yasuda, M., Fujiwara, N., Ishikawa, H., Enzy-
matic hydrolysis of gelatin layers on used lith film using 
thermostable alkaline protease for recovery of silver and 
PET film, Biotechnol. Progr. 20(4) (2004) 1267.
doi: https://doi.org/10.1021/bp030058s

52. Cheison, S. C., Zhang, S. B., Wang, Z., Xu, S. Y., Compari-
son of a modified spectrophotometric and the pH-stat meth-
ods for determination of the degree of hydrolysis of whey 
proteins hydrolysed in a tangential-flow filter membrane 
reactor, Food Res. Int. 42(1) (2009) 91.
doi: https://doi.org/10.1016/j.foodres.2008.09.003

53. Panda, T., Gowrishankar, B. S., Production and applica-
tions of esterases, Appl. Microbiol. Biotechnol. 67(2) 
(2005) 160.
doi: https://doi.org/10.1007/s00253-004-1840-y

54. Jendrossek, D., Handrick, R., Microbial degradation of 
polyhydroxyalkanoates, Ann. Rev. Microbiol. 56 (2002) 403.
doi: https://doi.org/10.1146/minirev.micro.56.012302.160838

55. Vink, E. T., Rabago, K. R., Glassner, D. A., Gruber, P. R., 
Applications of life cycle assessment to NatureWorks™ 
polylactide (PLA) production, Polym. Degrad. Stab. 80(3) 
(2003) 403.
doi: https://doi.org/10.1016/S0141-3910(02)00372-5

56. Valappil, S. P., Misra, S. K., Boccaccini, A. R., Roy, I., Bio-
medical applications of polyhydroxyalkanoates, an over-
view of animal testing and in vivo responses, Expert Rev. 
Med. Dev. 3(6) (2006) 853.
doi: https://doi.org/10.1586/17434440.3.6.853

57. Reetz, M. T., Lipases as practical biocatalysts. Curr. Opin. 
Chem. Biol. 6(2) (2002) 145.
doi: https://doi.org/10.1016/S1367-5931(02)00297-1

58. Taniguchi, I., Yoshida, S., Hiraga, K., Miyamoto, K., 
Kimura, Y., Oda, K., Biodegradation of PET: Current status 
and application aspects, ACS Catalysis 9(5) (2019) 4089.
doi: https://doi.org/10.1021/acscatal.8b05171

59. Braunegg, G., Lefebvre, G., Genser, K. F., Polyhydroxyal-
kanoates, biopolyesters from renewable resources: Physio-
logical and engineering aspects, J. Biotechnol. 65(2-3) 
(1998) 127.
doi: https://doi.org/10.1016/S0168-1656(98)00126-6

60. Kourmentza, C., Plácido, J., Venetsaneas, N., Burni-
ol-Figols, A., Varrone, C., Gavala, H. N., Reis, M. A., 
Recent advances and challenges towards sustainable poly-
hydroxyalkanoate (PHA) production, Bioengineering 4 
(2017) 55.
doi: https://doi.org/10.3390/bioengineering4020055

61. Anitha, N. N. N., Srivastava, R. K., Microbial synthesis of 
polyhydroxyalkanoates (PHAs) and their applications, in: 
Misra, B. B., Nayak, S. K., Mohapatra, S., Samantaray, D. 
(Ed.), Environmental and Agricultural Microbiology: 
Applications for Sustainability, Wiley, (2021) ISBN: 
9781119526230, pp. 151-181.
doi: https://doi.org/10.1002/9781119525899.ch7

62. Olavarria, K., Pijman, Y. O., Cabrera, R., van Loosdrecht, 
M., Wahl, S. A., Engineering an acetoacetyl-CoA reductase 
from Cupriavidus necator toward NADH preference under 
physiological conditions. Sci. Rep. 12(1) (2022) 1.
doi: https://doi.org/10.1038/s41598-022-07663-w

63. Neoh, S. Z., Chek, M. F., Tan, H. T., Linares-Pastén, J. A., 
Nandakumar, A., Hakoshima, T., Sudesh, K., Polyhydroxy-
alkanoate synthase (PhaC): The key enzyme for biopolyes-
ter synthesis, Curr. Res. Biotechnol. 4 (2022) 87.
doi: https://doi.org/10.1016/j.crbiot.2022.01.002

64. Jendrossek, D., Pfeiffer, D., New insights in the formation 
of polyhydroxyalkanoate granules (carbonosomes) and 
novel functions of poly(3-hydroxybutyrate), Environ. 
Microbiol. 16(8) (2014) 2357.
doi: https://doi.org/10.1111/1462-2920.12356

65. Obruca, S., Sedlacek, P., Koller, M., The underexplored role 
of diverse stress factors in microbial biopolymer synthesis, 
Bioresource Technol. 326 (2021) 124767.
doi: https://doi.org/10.1016/j.biortech.2021.124767

66. Tian, K., Bilal, M., Research progress of biodegradable 
materials in reducing environmental pollution, in: Singh, P., 
Kumar, A., Borthakur, A. (Eds.) Abatement of Environmen-
tal Pollutants – Trends and Strategies (2019) ISBN: 978-0-
12-818095-2, Elsevier, pp. 313-330.
doi: https://doi.org/10.1016/B978-0-12-818095-2.00015-1

67. Koller, M., Mukherjee, A., Polyhydroxyalkanoates – linking 
properties, applications, and end-of-life options, Chem. 
Biochem. Eng. Q. 34(3) (2020) 115.
doi: https://doi.org/10.15255/CABEQ.2020.1819

68. Eriksson, K. E. L., Blanchette, R. A., Ander, P., Biodegrada-
tion of cellulose, in: Microbial and enzymatic degradation 
of wood and wood components. Springer, Berlin, Heidel-
berg (1990) ISBN: 978-3-642-46689-2, pp. 89-180.
doi: https://doi.org/10.1007/978-3-642-46687-8_2

69. Pérez, J., Munoz-Dorado, J., De la Rubia, T. D. L. R., Mar-
tinez, J., Biodegradation and biological treatments of cellu-
lose, hemicellulose and lignin: An overview, Int. Microbiol. 
5(2) (2002) 53.
doi: https://doi.org/10.1007/s10123-002-0062-3

70. Chen, X., Cheng, W., Li, S., Tang, X., Wei, Z., The “quality” 
and “quantity” of microbial species drive the degradation of 
cellulose during composting, Bioresource Technol. 320 
(2021) 124425.
doi: https://doi.org/10.1016/j.biortech.2020.124425

http://www.tianan-enmat.com/
http://www.tianan-enmat.com/
https://www.nafigate.com/portfolio/naturetics/
https://doi.org/10.1016/j.biotechadv.2013.09.012
https://doi.org/10.1016/S0168-1656(98)00126-6


292 A. Mukherjee and M. Koller, Polyhydroxyalkanoate (PHA) Bio-polyesters…, Chem. Biochem. Eng. Q., 36 (4) 273–293 (2022)

71. Leschine, S. B., Cellulose degradation in anaerobic environ-
ments, Ann. Rev. Microbiol. 49(1) (1995) 399.
doi: https://doi.org/0066-4227/1001-0399505.00

72. Kirk, T. K., Cullen, D., Enzymology and molecular genetics 
of wood degradation by white-rot fungi, in: Young, R. A., 
Akhtar, M. (Eds.), Environmentally friendly technologies 
for the pulp and paper industry. ISBN: 978-0-471-15770-0 
Wiley, New York, (1998) pp. 273-307.

73. Béguin, P., Aubert, J. P., The biological degradation of cel-
lulose, FEMS Microbiol. Rev. 13(1) (1994) 25.
doi: https://doi.org/10.1111/j.1574-6976.1994.tb00033.x

74. Park, C. H., Kang, Y. K., Im, S. S., Biodegradability of cel-
lulose fabrics, J. Appl. Polym. Sci. 94(1) (2004) 248.
doi: https://doi.org/10.1002/app.20879

75. Kim, M. N., Lee, A. R., Yoon, J. S., Chin, I. J., Biodegrada-
tion of poly(3-hydroxybutyrate), Sky-Green® and 
Mater-Bi® by fungi isolated from soils, Europ. Polym. J. 
36(8) (2000) 1677.
doi: https://doi.org/10.1016/S0014-3057(99)00219-0

76. Vodicka, J., Wikarska, M., Trudicova, M., Juglova, Z., 
Pospisilova, A., Kalina, M., Slaninova, E., Obruca, S., Sed-
lacek, P., Degradation of P(3HB-co-4HB) films in simu-
lated body fluids, Polymers 14(10) (2022) 1990.
doi: https://doi.org/10.3390/polym14101990

77. Luzier, W. D., Materials derived from biomass/biodegrad-
able materials, P. Natl. Acad. Sci. 89(3) 1992 839.
doi: https://doi.org/10.1073/pnas.89.3.839

78. Rosa, D. S., Lotto, N. T., Lopes, D. R., Guedes, C. G. F., 
The use of roughness for evaluating the biodegradation of 
poly-β-(hydroxybutyrate) and poly-β-(hydroxybutyr-
ate-co-β-valerate), Polym. Test. 23(1) (2004) 3.
doi: https://doi.org/10.1016/S0142-9418(03)00042-4

79. Doi, Y., Kawaguchi, Y., Koyama, N., Nakamura, S., 
Hiramitsu, M., Yoshida, Y., Kimura, H., Synthesis and deg-
radation of polyhydroxyalkanoates in Alcaligenes 
eutrophus, FEMS Microbiol. Rev. 9(2-4) (1992) 103.
doi: https://doi.org/10.1111/j.1574-6968.1992.tb05827.x

80. URL: http://www.tjgreenbio.com/en/Product.aspx-
?cid=54&title=Product%20Description (15.05.2021)

81. Choi, G. G., Kim, H. W., Rhee, Y. H., Enzymatic and 
non-enzymatic degradation of poly (3-hydroxybutyr-
ate-co-3-hydroxyvalerate) copolyesters produced by 
Alcaligenes sp. MT-16, J. Microbiol. 42(4) 346.
URL: https://koreascience.kr/article/
JAKO200430710475644.page

82. Kunioka, M., Kawaguchi, Y., Doi, Y., Production of biode-
gradable copolyesters of 3-hydroxybutyrate and 4-hydroxy-
butyrate by Alcaligenes eutrophus, Appl. Microbiol. Bio-
technol. 30(6) (1989) 569.
doi: https://doi.org/10.1007/BF00255361

83. Nakamura, S., Doi, Y., Scandola, M., Microbial synthesis 
and characterization of poly(3-hydroxybutyrate-co-4-hy-
droxybutyrate), Macromolecules 25(17) (1992) 4237.
doi: https://doi.org/0024-9297/92/2225-4237$03.00/0

84. Weng, Y. X., Wang, X. L., Wang, Y. Z., Biodegradation 
behavior of PHAs with different chemical structures under 
controlled composting conditions, Polym. Test. 30(4) 
(2011) 372.
doi: https://doi.org/10.1016/j.polymertesting.2011.02.001

85. Wang, S., Lydon, K. A., White, E. M., Grubbs, J. B., III; 
Lipp, E. K., Locklin, J., Jambeck, J. R., Biodegradation of 
Poly(3-Hydroxybutyrate-co-3-Hydroxyhexanoate) plastic 
under anaerobic sludge and aerobic seawater conditions: 
Gas evolution and microbial diversity, Environ. Sci. Tech-
nol. 52 (2018) 5700
doi: https://doi.org/10.1021/acs.est.7b06688

86. Kumagai, Y., Kanesawa, Y., Doi, Y., Enzymatic degrada-
tion of microbial poly(3-hydroxybutyrate) films, Die Mak-
romolekulare Chemie 193(1) (1992) 53.
doi: https://doi.org/10.1002/macp.1992.021930105

87. Prados, E., Maicas, S., Bacterial production of hydroxyal-
kanoates (PHA), Univ. J. Microbiol. Res. 4(1) (2016) 23.
doi: https://doi.org/10.13189/ujmr.2016.040104

88. Rodriguez-Contreras, A., Recent advances in the use of 
polyhydroyalkanoates in biomedicine, Bioengineering 
6(3) (2019) 82.
doi: https://doi.org/10.3390/bioengineering6030082

89. Tarazona, N. A., Machatschek, R., Lendlein, A., Relation 
between surface area and surface potential change during 
(co) polyesters degradation as Langmuir monolayer, Mrs 
Advances 5(12-13) (2020) 667.
doi: https://doi.org/10.1557/adv.2019.458

90. URL: http://www.biomer.de/IndexE.html (5.12.22)
91. Numata, K., Abe, H., Iwata, T., Biodegradability of poly-

(hydroxyalkanoate) materials, Materials 2 (2009) 1104.
doi: https://doi.org/10.3390/ma2031104

92. URL: https://kanekabiopolymers.com/certifications/ 
(30.06.2022)

93. URL: https://www.rwdc-industries.com/products 
(15.07.2022)

94. URL: https://danimerscientific.com/pha-the-future-of-bio-
polymers/pha-certifications/ (29.04.2020)

95. URL: http://www.tianan-enmat.com/product.html 
(12.12.2022)

96. URL: https://www.ecplaza.net/products/ok-compost-
home-biodegradable-t-shirt_3473338 (5.12.2022)

97. Mohandas, S. P., Balan, L., Gopi, J., Anoop, B. S., Philip, 
R., Cubelio, S. S., Singh, I. B., Biocompatibility of polyhy-
droxybutyrate-co-hydroxyvalerate films generated from 
Bacillus cereus MCCB 281 for medical applications, Int. 
J. Biol. Macromol. 176 (2021) 244.
doi: https://doi.org/10.1016/j.ijbiomac.2021.02.006

98. URL: https://danimerscientific.com/pha-beginning-of-life/ 
(15.07.2022)

99. URL: https://www.bioplasticsmagazine.com/en/news/
meldun  gen/Meridian.php (15.07.2022)

100. Gorrasi, G., Pantani, R., Hydrolysis and Biodegradation 
of Poly (lactic acid), in: Di Lorenzo, M., Androsch, R. 
(Eds.), Synthesis, structure and properties of poly(lactic 
acid). Advances in Polymer Science, vol 279. Springer, 
pp. 119-151. Cham.
doi: https://doi.org/10.1007/12_2016_12.

101. URL: https://kanekabiopolymers.com/ (15.07.2022)
102. Mukherjee, A., Koller, M., Polyhydroxyalkanoate (PHA) 

biopolyesters-emerging and major products of industrial 
biotechnology, The EuroBiotech Journal 6(2) (2022) 49.
doi: 10.2478/ebtj-2022-0007

103. URL: https://sdgs.un.org/goals (29.06.2022)
104. URL: https://www.jus.uio.no/lm/environmental.develop-

ment.rio.declaration.1992/portrait.a4.pdf (29.06.2022)
105. URL: https://actionaid.org/sites/default/files/biofueling_

hunger_aausa.pdf (29.06.2022)
106. López-Ortega, M. G., Guadalajara, Y., Junqueira, T. L., 

Sampaio, I. L., Bonomi, A., Sánchez, A., Sustainability 
analysis of bioethanol production in Mexico by a retrofit-
ted sugarcane industry based on the Brazilian expertise, 
Energy 232 (2021) 121056.
doi: https://doi.org/10.1016/j.energy.2021.121056

107. Korányi, T. I., Fridrich, B., Pineda, A., Barta, K., Devel-
opment of ‘Lignin-First’ approaches for the valorization of 
lignocellulosic biomass, Molecules 25(12) (2020) 2815.
doi: https://doi.org/10.3390/molecules25122815

http://www.tjgreenbio.com/en/Product.aspx?cid=54&title=Product Description
http://www.tjgreenbio.com/en/Product.aspx?cid=54&title=Product Description
https://kanekabiopolymers.com/certifications/
https://www.rwdc-industries.com/products
https://danimerscientific.com/pha-the-future-of-biopolymers/pha-certifications/
https://danimerscientific.com/pha-the-future-of-biopolymers/pha-certifications/
http://www.tianan-enmat.com/product.html
https://www.ecplaza.net/products/ok-compost-home-biodegradable-t-shirt_3473338
https://www.ecplaza.net/products/ok-compost-home-biodegradable-t-shirt_3473338
https://danimerscientific.com/pha-beginning-of-life/
https://www.bioplasticsmagazine.com/en/news/meldungen/Meridian.php
https://www.bioplasticsmagazine.com/en/news/meldungen/Meridian.php
https://kanekabiopolymers.com/
https://sdgs.un.org/goals
https://www.jus.uio.no/lm/environmental.development.rio.declaration.1992/portrait.a4.pdf
https://www.jus.uio.no/lm/environmental.development.rio.declaration.1992/portrait.a4.pdf
https://actionaid.org/sites/default/files/biofueling_hunger_aausa.pdf
https://actionaid.org/sites/default/files/biofueling_hunger_aausa.pdf


A. Mukherjee and M. Koller, Polyhydroxyalkanoate (PHA) Bio-polyesters…, Chem. Biochem. Eng. Q., 36 (4) 273–293 (2022) 293

108. Nonato, R., Mantelatto, P., Rossell, C., Integrated produc-
tion of biodegradable plastic, sugar and ethanol, Appl. Mi-
crobiol. Biotechnol. 57(1) (2001) 1.
doi: https://doi.org/10.1007/s002530100732

109. Boey, J. Y., Mohamad, L., Khok, Y. S., Tay, G. S., Baidur-
ah, S., A review of the applications and biodegradation of 
polyhydroxyalkanoates and poly(lactic acid) and its com-
posites, Polymers 13(10) (2021) 1544.
doi: https://doi.org/10.3390/polym13101544

110. URL: https://www.wissenschaft.de/erde-umwelt/wie-viel-
oel-steckt-in-plastiktueten/ (5.12.2022)

111. Huang, W., Song, B., Liang, J., Niu, Q., Zeng, G., Shen, 
M., Deng, J., Luo, Y., Wen, X., Zhang, Y., Microplastics 
and associated contaminants in the aquatic environment: A 
review on their ecotoxicological effects, trophic transfer, 

and potential impacts to human health, J. Hazard. Mater. 
405 (2021) 124187.
doi: https://doi.org/10.1016/j.jhazmat.2020.124187

112. Li, W. C., Tse, H. F., Fok, L., Plastic waste in the marine 
environment: A review of sources, occurrence and effects, 
Sci. Total Environ. 566 (2016) 333.
doi: https://doi.org/10.1016/j.scitotenv.2016.05.084

113. Steinbüchel, A., Valentin, H. E., Diversity of bacterial 
polyhydroxyalkanoic acids, FEMS Microbiology letters 
128(3) (1995) 219.
doi: https://doi.org/10.1111/j.1574-6968.1995.tb07528.x

114. “Mimicking Nature”: The PHA Industry Landscape Re-
port 2022. URL: GO!PHA — PHA Industry Report 2022 
(gopha.org) (12.12.2022)

https://www.wissenschaft.de/erde-umwelt/wie-viel-oel-steckt-in-plastiktueten/
https://www.wissenschaft.de/erde-umwelt/wie-viel-oel-steckt-in-plastiktueten/
https://doi.org/10.1016/j.scitotenv.2016.05.084
https://www.gopha.org/pha-industry-report-2022
https://www.gopha.org/pha-industry-report-2022

