Open Access Article. Published on 27 October 2023. Downloaded on 10/16/2025 4:23:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

TUTORIAL REVIEW

’ '.) Check for updates ‘

Cite this: Chem. Soc. Rev., 2023,
52,8085

Received 15th July 2023

DOI: 10.1039/d3cs00556a

rsc.li/chem-soc-rev

Key learning points

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Designing biodegradable alternatives to
commodity polymersf

Emanuella F. Fiandra, Matthieu Starck,

and Clare S. Mahon 2 *

Lloyd Shaw, Christopher J. McGurk

The development and widespread adoption of commodity polymers changed societal landscapes on a
global scale. Without the everyday materials used in packaging, textiles, construction and medicine, our
lives would be unrecognisable. Through decades of use, however, the environmental impact of waste
plastics has become grimly apparent, leading to sustained pressure from environmentalists, consumers
and scientists to deliver replacement materials. The need to reduce the environmental impact of
commodity polymers is beyond question, yet the reality of replacing these ubiquitous materials with
sustainable alternatives is complex. In this tutorial review, we will explore the concepts of sustainable
design and biodegradability, as applied to the design of synthetic polymers intended for use at scale. We
will provide an overview of the potential biodegradation pathways available to polymers in different
environments, and highlight the importance of considering these pathways when designing new
materials. We will identify gaps in our collective understanding of the production, use and fate of
biodegradable polymers: from identifying appropriate feedstock materials, to considering changes
needed to production and recycling practices, and to improving our understanding of the environmental
fate of the materials we produce. We will discuss the current standard methods for the determination of
biodegradability, where lengthy experimental timescales often frustrate the development of new
materials, and highlight the need to develop better tools and models to assess the degradation rate of
polymers in different environments.

1. Choose appropriate monomer feedstocks: use of sustainably sourced monomers extracted from biomass will promote the biodegradation of polymers and build

towards a circular economy.

2. Consider microscopic characteristics of the polymer: biodegradation is promoted by incorporating hydrolysable bonds within the backbone of a polymer, using
known biodegradable monomers in copolymers or blends, and designing polymers to include amorphous regions.
3. Consider macroscopic characteristics of the polymer: for solid polymer materials, biodegradation is enhanced by increasing the surface area, which promotes

abiotic and biotic degradation mechanisms.

4. Assess biodegradation rigourously: standardised procedures to determine the stability of the polymer during the use-phase and biodegradability at its end-of-
life phase should be used to ensure the material meets the requirements for a given application and does not remain persistent in the environment, and the
material or its degradation products do no exert harmful effects in the environment.

5. Complete full life cycle assessments for new polymers: a cradle-to-grave approach to evaluate the potential direct and indirect effects associated with the

sourcing, design, use and disposal of the polymer should be adopted.

Polymers are a diverse and versatile group of materials,
synthesised both in nature and through a multitude of different
synthetic polymerisation techniques. Polymers are found in
almost every facet of everyday life — from packaging, construction,
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medical devices to clothing.' In combination with their versatile
nature and the range of physical and chemical properties that
they can offer, historically-low costs for raw materials and energy
have encouraged the use of polymers within our everyday lives, to
the point where a world without polymers is difficult to imagine.?
However, low production costs and mass usage of commodity
polymers have taken an environmental toll, resulting in a ‘throw-
away-culture’ and the rise of the single-use-plastic industry.>*
The majority of plastic bags, plastic films and plastic straws, for
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example, are used once before disposal, resulting in a large
accumulation of plastics in landfill sites and marine environ-
ments. Since 1950, it is estimated that less than 10% of plastic
waste has been recycled, with the remainder deposited in landfill
sites or released to the environment.’ In addition to problems
around land use and greenhouse gas emissions, run-off from
these sites into marine sources, along with direct disposal into
aquatic environments, poses hazards to marine wildlife through
suffocation, entanglement and digestive disruption.®’
Governments and policymakers have made attempts to
regulate polymer waste and establish methodology to assess
biodegradation (Fig. 1). In 1981, the Organisation for Economic
Co-operation and Development (OECD) published the first
series of standardised tests, the OECD Guidelines for Testing of
Chemicals,® a set of testing methods used internationally by
laboratories to identify hazards associated with chemicals
(ESL Table S1). The American Society for Testing and Materials
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(ASTM) has also developed standardised test methods to assess
the biodegradability of polymers (ESI,+ Tables S2 and $3).° In
Europe, other standardised methods are used, for example
British standards (BS) in the UK,'° along with methods defined
by the German Institute for Standardisation (DIN)"! or Tech-
nischer Uberwachungsverein (TUV)" (ESIL,t Table S4). While
attempts have been made to harmonise these standards, notably
leading to the introduction of the International Organisation for
Standardisation (ISO) standards (ESI,} Tables S5 and S6),"> no
set of methods has been universally adopted, frustrating efforts
to directly compare the biodegradability of polymers.

After the discovery of the Great Pacific Garbage Patch,'*'> a
collection of marine debris estimated to have a surface area of
approximately 1.6 million km? as of 2018, changes in the public
perception of polymers, particularly plastics, led to a drive to
decrease environmental impacts of plastic consumption.'® This
shift in public perception towards polymers resulted both in
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OECD 301: Ready biodegradability in
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Pass level: 70% removal of dissolved organic
carbon (DOC) and 60% of theoretical oxygen
demand (ThOD) or theoretical carbon dioxide
(ThCO,) production within a 28 day period.
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OECD 302: Inherent Biodegradability:
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evidence of ultimate biodegradability.
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OECD 310: Ready Biodegradability - CO,

in sealed vessels (Headspace Test)
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within the 10 day window in this test
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readily biodegradable under aerobic
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International Initiatives|

Current ASTM testing guidlines for biodegradability (2023) - ASTM D5210-92, ASTM D5338, ASTM D5988 and ASTM D6400

Fig. 1 The global regulatory landscape for assessment of biodegradation.

behavioural changes in how individuals use polymers and plastics
(e.g opting to reuse plastic bags) and policy changes from
governments (e.g. introducing taxes on single-use plastics).”"®
The ‘Reduce, Reuse, Recycle’ campaign, first popularised in the
early 1970s demonstrated that plastic waste was already a concern
before many of the most serious consequences were seen. While
in theory this approach could be a feasible long-term solution to
much of the plastic waste being produced, the high infrastructure
costs required for recycling, the ever-increasing reliance on poly-
mer materials, the lack of public understanding that recycling
generally produces lower-grade materials because of thermal
degradation,” and the lack of public engagement with the
‘reduce’ and ‘reuse’ components of the campaign, in favour of
the practically more simplistic ‘recycling’ component, meant that
this approach has not sufficiently reduced the amount of waste
that is being produced and therefore new strategies must be
employed.>*>* Additionally, while there has been a great deal of
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research into enhancing the recyclability of polymers through
improvements in mechanical recycling practices'® and the devel-
opment of tailored organocatalysts for chemical recycling,”*>*
scaling up these practices can be difficult and effective recycling
is still limited by the requirement for separation of the plastics
and the overall downgrade in mechanical properties upon recy-
cling. Although there is much debate as to how to best prevent
this reduction in mechanical strength, several experts in the
field have suggested that practices such as depolymerisation,
establishing break points in any new materials,”® using selective
catalysts so pure polymers can be synthesised from impure
feedstocks® and improvements in waste collection and
separation,”® could be used in the future to reduce polymer waste
by allowing polymers to be infinitely recyclable without any loss of
performance.

An alternative approach, where recycling may not be feasible, is
to produce commodity polymers that degrade rapidly at the end of
their use phase.>® Some interventions to accelerate polymer biode-
gradation have been limited in their success, however. One strategy
aimed at improving the rates of polyolefin degradation involved the
addition of ‘prodegradants™® such as complexes of Fe, Co and Mn,
to assist in the generation of radicals and hence accelerate abiotic
degradation. While these ‘oxo-degradable’ polymers do display
more rapid degradation under laboratory conditions, the evidence
for enhanced biodegradation in environmental conditions is
sparse,”! and in 2021 the European Commission restricted the
use of oxo-degradable plastics along with other single-use items.**

Many of the polymers in mass production (Fig. 2) are not as
visible as those which cause the obvious problem of plastic waste.
Polymers are used extensively in coatings, adhesives and consumer
goods including shampoos, shower gels and detergent formula-
tions. Many such polymers increase the effectiveness of the
products they are found in, which has helped to reduce the overall
carbon footprint of many of these sectors - either through the
removal of ‘carbon-emission-heavy’ active compounds or through
the reduction of the energy requirements for the products to work

Chem. Soc. Rev., 2023, 52, 8085-8105 | 8087
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Fig. 2 A selection of commodity polymers discussed in this review.

effectively.>>** Whilst many polymers have a positive effect on

reducing the carbon emissions of consumer products or activities,
polymers themselves may find their way into marine environments
where their degradation and subsequent removal from the
environment may be very slow and potentially incomplete. Micro-
plastics (Box 1) may be formed through the degradation of poly-
mers and plastic fragments. Since the discovery of these small
plastic fragments by Edward Carpenter and Kenneth Smith Jr. in
1972,>>*° and the popularisation of the term “microplastic” by
Richard C. Thompson et al. in 2004,”” there has been global
concern about their impact on human health and the environ-
ment. Microplastics are of growing ecological concern due to
their ability to pass through epithelial and endothelial cells
after inhalation or ingestion.*® Recently, a study by Lamoree
et al. reported the presence of microplastics (including
poly(ethylene terephthalate) (PET), polystyrene and polyethy-
lene in over 75% of healthy blood donors tested,*® with micro-
plastics previously identified in lung,*™* liver,**** placenta,*
and faeces samples.*®*° While the long-term evidence around
the dangers and toxicity of microplastics is still emerging, there
is growing concern that microplastics are accumulating in the
body where the rates of removal of microplastics by the kidneys
and liver is slower than the rate of uptake through inhalation
and ingestion.”®®" Microplastics have also been shown to
harbour microbes that can then be transported over vast
distances, which could result in the transportation of invasive
species or pathogens from one part of the world to another.>>™>*

It is clear that these environmental and health concerns must
be considered throughout the process of developing new polymer
materials. One important approach is to design polymers that will
biodegrade efficiently at the end of their use phase (Box 1).
Literature searches reveal a high level of activity in the field of
biodegradable polymers, with a sustained increase in the number
of reports from 2000 to 2023 (ESL T Fig. S1). It is environmentally
important to consider a sustainable approach to the sourcing of
materials used in the synthesis of commodity polymers, but also a
sustainable approach for the disposal of these materials.>® Ulti-
mate biodegradation, which is the degradation of a natural or
anthropogenic material to CO,, H,O, biomass and inorganic sub-
stances such as NH,,*® needs to be achieved within a limited

8088 | Chem. Soc. Rev,, 2023, 52, 8085-8105
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lifetime from an end-of-life perspective. However, polymeric mate-
rials have often been designed to have long lifetimes, enhanced by
the addition of complex stabiliser blends to prevent degradation.
Commodity polymers including PET, polyvinylchloride (PVC) and
polypropylene display environmental lifetimes which typically
range from 10-20 years or 500-1000 years.”” > The best way to
ensure that plastic waste does not accumulate is to ensure that the
lifetime of any new material represents a lifetime of approximately
the same length of the material’s use (e.g. the PVC in window
frames has a required lifespan of 20-30 years whereas polyethylene
food packaging is only required to be stable for periods of months).
To address this criterion, the material can either be reusable within
the required application space, recyclable or susceptible to removal
by biodegradation. Long-term sustainability requires materials
which undergo ultimate biodegradation,®® which will therefore
represent the focus of this tutorial review.

Life cycle assessments

To comprehensively evaluate the environmental impact of a
material, life cycle assessments (LCAs)® increasingly adopt a
‘cradle-to-grave’ approach, which involves the consideration of
the extraction of feedstock, processing, manufacturing and dis-
tribution, product service, recycling or final disposal. Until
recently, end-of-life products were absent from LCAs, but they
have become a topic of interest in recent years,”””* with special
consideration towards the aquatic environment.* In striving for a
sustainable circular economy, recycled and biobased feedstocks offer
the opportunity to transition from petroleum-derived raw materi-
als in the design of polymers, offering potential for biodegradation
whilst aiding in the drive for carbon neutrality (Box 1).”* A factor
which cannot be ignored is cost. A primary driving force for the
mass use of polymers is their relatively low cost, with global supply
chains relying upon ready access to affordable building blocks.
The EU Waste Framework Directive (2008/98/EC)”® defines a five-
step waste hierarchy aiming to conserve resources, at the top of
which is the prevention and minimisation of waste - this can be
achieved in the design of polymers that are biobased, ideally
from organic waste streams, and biodegradable. For example,

This journal is © The Royal Society of Chemistry 2023
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the UKBioChem10 list’” highlights biobased chemicals that can

aid in the transition to a sustainable chemical industry. Six of butanedio

these platform chemicals: lactic acid,”® 2,5-furandicarboxylic

Box 1: Key definitions
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acid,’® 5-hydroxymethyl furfural,”® muconic acid,®® 1,3-

181 and n-butanol®*®® have already found use in poly-
mer synthesis.

61,62

Atom economy: the ratio of atoms that can be found in the product of a reaction compared to the number of those atoms found in the reactants.
Biobased: composed or derived in whole or in part of biological products issued from biomass (including plant, animal, and marine or forestry materials). This
definition may apply to polymers that are not biodegradable.®®

Biodegradable: macromolecules or polymeric substances susceptible to degradation through biological activity involving decreases in the molar masses of
constituent macromolecules.®*

Biodegradation: the breakdown of a substance catalysed by enzymes in vitro or in vivo. Biodegradation may be further characterised as:

Primary: alteration of the chemical structure of a substance, resulting in loss of a specific property of that substance.

Environmentally acceptable: biodegradation to such an extent as to remove undesirable properties of the compound. This often corresponds to primary
biodegradation, but it depends on the circumstances under which the products are discharged into the environment.

Ultimate (also termed “mineralisation”): the complete breakdown of a compound to either fully oxidised or reduced simple molecules (such as carbon dioxide/
methane, nitrate/ammonium and water) and inorganic matter. It should be noted that the products of biodegradation can be more harmful than the substance
degraded.®>®°

Biomass: material produced by the growth of microorganisms, plants or animals.®®

Circular economy: an industrial economy that is restorative or regenerative by intention and design.®”

Degradation: physical and/or chemical deleterious changes of the polymer through chain scissions, resulting in a decrease of molar mass and progressive loss
of performance/characteristics of the polymer.®***

Depolymerisation: process of converting a macromolecule into monomer or a mixture of monomers.**

Life cycle assessment: compilation and evaluation of the inputs, outputs and the potential environmental impacts of a product system throughout its life
cycle.®®

Microplastics: terminology used to refer to plastic particles smaller than 5 mm.?”

Sustainable chemistry: the design, manufacture, and use of environmentally benign chemical products and processes that prevent pollution, reduce or

eliminate the use and generation of hazardous waste, and reduce risk to human health and the environment.

69,70

Reusable: materials that can be reused within their application space where there is no significant loss in performance and recollection is facile.

Recyclable: materials that can be recycled through multiple cycles without any performance degradation or material loss.
Polymer blend: macroscopically homogeneous mixture of two or more different species of polymer”*

Undertaking a comprehensive LCA for a polymer can be challen-
ging, owing to the complexities of their synthesis, use and disposal.
These difficulties were highlighted by Walker and Rothman,”” who
compared the LCAs of biobased and petroleum-derived plastics to
the European Union Product Environmental Footprint (EU PEF)
standards.®* It was found that no published articles were able to
fully meet these standards — with only 25 publications between 2000
and 2019 partially meeting the requirements. The study evaluated
89 polymers, of which 50 were biobased and 39 petroleum based.
Only seven of these polymers could be used for comparison across
all seven impact categories: energy use, ecotoxicity, acidification,
eutrophication, climate change, particulate matter formation and
ozone depletion. Importantly, significant variations were reported
between LCAs for the same polymer, which may be attributed to the
variation of LCA methodologies used, especially when regarding the
end-of-life treatment. It was proposed that LCAs reported should
include a detailed account of each section of the EU PEF method
and the relevant ISO standards, a principle that, if widely adopted,
would allow for more meaningful comparisons to be made between
LCAs for different polymers.

Looking to nature for solutions

In the search for new biodegradable polymers, much inspira-
tion can be gained through the examination of biodegradable
polymers which can already be sourced from nature. Polymers

This journal is © The Royal Society of Chemistry 2023

in nature can be largely divided into three main classes:
poly(saccharides), poly(peptides) and poly(nucleic acids).®>*®
In biological systems, these polymers fulfil both the structural
functions we typically associate with commodity polymers, but
also play key roles in the storage of energy and the transfer
of information, and can adapt and respond to changes in their
environment, presenting inspiration for new polymers with
functions elevated beyond mere replacement of existing
materials.®” These natural biodegradable polymers provide
the foundation for all life on earth: with polysaccharides
playing important structural roles in addition to functions in
energy storage and cellular communication; poly(peptides)
playing numerous structural and catalytic roles in addition
to underpinning immune response; and poly(nucleic acids)
enabling information storage and transmission.*®® These
highly functional polymers are all processed by endogenous
or exogenous enzymes to return the initial monomer building
blocks or simple compounds such as water, carbon dioxide and
%091 while it is not possible to extract all required
polymeric materials from nature due to limitations on produc-
tion time and cost, and due to specific property requirements,
design principles for new biodegradable synthetic polymers can
be drawn from nature. By ensuring that the products of poly-
mer degradation can be readily used by microbes or other
organisms, the rate of ultimate biodegradation of the material
can be greatly increased.

ammonia.

Chem. Soc. Rev,, 2023, 52, 8085-8105 | 8089
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In addition to ensuring polymers display a lifespan compar-
able to their use phase, and can either be readily recycled or
otherwise removed from the environment, it is also important
that the monomers and processes used to synthesise this new
generation of polymers are sustainable. The principles of green
chemistry suggest the design of syntheses that are high yield-
ing, have a high atom efficiency, low energy requirements and
involve minimal use of toxic solvents or reagents, and the use of
raw materials from renewable sources where practicable.>®*>™
Nature provides an abundance of polymer precursors, from
olefins to amino acids and carbohydrates.”® These sources
should be considered by polymer chemists in the design of
new materials. It is, however, important to note that polymers
constructed using raw materials accessed from biomass may
not necessarily be biodegradable. Many synthetic routes to
conventional monomers have been developed,”® and while
polymers made through these routes may be more sustainable,
they will ultimately suffer the same limitations to their end-of-
life environmental profile as conventional materials.

A key feature identified within natural biodegradable poly-
mers is the production of degradation products which can be
used by nature, guaranteeing ultimate biodegradation. The
highly interconnected nature of ecosystems, whereby if an
organism synthesises a compound, either that organism will
use the compound or it will be used by another organism, can be
harnessed to produce sustainable materials through the use of
biobased monomers; with examples as diverse as dienes such as
farnescene,”” presenting a potential alternative to polybutadiene,
and diols such as 2,5-bis(hydroxymethyl)furan,’® which may find
use in replacements to PET. These biobased monomers can be
extracted directly from biomass or synthesised through the
chemical reactions of natural products.’>°™%* Biobased mono-
mers can also be produced in high yields and on large scales
through the fermentation of genetically modified yeast and
bacteria, with these approaches often presenting simpler pur-
ification processes compared to biomass extraction.'*™% By
using naturally occurring sources for raw materials rather than
petroleum-derived chemicals, sustainability may be greatly
increased as the monomers themselves can be renewably
sourced and any degradation products will be much more likely
to be completely mineralised.

Mechanisms of biodegradation

The biodegradation process is grouped into four key stages:
biodeterioration, biofragmentation, bioassimilation and minerali-
sation (Fig. 3).'°® A combination of abiotic and biotic mechan-
isms can influence the rates of degradation of polymers, with
the predominant abiotic mechanisms consisting of mechan-
ical, thermal (or thermo-oxidative), photo (photo-oxidative) and
hydrolytic degradation.'®” Biodeterioration results in the altera-
tion of the physical and chemical characteristics of a material
due to superficial degradation by external environmental fac-
tors, and the action of microbial communities and other decom-
poser organisms. External forces such as those exerted by wind,

8090 | Chem. Soc. Rev., 2023, 52, 8085-8105
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rain and waves cause superficial degradation, resulting in pores
and cracks along the surface of the material, or breakage into
smaller pieces, increasing the surface area for microbial attach-
ment. Superficial degradation by light, termed photo-oxidation,
also causes micro-lesions and cracks on surfaces which facilitate
microbial attachment and subsequent biofilm formation. Oxida-
tive degradation by ozone is another, albeit less common,
chemical mechanism for the degradation of polymers.'®® Polymer
chains which have been oxidised generally display increased
hydrophilicity due to the incorporation of hydroxyl and carboxylic
acid functional groups, aiding microbial attachment. Biofragmen-
tation is the cleavage of polymers into oligomers, dimers or
monomers by enzymes or free radicals generated by microorgan-
isms. Assimilation of water-soluble intermediates can then occur,
with molecules transported into the cytoplasm of microorganisms
and hence, subjected to metabolism. The complete degradation
process ends with mineralisation: the excretion of metabolites,
such as CO,, H,0, CH, and N,.'°%!1°

The predominant mechanism of polymer biodegradation
consists of the enzymatic breakdown of polymer chains, via
chain scission or oxidation, into oligomers and small mole-
cules which can then be ingested or assimilated by microbes."*®
The process of biodegradation is typically slower for synthetic
polymers compared to other compounds due to their high
molecular weight and typically limited water solubility, hinder-
ing their transport through the cell wall of microorganisms."*’
Instead, biodegradation is usually achieved by the action of
extracellular enzymes to give rise to water-soluble intermedi-
ates that can then be further metabolised.""! Some backbone
polymer linkages can be enzymatically hydrolysed, with lipases
known to cleave ester linkages, and proteases enabling hydro-
lysis of amide bonds, resulting in the generation of end
products by either an aerobic or anaerobic degradation path-
way (Fig. 3 and ESIf Table S7). Several excellent reviews detail
the key microorganisms and enzymes involved in the biode-
gradation of polymers and the pathways through which degra-
dation can be realised.'°®''>''® However, further research is
required to identify enzymes and microorganisms which may
act on high molecular weight polymers such as polystyrene,
polyamides, PVC, polypropylene, ether-based polyurethanes
and polyethylene,"'* which comprise of more than 80% of the
annual plastic production.*?

Ultimate biodegradation can be influenced by a myriad of
factors including structural features of the polymer, specifi-
cally, carbon chain length, functional group variation and
charge density.’'® To further add complexity to the challenge
of predicting polymer biodegradation, the impact of the end-of-
life environment of the material can be profound, with large
differences in degradation kinetics for some polymers depend-
ing on the enviromment.""” Poly(lactic acid) (PLA), for instance,
is recognised to degrade rapidly under aerobic composting
conditions but solid samples of PLA incubated in seawater
display little to no degradation over timescales of over one
year."'® In aqueous environments, it has been demonstrated
that in the absence of extracellular degradation, polymers
greater than 500-1000 Da are unlikely to degrade significantly

This journal is © The Royal Society of Chemistry 2023
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(a) The life cycle of consumer-use polymers. Adapted from ref. 75 with permission from John Wiley and Sons, copyright 2022. (b) The four stages

of polymer biodegradation: biodeterioration, biofragmentation, bioassimilation, and mineralisation. Adapted from ref. 109 with permission from the

American Chemical Society, copyright 2022.

under aerobic conditions as a result of poor bioassimilation."*
Even within the same types of environment, local conditions
can affect the kinetics of degradation significantly, with studies
highlighting that the degradation of conventional materials
such as polyethylene, PET and PLA, in a terrestrial environment
such as soil are dependent on temperature and water avail-
ability to modulate polymer degradation.'® Weight losses of
less than 2% were reported for samples of these polymers after
evaluation of one year of in situ manipulative experiments
simulating different soil conditions.

This journal is © The Royal Society of Chemistry 2023

Another important environmental consideration is the
impact of the degradation products and the biota found in an
environment after polymer biodegradation. Examination of
plastic debris using scanning electron microscopy (SEM) has
revealed complex and diverse microbial communities on sur-
faces, termed the ‘plastisphere’.’®' The bacteria that make up
the plastisphere are often distinct from those found in the
surrounding environment. The plastisphere associated with
biodegradable polymers including polybutylene adipate ter-
ephthalate (PBAT) and PLA has been shown to contain a less
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diverse range of bacteria than that associated with conventional
polymers such as polyethylene,'** suggesting that the introduc-
tion of even biodegradable polymers to the soil environment
may influence the ecosystem. Similarly, in aquatic environ-
ments, microplastics have been shown to provide a distinct
ecological niche for microorganisms, leading to differences in
the populations of species observed.'*

Analytical approaches to monitor
biodegradation

In order to fully understand the processes involved in biodegrada-
tion, analytical methods are required to monitor changes in the
molecular weight and chemical composition of polymers.'**'* In
many cases, polymers can present challenging cases for the study
of biodegradation, owing to the complex, multi-step nature of the
process, and their inherent structural heterogeneity. Often, how-
ever, valuable information can be obtained using simple metho-
dology such as monitoring changes in the mass or dimensions of
a solid polymer, in addition to quantifying changes in surface
roughness. A range of complementary bioanalytical methods can
be combined to overcome the limitations of individual methods
and to gain a comprehensive understanding of biodegradation
processes (ESL 7 Table S8). Respirometric methods such as mon-
itoring CO, evolution''® or O, consumption'®® are commonly
used to indirectly estimate the respiration rates of microorgan-
isms and hence elucidate their activity. Although these provide a
straightforward, economically viable and non-labour-intensive
route to determining rates of biodegradation, the approach is
not suitable for field studies and provides no detailed insight into
degradation pathways. Ideally, standardised, widely-applicable
methods to monitor polymer composition would provide more
detailed information on the process of degradation and reduce
variability in studies.*’

Despite a range of techniques providing kinetic information
around biodegradation, a key bottleneck in the identification of
biodegradable replacements for commodity polymers is estab-
lishing that their biodegradation kinetics are compatible with
relevant OECD or equivalent standards (ESIL,{ Table S1 and Fig.
S1), with testing processes typically requiring weeks to months.
There is a pressing need for rapid, high-throughput assays to
determine the biodegradation profile of a polymer in the early
stages of its development. These assays will be complementary to
advances in the predictive modelling of biodegradation,”>**%2°
together presenting a route to the streamlined design of new
polymers to fulfil human needs whilst minimising environmen-
tal impact.

Strategies for the design of
biodegradable polymers

Designing polymers that are more susceptible to biodegrada-
tion is critical to ensure their continued economic and societal

value. A holistic approach in the design of polymers is needed,
considering a range of parameters including the sourcing of
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feedstock, the chemical and physical properties required of the
material, and the desired biodegradation profile. Von Vacano
et al. have evaluated the macromolecular design of materials
and the possible impacts of various factors on the safety, the
environmental impact and the circularity of a material.”®
Amongst the features evaluated, including monomer chemis-
try, polymer architecture, molecular weight distribution and
crystallinity, the chemical nature of the backbone linkage was
reported to be the most important parameter in determining
the biodegradation profile of a polymer. Separately, a literature-
driven cluster analysis™*® was performed using the PlasticDB
database to identify a relationship between various polymers
and their biodegradation profiles. Curated from 471 publica-
tions, the results demonstrated that the chemical classification,
and hence the structure of the polymer backbone, has a direct
relationship to its susceptibility to biodegradation. After refin-
ing the data in a local database containing the taxonomical
identification of microorganisms, plastic type and literature
reference, only 20 plastic types remained, which were used for
hierarchical clustering and multidimensional scaling (MDS)
analysis. Polymers were initially clustered within two broad
groups: C-C (non-hydrolysable) and C-X (hydrolysable). A
statistically significant difference in biodegradation patterns
at the microbial genus level was identified, with Bacilli reported
to degrade polymers grouped in the C-C class, and Pseudomo-
nas and Bacillus in addition to fungal species Aspergillus and
Penicillium involved in degradation of the C-X class of poly-
mers. The seven C-C polymers including high- and low-density
polyethylenes, polypropylene, polystyrene, polyvinylalcohol
(PVA) and PVC all consist of a hydrocarbon backbone, whilst
the remaining 13 (C-X) polymers, including polycaprolactone,
polyurethane, poly(ethersulfone), PLA, PET and PBAT contain a
heteroatom in their backbone, which are further grouped based
on the nature of the bond: ester, amide and ether. One notable
exception was highlighted in the hierarchical clustering plot as
nylon, classed as C-X due to the presence of heteroatoms, is
clustered with non-hydrolysable polymers, implying that a
similar genus level biodegradation pattern is present. This
work highlights the importance of the polymeric backbone
linkage, amongst other factors, in determining the likely bio-
degradation profile of a polymer. The authors also highlighted
the lack of uniformity in reporting of microbial degradation of
plastics and that by addressing this issue, a wider search could
be more easily performed to aid in the identification of key
trends and thus potential solutions.

Molecular features of polymers and their effects on
biodegradation

Generally, the presence of heteroatoms in a polymer backbone
has been observed to render the polymer more susceptible to
biodegradation, as cleavable bonds are typically introduced.
Farveen et al. compared the degradation of the main families
of polymer (polyolefins, polyesters, polyurethanes and polya-
mides) in an in vitro study using bacteria isolated from soil."**
Preliminary studies using 1% low-density polyethylene resulted
in the identification of isolates P. aeruginosa O1-P and B. cereus

This journal is © The Royal Society of Chemistry 2023
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02-B as highly active due to their production of laccases,"** a
class of multi-copper oxidases which act on a versatile range of
substrates. These laccases perform the critical role of installing
hydroxyl functional groups on polyethylene chains, which pro-
motes biodegradation, as confirmed by FTIR and GC-MS
analysis."*' Homology modelling and molecular docking studies
suggested that theoretically higher rates of biodegradation could
be achieved for other families of polymers when compared to
polyethylene, in line with experimental observations. This in
silico approach has allowed for a greater understanding of the
mechanism through which laccases can promote biodegrada-
tion, and highlights the potential of these enzymes to facilitate
biodegradation of otherwise slow-degrading polymers.

The polyolefin class of polymers includes common commodity
polymers such as polyethylene and polystyrene, with a combined
global annual production of 260.2 million metric tons in 2022."*3
Biodegradation pathways for polyolefins are limited by the lack of
readily cleavable linkages within the polymer backbone, and
therefore molecular design is often relied upon to improve the
recyclability of these polymers.”>'** Identifying enzymes involved
in the degradation of polyolefins and elucidating their mechan-
isms remains a challenge, with limited literature reports in this
area. Microplastic biodegradation via fungal biofilm formation,
however, has been reported for several polyolefins with the
identification of fungal species that act on polyethylene, polystyr-
ene and PVC detailed in a review by Solanki et al.”” The Plastics-
Active Enzyme Database (PAZy), reports only two enzymes">> with
the ability to degrade polyolefins, with both enzymes acting upon
polyethylene. Despite many publications referring to the degrada-
tion of polyolefins, a PAZy search does not lead to convincing
biochemical data which clearly identifies enzymes and pathways
involved in this process.'**'3%137

Although the mechanisms through which polyolefins are
biodegraded are not fully understood, some microbial species
have been found to interact with polyethylene, with several genera
of bacteria and a some fungi shown to degrade polyethylene."** To
initiate the initial (bio)degradation of polyethylene, a combination
of environmental factors and the action of enzymes results in the
degradation of polymeric chains into hydrocarbon fragments of
10 to 50 carbons in length that are more susceptible to oxidation
and subsequent biodegradation. The degradation of polyethylene
by the saliva of Galleria mellonella (wax worm) larvae has been
reported by Sanluis-Verdes et al,'*® identifying phenol oxidases
able to act on polyethylene. These enzymes produce small mole-
cules that may be accessible to the insect and its microbiome,
allowing for further metabolism within the insect digestive sys-
tem. In this study, polyethylene was shown to be oxidised and
degraded under physiological conditions within a few hours.
Réjasse et al."*® used isotopic labelling and infrared microspec-
troscopy to investigate the ability of G. mellonella larvae to
bioassimilate polyethylene, revealing micrometre-sized polyethy-
lene particles within the larval digestive tract cavities. No bioassi-
milation was detected within 19 days when larvae were fed
deuterated polyethylene, suggesting that G. mellonella larvae
may degrade polyethylene, but ultimate biodegradation of the
polymer is limited.

This journal is © The Royal Society of Chemistry 2023
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Polymers with a heteroatoms adjacent to their C-C back-
bone may display different biodegradation profiles to those
which do not contain heteroatoms. A biodegradation pathway
for PVC was proposed by Zhang et al'*® with the use of
genomic, transcriptomic, proteomic and metabolomic analysis
to identify the genes and enzymes potentially involved in the
process. Abiotic mechanisms initially induce degradation by
initiating C-C and C-H scission. A range of enzymes including
catalase-peroxidases, dehalogenases, enolases, aldehyde dehy-
drogenases and oxygenases were found to contribute to the
biodegradation of PVC, highlighting the complexity of the
biochemical pathways required to effectively degrade a rela-
tively structurally simple polymer. Work by Giacomucci et al.***
identified Pseudomonas citronellolis and Bacillus flexus as
potential degraders of PVC films, with both strains shown to
form biofilms on the PVC film surface, and induce fragmenta-
tion. After incubation for 45 days in the presence of P. citro-
nellolis, a 10% reduction in the average molecular weight of a
PVC film as determined by size-exclusion chromatography was
observed. For waste PVC plastic, however, a lower extent of
biodegradation was observed. Instead, bacterial strains were
shown to act primarily on the additives present in the waste
PVC plastic sample rather than the polymer, with a 19%
gravimetric weight loss after 30 days recorded.

PVA is a water-soluble polyolefin with applications in adhe-
sives, within laundry and dish detergent pods, and as a finish-
ing agent in the textile industry. The end-of-life environment
has a significant impact on the rate of biodegradation of PVA,
with only 8-9% degradation achieved in a simulated soil burial
biodegradation test after 74 days, with the microbial inoculum
isolated from the sewage sludge of a papermill.*** The rate of
biodegradation of PVA is enhanced in aqueous environments,
as in wastewater and sewage sludge, with the bacterial species
often associated with PVA degradation belonging to the genus
Pseudomonas.**> PVA is biodegradable under both aerobic and
anaerobic conditions,'** but the process may be slow, relying
upon pyrroloquinoline quinone (PQQ) dependent enzymes and
hence availability of this cofactor.'*> von Haugwitz et al.'*® have
reported a PQQ-independent enzymatic cascade reaction using
commercially-available enzymes which can partially biodegrade
PVA, presenting scope to incorporate the process into waste-
water treatment.

A major family of commodity polymers which may present
favourable biodegradation profiles are the polyesters,'*” with
key examples including PLA,"*’ polycaprolactone'*® and poly-
glycolide (PGLA)."*° For these aliphatic polyesters, bulk degra-
dation by chemical hydrolysis is the predominant mechanism
at play, for which Bher et al.’*® details methods on accelerating
this process to give access to units that are able to enter
microbial metabolic pathways. Adding plasticisers, like poly-
ethylene glycol (PEG), can increase chain flexibility and reduce
the glass transition temperature of the polymeric material,
enabling hydrolysis by bulk erosion to occur more readily.
Copolymerisation is another strategy which may be employed
to increase the rate of degradation of polyesters, exemplified by
polybutylene terephthalate, which is considered as non-
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biodegradable, and its copolymer polybutylene adipate ter-
ephthalate (PBAT). PBAT is more susceptible to enzymatic
attack due to the increased flexibility of polymeric chains
achieved through the introduction of adipic acid in place of some
terephthalic acid units along the polymer backbone.'®' Engi-
neered cutinases from Thermobifida fusca have been demon-
strated to completely degrade samples of PBAT in 48 h.*’
Biodegradation is initiated by endo-cutinate-mediated hydrolysis,
resulting in random cleavage of PBAT macromolecules.'”> PBAT
presents good biodegradability when less than 55 mol% of the
aromatic moiety is incorporated in the backbone structure,'> but
generally lower rates of hydrolytic degradation are observed
compared to aliphatic polyesters like PLA and PGLA.

PET is a particularly important commodity polymer, with
applications in packaging and in the textile industry. Although
readily recyclable, often PET materials including plastic bottles
or textiles arrive in landfill sites at the end of their use phase,
and options for their biodegradation may be limited. In 2016,
however, a novel strain of bacteria, Idenonella sakaiensis,"** was
discovered close to a plastic recycling facility, and was shown to
degrade PET, using the polymer as its primary source of both
energy and carbon (Fig. 4). Initially, an extracellular PET
hydrolase cleaves the polymer into the intermediates bis- and
mono-(2-hydroxyethyl) terephthalic acid (BHET and MHET). A
second enzyme, MHETase, then hydrolyses these fragments into
the environmentally benign monomer units: ethylene glycol and
terephthalic acid. Jerves et al'® studied PETase with density
functional theory and molecular dynamic simulations to confirm
the mechanistic pathway for the biodegradation of PET, and as a
result other polyesters that present a similar structure such as
polyethylene furanoate,'*® an emerging biosourced polymer that
can replace the petroleum-derived PET for many applications. The
use of enzymes such as PETases could also enable the controlled
degradation of other polyesters, presenting a circular approach to
their synthesis, use and removal from the environment. Orlando
et al. have published a detailed review on enzyme-based biotech-
nological approaches to PET degradation, highlighting the
potential for this approach to be expanded to polyesters in
general, including polyester-based polyurethanes."” Similar bac-
terial hydrolases that can cleave polyamide oligomers have also
been reported.’*®

Advances in protein engineering present the opportunity to
computationally redesign enzymes to enhance polymer degra-
dation. If demonstrated to be effective, modified enzymes could
be introduced to an environment to promote the depolymerisa-
tion of desired polymers, or enzymes could be added during
processing stages as dispersion agents. Cui et al. used greedy
accumulated strategy for protein engineering (GRAPE) to
improve the robustness of I sakaiensis PETase."> The crystal
structure of the engineered enzyme revealed the mutation
responsible for enhanced degradation, confirming predictions.
A library of redesigned PETases enabled the improved degrada-
tion of semicrystalline PET films, and complete biodegradation
of microplastic suspensions after 10 days at 37 °C. Additionally,
an engineered cutinase was reported to efficiently degrade PET
at moderate temperatures,'®® enabling the degradation of 1.3 g
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Fig. 4 Biodegradation of PET by enzymes PETase and MHETase, isolated
from Idenonella sakaiensis (5hx3.pdb; 6gga.pdb). Adapted from ref. 154
with permission from the American Association for the Advancement,
copyright 2016.

of untreated post-consumer PET waste within 3 days at 55 °C
using only 1.25 mg of the enzyme.

Some polyesters may be degraded by the action of insects,
presenting alternative opportunities for their removal from the
environment. Shah et al. investigated the biodegradation of PLA
blocks by larvae of the greater wax moth (G. mellonella), which
are already known to biodegrade natural polymer bee waxes."®'
Changes in the metabolites and lipids of G. mellonella larvae
were monitored to gain insights into the biochemical process of
PLA degradation using insects. It was reported that whilst PLA
could be ingested, this resulted in metabolic stress for the host,
along with a reduction in lipid reserves and ceramide levels
which could be due to apoptosis and inflammation. A greater
understanding of the biodegradation pathway may precipitate a
strategy that reduces the stress imposed on the organism, whilst
increasing the amount of plastic digested by the insect.

Polycarbonates are widely used commodity polymers
because of their attractive physical, chemical and mechanical
properties,'®* with widespread use contributing to their environ-
mental accumulation. Artham and Doble'® highlighted the
important distinction between aliphatic and aromatic polycarbo-
nates in determining their potential for biodegradation. Aliphatic
polycarbonates include poly(ethylene carbonate), poly(1,3-trimeth-
ylene carbonate), poly(butylene carbonate) and poly(hexamethyl-
ene carbonate), with aromatic polycarbonates primarily comprised
of bisphenol A polycarbonates. Whilst there are published studies
of the biodegradation of aliphatic polycarbonates by microorgan-
isms including bacteria'® and fungl 165 or enzymes including
lipases'®® or cholesterol esterases,"’ there is limited information
in the literature on the biodegradation of bisphenol A polycarbo-
nates, with studies limited to polymer blends which include
bisphenol A polycarbonates.®®***® The limited biodegradability
of aromatic polycarbonates is primarily a consequence of their
poor water solubility and bulk amorphous morphology, which
prevents their effective bioassimilation.

Polyurethanes are used in a broad range of applications
such as adhesives, coatings and personal care products, with
increasing demand over the past 50 years leading to a bottleneck as
they accumulate in both terrestrial and aquatic environments.'”®
Determining the environmental fate of polyurethanes is crucial
because of the ability of both the polymer itself, and the additives

This journal is © The Royal Society of Chemistry 2023
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typically present, to leach hazardous compounds into the environ-
ment, leading to the identification of polyurethanes as one of
the most toxic classes of polymers.'”* Pfohl et al. investigated
the biodegradation of polyurethanes in compost to construct a
structure-degradation relationship and investigate the mechanism
by which fragmentation and subsequent biodegradation is
achieved."”* The rate of biodegradation was shown to be dependent
on the cross-linking density and the content of the ‘hard segment’
containing urethane linkages which promote crystallinity, com-
pared to the ‘soft segment’ which form amorphous regions.">*'”?
Depending on the isocyanate and polyol used, polyester or poly-
ether type polyurethanes can be synthesised, with enzymes of
differing activities required for their degradation. The ‘soft seg-
ments’ of the polymer, ie., the amorphous regions where polyol
moieties are found, determine the biodegradability of the overall
polymeric material, as ester and ether bonds are more susceptible
to microbial action. The PAZy database'*® has identified 26 bio-
chemically characterised enzymes that have the capability to
degrade polyurethanes, in particular polyester-based poly-
urethanes. Pantelic et al. identified the novel polyurethane-
degrading bacterium Amycolatopsis mediterranei 1SP5501 dur-
ing a study to assess the toxicity and suitability of eight
synthetic model compounds that represented partial polyur-
ethane hydrolysis products. This urethane-degrading strain was
found to act on polyether and polyether-based polyurethanes,
with a reduction of up to 13.5% in the number average
molecular weight of the polymer.'”* Some cutinases, lipases
and carboxylesterases have been found to act on the soft
segments of ester-based polyurethanes, but as yet no enzymes
which cleave ether linkages have been reported. Bhavsar et al.
have discussed the challenges associated with biodegradation
of polyurethanes, and evaluates the potential of employing
bacteria and fungi to accelerate biodegradation."”®

Polyamides include the important commodity polymers nylon
and Kevlar. In the search to identify alternative biobased starting
materials for polymer production, polyamides initially present an
attractive option, with a wealth of readily available monomer units,
notably amino acids. Polypeptides and proteins are capable of
performing structural roles in biological systems in addition to
fulfilling high-level functionality including precise molecular recog-
nition and catalysis. Most synthetic polyamides, however, have
been demonstrated to display limited biodegradation profiles,'”>
with enzymes only known to act on oligomers of polyamides
reported.”® Considering nylon, for example, Flavobacterium sp.
and Pseudomonas sp. (NK87) have been reported to degrade
oligo(amides) but no reduction in molecular weight reduction
was observed when a 20 kDa sample of nylon 4, a linear polymer
of y-aminobutyric acid, was exposed to the same bacteria. Poly-
amides are presumed to display limited biodegradability due to
their stable, highly crystalline structures that arise through hydro-
gen bonding. Current approaches to the end-of-life management of
polyamides rely heavily on chemical or mechanical recycling.

An emerging group of biodegradable polymers used in
biomedical applications are the polyesteramides, which con-
tain a backbone comprised of both ester and amide
linkages.’®'”” Some of the limitations displayed by
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polyamides can be overcome through this approach, with ester
linkages presenting alternative sites for enzymatic attack, and
hence presenting a promising solution for the redesign of
commodity polyamides. Soleimani et al. used both solution
and interfacial approaches to synthesise a range of polyester-
amides, using different combinations of diols, dicarboxylic acids
and o-amino acids to elucidate structure-property relationships,'”®
enabling the thermal, rheological and mechanical properties of the
resultant polymers to be tuned.

Within the literature there has been debate, and some
confusion, as to whether poly(ethers) such as poly(ethylene
glycol) (PEG) and poly(propylene glycol) are biodegradable.
Many within the polymer science community have generally
considered the broad class of poly(ethers) to be biodegradable
which may not be correct in many important cases.'”*'** PEG,
also termed poly(ethylene oxide) or poly(oxyethylene), is synthe-
sised by the polymerisation of ethylene oxide and has many
important applications ranging from drug delivery and formula-
tion, to use as an anti-foaming agent within the food and drink
industry.'®'®° PEG has been shown to biodegrade through a
degradation-biodegradation mechanism (Fig. 5) whereby the
initial stages of the polymer degradation occur through oxidative
degradation, either through thermo-oxidation, photo-oxidation
or enzymatic oxidation. While there are many different oxidative
degradation pathways, degradation usually proceeds via a radical
hydrogen abstraction followed by reaction of the resultant
radical with environmental oxygen to yield a hydroperoxide-
ether. Finally, B-scission of the hydroperoxide-ether results in
the splitting of the polymer chain and the subsequent reduction
in molar mass of the remaining polymer fragments.'8'8¢187
Upon oxidative degradation to polymer units of approximately
500-1000 Da, PEG has been reported to be assimilated by a
number of different microbial species, including P. aerugi-
nosa,"®® P. stutzeri'® and several Sphingomonas strains'®® such
as S. terrae and S. macrogoltabidus. Upon microbial ingestion,
oligomeric fragments are metabolised to CO,, H,O and basic
minerals, enabling ultimate biodegradation."®" Mineralisation
commonly proceeds through the successive oxidative-cleavage
of individual glycol units at oligomer termini."”*"* The nature
of the microbial species responsible for assimilating PEG oligo-
mers is dependent on the environmental conditions the poly-
mers are found in, the molecular weight of the oligomers
and which degradation product can be found at the terminal
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Fig. 5 Proposed mechanism for oxidative degradation of PEG. Adapted
from ref. 181 with permission from the Elsevier, copyright 2014.
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end of the oligomers, with most of the microbes responsible for

assimilating PEG requiring at least one chain terminal hydroxyl
192

group.

Due to the fact that the rate of (bio)degradation of PEG
is largely limited by the abiotic oxidation and subsequent
B-scission of the hydroperoxide-ether into short oligomeric
units, PEGs can display sufficiently rapid rates of biodegrada-
tion to qualify as readily biodegradable under OECD guidelines.
Satisfying this classification, however, is dependent on the
initial molecular weight of the polymer and the environmental
conditions under which biodegradation proceeds. At lower
molecular weights, PEGs can generally be considered readily
biodegradable, through oxidative degradation and mineralisa-
tion of resulting oligomers by microbes.'®* At higher molecular
weights, the extent of oxidative degradation required to pro-
duce fragments short enough for bioassimilation can result in
lengthy degradation periods.

Another source of confusion regarding the biodegradation
of PEG derives from the usage of differing nomenclature for
PEGs, depending on their application space. The term
poly(ethylene glycol) has been mostly used by pharmaceutical
and biological chemists to describe polymers synthesised by
the polymerisation of ethylene oxide. Within biochemistry and
pharmaceutical chemistry, PEG has been extensively used for
drug delivery and formulation owing to its excellent biocompat-
ibility and reported ‘stealth’ properties, generally requiring low
molecular weights (<20 kDa) so that polymers can cross cell
membranes.'” ™% As such, some within the polymer chemistry
community have started to use the term PEG to define polymers
of ethylene oxide with a molecular weight of 20 kDa or less,
using poly(ethylene oxide) or poly(oxyethylene) to describe
polymers of ethylene oxide with molecular weights of 20 kDa
or more. Using this pseudo-definition of PEG, which has not
been approved by IUPAC, longer PEGs could be mistakenly
perceived as being readily biodegradable. This discrepancy has
led to miscommunication between polymer scientists, mista-
kenly propagating the belief that all poly(ethylene oxide)s are
readily biodegradable.

Further misconceptions surrounding the biodegradability of
PEG stem from the development of testing standards such as
ASTM D6868,"°® ASTM D6954," or ISO 17556'°® (ESIt Tables S2
and S5), which allow for the material being tested to be subjected
to a period of either thermal- or photo-oxidative degradation
prior to testing its biodegradability. The oxidative-degradation
mechanism for PEG allows for the majority of the polymer to be
degraded during this pre-treatment, yielding oligomeric frag-
ments which are readily biodegradable in a number of different
culture media utilised in biodegradation studies. This metho-
dology allows high molecular weight PEGs to be classified
as being readily biodegradable, when in reality the material
would be classified as having low biodegradability by other
testing standards and would take significant amounts of time
within the open environment to achieve the same level of
biodegradation.

Poly(propylene glycol) (PPG) has a polymer backbone that is
very similar in structure to PEG bar the addition of one methyl
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branch on one of the carbons next to the oxygen in the repeat
unit (Fig. 2). PPG is synthesised through the ring-opening
polymerisation of propylene oxide and whilst its use is not as
widespread as PEG, it has found applications as an anti-freeze
solvent, and as a preservative and thickener in the food and
drink industry."®® Due to the addition of this methyl group, the
rate of abiotic oxidative-degradation of PPG is greater than that
of PEG, as tertiary carbons display greater radical stability
compared to secondary carbons.’®® This enhanced stability
results in a lower energy transition state leading to the free
radical intermediate, meaning that the activation energy
required to oxidise PPG is lower than the corresponding
activation energy for PEG,”*"*°> and hence a greater rate of
thermal- and photo-oxidative degradation. While the addition
of the backbone methyl group can increase the rate of abiotic
oxidative degradation in PPG compared to PEG, it exerts an
opposing effect on the rate of biotic degradation, whereby the
biotic-oxidative degradation of PEG is much greater than the
rate for PPG.>*®> As will be discussed, monomeric branching
next to or close to a polymer backbone unit which is cleaved
enzymatically typically reduces the accessibility for enzymatic
attack due to an increase in steric hindrance and hydrophobi-
city. This effect means that during the biotic degradation of
PPG, enzymes generally only oxidise and cleave single glycol
units from the primary-alcohol chain end, and the rate of
biotic-degradation at the primary alcohol is much greater
than the rate of biotic-degradation of the secondary alcohol.
Conversely, in the biotic degradation of PEG, enzymes can
initiate biodegradation at both ends of the polymer chain.>**
As the abiotic and biotic degradation pathways of PEG and PPG
are affected differently by the addition of the methyl group next
to one of the oxygens, literature studies of the biodegradation
of these polymers report different observations depending on
the conditions used for the degradation experiments, and the
initial molecular weight of the polymers.?°® The rate at which
each poly(ether) is removed from the environment will likely
depend on whether its degradation is limited by abiotic or
biotic pathways, a distinction based primarily on the initial
molecular weight of the polymer.

Epoxy resins, also known as poly(epoxides), are another class
of polymer which display a poly(ether) backbone and can there-
fore degrade through oxidative degradation. These polymers are,
however, generally synthesised from large hydrophobic mono-
mers which are based on bulky substituents to provide a large
steric hindrance to increase rotational stiffness of the polymer
and are typically crosslinked or cured with hardening agents to
improve the mechanical stiffness, required for most applications
of epoxy resins.>*®*%” The large degree of crosslinking generally
found within epoxy resins means that for any significant loss in
molecular weight of the polymer chains, oxidative degradation
must occur at several locations along each polymer chain.
Degradation of many epoxy resins leads to the release of the
endocrine disruptor bisphenol A,>°® further limiting the envir-
onmental profile of these polymers. Recently, attempts have
been made to generate replacements for these materials, with
the development of epoxy resins based on bio-sourced
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monomeric units, which may increase the potential for biode-
gradation. Shen and Robertson®” have reported epoxy resins
based on epoxidised vanillic acid and epoxidised soybean oil that
can be degraded under acidic conditions through ester hydro-
lysis to yield oligomer units which offer increased scope for
biodegradation and chemical degradation.

Structural features of polymers and their effects on
biodegradation

Beyond the chemical linkages that constitute a polymer, the
rate of biodegradation is also dependant on the structural
properties of the polymer, both in terms of the macroscopic
properties of the material, and the microscopic structural
features of its constituent polymer chains.

The surface area of polymeric materials in relation to their
volume may have a significant influence on their rates of
biodegradation. Biodeterioration involves superficial degrada-
tion by microbes, decomposer organisms and external physical
forces. This initial degradation occurs explicitly on the surface of
the material, with microbial attachment leading to the formation
of cracks and pores across the surface. This superficial degrada-
tion is accompanied by biofilm formation across the surface,
leading to biofragmentation. Larger surface areas encourage
greater microbial attachment and biofilm formation, leading
to an increased rate of biodegradation.’ The effect of a polymer
surface area on the rate of biodegradation was demonstrated by
Degli-Innocenti et al in 2018 using pellets of poly(butylene
sebacate) with different specific surface areas.”’® The rate of
biodegradation was demonstrated to be proportional to the
material’s surface area, with kinetic data allowing estimation
of the theoretical maximum rate of biodegradation for a mate-
rial, where surface area is not the limiting factor.

In addition to the surface area, surface topology also plays a
vital role in the attachment of microbes, and therefore the rate
of biodegradation. Microbes generally attach onto surfaces
along defects or rough areas before they can start to degrade
the material and form biofilms. Smoother surfaces present
reduced scope for microbial attachment and are typically asso-
ciated with lower rates of biodegradation.>"'*'* This relationship
between surface roughness and the rate of biodegradation was
demonstrated by Kim et al. in 1999,>'* when they showed that the
rate of biodegradation of a poly(3-hydroxybutyrate) film contain-
ing microscopic cracks and pores was much greater than an
equivalent film which had been annealed, despite the rough film
displaying a higher degree of crystallinity, typically associated with
slower degradation.

Often, polymeric materials undergo surface treatment
through superficial chemical modification, UV photolysis or
through the use of polymeric films added to the surface of a
bulk material.*'® This surface treatment results in a multitude
of effects and can be used to reduce the permeability of the
material to gaseous and liquid chemicals, to alter the wetting
properties of the material or prevent microbial attachment to
the surface.”’®?' These chemical modifications generally
reduce the rate of biodegradation because they typically frus-
trate microbial attachment through changes in the
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hydrophobic-hydrophilic balance of the surface, although
there have also been many examples where surface modifica-
tion has been used to increase the rate of biodegradation by
enabling enhanced microbial attachment.?**"2*> Surface mod-
ification may mean that different microbes or enzymes are
required to degrade surface components, compared to the bulk
of the material, resulting in a slower, multistage biodegrada-
tion process. This effect on the rate of biodegradation can
clearly be seen in the biodegradation of acetylated cellulose
fibres and films. In 1993, Buchanan et al. demonstrated that
increasing degrees of acetylation of cellulose fibres and films
were associated with slower rates of biodegradation in both
wastewater treatments and in vitro experiments.*>?

In general, increasing the hydrophilicity of a polymer
increases microbial attachment and therefore rate of biodegra-
dation, demonstrated with polyesteramides of varying mono-
mer composition and increasing hydrophilicity,”***** although
the reverse trend has been observed in cellulose nanofibre
films that are rendered hydrophobic through treatment with
triethoxymethylsilane.>*® Here, authors concluded that the
hydrophobic silane layer had the effect of reducing the moist-
ure absorption capacity and water permeability of the film,
which reduced the number of swelling-induced fractures on the
surface of the material, resulting in untreated films displaying a
greater degree of roughness compared to treated films. The
hydrophobicity or hydrophilicity of the microenvironment sur-
rounding the hydrolysable bond in the backbone of polyesters
may exert a more significant effect than the hydrophilicity of
the bulk material on the rate of biodegradation. While demon-
strating the effect of methyl branching on the properties of a
series of furandioate-adipate copolyesters,””” Farmer et al.
reported that while the rate of the biodegradation of the
furandioate-adipate copolyesters was expected to follow the trend
in water contact angles across the series, as would be expected for
polymers where the biodegradation is limited by surface hydro-
phobicity, the position of methyl groups adjacent to the ester
linkages exerted a more significant effect on the rate of biode-
gradation than the overall hydrophobicity of the polymer.

The use of polymer blends’" has become a major area of
interest, with many research groups proving that the biodegra-
dation of a slowly degrading polymer can be improved by
blending with a more rapidly biodegradable polymer. Blending
compatible polymers can disrupt chain alignment and alter
both the thermal and mechanical properties of the resultant
material and its crystallinity,”®®**° with reduction in crystal-
linity typically leading to increased rates of biodegradation. By
blending one polymer with a very high rate of biodegradation
with a compatible polymer with a much lower rate of biode-
gradation, the overall rate of biodegradation for the whole
polymeric material can be greatly increased with respect to
the material with the lower rate of biodegradation.”***** In
addition to reductions in crystallinity, enzymes may biodegrade
the more readily degradable components of the blend first,
increasing the heterogeneity of the remaining material, and
promoting mechanical breakage, increasing surface area and
promoting microbial attachment.>*® Polyformaldehyde or
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polyoxymethylene (POM), for instance, is an important engi-
neering polymer with excellent mechanical properties and
electrical resistance, with applications in construction, electro-
nics and the automotive industry. While recyclable,>** POM is
not biodegradable. Within the environment, it may be degraded
through thermal oxidation,>****® photo-oxidation or hydrolysis,**”
all of which could lead to secondary pollution. Efforts to improve
the environmental footprint of POM have largely focused on
blending POMs with readily biodegradable polymers, usually
PLA, to retain or enhance the physical and chemical properties
of the polymer enhancing the rate of biodegradation of the
material.**®

Concerns have, however been raised about the potential
negative effects that biodegradation of polymer blends may
have on the environment, despite an increase in the overall rate
of biodegradation. Peng et al. demonstrated that when blended
polymers are aged in air, deionised water and seawater, large
quantities of microplastics may be released into the surround-
ing environment - a consequence of the mechanical breakdown
associated with differing rates of biodegradation.?*® Despite the
fact that, as mentioned previously, the ecological and the
physiological effects of microplastics are still yet to be deter-
mined, care must be taken when considering polymer blending
as a route to enhance biodegradation, as the potential effects of
microplastics cannot be ignored.

Beyond the macroscopic characteristics of the polymer,
molecular features of polymer chains exert profound influence
on their biodegradation. The molecular weight of a polymer can
have a large impact on its rate of biodegradation, especially
with regards to bioassimilation. As the molecular weight of the
polymer chain increases, the flexibility of the polymer back-
bone decreases,*® which reduces the rate of biodegradation
due to increased chain entanglement and hence is expected to
lead to a decrease in enzyme-substrate binding efficiency.
Where enzymatic degradation requires action at the chain
terminus, increased molecular weight effectively corresponds
to a dilution of the possible reactive sites.>*' High molecular
weight synthetic polymers including polystyrene, polyethylene
and polypropylene do not present easily accessible sources of
carbon for microbes, with extensive degradation via abiotic
routes required before surfaces can be effectively
colonised.**>*** Whilst the dependence of the rate of biode-
gradation on molecular weight has been well known for several
decades,”****> many of the articles which have led to this
conclusion were based solely on the results of linear polymers.
Results published by Lei et al>*® suggest that the effect of
molecular weight may be correlated with the number of chain
ends available for (bio)degradation, which often occurs prefer-
entially at chain ends. Using a series of PLA/PGLA copolymers
of varying architecture, which are known to be hydrolysed
sequentially from chain termini, the rate of hydrolytic degrada-
tion was shown to increase with the increase of arm number or
with the decrease of arm length. These observations suggest
that for (bio)degradation pathways which occur via elimination
of single units at chain ends, the availability of chain ends
in relation to the molecular weight exerts a greater effect on
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the rate of biodegradation than the frequency of backbone
scission events.

Different chain arrangements arise due to differences in the
spatial separation, interaction, and alignment of the polymer
chains, resulting in morphologies along the surface and within
the bulk of the material, ranging from amorphous to crystal-
line. These morphologies may have a direct impact on the rate
of biodegradation. Within amorphous regions, intra-chain
interactions are limited, providing greater access for extra-
cellular enzymes to degrade polymer chains. Within crystalline
materials or regions, polymer chains interact strongly, resulting
in low spatial separation and a high degree of chain alignment,
reducing the access of enzymes and hence a large reduction in
the rate of biodegradation compared to amorphous materials
or regions.>”” Within semi-crystalline materials where both
amorphous and crystalline regions are present, it has been
shown that extracellular enzymes preferentially attack the
amorphous regions.”*®**° The effect of morphology on the rate
of biodegradation is evident when the rate of biodegradation of
natural proteins and synthetic polymers, with the same hydro-
lysable linkages, are compared. Naturally occurring proteins do
not typically display repeating monomer sequences, whereas
synthetic poly(peptides) often contain short repeating units due
to the limitations of their synthesis. Within synthetic poly-
(peptides) there is typically little complexity within the monomer
sequence compared to proteins, meaning that large sections of the
monomer sequence are repeating. This feature allows large sec-
tions of synthetic poly(peptide) chains to align, resulting in high
degrees of crystallinity, and reduced free volume space for access
of enzymes. These factors lead to large reductions in the rate of
biodegradation for synthetic poly(peptide)s compared to relatively
similar natural equivalents. It has been shown that by increasing
the complexity of the monomer sequence within a series of
poly(amide-urethanes), the degree of crystallinity within the poly-
mer can be reduced and the rate of biodegradation increased.>*°

The glass transition temperature (Ty) of a polymer has also
been shown to correlate with its rate of biodegradation. Math-
ers et al. demonstrated that, after separating polymers into
classes based on whether their biodegradation is limited by
abiotic or biotic factors, as the T, of a polymer increases within
the same polymer class, the rate of biodegradation decreases.*®
While this correlated relationship has been demonstrated more
than once,””" it may not be a direct causal effect. Rather than the
T, directly influencing the rate of the biodegradation, it has been
suggested that differences in chain flexibility impact both the
T,>** and the associated rate of biodegradation. In general, as a
polymer chain becomes less flexible through increased steric
hindrance, the movement of chains is restricted due to rota-
tional stiffness, allowing chains to pack closely together. This
close packing increases the interaction between chains, meaning
that that the energy required to separate them is increased,
increasing the T,. Much like the described effect of crystal-
lisation, close packing and increased intra-chain interaction
may frustrate the access of enzymes, slowing biodegradation.

Other structural characteristics which influence the accessi-
bility of the hydrolysable bonds by enzymes include polymer
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branching or crosslinking. Branching points may arise within
monomer units themselves, or as a consequence of backbone
branching. Due to the complex nature of the interplay between
abiotic and biotic factors on the rate of biodegradation, the
effects of structural branching within monomer units can be
complex and varied depending on the monomer system under
investigation. The effect of this branching on the rate of
biodegradation, however, can be more easily understood when
polymers are divided into classes based on the mechanism of
their biodegradation (abiotic-dominant biodegradation and
biotic-dominant biodegradation). Polymers which degrade pri-
marily through the action of biotic factors e.g. PGLA, PLA,
poly(hydroxybutyrate) and poly(butylene succinate), degrade
via processes sensitive to both the hydrophilicity and sterics
of the local environment surrounding the hydrolysable bond
within their backbone. In these cases, the addition of a short
hydrocarbon branch in the monomer unit can lead to a greatly
reduced rate of biodegradation, especially when the branch is
situated at or adjacent to the hydrolysable bonds. This effect of
monomer branching on the rate of biodegradation of polyesters
was demonstrated recently**” through comparison of the rates
of biodegradation of a series of furandioate-adipate copolye-
sters based on 1,4-butanediol, 1,4-pentanediol, 1,6-hexanediol,
2,5-hexanediol and 2,7-octanediol. Enzymatic degradation stu-
dies revealed an 80% weight loss for copolymers based on 1,4-
butanediol over a 48 h period, while copolymers based on 2,5-
hexanediol were shown to undergo weight loss of only 19%
under the same conditions. Conversely, polymers which degrade
primarily through abiotic factors, including PEG, PPG, polyethy-
lene and polypropylene, which are generally considered to dis-
play limited biodegradability, have been shown to have
improved rates of biodegradation when short hydrocarbon
branches are present within monomer units. Abiotic degrada-
tion of these polymers usually involves either the thermo-
oxidation or photo-oxidation of the polymer backbone. As
described for PEG, oxidative degradation processes are pro-
moted by the presence of tertiary carbons, so this type of
branching leads to an increase in the rate of polymer degrada-
tion and subsequent biodegradation.

Chain branching may occur where the polymer backbone
features points where the chain splits into two, with branches
of varying lengths and branching density possible. Due to the
fact that at least three polymer chains are effectively connected
at each branch point, branched polymers generally have a high
chain density, with chain density being proportional to the
amount of branching. This factor reduces the ability of
enzymes to access and cleave any hydrolysable linkages, mean-
ing that the rate of biodegradation is reduced, especially at
points on the polymer chain close to branching points, due to
significant steric hindrance that frustrates enzymatic
attack.”?”**”?>* Where branching may have a positive impact
towards the rate of biodegradation is in reducing the extent of
polymer crystallinity. Despite branched chains generally dis-
playing a high chain density, the interchain distance of non-
connected chains is rather large, reducing the ability of the
polymer chains to align. This lack of alignment reduces the
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extent of crystallinity within the polymer, which may increase
the rate of biodegradation provided that the increase caused by
the reduction in crystallinity exceeds the reduction in the rate
of biodegradation caused by the increase in steric hindrance
associated with enzymatic attack.

The effects of crosslinking are similar to branching, whereby
along the polymer backbone there are points where the chain
splits into two, however, within crosslinked polymers these chains
interconnect with each other in one continuous polymer network.
Crosslinking has a similar effect on polymer chain density to
branching, whereby the chain density is proportional to the
amount of crosslinking. Similar to branching, the presence of
crosslinks reduces the ability of enzymes to access hydrolysable
linkages, reducing the rate of biodegradation.**?** Within a
crosslinked polymer network, all chains are interconnected, lead-
ing to a number of other resulting effects which impact the rate of
biodegradation. Crosslinking typically results in very high mole-
cular weights, requiring a large degree of degradation by extra-
cellular enzymes and external forces before bioassimilation can
occur. Secondly, crosslinking typically renders a polymer insolu-
ble, further reducing the rate of biodegradation, in line with
observations on hydrophobicity discussed earlier.

Conclusions

The widespread adoption of commodity polymers has presented
major advantages, yet significant challenges to society. In an
effort to limit the impact of human activity on the environment,
a combined effort from governments, industry, academia and
wider public is required. The reuse and recycling of polymers
presents the ideal route to their circular use, and should be
pursued where possible, necessitating improvements in the
infrastructure for recycling, improvements in recycling practices
which conserve material performance, new materials with
improved physical properties that are designed to persist as long
as their lifetime requires and no longer, and greater public
engagement to ensure effective sorting of plastic waste. In cases
where discharge of polymers to the environment cannot easily be
avoided e.g. polymers in formulated consumer products and
within pharmaceuticals, rapid biodegradation at the end-of-life
phase presents an attractive approach to limiting their environ-
mental impact. In the process of designing new materials,
undertaking a full LCA is key to determining the suitability of
the material as potential replacements, with the incorporation of
biobased feedstocks, the use of sustainable processes and envir-
onmental impacts during the use phase and end-of-life phase
requiring consideration.

Although there is much still to be learned about the specific
biodegradation pathways of the wide range of polymers in
extensive use, a number of factors have been found to influence
the biodegradation profile of polymers. Effective strategies to
enhance the biodegradation of polymers include the incorpora-
tion of readily hydrolysable bonds or other ‘weak links’ in the
polymer backbone that undergo abiotic hydrolysis faster than
the rest of the plastic, the generation of blends with water-
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soluble or more readily biodegradable polymers, and the addi-
tion of additives that promote photo-initiated oxidation.

Further work is required to establish truly ‘universal’ stan-
dardised testing methods to allow for easy comparison of the
biodegradation profile of a particular polymer, across a range of
environments. This standardisation, along with greater trans-
parency on experimental testing conditions, would allow for
direct comparisons to be made between studies and expediate
the design of the commodity polymers of the future.
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