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Synthetic organic polymers face increasing scrutiny due to their environmental impact, as most industrial
monomers are petrol-based. Key concerns include fossil fuel consumption, greenhouse gas emissions,
reliance on non-renewable feedstocks, insufficient recycling and the use of toxic and harmful catalysts.
To align with the United Nations Sustainable Development Goals (SDGs) and Anastas and Warner's 12
Principles of Green Chemistry, the polymer industry must embrace a total revolution. Biocatalysis offers a
promising route to achieve these goals. This review encourages the polymer community to adopt enzy-
matic catalysis for functional polymer synthesis, showcasing enzymes as powerful tools with green cre-
dentials that should be integrated into the field. To meet field-specific nomenclature we categorise enzy-
matic polymerisation based on the more general mechanisms, namely step polymerisation (SP), chain
polymerisation (CP), and ring-opening polymerisation (ROP), reflecting the recent refinement of ‘step-
growth’ and ‘chain-growth’ nomenclature by the IUPAC’'s Subcommittee on Polymer Terminology. This
classification aims to engage readers with interests directed towards polymerisation processes and direct
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utilisation of the enzymes to specific reagents or classes of monomers. By presenting examples and using
familiar mechanistic categorisations in a tutorial-style review, we aim to empower polymer chemistry
researchers to embrace enzymatic catalysis as a sustainable and innovative tool. We conclude the review
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1. Introduction

1.1 Introduction to biocatalysis

Nature’s catalysts (biocatalysts) facilitate biochemical reactions
without undergoing change themselves and include functional
proteins (enzymes) or nucleic acids (ribozymes). Biocatalysts
are defined by IUPAC as “an enzyme or enzyme complex consist-
ing of, or derived from, an organism or cell culture (in cell-free or
whole-cell forms) that catalyses metabolic reactions in living
organisms and/or substrate conversions in various chemical reac-
tions”.! Since antiquity, society has unknowingly utilised
enzymes to catalyse reactions, with zymase, the enzyme in
yeast responsible for converting glucose into ethanol, playing a
key role in wine production since 6000 BCE.> Millenia later,
the use of enzymes in both the manufacture and in products
themselves has grown exponentially: food and drink, pharma-
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by highlighting recent innovative works, discussing challenges and proposing future opportunities.

ceutical, detergent, polymer and waste management represent
just a few examples of industries exploiting the use of
enzymes.®

Enzymes offer a compelling alternative to traditional chemi-
cal catalysts, providing several notable advantages such as
functioning under mild reaction conditions (e.g., moderate
temperatures, near-neutral pH, ambient pressure, and oper-
ation in aqueous and organic media), exhibiting high chemo-,
regio-, and enantioselectivity, and being derived from renew-
able sources. These characteristics could contribute to reduced
energy requirements and process intensification, which may
support more efficient and potentially less resource-intensive
chemical transformations.”” In addition, enzymes are non-
toxic, making them inherently ideal for physiological and
environmental applications, i.e., active pharmaceutical ingredi-
ents (APIs), food ingredients and agrochemical synthesis.®
Finally, the selectivity attainable through biocatalysis inte-
grates both directing and catalytic behaviour within a single
reagent, allowing access to products not easily attainable
through chemical synthesis.” Early implementations of in vitro
biocatalysis were focused on fine chemicals, with the synthesis
or resolution of enantiopure small molecules.® Following this,
widespread adoption of biocatalytic transformations acceler-
ated significantly in the 1990s, with the rise of recombinant

Polym. Chem., 2025,16, 2997-3029 | 2997


http://rsc.li/polymers
http://orcid.org/0009-0005-5012-2326
http://orcid.org/0000-0002-1667-0856
http://orcid.org/0000-0001-8453-0743
http://orcid.org/0000-0003-4476-8233
http://crossmark.crossref.org/dialog/?doi=10.1039/d5py00223k&domain=pdf&date_stamp=2025-06-25
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5py00223k
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY016026

Open Access Article. Published on 10 jun 2025. Downloaded on 1.2.2026. 18.37.58.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

DNA technology and the growth of directed evolution. The
quantity and specificity of enzymes available for chemical syn-
thesis has since become vast, allowing for new frontiers in bio-
technology, medicine and materials science through novel
enzymatic mechanisms and synthetic cascades.”® One particu-
larly pertinent industrial example of small molecule pro-
duction lies within the biocatalytic synthesis of the antidia-
betic sitagliptin, avoiding a high pressure, asymmetric hydro-
genation using a rhodium-based chiral catalyst and avoiding
additional purification steps to improve enantiomeric excess
and purity, as well as safety and sustainability.”*°

Whilst the field of biocatalysis within the polymer industry
is growing, the number of industrially utilised processes is
small when compared to small organics - most implemen-
tation is within biological recycling and depolymerisation
rather than synthesis. The climate crisis has intensified the
need to develop renewable fuels and feedstocks for chemical
synthesis, alongside efforts to valorise waste materials.
Enzymatic degradation of natural polymers, such as waste
lignocellulose for bioethanol production, is a well-established
field,"* and in recent years scientific efforts have been directed
towards addressing plastic pollution and the environmental
impact of synthetic polymers, shifting the focus towards enzy-
matic polymer degradation and recycling rather than syn-
thesis. As examples, the French biochemistry company
CARBIOS and Australian Samsara Eco are set to open the
world’s first polyethylene terephthalate (PET) and nylon-6,6
biorecycling plants, respectively.'*"?

The obvious examples of enzymatic polymer synthesis are
encountered in nature. Natural biopolymers such as polynu-
cleotides (DNA, RNA), polypeptides (gelatin, collagen), polysac-
charides (cellulose, chitosan, starch) and others (lignin,
rubber, polyhydroxyalkanoates) are all produced in living cells
through biocatalysis. Their biosynthetic pathways generally
require complex cofactors and/or derivatised substrates (such
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as coenzyme A, for the synthesis of polyhydroxyalkanoates; or
nucleotide sugars, for the synthesis of polysaccharides), which
makes the in vitro application of such syntheses quite challen-
ging."* Nonetheless, there are numerous applications in indus-
tries such as textiles, biomedicine and pulp/paper that involve
enzymatic synthesis and modification of some of the natural
polymers in vitro, using promiscuous or engineered enzymes
capable to accept simpler substrates. This topic is outside the
scope of this review, though it is highlighted in other
reviews. %17

Kobayashi, a pioneer and leading contributor to the field of
enzymatic polymer synthesis, defines enzymatic polymerisation
as the “in vitro chemical polymer synthesis via nonbiosynthetic
(nonmetabolic) pathways catalysed by an isolated enzyme”.* This
review will follow this definition and focus on in vitro biocata-
lysis of synthetic polymers. Therefore, this review will focus on
the use of enzymes for the synthesis and modification of syn-
thetic polymers, specifically using isolated enzymes rather
than whole cell biocatalysis."®

Despite increasing interest over the past 30 years, enzymatic
polymer synthesis remains an underdeveloped field with a lot
of untapped potential. By showcasing some recent advance-
ments in the enzymatic synthesis of synthetic polymers in this
tutorial-style review, the authors hope that groundbreaking
advancements similar to those obtained in polymer degra-
dation can be made within polymer synthesis, to enable a cir-
cular economy for the future.

1.2 Enzyme classification

The Enzyme Commission (EC) classifies enzymes into six
types according to their function. Of these classes, oxidoreduc-
tases, and hydrolases are most commonly used in enzymatic
polymer synthesis as they successfully enable the chemistry
required for different types of polymerisation reactions, as well
as being compatible with generic conditions required for poly-
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Table 1 Enzyme classification for those relevant to polymer chemistry,
can produce
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types of reaction, representative enzymes and the types of polymers they

Enzyme class Reaction type Representative enzymes Polymers produced Sections
Oxidoreductases Oxidation leading to radicals Peroxidases Vinyl-based polymers 2,6,7
(hydroxyl, alkoxyl, phenoxyl, enoxyl) Laccases Polyphenols
Glucose oxidase
Pyranose oxidase
Transferases Acyl transfer Carboxytransferases Polyesters 3,4
Acyltransferases
Hydrolases Reversible hydrolysis/alcoholysis: Lipases Polyesters 3,4,7
- (Trans)esterification Esterases Polyamides
- Amide formation Cutinases
Peptidases

merisation."® Oxidoreductases typically catalyse the formation
of (hydr)oxyl radical species, which further catalyse radical
polymerisations, whilst transferases and hydrolases are
involved in the formation of carboxylic acid derivatives (esters,
amides), leading to polyesters and polyamides (Table 1).

Enzymes involved in synthetic polymer synthesis may be
classified as “direct” or “indirect” depending on their inter-
action with monomers.

Direct enzymes accept monomers into the catalytic active
site, to initiate the polymerisation. Hydrolases such as lipase
are mostly encountered in this category (Fig. 1A). Radical-
forming oxidoreductases such as horseradish peroxidase
(HRP) can also act as direct enzymes, by forming the radical
species of the monomers, which subsequently polymerise.

Radical generating enzymes may also act as indirect
enzymes, when the polymerisation is initiated by the gene-
ration of species exogenous to the monomer, called catalytic
radical mediators. This is also described as initiase behaviour.
An example of this is the polymerisation of vinyl monomers
catalysed by HRP, where radical mediators are employed to
generate the initiating species, avoiding direct interaction of
the enzyme and monomer (Fig. 1B).>>*' This review seeks to
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explore how both of these mechanistic approaches have been
utilised to catalyse the formation of synthetic polymers.

In some cases, direct enzymes can also function as indirect
enzymes via the implementation of catalytic radical mediators.
This is true in the case of some peroxidases, such as horse-
radish peroxidase (HRP), which acts directly in the oxidative
polymerisation of aromatics, and indirectly in the polymeris-
ation of vinyl monomers. In the latter case, radical mediators
are employed to generate the initiating species, avoiding direct
interaction of the enzyme and monomer - this may also be
described as initiase behaviour.***"

1.2.1 Direct enzymes. Enzymes classified as “direct” are
predominantly utilized in step-growth and ring opening poly-
merisations, where the enzyme’s active site itself facilitates the
transformation of monomer(s). One of the most versatile direct
enzymes employed for synthetic polymer synthesis is Candida
Antarctica lipase B (CaLB), a serine hydrolase, commercialised
in its immobilised form as Novozym 435® (N435). The appli-
cation of CaLB with a variety of substrates and conditions has
resulted in its extensive use in the synthesis of small organics,
as well as ring opening (ROP) and polycondensation poly-
merisations (PC).>>>® CaLB has also been used in a range of
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‘green’ solvents: ionic liquids, deep eutectic solvents, in bulk
and supercritical CO,.>°*

Lipases, such as CaLB, are triacyl glyceride hydrolases tra-
ditionally used in aqueous media for the hydrolysis of fatty
acid esters into free fatty acids and glycerol, which is also their
biological function. Their active site is typically composed of a
catalytic triad containing a nucleophilic serine residue that
operates via hydrogen bond activation with histidine and
aspartate.®® Their mechanism employs an acylation step fol-
lowed by subsequent deacylation (Fig. 2A). Lipases have a very
large hydrophobic pocket surrounding the active site to accom-
modate their natural substrates, which are typically very hydro-
phobic and form biphasic droplets in water. This allows them
to adsorb on the surface of the glyceride drops to perform the
catalysis, a mechanism called interfacial activation. To ensure
their stability in aqueous media, the hydrophobic pocket is
covered with a polypeptide “lid”, which opens to accommodate
the hydrophobic substrate.?®

Lipases are reversible, which means they can also catalyse
esterification/transesterification reactions. Their ability to tol-
erate hydrophobic environments makes them stable in organic
solvent systems, which is particularly valuable when using
them in the synthetic direction, to form hydrophobic
molecules.*®*> Furthermore, lipases can retain their function-
ality in almost-anhydrous solvents, which can drastically shift
the thermodynamic equilibrium towards condensation rather
than hydrolysis.*®

In contrast to many other lipases, the hydrophobic sub-
strate binding site of the active site of CaLB only has a small
lid, resulting in increased exposure of the active site to the
solvent (Fig. 2C).*” This, combined with two mobile a-helices
at the active site (a5 and «10), enables CalLB to be active
towards an extensive range of substrates.’’*® Studies have
demonstrated that the activation energy of the active site of
CalB is lower in less polar solvents, which causes differences
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in the activity of the enzyme depending on the solvent system
used due to solvent effects in the active site region.*?

The ability of lipases to adsorb on hydrophobic surfaces
also enables their immobilisation on supports, which is a
highly attractive strategy to allow their recovery and reuse, but
also to increase their stability. Immobilisation occurs by inter-
facial activation, which keeps the enzyme in the open confor-
mation, allowing substrate access. This results in immobilised
lipases retaining activities close to their non-immobilised, free
forms. N435 is the most successful example of a commercia-
lised immobilised enzyme.>?

1.2.2 Indirect enzymes. The categorised indirect enzymes —
such as the oxidoreductase horseradish peroxidase (HRP), can
also be employed in polymer synthesis. This haem containing
oxidoreductase catalyses the oxidation of certain organic com-
pounds (namely phenols, p-diketones and anilines) by employ-
ing hydrogen peroxide as the oxidant to produce radical
species that can then catalyse radical-based
polymerisations.>®?° The catalytic Fe centre is part of a haem
complex, and a mechanism for its use in the generation of
acetylacetone (ACAC, a representative p-diketone) radicals via
H,0, is illustrated in Scheme 1?° The p-diketone serves as
monomer initiator, such systems may also be referred to as
enzyme mediated. HRP can also act directly with the monomer
without the need for an exogenous mediator, particularly in
the case of oxidative polymerisation of phenol derivatives, as
also depicted in Scheme 1.°

1.3 The case for enzymatic polymerisation

Enzymatic catalysis has gained significant attention in the
polymer science community as a green alternative to tra-
ditional polymer synthesis and functionalisation. In addition
to the general benefits mentioned earlier in this review, bioca-
talysis enables precise control of polymer architecture, molar
masses (M,, M,,), dispersity (P), and end group functionality.**
Furthermore, metals commonly used in chemical polymer cat-
alysis can pose toxicity risks in polymeric products, which is
particularly undesirable given their widespread use in bio-
medical applications. Finally, the use of traditional chemical
catalysts often does not offer any selectivity of multifunctional

leading to less control
42,43

monomers,
topography.

Consequently, the use of biocatalysis for the synthesis of
polymers has been explored for the past three decades, after
the birth of modern polymer chemistry in the early 20™
century.** Enzymatic polymer synthesis remains an emergent
but fast growing field within polymer chemistry (Fig. 3).

This significant literature presence may be attributed to the
growing scrutiny towards synthetic organic polymers for their
environmental impact throughout their life cycle, particularly
as the majority of industrially utilised monomers are petrol-
based. Consumption of fossil fuels, macro- and micro-debris
(both in terrestrial and marine environments), greenhouse gas
generation, non-renewable feedstocks and insufficient re-
cycling encompass the main reasons for such scrutiny. In 2019
alone, the Organization for Economic Cooperation and

over polymer

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic representation of direct and indirect enzymatic polymerisation reactions. (A) Direct enzymes performing an example polyconden-
sation (step) reaction using generic diol and diacid as monomers/substrate. Monomer(s) interact directly with the active site of the enzyme and
undergo transformation into a polyester (the same enzyme can also catalyse the ROP process, not reported in the figure). (B) Indirect enzymes per-
forming an example free-radical polymerisation (FRP) whereby a radical generating species (e.g. acetylacetone) and an oxidant (e.g. H,O,) interact
with the enzyme to produce a radical initiator that allows for transformation of vinyl monomers into polymers (chain).

Development (OECD) estimated that total greenhouse gas
emissions related to fossil-based plastics were 1.8 gigatonnes
of CO, equivalent (Gt CO,e), or 3.7% of global emissions,
which are projected to more than double by 2060.*>

Evidently, there is a need to revolutionise the polymer
industry in order to be aligned with the United Nations
Sustainable Development Goals (SDGs) and Anastas and
Warner’s 12 Principles of Green Chemistry*® to foster a greater
level of sustainability. Biocatalysis provides a valuable pathway
towards achieving these objectives.

Whilst many reviews have been published in the field of
enzymatic polymerisation,"'®*"3>*” this review provides
insight into enzymatic polymerisation by the mechanism
employed, namely chain polymerisation (CP), ring-opening
(ROP) polymerisation and step polymerisation (SP). These
terms reflect the recent refinement of previous ‘step-growth’
and ‘chain growth’ nomenclature by the Subcommittee on
Polymer Terminology (SPT) in the Polymer Division of the

This journal is © The Royal Society of Chemistry 2025

IUPAC, who recently published a perspective discussing the
matter.*® ROP is generally defined as chain-growth but due to
the ubiquity and broad literature based on enzymatic ROP
(eROP) polymer synthesis, it is included in a separate section
(section 3).

2. Chain polymerisation

Chain polymerisation (CP) is defined by the IUPAC as “chain
reactions where the propagation steps occur by reaction
between monomer(s) and active site(s) on the polymer chains
with regeneration of the active site(s) at each step”.*
Monomers are generally unsaturated and the reaction can
proceed radically or ionically after the active site is generated
by an external initiator.>® This review covers radical based poly-
merisation only as this process has been demonstrated to be

possible via biocatalytic methods.

Polym. Chem., 2025, 16, 2997-3029 | 3001
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Fig. 2

(A) Catalytic triad mechanism of a (poly)condensation reaction in the active site of CalLB. (B) Catalytic residues Serl05, Aspl87 & Serl05

within CaLB's active site (PDB: 1LBT). (C) Surface view of CalLB cocrystallised with Tween 80, showing the partially solvent exposed binding region.

2.1 Free radical polymerisation (FRP)

Free radical polymerisation (FRP) is the most common mecha-
nism employed for the synthesis of industrial vinyl-based poly-
mers through a chain-growth mechanism, however, it offers
little control over polymer microstructure. Classified by three
stages — initiation, propagation and termination -free radical
polymerisation (FRP) is simple and versatile, with approxi-
mately 50% of global plastic materials manufactured using
FRP.’" It offers tolerance of a wide variety of vinyl monomers,
solvents and reaction conditions. However, FRP fundamentally

3002 | Polym. Chem., 2025, 16, 2997-3029

suffers from a lack of control in both polymer properties and
also safety (the onset of Trommsdorff-Norrish effect).>> The
tendency of radicals to self-terminate limits the number of
active chains and results in broad dispersity. Since the 1990s,
new methods of controlling radical polymerisation were devel-
oped, and are covered in sections 2.2 & 2.3. The general
mechanism of FRP can be seen in Scheme 2 below.

2.1.1 Chemical FRP. Chemical FRP of vinyl monomers
requires a radical initiator, typically peroxide or azo-com-
pounds, exposed to light or heat. Since the establishment of
FRP theory and kinetics by Flory & Staudinger in the 1930s, a

This journal is © The Royal Society of Chemistry 2025
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broad range of polymers have been developed via this
mechanism.”"** In fact, FRP remains the most widely adopted
industrial scale process for polymerisation of vinyl monomers,
particularly for (co)polymerisation of ethylene, styrene and
methyl methacrylate.”® The use of FRP has expanded beyond
just the synthesis of commodity plastics, with the formation of
complex polymer architectures possible with the implemen-
tation of multifunctional & multivinyl monomers.>*

Issues of control within radical polymerisations have been
tackled by living or controlled radical polymerisation (CRP), now
known as reversible-deactivation radical polymerisation
(RDRP). RDRP provides a means of controlling radical poly-
merisation whilst offering control over polymer properties,
such as well-defined and predictable molar mass, low disper-
sity, selective end group functionality, diverse polymer archi-

This journal is © The Royal Society of Chemistry 2025

tecture and characteristics of living polymerisation.”®
Subclasses of RDRP include reversible addition-fragmentation
chain transfer polymerisation (RAFT), atom transfer radical
polymerisation (ATRP) and nitroxide-mediated polymerisation
(NMP).”® RDRP also permits the polymerisation of unpro-
tected, functional vinyl monomers whilst employing gentle
reaction conditions and a wide range of monomers and/or sol-
vents which include water and supercritical CO, (ScCO,).>®
ATRP involves a reversible deactivation of propagating radicals
to form dormant species that can be reactivated catalytically,
whilst RAFT involves a degenerative radical transfer between
propagating radicals and a dormant species.’’” NMP is con-
sidered the simplest of the three techniques and involves the
use of a stable radical (nitroxide) to reversibly deactivate propa-
gating polymer radicals.®® Furthermore, RDRP methods have

Polym. Chem., 2025, 16, 2997-3029 | 3003
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Scheme 2 Generic FRP mechanism whereby |, R and M represent initiator, radical species and monomer respectively.

been used extensively in the preparation of copolymers in a
wide range of architectures.”® Consideration towards the
nature of both the initiator and monomers is required for a
sustainable future of RDRP, as majority currently employed are
fossil derived.

2.1.2 Enzymatic FRP (eFRP). As alternatives to chemical
redox initiators, enzymes have been shown to behave as
radical initiases, generating the radical initiating species
required. The first report of enzymatic free radical polymeris-
ation (eFRP) was the polymerisation of methyl methacrylate
using xanthine oxidase and formaldehyde.*® Enzymatic
initiation is proving to be an increasingly popular way of avoid-
ing hazardous thermal/photo initiators and improving oxygen
tolerance of FRP polymerisations. This allows for synthesis in
open vessels without the use of vacuum/inert atmosphere, ren-
dering such reactions ideal for the synthesis of light and temp-
erature sensitive materials.®® The combination of enzymatic
initiation and controlled free radical polymerisations (RDRP)
can provide advantages that allow both a mild and controlled
route towards the synthesis of vinyl polymers. As eFRP is
characterised by radical generation by an enzyme, subsequent
chain processes (e.g. propagation) are independent of enzyme
activity and consequently mirror kinetics of the corresponding
chemical process.®!

Naturally, oxidoreductases dominate the field of enzymatic
radical polymerisations for redox and radical generation
ability, with laccases and peroxidases featuring as the most
widely investigated classes.®”

Horseradish peroxidase (HRP) is the most commonly used
enzyme in this field and can catalyse the polymerisation and
crosslinking of phenol derivatives, as well as vinyl monomers
in the presence of H,0, (see Scheme 1).*** The polymerisation
of vinyl monomers using HRP was first reported in 1992 by
Derango et al.®* and elucidated in 2000 by Gross et al., who
proved that the keto-enoxy radicals of the p-diketone reducing
agent generated by the enzyme are the radical species respon-
sible for initiation of vinyl monomers.®> HRP is a haem-con-
taining indirect enzyme that catalyses oxidation of a radical-
generating mediator species through concurrent reduction of
hydrogen peroxide to water, to initiate polymerisation of vinyl
monomers.

3004 | Polym. Chem., 2025, 16, 2997-3029

Commonly, an acetylacetone (ACAC), H,O,/HRP ternary
initiating system is employed, and has been shown to success-
fully initiate polymerisation of acrylamide, styrene, methacry-
late(s), 4-acryloylmorpholine and 2-vinyl naphthalene.®®®”
Such reactions can be conducted in ambient conditions in
aqueous solution, or in water/organic mixture/emulsion.

There has been much discussion within the literature
regarding the composition and necessity of the three com-
ponents of the ternary system. Earliest experiments by
Derango et al. suggested successful polymerisation of acryl-
amide without the use of a mediator.®® Later, Emery et al.
demonstrated that all 3 components were essential,’® with
Durand et al,*® finding that not only is the ternary system
essential, but H,0, in high concentration causes enzymatic
degradation, and that the ratio between components is critical
when considering competition between initiation involving
ACAC and inhibition caused by H,0,. More recently, in 2020,
the work of Wang et al,”® found that a HRP/ACAC binary
system alone can produce polyacrylamide, polyacrylic acid and
poly(methyl methacrylate) without the addition of H,O,,
suggesting that the mechanism proposed in Scheme 1 requires
further elucidation.

Aside from solution polymerisation, similar approaches are
also used in the formation of hydrogels: Liao et al. demon-
strated this application in the preparation of polyacrylamide
gel for biological applications, involving both polymerisation
and cross-linking of acrylamide and N,N-methyl-
enebisacrylamide (MBA), traditionally catalysed by toxic N,N,
N',N'-tetramethylethylenediamine/ammonium persulphate
(TEMED/APS). This work showed that the ternary enzymatic
system could completely replace the chemical method, with
the enzymatically prepared gel demonstrating greater discrimi-
nation of larger proteins due to increased pore size.”*

Zhang et al. produced MBA-based hydrogels for controlled
release of aspirin, instead using cellulose acetoacetate (CAA) as
mediator, demonstrating the ability of HRP to utilise more
sterically hindered mediators during initiation.”” The work of
the Gaitzsch group has demonstrated HRP-catalysed synthesis
of poly(N-isopropyl acrylamide) (PNiPAAm) with HRP/ACAC/
H,0, to garner PNiPAAm with M,, of approx. 500 kDa and b =
1.3 after only 1 minute in water at room temperature. The

This journal is © The Royal Society of Chemistry 2025
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authors further illustrated that modified HRP could be
entrapped within the hydrogel in a microfluidic chip to
perform eFRP within microfluidic reactors.”’> HRP eFRP has
also been used in the synthesis of polymers on surfaces, such
as the grafting of methyl methacrylate and butyl acrylate onto
starch,”*”” silica particles,”® and poly(ethylene glycol)dimeth-
acrylate (PEGDMA) onto silk sericin.””

As mentioned, H,0,, the native substrate of HRP, can de-
activate the enzyme. To combat this, H,O, can be introduced
slowly over time, or a H,O, generating enzyme can be
implemented to enable continuous generation of H,0, in situ,
without rapid increase in concentration.

Glucose oxidase (GOx) is an oxidoreductase that generates
H,O0, through the oxidation of glucose to gluconic acid using
0, as oxidising agent, via reduction of the flavin adenine dinu-
cleotide (FAD) cofactor.”® Whilst early examples employed the
use of Fenton chemistry with GOx to provide the hydroxy rad-
icals required for initiation,”® combining it with HRP provides
an entirely enzymatic approach for the generation and utilis-
ation of H,0, in situ, for example in the synthesis of polyphenols
(Scheme 3).*° Additionally, the HRP/GOx bienzymatic
initiation system provides an effective means of sequestering
molecular oxygen—an issue that typically hinders radical poly-
merisation—thereby enabling the potential for synthesis to be
conducted under ambient atmospheric conditions (see section
2.2.2). However, despite this advantage, the dependence on
the costly flavin adenine dinucleotide (FAD) cofactor may limit
the economic viability of this approach for large-scale oxygen
sequestration.

Currently, the use of HRP in industry is currently limited by
several factors, including the need to be isolated from plant
roots, its low specific activity and yield, as well as its relatively
low stability.® Although some progress has been made in the
recombinant production of HRP,*"®** further development in
large-scale microbial fermentation is necessary to make bioca-
talysis a more attractive option for the bulk polymer industry.
Moreover, HRP suffers from deactivation after a certain
number of turnovers and shows low tolerance to organic sol-
vents and the high concentrations of organic monomers typi-
cally encountered in radical polymerisation processes. Enzyme
immobilisation offers a potential solution by improving the

B-D-glucose 0,

~gluconolactone H,0,

Scheme 3 GOx/HRP mediated radical initiation/polymerisation of phenol.
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stability of HRP and enabling its recovery and reuse after
reactions.®?

In this regard, the success Novozymes (now Novonesis fol-
lowing a recent merger) achieved with immobilised CaLB
(Novozym435) may be attributed to the heterologous
expression of the enzyme in Aspergillus niger rather than the
native organism.

Laccases, another type of oxidoreductase, catalyse the oxi-
dation of phenolics via the reduction of molecular oxygen to
water. As multicopper oxidases, laccases contain at least 4 copper
sites, with the type 1 copper site (categorised by a single copper
ion coordinated with imidazole nitrogens of two histidine resi-
dues and a thiolate of a cysteine residue) responsible for mono-
electronic substrate oxidation, whilst the remaining sites reduce
molecular oxygen to water.** Scheme 4 shows a simplified laccase
oxidation of coniferyl alcohol, a phenol derivative that can be
further polymerised to synthetic lignin oligomers.®’

Laccases may be considered a direct enzyme as the
monomer interacts with the enzyme active site itself. In some
cases, laccase has catalysed the synthesis of the same polymers
as HRP with similar results.>*® Being copper-based renders
laccases ideal for ATRP, and is covered further in this review
(section 2.3). As with peroxidases, the substrate scope of lac-
cases can be increased by mediator species as electron shut-
tles. Within the literature, laccases are widely employed in the
valorisation of renewable feedstock lignin, particularly for
depolymerisation.®” The use of laccases is much less wide-
spread than peroxidase-initiated polymerisations, as a limit-
ation may be the ease of using liquid peroxide rather than bub-
bling air through the reaction, particularly on an industrial
scale. As highlighted in a recent review by Kumar et al., investi-
gating alternative enzymes to horseradish peroxidase (HRP) for
radical initiation continues to be a crucial and underexplored
area of research.®®

We have provided an initial overview of enzymatic FRP,
including some explanatory examples to illustrate how it may
offer a greener alternative to traditional FRP. This method
enables the production of the same materials as chemical syn-
thesis with lower energy requirements and without the use of
often toxic initiators. Additionally, the elimination of high
temperatures and photo-irradiation makes it an ideal process
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Scheme 4 Simplified laccase oxidation of coniferyl alcohol, generating 4 radical species available for polymerisation. Adapted from ref. 85, with

permission from Elsevier, copyright 2011.

for synthesising light and temperature-sensitive materials. For
readers interested in more detailed examples and analyses, we
refer to other literature that covers eFRP in greater
depth 21,62,63,89

2.2 RAFT polymerisation

2.2.1 Traditional (chemical) RAFT polymerisation. RAFT
polymerisation is a type of RDRP that allows for control over
chain growth to predict molar mass and dispersity, whilst the
rate of polymerisation is determined by the position of the
activation/deactivation (main) equilibrium (Scheme 5).%%%°

Essentially, RAFT is a free-radical polymerisation with the
inclusion of a highly reactive dithioester, trithiocarbonate,
dithiocarbonate (xanthate) or dithiocarbamate transfer agent
(RAFT or chain transfer agent, CTA) that separates during
chain transfer to generate both a new radical and thio-species.
An external radical generating initiator is also required (com-
monly thermal azo-initiator AIBN), with radicals generated via
heat or light.”® RAFT is frequently employed for the synthesis
of block copolymers with extremely high monomer conversion
(up to 100%), by incorporation of at least two monomers via a
sequential polymerisation process.’® However, exogenous tra-
ditional RAFT initiators such as AIBN, benzoyl peroxide and
potassium persulfate require high thermal input and are
inherently hazardous. Recently, alternative strategies have
emerged for greener, safer RAFT polymerisations, such as

3006 | Polym. Chem., 2025, 16, 2997-3029

direct photoactivation of CTAs, electrochemical methods,
ultrasound, cationic activation and enzymatic initiation.”*
An interested reader is guided to the following reviews for

further insights on the latest developments in RAFT
polymerisation.®'*?
2.2. Enzymatic RAFT polymerisation

In RAFT polymerisations, HRP can utilise hydrogen peroxide
as an electron acceptor to catalyse the oxidation of ACAC to
produce ACAC radicals employed as radical initiators.”* When
ACAC radicals are combined with an appropriate CTA and
monomer(s), RAFT polymerisation can occur.’®®> Enzymes
must retain activity during polymerisation and be compatible
with the RAFT agent of choice for successful polymerisation.”®
In addition, pH regulation of such systems is essential for
enzyme stability and activity, as well as initiation efficiency (as
the enol form of ACAC is responsible for radical generation)
and to avoid hydrolysis of RAFT agents.”>®”

Despite tolerating a wide variety of functionalities, RDRP
reactions are typically conducted under inert atmosphere due
to being highly oxygen-sensitive.”® Oxygen species can quench
carbon-centred radicals by generating peroxy radical species,
which are ineffective at polymer propagation.®®®*°® Uyama
et al. also demonstrated this through use of a bienzymatic
GOx/HRP system for the FRP of phenols.*°

Both Zhang et al.®* and Danielson et al>*®° have demon-
strated successful RAFT synthesis of both homo and block copo-

This journal is © The Royal Society of Chemistry 2025
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Scheme 5 General RAFT polymerisation mechanism using a thiocarbonylthio CTA. Note kinetic terms are omitted for simplicity.

lymers in water using HRP/ACAC systems with N,N-dimethyl-
acrylamide (NN-DMA) as a representative acrylamide monomer,
replicating conventional RAFT synthesis with typical azo
initiators. Danielson et al. rapidly (<30 minutes) produced well-
defined polyacrylamides with high conversion (>93%), as well as
complex architectures including a protein(lysozyme)-polymer
(PNIPAAam)conjugate using the H,0,/HRP/ACAC ternary
system. Living characteristics (linear increase of molar mass
with conversion) typical of RAFT synthesis were demonstrated
with the HRP-initiated system, and the enzyme retained approxi-
mately 75% of its activity post-polymerisation.®

An et al. expanded on the early work of Uyama et al. using
HRP in FRP, and utilised GOx in a GOx-HRP cascade reaction
to generate H,0, in situ for use in RAFT. This also produced

poly(NN-DMA) with high conversion (92%) in ca. 35 minutes
(Fig. 4).°*

More recently, An et al. synthesised ultrahigh molecular
weight (UHMW) and multiblock polymers via oxygen-tolerant
RAFT polymerisation using enzymatic cascade catalysis of HRP
and pyranose-2-oxidase (P20x).'°® P20x is more efficient at
using O, than GOx to generate H,O, for ACAC radical pro-
duction, due to having significantly lower Michaelis-Menten
constant (Ky) for p-glucose and O,, where the Michaelis—
Menten constant is defined as the concentration of substrate
at which the reaction rate is half its maximum value.'®’

Similarly, Tan et al. have also utilised a ternary approach
using a GOx/H,0,/ACAC system for the preparation of nano-
objects with different morphologies based on RAFT dispersion

o O
HZOZ
A (ACAC)
o S S U
j\ N o =§:g|20 (HRP ACAC radical /0'(\/\0 S\Irs\/
/\S S \/7;103/ + d g ra |Ca) 13 NC - o s
o)
HO Watel’, R-T- (mPEGll3'PHPMA)
(MPEG, ,5-CEPA) (HPMA)

OH

Scheme 6 HRP-initiated aqueous RAFT dispersion polymerisation of HPMA. Reproduced from ref. 101 with permission from Wiley, copyright 2018.
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Fig. 4 Proposed mechanism of HRP initiated RAFT polymerisation. Pn & Pm represent propagating polymer chains whilst R and Z are substituents
on the CTA. Reproduced from ref. 94, with permission from American Chemical Society, copyright 2015.

polymerisation of 2-hydroxypropyl methacrylate (2-HPMA) in
water, with subsequent polymerisation-induced self-assembly
(PISA) (Scheme 6).*

Methoxy poly(ethylene glycol) (mPEG)-based macromolecu-
lar chain transfer agent (macro-CTA) was used to mediate the
process and yielded high (almost 100%) monomer conversion
within 30 minutes and produced spheres, worms and vesicles of
mPEG-poly(HPMA) in an open vessel. A control synthesis
without GOx was performed by deoxygenating the HRP-only
system with nitrogen and, in this case, only 70% monomer con-
version was achieved after 60 minutes, proving that GOx
mediation provides a successful means of oxygen-tolerance
during RAFT synthesis.'®" Such mild conditions to create nano-
objects render enzyme-mediated RAFT-PISA ideal for the incor-
poration/encapsulation of biologics such as DNA, RNA and pro-
teins, whilst elimination of hazardous initiator species promotes
safer synthesis. While it may seem that such mild synthesis is
only achievable with hydrophilic monomers in aqueous con-

3008 | Polym. Chem., 2025, 16, 2997-3029

ditions, GOx has been shown to be stable in a large range of
organic/aqueous solvent mixtures whilst retaining high enzyme
activity.'®® In the case of HRP, it has been found that increasing
organic: aqueous solvent ratio for 1,4-dioxane, ethanol, THF
and chloroform has a significant effect on enzyme activity, with
activity in THF being the worst.'® Future research in this area
would benefit from the exploration of more organic solvent-tol-
erant alternatives to HRP, or engineering of HRP itself, in order
to expand the scope of monomers and polymerisation tech-
niques available for more widespread use.

For readers interested in more detailed examples and expla-
nations, exploring different reaction conditions and possible
applications, we refer to the recent work of Kumar et al., which
covers e-RAFT in more depth.®®

2.3 Atom transfer radical polymerisation (ATRP)

2.3.1 Traditional (chemical) ATRP. Atom transfer radical
polymerisation (ATRP) is characterised by the use of transition

This journal is © The Royal Society of Chemistry 2025
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metal complexes as catalysts (activators) and alkyl halide
initiators (P,X) in dynamic equilibrium.’®”” Typical transition
metals used are Cu, Fe, Ru, Mo and Os, with Cu being the
most popular. Initially, the transition metal complex (Mt"/L,
where Mt is the metal, n the oxidation state and L the ligand)
in its lower oxidation state activates radical generation from
the alkyl halide. When in its higher oxidation state (Mt"*") and
coordinated with a halide, the complex reacts with the propa-
gating radical as a deactivator, forming a dormant polymeric
species (Scheme 7).%’

KﬂCt
P,—X + Mt"/L ——= P.° + X—Mt™/L
kdeact U
koM N
P,—P,

Scheme 7 ATRP Mechanism (note charges and counterions are
omitted for simplicity). Pn, X, Mt, m, L and M represent the alkyl chain,
halide, transition metal, oxidation state and monomer respectively.,
adapted from ref. 57, with permission from the American Chemical
Society, copyright 2012.

One limitation of early ATRP is the requirement for the
high concentration of transition metal catalyst, often stoichio-
metric with respect to the initiator, in order to overcome
radical termination. Whilst techniques to improve catalytic
activity and subsequent purification have been employed, even
more stringent conditions would be required to remove tran-
sition metals to sub-ppm levels for polymer use in biomedical
or electronic applications.’”'** Furthermore, transition metal
catalysts are difficult to remove post-synthesis, and prolonged
and unsustainable purifications are required (e.g. silica
columns).”’

Classic examples of ATRP include the polymerisation of
styrene, acrylates, and methacrylates, which are often catalysed
by copper(i) complexes. This process can yield polymers with a
degree of polymerisation (DP) reaching up to 100 and a disper-
sity (P) of almost 1 (monodispersity).'%

Primarily, the use of enzymes in ATRP eliminates the need
for toxic and non-renewable transition metal catalysts, whilst
also providing a route of synthesis that is oxygen tolerant.®®

2.3.2 Enzymatic ATRP. The radical-generating metalloen-
zymes mentioned so far can also be used for ATRP.** ATRPase
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activity was a term first defined by Bruns, who has spear-
headed the use of enzymes in such radical polymerisations
and,'® along with the work of di Lena,'®” together they have
utilised a range of enzymes including laccase and HRP, as well
as the protein haemoglobin.

Bruns et al. were the first to utilise haem-proteins in ARTP,
when N-isopropyl acrylamide formation was catalysed by HRP
with an alkyl bromide initiator under the conditions of ARGET
(activators regenerated by electron transfer).'®® ARGET ATRP
involves the regeneration of the activator species during the
polymerisation process, reducing the need for excess catalyst
by employing non-radical forming reducing agents such as
sodium ascorbate (Scheme 8).'%%1%8

In the study of Bruns et al., PNIPAAm was synthesised in
pH 6.0 buffer solution, yielding D of 1.44 and M, of 99.9 kDa
after 2.5 h; such low dispersity indicates a controlled radical
polymerisation and the polymerisation was shown to be pH
dependent.'®

The Bruns group explored the HRP-catalysed polymeris-
ation of N-vinylimidazole (PNVIm), a reaction previously unac-
hievable by conventional methods due to the lack of resonance
stabilization in propagating radicals. This instability led to pre-
mature chain termination and undesirable chain transfer reac-
tions.'” Whilst RAFT polymerisation had shown only limited
success, attempts at chemical ATRP failed entirely. The suc-
cessful enzymatic polymerisation (M, = 2.5 kDa, b = 2.20)
highlights the potential of enzymes as initiators where tra-
ditional chemistry falls short. Moreover, imidazole-based
monomers and polymers exhibit strong metal-ion binding,
stripping metal ions from traditional ATRP catalysts. Residual
metal contamination can result in discolouration and undesir-
able material properties—particularly problematic in bio-
medical contexts (due to toxicity) and electronic applications
(due to interference from ionic species). Notably, the Bruns
group achieved the removal of HRP by filtration over neutral
aluminium oxide, yielding entirely metal-free PNVIm.

Di Lena et al. demonstrated analogous ATRP synthesis
using laccase to polymerise polyethylene glycol methacrylate
(PEGMA) with high control by utilising ascorbic acid and an
alkyl bromide. This process rendered poly-PEGMA with an M,
of 272 kDa and D of 2.43 after one hour, however conversion
was only 20%. The proposed mechanism suggests that
ascorbic acid reduces at least one copper centre within the
laccase to Cu(1), which subsequently initiates polymerisation
via halogen abstraction typical of ATRP activation."®”

One interesting application of ATRPase activity lies in the
work of Wang et al., who performed ATRP on the surface of an

HRP

o

HO/\/O\n><Br + n HN O
J

Scheme 8 HRP initiated ARGET ATRP of N-isopropyl acrylamide.
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SiO,-Br nanoparticle (NP) with N-acryloyl-L-lysine as monomer.
Utilisation of an enzyme here allowed for polymerisation of
monomers containing carboxy groups, which is not suitable
for traditional transition metal ATRP catalysis, further solidify-
ing the validity of biocatalysis within this remit.*°
Furthermore, contrary to transition metal catalysis, the
metal centres in active sites of ‘ATRPases’ are tightly bound,
limiting contamination in the resultant polymer, producing a
cleaner, more environmentally friendly and less toxic product,
satisfying multiple principles of green chemistry and allowing
for a greater range of polymer applications.*>®® A clear illus-
tration of this is the use of ATRPases in the synthesis of hydro-
gels for tissue engineering and drug delivery, where otherwise
multiple post-polymerisation purification steps would be
required for the removal of residual transition metal catalysts.

3. Ring opening polymerisation
(ROP)
3.1 Chemical ROP

Ring opening polymerisation (ROP) is most commonly applied
to cyclic ester (lactones), cyclic amide (lactams) and cyclic
ether monomers. The majority of examples are chain growth
mechanisms, which may be ionic, radical or metathesis based,
however the mechanism of some ROP reactions is complicated
and transcends the boundary of this simple definition.>**"*
Similar to RDRP, ROP requires a catalyst (traditionally metal
based) and initiator (commonly an alcohol). With chemical
ROP of small/medium size rings, (e.g. e-caprolactone, e-CL) the
driving force of polymerisation is the large negative enthalpy
associated with the alleviation of ring strain.’'*> However, for
large ring systems (e.g. macrolides), the polymerisation is
entropically driven due to decreased ring constrain and, with
classic organometallic catalysts, only slowly produces low
molar mass polymers."'>'"® More generally, organometallic
complexes have been found to offer the best control over
chemical ROP. Tin(u) octanoate [Sn(Oct),], which is a toxic and
harmful compound, is commonly used as a catalyst for the
synthesis of polycaprolactone (PCL), however the reaction

6 Lipase
N0 @D-oH
———

" o)

Lipase-Lacton
Complex
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requires high temperatures which promotes both intra- and
intermolecular esterification, increasing D. Furthermore, the
metal catalyst is difficult to remove post-polymerisation.’** On
the contrary, enzymatic ROP (eROP) offers a versatile, metal-
free approach to the synthesis of ring-based monomers with
varying size and functionality.

3.2 Enzymatic ROP (eROP)

3.2.1 eROP of lactones. There is an abundance of literature
that explores the use of lipases to catalyse ROP reactions to
produce polyesters, particularly with e-caprolactone (e-CL), as
PCL is biodegradable/biocompatible and has desirable pro-
perties for use in regenerative medicine and drug delivery.'*?
eROP serves to produce typically higher molar mass polyesters
than those that can be produced analogously from a diacid/
diol. Given that ROP reactions are typically ester and amide
formations, the enzymes utilised are hydrolases. Amongst
hydrolases, lipases (mechanism demonstrated in Scheme 9)
are the most successful due to their reversible nature and the
ability to tolerate hydrophobic substrates and products.

The reader is directed to the following reviews for an in-
depth discussion and history of eROP.>"''® The review of
Engel et al. comprehensively compares both solution and bulk
eROP of both substituted and unsubstituted lactones.'"®

The first studies of e-CL and &-valerolactone (3-VL) eROP
were carried out by Uyama and Kobayashi, in bulk with a
range of lipases over a period of days."” Lipase from
Pseudomonas fluorescens (Pf) produced polyesters with high
conversion from both monomers (PCL: 92% conv., M, =
7.7 kDa, D = 2.4, PVL = 95% conv., 1.6 kDa, D = 2.4). This work
was later expanded by them and demonstrated that: (1) Pf
lipase showed higher catalytic activity towards macrolides than
it did with e-CL, which opposes the trend in ring strain;"*® (2)
the rate of eROP of macrolides (namely pentadecalactone)
could be dramatically increased, thereby increasing conver-
sion, M, and improving D, by switching to a solvent based
system and immobilised lipase.'"°

Both substituted and unsubstituted lactones have been suc-
cessfully polymerised via eROP, with e-caprolactone and
o-pentadecalactone being the most widely investigated.'*®
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Scheme 9 Mechanism of lipase to produce aliphatic polyesters.
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Scheme 10 CalB catalysed ROP of PDL (m = 11) and CL (m = 2), initiated by HEMA (product a). Transesterification products (b, c and d) formed
from methacrylate transfer from HEMA end group of polymer to hydroxy end group, and (e) polyester transfer to the hydroxyl group of the residual

1-2-ethanediol end group.

Investigations have been performed into the nature of the
initiator of eROP, as carefully designed initiators can provide
routes to complex polymer architectures through end-group
functionalisation. The Martinelle group utilised this approach
by using 2-hydroxyethyl methacrylate (HEMA) as an initiator in
eROP of both w-pentadecalactone (PDL) and &-CL using N435
(CalB) in the hope of producing a polymer with HEMA end
groups for later functionalisation (Scheme 10)."*° However,
their success was limited due to CaLB also catalysing the
hydrolysis of the HEMA initiator, causing transesterification
and a mixture of polymeric products for both monomers."*

The Howdle group proposed a solution to this problem by
replacing HEMA with its amide analogue, N-hydroxymethyl
acrylamide (HEAA), to tune the polymerisation with N435 and
minimise side reactions with the initiator (as transamidation

is less likely to occur)."*" Subsequently, free radical copolymer-

isation with polyethylene glycol methacrylate (PEGMA) was
performed to create polymeric nanoparticles for drug delivery
applications. Following this success, it is evident that further
investigation into the use of amides with lipases could render
promising results for the polymer community for the use of
multifunctional molecules and final functionalised/active
polymers.

A powerful use of eROP lies in its combination with other
polymerisation techniques, both enzymatic and chemical, in
the creation of novel functional polymers. Known as tandem
polymerisation, subsequent polymerisation/functionalisation
may be considered a cascade reaction if it occurs in a single
pot without isolation or purification of intermediates. Cascade
reactions, by combining multiple sequential steps in a single

Br—C}—otc«vwol» ATRP Z X
0 © i
(o) | emop
routeA
Br—_—_1—OH N | — t t
eROP, ATRP
(route ©) x| ATRP o

eROP @

BrWoa
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Scheme 11 Combined enzymatic ATRP/eROP to produce general diblock copolyester through three routes. Route (A) Simultaneous eROP/ATRP.
Route (B) eROP with bifunctional initiator, followed by ATRP. Route (C) ATRP with bifunctional initiator, followed by eROP. Reproduced from ref. 21,

with permission from the American Chemical Society, copyright 2016.
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process without the need for intermediate purification, signifi-
cantly enhance the efficiency of polymer synthesis, reducing
energy consumption, waste generation, and the use of hazar-
dous reagents, thereby advancing greener and more sustain-
able methodologies.

A comprehensive review of chemoenzymatic polymerisation
using lipases is given by Yang et al.'** Heise et al., reported the
first tandem chemoenzymatic polymerisation, by utilising a
bifunctional initiator containing both hydroxy and activated
bromide groups, to permit eROP of e-CL followed by chemical
ATRP of styrene in block copolymer synthesis in high yield
(90-95%).">* A challenge lies in the design of a one-pot dual
catalytic process without the isolation of intermediates, requir-
ing compatibility of both systems. This has been achieved by
kinetic compartmentalisation (different activation tempera-
tures of the enzymatic and chemical catalysts, respectively)*>*
and with careful reaction design (Scheme 11). This is particu-
larly the case in simultaneous chemoenzymatic eROP/ATRP
processes, as the Cu catalysts required can result in enzyme
inhibition."*® Simultaneous eROP/RAFT polymerisation has
been successfully demonstrated in the synthesis of block copo-
lyesters, retaining good control and enzyme activity without
intermediate isolation and purification.’*® Dove et al also
exploited this methodology in the synthesis of poly
(w-pentadecalactone)-b-poly(acrylate) diblock copolymers.'>”

This chemoenzymatic combination strategy has been
expanded to nonradical polymerisation in tandem eROP/ring-
opening metathesis polymerisation (eROP/ROMP)."*® This
reaction, though, may not be considered a true cascade reac-
tion as the polymeric precursors made via ROMP are isolated
prior to the enzymatic step.

More recently, eROP of e-CL using norbornene alcohol (NB)
initiator and CaLB (N435) has been performed in continuous
flow to form NB-PCL macromonomer, proceeding with metal-
catalytic ROMP to produce polyNB-g-PCL bottlebrush poly-
mers.'* A wholly enzymatic tandem, one-pot approach was
demonstrated by the work of the Martinelle group, who per-
formed eROP of w-pentadecalactone (PDL) and 6-mercapto-1-
hexanol as initiator, followed by functionalisation with
y-thiobutyrolactone or vinyl acrylate, all with CaLB (N435)."*°
Wu et al have also presented a fully enzymatic tandem
approach using two consecutive enzymes to prepare an opti-
cally pure polymeric prodrug. In this example, e-CL was ring
opened by CalB, initiated by a bulky ibuprofen containing
initiator, followed by chain extension by alkaline protease
from Bacillus subtilis to catalyse further polycondensation and
obtain a higher molar mass product.”*" Whilst the hydrolase
enzyme family also includes esterases and cutinases, the litera-
ture is dominated by the use of lipases. Only few reports of
polyester synthesis using an esterase have been published, and
these are limited to eROP of e-caprolactone and
d-valerolactone."*>'3°

eROP should be seen as a powerful tool for producing
hybrid oligomers/polymers, which have further utility in sub-
sequent controlled radical polymerisation or other functionali-
sation processes (see section 5)."*° This hybrid approach pro-
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vides the possibility to achieve unprecedented architectures
and chemical domains with controlled degradability and appli-
cability in various fields. The use of eROP should be integrated
into multiple hybrid reactions, which have so far been primar-
ily combined by chemoenzymatic means.

Furthermore, combinations of multiple enzymes with mul-
tiple polymerisation mechanisms could be further explored,
including the use of an initase, e.g. HRP, to catalyse RDRP fol-
lowing eROP to enhance the green credential of polymerisation
processes in series as post-functionalisation
polymerisations.

3.2.2 eROP of lactide. Lactide, a cyclic dilactone dimer
formed from 2 lactic acid molecules, can be ring opened to
produce poly-i-lactic acid (PLLA), poly-p-lactic acid (PDLA) and
poly-p,i-lactic acid (PDLLA) depending on which of the 3
lactide stereoisomers is employed (Fig. 5)."*7'*®

PLA, a renewable and biodegradable aliphatic polyester, is
extensively researched and emerges as a promising alternative
to traditional petrochemical polymers like PET in consumer
and biomedical applications.'*’

Whilst it can be made directly from the polycondensation
of lactic acid, ROP of lactide in bulk is preferred industrially
due to increased control over the polymerisation, which results
in lower dispersity, higher molar mass and high levels of end-
group fidelity. Tin(u) octoate is most often used an initiator for
chemically synthesised PLA."*7'*® ROP of lactide in bulk
requires temperatures higher than those needed for other lac-
tones (often above 100 °C) due to the high melting point of
lactide. eROP of lactide has been explored in the literature
using a variety of lipases, and there is much discussion
around the choice of solvent (or bulk), the specific lipase
employed, enzyme enantioselectivity, and is the subject of
multiple reviews.''®'"®'" For example, Omay et al syn-
thesised PDLLA using both free lipase and N435 in dry toluene
at 80 °C, achieving molar mass (M,) of 21 kDa and 26 kDa
respectively, but at relatively low conversion (<45%).'*?
Previously, Matsumura et al. had reported no activity of N435
towards eROP of p,i-lactide when in bulk rather than in
organic solvent.® Evidently, reaction conditions and the
selectivity of the lipase play an important role in eROP of lac-
tides but, regardless, eROP of lactide is noted to be generally a
slow process and may limit widespread adoption.'?”*43144

3.2.3 eROP of lactams. Nylons (aliphatic polyamides) are
some of the most common polymers used as fibres and can be

well as

0 0 0
OJH .““ OJH/ O JH/
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Polymer PLLA PDLA PDLLA

Fig. 5 Enantiomers of lactide monomers and polymers produced
through ROP.
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produced traditionally through polycondensation of a diamine
and diacid (e.g. nylon 6,6, synthesised from hexamethylene
diamine and adipic acid, both containing 6 carbons) or from
ROP of a lactam (nylon 6 produced from e-caprolactam, con-
taining 6 carbon atoms), Fig. 6.

Nylon 6, structurally similar to nylon 6,6, is easier to syn-
thesise chemically from ROP of e-caprolactam, anionic ROP is
usually employed to carry out this reaction, whilst eROP of
lactams offers a route of limiting organic reagents and hence
toxic side-products.’*®> Many aliphatic polyamides are manu-
factured on an industrial scale, with nylon 6 being the domi-
nant aliphatic polyamide commercially produced."*®

First reports on eROP with both substituted and unsubsti-
tuted f-lactams using N435 in toluene were given by
Kazlauskas and Loos groups and, whilst successful, only
yielded low molar mass oligomeric polyamides (when
reported).’*”'*® This is due to the low solubility of the nylon-3
polymer formed in toluene, as well as competition between
chain-elongation and termination.'*”'*® The same effect was
also noticed when the Loos group attempted enzymatic ring
opening copolymerisation of e-caprolactone and f-lactam
using N435 to produce copolymers of PCL and poly p-lactam -
whilst polymerisation was successful, only oligomeric products
were also obtained.'*® However, despite limited success in
achieving high molar mass polyamides from eROP of lactides,
N435 has also shown promise in synthesis of lactam precur-
sors in the installation of epoxide on (+)-3-carene."***>°

Recent work by Benea et al. has involved the enzymatic syn-
thesis of novel poly(ester amide)s using CaLB (N435) from e-
caprolactam (e-CLM) and a range of biomass-derived hydroxya-
cids (HA) whilst investigating the effect of (co)monomer ratio and
performing reactions both in bulk and toluene (Scheme 12).**!

H oo
BquITquene
R O 80°C,24 h
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Broadly, polymer molar mass and dispersity were similar in
both toluene and bulk; the most notable differences lie in the
choice of HA, and copolymerisation of e-CLM with a hydroxya-
cid improved conversion of e-CLM relative to homopolymerisa-
tions alone (10%, DP = 3.0). In the cases of r-malic acid,
3-hydroxybutyric acid, copolymerisation in both bulk and
toluene at ratios 2:1, 1:1 and 1: 2, respectively, only achieved
better monomer conversion, but low DP (<4). 16-hydroxyhexa-
decanoic acid performed the best of all HAs in terms of molar
mass.

Considering the ability of lipases to ring open both lactones
and lactams, an interesting direction for further exploration
lies within copolymerisation’*® and the development of a
library of possible monomers to tailor final polymer mechani-
cal properties and (bio)degradation capability.

4. Step growth polymerisation

Common step-growth polymers include polyesters, polya-
mides, polyureas, polycarbonates, polyurethanes and polysul-
phides.?® Polymerisation occurs step-wise and usually liberates
a small molecule (e.g. water, polycondensation).
some step-growth mechanisms do not produce a condensate,
such as polyurethane production from a diisocyanate and a
diol.>® For conformity to the broader literature, the following
sections of the review are discussed by polymer functionality.

However,

4.1 Polyesters

Synthetic polyesters are abundant in the polymer industry, and
most are derived from petrochemical monomers. One of the
most familiar examples is the aromatic polyester PET, syn-

R=COOH,n=1
R=CHs n=1
R = (CH)sCHa, n = 1°
R=H,n=14

Oy

Scheme 12 Enzymatic linear co(polyester amide) synthesis of e-caprolactam(e-CLM) and a range of hydroxyacids. X and Y represent the number of
hydroxy acid and e-CLM units randomly incorporated in the copolymer structure, respectively.
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Fig. 6 Structures of lactams and some representative nylons.
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thesised from ethylene glycol and terephthalic acid, commonly
manufactured into plastic drinks bottles, and notably non-bio-
degradable."* Chemically, polyesters are typically made from
dicarboxylic acid/diols or diacyl chloride/diol (AA-BB polycon-
densation), as well as self-condensation of hydroxy acids (AB
polycondensation), transesterification of diesters and ring-
opening polymerisation of lactones (sections 3.2.1 and
3.2.2).>> Such synthesis often requires metallic catalysts and
high temperatures from 150-280 °C which can lead to
unwanted side reactions such as cross-linking or isomerisa-
tion, as well as exclusion as thermally sensitive moieties (vinyl,
epoxy groups and biologics)."*?

For all these limitations, the introduction of enzymatic
step-growth catalysed processes may be considered revolution-
ary in reducing the use of pollutant and toxic catalysts, improv-
ing final degradability and minimising side reactions due to
their high specificity and the mild conditions required.
Polyesters are most commonly synthesised by lipases and, as
previously mentioned in section 3.2, the most widely used is
CalB, a fungal lipase.'® Other lipases have been implemented
in polyester synthesis and include porcine pancreatic lipase
(PPL) and lipases from Candida rugosa (Cr), Candida cylindra-
cea (Cc), Aspergillus niger (An), Penicillium roqueforti (Pr),
Burkholderia cepacia (Bc) and Pseudomonas fluorescens (Pf).""

Additionally, the use of lipase aligns with the increasing
use of biomass-derived monomers and the use of greener
solvents.*"*>*'%> This strong interest in advancing green chem-
istry is increasingly apparent in the literature for the synthesis of
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bio-based polymers towards a circular economy (led by environ-
mental changes, reduction of oil-based resources and the politi-
cal recognition of environmental impact) (Fig. 7).*>¢*>°

4.1.1 Aliphatic polyesters. The first enzymatic synthesis of
an ester oligomer was carried out by Okumura et al. in 1984,
using lipase from Aspergillus niger and a range of diacids/
diols."® Since then, enzymatic polyester synthesis, dominated
by the use of immobilised Candida Antarctica Lipase B (CaLB),
has become abundant in the literature, and multiple extensive
reviews have been published on the topic.*”"*>*'®! Lipase-cata-
lysed polycondensation reactions are determined by the
monomer and can be classified into two types (Scheme 13).

In the case of aliphatic polyesters, a popular route to enzy-
matic step-growth polyester synthesis is to use activated esters
such as dimethyl or divinyl esters rather than diacids, with the
reaction proceeding via transesterification."®*%” In the case of
divinyl, the unstable enol leaving group is irreversibly tauto-
merized to acetaldehyde and evaporates, driving the equili-
brium towards the polymer product. Furthermore, evaporation
(either at ambient pressure or under vacuum) of volatile bypro-
ducts avoids the energy intensive removal of water/condensate
or the use of molecular sieves, normally adopted in case of
alcohol or water removal.* Whilst it is of concern that increas-
ing acetaldehyde concentration decreases enzyme efficiency, it
has been demonstrated that this effect on CalLB is limited, and
the lipase remains stable.'®®

This approach can be particularly useful in some cases, par-
ticularly when the corresponding diacid does not react at all or
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Fig. 7 Biomass derived diacid/diol/polyol monomers for use in step-grow
of 1,4 : 3,6-dianhydrohexitols represents 3 different possible stereocisomers.
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Scheme 13 Lipase synthesised polyesters formed by (a) polycondensation of dicarboxylic acids or their esters with a diol (AA-BB polycondensation)
and (b) self-polycondensation with oxyacids or their esters (AB polycondensation).

reacts sparingly when catalysed by an enzyme. For example,
the reaction of adipic acid with 1,4-butanediol catalysed by
Lipase P from P. fluorescens in isopropyl ether did not yield any
polymer (polybutylene adipate, PBA), yet PBA in moderate
yield was synthesised when the analogous activated ester,
divinyl adipate, was employed.'®® The diacid reaction was also
performed with CaLB in solvent (toluene) and in bulk and pro-
duced only short chain oligomers of PBA in both cases.'”°

Multiple research groups have proved that high molar mass
aliphatic polyesters can be achieved using activated ester
monomers in solution, without the need for vacuum, azeotro-
pic distillation or molecular sieves.'”"'”*

Several research groups have employed an enzymatic
approach when producing biodegradable, amphiphilic polyesters
bearing free secondary hydroxyl groups by using different acti-
vated diesters, polyol glycerol and catalysed by CalLB (N435) in
bulk and vary organic solvents."”"'’®> The chemo- and regio-
selectivity of the lipase towards primary alcohols supresses
branching through polymerisation occurring at the secondary
glyceryl hydroxyl.>® This avoids low yield of linear polymer,
tedious and unfavourable protection-deprotection via multi-step
chemical processes, and prevents unwanted crosslinking when
working with multifunctional reagents.’”® It has been reported
that less than 10% pendant branching was measured when poly-
glycerol adipate was synthesised at 50 °C in THF, starting from
DVA and glycerol (Scheme 14), whilst greater molar mass (M, =
32.5 kDa) and moderate dispersity (P) were also noted compared
to synthesis at higher temperatures.” The remaining secondary
hydroxy group can subsequently be modified to improve drug
encapsulation and polymer self-assembly for the production of
NPs for drug delivery applications.””*

Similarly, Russel et al. utilised N435 in the bulk polycon-
densation of divinyl adipate and 1,4 butanediol to produce
polybutylene succinate (PBS), at a similar weight percentage of
enzyme and the same temperature, yielding polymer with
molar mass M,, = 23.2 kDa.'”® Perin et al. studied the polycon-

o)

densation of glycerol and a small library of aliphatic dicar-
boxylic acids catalysed by CaLB Polyesters structurally similar
to glycerides, with different degree of branching, were pro-
duced.*®* These polyesters vary in amphiphilicity and physical
properties, ranging from hydrophilic and amorphous to hydro-
phobic and semicrystalline, depending on the diacid used.
Higher molar mass polyesters are obtained in bulk reactions
with longer diacids, such as sebacic and dodecanedioic acids,
compared to solution reactions with shorter diacids, like
adipic and suberic acids. The resulting polymer amphiphilicity
allows for self-assembly of nanoparticles. The same research
group has studied in detail the CaLB-catalysed polycondensa-
tion of glycerol and sebacic acid in polar solvents. It has been
demonstrated that the enzymatic process involves the for-
mation and consumption of glyceridic species and acyl
migration, which esterifies the secondary hydroxyl of glycerol.
Enzymatic esterification of primary hydroxyls occurs up to car-
boxylic acid conversions of 0.60-0.75, with acyl migration
becoming the rate-limiting step beyond this point. The hydro-
gen bonding accepting ability of solvents dictates the enzy-
matic catalysis rate, while polymer-solvent interaction governs
polymer chain growth, with acetonitrile and acetone showing
different effects on polymer properties.'®® The chemo- and
regio-selectivity of the lipase towards primary alcohols
supresses branching through polymerisation occurring at the
secondary glyceryl hydroxyl.>®

The examples above were chosen to demonstrate the regio-
and chemo-selective benefits of using lipase in aliphatic poly-
ester synthesis particularly with a trifunctional monomer.
Linear polymers can be produced whilst avoiding protection/
deprotection steps required for analogous organic methods.
The reader is directed to the following reviews for a holistic
overview of enzymatic polyester synthesis from bio-based
building blocks."*7®

4.1.1.1 The special case of polyhydroxyalkanoates. Although
this review primarily focuses on synthetic polymers, it is

THF, 50°C, 5hr 0
CalB (N435)

Scheme 14 Poly(glycerol adipate) synthesis from divinyl adipate (DVA)/Glycerol, catalysed by CaLB (Novozym 435).
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important to acknowledge the class of natural polyesters
known as polyhydroxyalkanoates (PHAs) in the context of enzy-
matically catalysed polymer synthesis.

PHAs represent the only known example in polymer chem-
istry where an enzyme has naturally evolved to catalyse direct
condensation polymerisation. These hydroxy fatty acid-based
polyesters serve as intracellular energy and carbon storage
materials in microorganisms and can be produced at scale via
bacterial fermentation."””

When isolated, PHAs exhibit material properties similar to con-
ventional petrochemical-derived plastics, but offer significant
advantages including tuneable degradation rates, intrinsic non-tox-
icity, biocompatibility, and derivation from renewable resources.
These features have driven their application in biomedical fields
such as drug delivery and tissue engineering, as well as in emer-
ging areas including agriculture and biofuel production.'””
However, their broader industrial adoption is constrained by high
production costs, largely due to energy- and material-intensive
downstream processing and isolation of PHAs from the intracellu-
lar matric, and may be done by such as solvent extraction, enzy-
matic or chemical digestion, and mechanical cell disruption, all of
which may pose challenges for efficient scale-up.'”®

Polyhydroxybutyrate (PHB) is the most commonly syn-
thesised PHA due to its simple monomer structure, ease of
microbial production, and the extensive availability of well-
characterised production strains.

In vivo PHB synthesis proceeds through different pathways
depending on the carbon source."® When starting from
glucose, the pathway involves its conversion into pyruvate, fol-
lowed by transformation into acetyl coenzyme A (acetyl-CoA),
from which PHB is synthesised in three enzymatic steps
(Fig. 8). Acetyl-CoA is a central metabolite present in all forms
of life and serves as a crucial precursor for the biosynthesis of
PHB, as well as other valuable compounds such as n-butanol,
isoprenoids, and fatty acids."”®
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Scaling up microbial synthesis of polyhydroxyalkanoates
(PHASs) offers a promising bioplastic alternative, but challenges
such as low yield, high production costs, and complex intra-
cellular regulation hinder industrial viability. Whilst the pro-
duction cost of conventional plastics is approximately $1250
USD per tonne, the cost of producing PHAs remains signifi-
cantly higher, ranging from $4000 to $15 000 per tonne.'®’

From a sustainability standpoint, the process is further con-
strained by the intensive use of energy and costly cofactors
(e.g., ATP, NAD(P)", CoA), as well as the requirement for
additional coenzymes and regeneration systems to maintain
metabolic balance.'*'®* While advances in strain engineering,
alternative substrates, and extraction methods have made pro-
gress, cell-free in vitro systems are emerging as a more control-
lable and potentially more sustainable approach by decoupling
PHA biosynthesis from microbial growth, reducing energy
demands, and enabling targeted cofactor recycling.'8*8

Alkotaini et al. have developed an innovative NADH regener-
ation method that bypasses competition with common food-
based carbon sources such as glucose and lactate. Their bioe-
lectrocatalytic strategy enables the reduction of NAD' to NADH
directly on a glassy carbon electrode, facilitating the in vitro
synthesis of PHB while eliminating the high costs associated
with glucose dehydrogenase and glucose.'®°

Another recent advancement involves the creation of an
in vitro synthetic enzymatic biosystem (ivSEBs) capable of pro-
ducing PHB from acetyl-CoA without requiring ATP, using
starch-derived maltodextrin as the sole substrate.'®> However,
although this method reduces ATP dependency, it necessitates
17 individual enzymes, which may present significant ener-
getic and practical challenges, potentially limiting its indus-
trial adoption in sectors currently dominated by petrochemical
polymers.

Whilst these advances are promising, further research is
needed to simplify and improve in vitro biosynthesis systems

Acetyl-CoA
A) B) Synthetass C) Acetyl-CoA Acetoacetyl-CoA
ATP i)
AMP 0 PhaA e Qq
mostl| :::::Iw;a )J\ ~CoA )j\/u\ ~CoA
R o CHy O ly pl g: H,;C S HyC S
+° +°/\/U\} CoA-SH ™ NAD(P)H
n
CoA Acetyl-CoA ™™ PHB
R = alkyl —_— PhaB
Polyhydroxyalkanoates Poly-(R)-3-hydroxybutyrate NAD(P)*
(PHAs) (PHB) iii)
Pyruvate (::H3 9 PhaC OH O
mostly prokaryotes, + A M CoA
some eukaryotic microalgae NADH + H* + CO, +O/\)q‘ HiC s”
NAD* n
PHB CoA-SH (R)-3-hydroxybutyryl-CoA
Pyruvate
dehydrogenase

Fig. 8

(A) Structures of general PHAs and PHB. (B) Acetyl-CoA generation from both acetyl-CoA synthetase and pyruvate dehydrogenase pathways.

ATP, adenosine triphosphate; AMP, adenosine monophosphate. (C) Biosynthetic pathway of PBH production from acetyl-CoA: (i) condensation of
two acetyl-CoA units into acetoacetyl-CoA via PhA (an acetyl-CoA acyltransferase), (ii) Acetoacetyl-CoA is reduced to (R)-3-hydroxybutybutyryl-CoA
via PhaB (an acetoacetyl-CoA reductase), through the oxidation of one equivalent of NADPH cofactor. (iii) PhC (a PHA synthase) irreversibly poly-

merises (R)-3-hydroxybutyryl-CoA molecules to form PHB, whilst releasing acetyl-CoA molecules.
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to make them more efficient and cost-effective for industrial
use. Expanding these approaches beyond PHB to other PHAs
with varied monomers could enhance material diversity and
application potential. Continued work on enzyme engineering,
cofactor recycling, and substrate optimization will be key to
driving industry adoption of sustainable bioplastics.

4.1.2 Aromatic polyesters. Similar routes have been taken
to synthesise polyesters containing aromatic moieties, as the
rigidity of aromatic units offers improved thermal and mechani-
cal properties. Aromatic polyesters such as PET are manufac-
tured on the tens of millions of tonnes scale annually.'® Whilst
such properties make these polymers desirable for applications
such as food/drink packaging, their extreme chemical stability
makes degradation and recycling challenging.'®”

A common way to incorporate an aromatic component is to
use an aromatic (rigid) diol with an aliphatic (flexible) diacid/
diester (or vice versa), a so called ‘hard/soft’ approach.
Furthermore, enzymatic aromatic polyester synthesis is typi-
cally performed in organic solvent rather than bulk polymeris-
ation that is often seen for aliphatic polyesters, as the higher
temperatures required to melt aromatic monomers is often
above the optimum temperature of the enzyme. However,
(semi)aromatic polyesters have recently been synthesised in
bulk using CaLB (N435) at 70 °C.%8

Uyama et al. combined the activated aromatic diester
divinyl isophalate and 1,6-hexanediol using a range of different
lipases of different origins."®® In toluene, CalB rendered a
polymer with the highest yield and molar mass (74%, M,, =
8.8 kDa), followed by lipases from M. meihei and P. fluorescens,
with yields of 40% and 30%, and molar mass of 3.1 kDa and
4.3 kDa, respectively.'®® As Cal.B was most successful, it was used
to catalyse the reaction of divinyl terephthalate in the same study
with a range of 1,n-alkanediols, of which 1,6-hexanediol was the
most successful, achieving a yield of 72% and molar mass of
2.9 kDa. Generally, polymers employing a high level of aromati-
city often have lower molar mass due to increasing hydrophobi-
city of the growing chain during synthesis, depending on the
solvent system employed. In this case, polymers containing
divinyl terephthalate generally had lower molecular mass than

o o}
o o

Divinyl Isophthalate Divinyl Terephthalate

Fig. 9 Structures of divinyl isophthalate and divinyl terephthalate.
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the isophthalate analogue (Fig. 9), as the solubility of the para-
substituted diester is lower.

Although the diol component can contain an aromatic
moiety, this study found it was a less successful route, with
only 1,4-benzenedimethanol reacting with divinyl sebacate in
the presence of CaLB, whilst dihyroxybenzenes, catechol,
resorcinol, and hydroquinone did not react.'®®

Pellis et al. performed a similar reaction, using the same
lipase with dimethyl sebacate in place of the divinyl analogue.
Reaction parameters and resultant polymer properties can be
seen in Table 2 below.

Notably, Pellis et al. achieved a higher molar mass despite
the liberation of methanol rather than acetaldehyde by using a
dimethyl rather than divinyl ester, which may be explained by
the employment of higher temperature and a vacuum to
promote evaporation of methanol and hence drive the equili-
brium towards the product. However, aromatic vinyl esters
have been found to suffer from long-term instability and have
still not yet been successfully commercialised, limiting their
implementation."®°

More recently, multiple groups (notably Loos & Pellis) have
had more success by using furan-based monomers as replace-
ments for the terephthalic acid (TA) component in aromatic
polyesters and, by doing so, through the less common route of
aromaticity in the diol, which is also catalysed by CaLB
(N435).19°7192 Furthermore, polymerisation of 2,5-furandicar-
boxylic acid (FDCA) monomers/derivatives via enzymatic cata-
lysis allows for lower reaction temperatures than chemical
methods (typically multi-stage polymerisation processes using
metal oxide catalysts, above 190 °C),'*® thus enhancing sus-
tainability through reduced energy consumption and prevent-
ing thermal decomposition of the monomer.***

In the same study as the dimethyl sebacate/1,4-benzene
dimethanol polymerisation, Pellis et al. studied the polycon-
densation of a range of aliphatic methyl esters with furan con-
taining diols 2,5-bis(hydroxymethyl)furan and 3,4-bis(hydroxy-
methyl)furan (2,5-BHMF & 3,4-BHMF, Scheme 15)."°° This
study built on earlier work by the Loos group, which had pre-
viously only utilised the 2,5-isomer.'°>

Lower polymer molar mass and recovered yield was
achieved with all diesters when 3,4-BHMF is used as the diol,
therefore CaLB may be more selective for the 2,5 substituted
furan. However, polyesters derived from 3,4-BHMF exhibited
higher thermal stability. The group of Loos expanded on this
further by introducing the furanic component within the
diester also, via bio-based dimethyl 2,5- (and 2,4)-furandicar-
boxylate (2,5- and 2,4-DMFDCA) and aliphatic diols ranging
from 6 to 12 methylene units in length (Scheme 15).

Table 2 Reaction parameters and polymer properties for the reaction of 1,4-benzene dimethanol and dimethyl/divinyl sebacate by Pellis et al.**°

and Uyama et al.*®°

References mmol monomer (monomer ratio)  Solvent CalB Vacuum  Temp. (°C)  Duration (h) M, (kDa) D
Pellis (2020) 8.0(1:1) Diphenyl ether ~ Immob.  Yes 85 48 31.1 4.6
Uyama (1999) 2.0 (1:1) Toluene Free No 75 90 10.5 —

This journal is © The Royal Society of Chemistry 2025
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Scheme 15 Enzymatic polycondensation using either furanic diols or methyl diesters, from the work of Pellis et al.**° and Silvianti et al.*°°

The effect of isomeric substitution was shown to influence
both the DP, crystallinity and architecture of the final poly-
mers, with CaLB preferentially polymerising the asymmetrical
2,4-DMFDCA isomer due to preferential steric interactions in
the enzymes active site. Contrastingly to the 2,5-isomer, the 2,4
diester showed less cyclic polymer species in the final product,
again due to monomer asymmetry. The work of the Loos
group demonstrated that switching from only an aliphatic diol
to a combination of aromatic/aliphatic diols can increase the
resulting polymer molar mass. We speculate that this is likely
due to more favourable interactions with the hydrophobic
pocket of the enzymes active site with the aromatic furanic
species. Additionally, it has been shown that 2,5-DMFDCA can
be polymerised with both aliphatic diols (methylene chain
length ranging from 8 to 12) and 2,5-BHMF using CaLB (N435)
in a range of biobased solvents, namely p-cymene, pinacolone
and p-limonene.'*® Among these, p-cymene yielded the most
favourable results in terms of polymer yield, molar mass, and
visual appearance of the resulting materials. This enhanced
performance is attributed to its relatively high logP value
(3.47), which likely reduces enzyme deactivation by limiting
solvent-enzyme interactions. Moreover, it is hypothesised that
the aromatic nature of certain solvents may play a protective
role by shielding the active site of CaLB from interactions with
aromatic repeat units in the polymer, thereby mitigating
product-enzyme interactions and potential polymer degra-
dation. Such advancements in the use of biobased solvents are
significant not only from a sustainability standpoint, but also
in contributing to a deeper understanding of how solvent
selection influences the physicochemical properties of the
resulting polymeric materials.

3018 | Polym. Chem., 2025, 16, 2997-3029

Alternatively, these reactions may be prepared in bulk,
however this often limits thermal and mechanical properties
of resulting linear aromatic polyesters due to their low molar
mass and melting points.'®*'®” Therefore, the work of the
Loos group has recently advanced previous work on Diels—
Alder chemistry of BHMF-based polyesters'®”'*® in order to
create covalent adaptable networks (CANs) with a biobased bis-
maleimide through [4 + 2] cycloaddition between the furan
and maleimide (Fig. 10). This approach facilitates the dynamic
breaking of covalent crosslinking bonds, thereby enabling the
recycling of polymeric materials. The use of enzymatic poly-
merisation with bio-based monomers in bulk, coupled with
reversible cross-linking, offers a promising pathway to produce
sustainable, biobased commodity plastics. this
approach could benefit from further optimisation, particularly
in terms of reducing reaction times and temperatures as well
as use of solvent for isolation and purification. An interested
reader is directed to the review of Annatelli et al. for further
insights into alternative furanic monomers for biobased
polyesters.'®’

In addition to solvent selection, an emerging green strategy
in enzymatic polyester synthesis involves the utilisation of
biomass-derived monomers, particularly those sourced from
lignin, to introduce aromatic units into the polyester back-
bone. Lignin, a complex and abundant aromatic biopolymer,
serves as a key structural component of plant cell walls and
represents a valuable renewable feedstock for the development
of functionalised polyesters.

Often through bioconversion by metabolically engineered
organisms, lignin can yield monomers 2,4-pyridinedicar-
boxylic acid/2,5-pyridinedicarboxylic acid, which are analogues

However,

This journal is © The Royal Society of Chemistry 2025
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(A) Enzymatic polymerisation of 1,5-BHMF with a range of aliphatic dimethyl esters in bulk. (B) Reaction (via solvent casting) of the BHMF-

based polyesters with a maleimide group. (C) Schematic overview of the thermoreversible Diels—Alder cross-linking of furanic polyester units with

the bismaleimide units. Reproduced from ref. 197, with permission from the

of terephthalate.>*>**" Pellis et al. successfully synthesised the
two pyridine diesters with a range of diols (1,4-butanediol, 1,6-
hexanediol and 1,8-octanediol) in both solventless and diphe-
nyl ether systems, catalysed by CaLB (Scheme 16).2°>

In this case, solution phase synthesis produced higher
molar mass polymers as the reaction media would solidify
during the bulk polymerisation process, as expected molar
mass increased with increasing length of the diol. The two pyr-
idine-based regioisomers generated polyesters with similar
molar mass and dispersity than their benzyl analogues,
suggesting their suitability as a replacement for terephthalate-
based polymers. Interestingly, thermal characterisation
showed that 2,4-pyridinedicarboxylic acid and analogous
diethyl isophthalate produced amorphous polymers whilst the

6 hr, 1000 mbar

American Chemical Society, copyright 2025.

2,5-derivatives were more crystalline, independent of the diol
used. Similarly to the examples in section 4.1.1, CaLB (N435)
has been employed in the synthesis of poly(cresyl adipate-
cohexyl adipate) (PCHA) to render a semi-aromatic polyester
with pendant hydroxy group remaining unreacted, which is
unattainable through traditional metal-based catalysis. The
molar mass of the resulting polymer was limited, achieving a
maximum of M, = 5.6 kDa, M,, = 2.7 kDa and P = 2.1.%%

4.2 Polyamides

There is a vast abundance of polyamides in industry, with the
polyamide market size valued at $32 bn in 2021,>** indicating
that there is a large market to which enzymatic synthesis of
polyamides could contribute. Lower prevalence in literature

l
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Scheme 16 Polycondensation of 2,4 (a) and 2,5-dipyridinecarboxylic acid (
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(compared to polyesters) may be attributed to the high melting
temperature (T,,) and the poor solubility of polyamides in
many organic solvents.'*® Similarly to polyesters, CaLB
appears to be the most prevalent enzyme employed in the less
reported enzymatic polyamide synthesis. Despite the vast array
of literature on the use of lipases such as CalLB for polyester
synthesis (section 4.1.2), fewer examples are present when it
comes to polyamides.*®®

4.2.1 Aliphatic polyamides. Aliphatic polyamides, com-
monly known as nylons, are typically synthesised through the
polycondensation of a diacid (or acyl chloride) and a diamine.
Conventional chemical synthesis of these polymers generally
requires an acid catalyst, with the diacid monomer often
serving this role. However, this process is energy-intensive,
requiring high temperatures and pressures, which presents
significant challenges from both sustainability and chemical
perspectives. These conditions can also lead to undesirable
side reactions, such as cyclisation, degradation, branching,
and gelation.?*® Enzymatic catalysis offers a potential solution
by enabling polymerisation under milder conditions. However,
several challenges persist, particularly the fact that even short
oligoamides exhibit high melting points, similar to those of
the final polyamides, limiting molar mass due to intermedi-
ates solidifying. Furthermore, polyamides often require
strongly acidic solvents for solubilisation, and the high temp-
eratures and acidic conditions necessary for polymerisation
may risk denaturing the enzymes involved in the catalysis.

Despite these obstacles, it has been shown that CalB
(N435) catalysed the polyamidation of diethyl sebacate and 1,8-
diaminooctane in diphenyl ether at a range of temperatures,
with highest conversion of 65% at 90-110 °C.*°® Even when
preheating N435 up to 150 °C prior to polymerisation, amide
bond conversion remained at 50%, proving the robustness of
the immobilised lipase at higher temperatures and therefore
its potential in high temperature polyamide synthesis.

In the case of nylon-6,6, in particular, there is much focus on
the monomers employed for polyamide synthesis, such as adipic
acid, 1,6 hexamethylenediamine (for nylon-6,6) and 6 aminoca-
proic acid (e-caprolactam precursor), rather than the synthesis
itself (established in the early 1930s by Carothers of DuPont).**
This is due to the fossil-based nature of the monomers which
has piqued interest in their biosynthetic (including enzymatic)
production from renewable carbon sources, and several biobased
polyamides are commercially available.'#62%7-200

Despite the lower prevalence in literature, polyamides have
been produced through enzymatic step-growth polymerisation;
Cheng et al. were the first to synthesise high molar mass ali-
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phatic polyamides from lipase, using a range of lipases, divinyl
esters and amine monomers.*'® Analogously to polyesters, self-
polycondensation to produce polyamides can also be produced
by A-B type monomers (@-aminocarboxylic acids), and CaLB has
also been successfully used in such polymerisation.*'®2!2

Since then, most investigation into the enzymatic synthesis
of polyamides has been performed by the Loos group, whilst
CalB remains the most popular enzyme used for such
synthesis,'4:149:159:192,205211 yawever, the group were the first
to synthesise polyamides through polycondensation using cuti-
nase from Fusarium solani pisi immobilised in two ways
(adsorption onto Lewatit, the same acrylic resin CaLB is
immobilised onto in N435, and as a cross-linked enzyme
aggregate, CLEA), with diethyl sebacate and a range of ali-
phatic diamines (Scheme 17).>"* Cutinases are hydrolases, the
same enzyme family as lipase, and contain the typical Ser-His-
Asp catalytic triad in their active site, therefore activity in poly-
merisation reactions can be expected to be very similar - a
comprehensive review of their activity in polymerisation com-
pared to CaLB was published by the Gardossi group.***

Highest conversion in the one-step polycondensation (no
second vacuum step) was shown by CLEA cutinase and demon-
strated the highest monomer conversion for both m = 4 and m
= 6 diamines of the three enzyme systems (Scheme 17). The
conversion was lowest for m = 2, demonstrating that both cuti-
nase and N435 possess higher activity towards longer chain
diamines, in agreement with previous literature.>'* Conversion
for m = 6 (diethyl sebacate) can be directly compared to pre-
vious work by the Landfester group,>® who noted higher
monomer conversions (>65%) with their one-step polymeris-
ation using N435 at 100 °C compared to any of the cutinase
systems performed at 70 °C, under the same reduced pressure
(100 mmHg), suggesting some temperature dependence on the
reaction kinetics independent of enzyme activity.

To further improve conversion, inspiration could be taken
from analogous polyester synthesis by using a vinyl ester (e.g.
divinyl sebacate) to produce volatile byproducts such as acet-
aldehyde and drive the equilibrium towards polymerisation,
eliminating the need for successive vacuum steps, prolonged
reaction times and use of molecular sieves.

Whilst enzymatic polycondensation of aliphatic polyamides
holds promise, it faces significant challenges in competing
with traditional chemical routes industrially. The use of acidic
monomers that inherently function as catalysts, combined
with the ability to conduct polymerisation in bulk, makes the
enzymatic approach less favourable from both a cost and sus-
tainability standpoint. This may also justify the limited body

lo) (o) iCutinase on Lewatit,

n /\OJ“(\J;U\O/\ +n HzN/\M,’“\NHz

CLEA cutinanase or N435

ov + n Ho\/

Toluene or diethyl ether

N N
~

8
o ol

Scheme 17 Nylon synthesis from diethyl sebacate and 1,4-butane diamine (m = 2), 1,6-hexanediamine (m = 4) and 1,8-diaminooctane (m = 6) from

Stavila et al.2*3
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of literature available in this space, as the economic and practi-
cal advantages of conventional methods remain dominant
here.

4.2.2 Aromatic polyamides. Whilst lipases such as CalB
have been somewhat popular in the synthesis of chiral aro-
matic amides, their use for polymerisation of such substrates
is limited.>> The synthesis of silicone aromatic polyamides
using N435 in 2010 appears to be the first example whereby
the aromatic unit is installed into the polymer backbone.*'®
Such limited literature may be characterised by the lack of
reactivity of aromatic monomers at the lower temperature
required for enzymatic catalysis.>'”

Following this, Loos et al. expanded on their earlier work by
using immobilised cutinase systems to the synthesis of ali-
phatic oligoamides using p-xylylenediamine and dimethyl tere-
phthalate as aromatic monomers, and diethyl sebacate (DES)
and 1,8-diaminooctane as aliphatic monomers (Scheme 18).>8

No amide bonds were formed between aromatic and ali-
phatic monomers with any enzyme system when using the
same conditions as the previous study.>'® Therefore, reaction
duration and temperature were increased; even with this
change, the best conversion for both 1 and 2 was with CalLB,
and previously well-performing immobilised cutinase only
achieved 18% and 3% conversion for the one-step synthesis of
1 and 2, respectively. However, CLEA cutinase did result in the
same or higher degree of polymerisation (DP) despite showing
lower monomer conversion. Synthesis 3 in Scheme 18 was oli-
gomeric, with the steric hindrance of the diamide product that
had already formed in the enzyme’s active site preventing
higher molar mass products.”*®

More recently, successful synthesis of furan-containing
semi-aromatic polyamides has been demonstrated, using 2,5-
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DMFCA and several heteroatom-containing aliphatic diamines
(Scheme 19).>*°

Whilst the polyphthalamides were successfully synthesised
by N435, the highest molar mass (M,,) achieved was 16.6 kDa,
and this was only in moderate yield (37%). Higher yields were
noted for DETA and EDDA, however such polymers were more
oligomeric in length. Highest catalytic activity was found
towards diamine monomers containing ether rather than
amine heteroatom linkages, and synthesis in bulk rather than
toluene was generally preferred.

More recent comparable work by Yang et al. involves using
2,5-DMFDCA and 1,10-diaminodecane in bulk using TBD (tria-
zabicyclodecene) rather than lipase, and achieved higher
molar mass polymers (M,, up to 66.1 kDa).**°

These cases demonstrate limited success in the use of
lipase for aromatic polyamide synthesis, as polymers syn-
thesised to date suffer from relatively low monomer conversion
and low molar mass. Similarly to analogous aromatic polyester
synthesis (section 4.1.2), the current literature presence for
enzymatically synthesised polyamides is limited to semi-aro-
matic (at least one aliphatic monomer), rather than fully aro-
matic polyamides (e.g. Kevlar), due to the necessity of employ-
ing a primary diol/diamine to enable catalysis by the lipase.

5. Chemoenzymatic methods

Modification and functionalisation of polymers using enzymes
is widely reported in the literature, however less so for syn-
thetic polymers than natural polymers, e.g. polysaccharides,
where lipases are commonly employed to graft onto cellulosic
hydroxy groups.??*! Modifying pendant groups on both
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Scheme 18 Mixed aliphatic/aromatic polyamides synthesised by both cutinase and lipase systems.?'®

This journal is © The Royal Society of Chemistry 2025

Polym. Chem., 2025, 16, 2997-3029 | 3021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5py00223k

Open Access Article. Published on 10 jun 2025. Downloaded on 1.2.2026. 18.37.58.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Polymer Chemistry

N435

Review
(o) o
R (o)
HgN’ .NHz + =~0 \ / o~
Heteroatom Diamine DMFDCA

Diamines

H,N /\/\o/\/\/o\/\/NHz
HaN A~ N~ NH2
H

H
HzN/\/\N/\/N\/\/NHZ
H

Toluene or bulk ~

FCDA-Based Heteroatom
Polyamides

DODA - 4.9-dioxa-1,12-dodecanediamine

DETA - diethylenetriamine

EDDA - 3,3-ethylenediiminopropylamine
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natural and synthetic polymers provides a means of accessing
different physicochemical properties, expanding the field of
polymer application.>” Post-polymerisation enzymatic modifi-
cation of synthetic polymers can be achieved by a variety of
enzyme classes and through a range of different routes, such as
end group modification, grafting onto the polymer backbone and
crosslinking/Michael addition of unsaturated polymers.*>****>?
The use of enzymes to aid in post polymerisation modification
(PPM) avoids unwanted side reactions that can occur from the
harsh conditions required for more classical chemo-modifi-
cation, such as isomerisation and crosslinking (when unde-
sired).”** Most literature exploring these methods employ a
chemo-enzymatic approach, using enzymes for polymer synthesis

EEEE—
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0 O

\o)l(\ﬁmu\o/
+

H 0/\(\OH

N3

HO (M oH

\/\/\f\ ’,'Ie\/oﬂ
o 2

222 For

and conventional chemistry for the modification step.
example, the work of Wu et al. demonstrated that N435-catalysed
synthesis of azido-functional polyesters, followed by subsequent
azide-alkyne click chemistry for the installation of alkene-end
functionalised PEG, to create acid-degradable amphiphilic graft
copolymers (Scheme 20).**

Additionally, alkene functionality on polymers provides vast
opportunity for modification and includes crosslinking
(thermo- and photo-), Michael additions (aza- and thio), epoxi-
dation and more. Pendant C=C bonds can also provide a
handle for functionalisation orthogonal to the polymer back-
bone - the use of itaconic acid as a diacid in lipase-catalysed
polyester synthesis is a popular bio-mass derived monomer for

O O O O
MO/\(\OMO
N, X y

: bophono

hydrophobic moiety
y

(]

hydrophilic moiety

Scheme 20 Azido-functionalised polyesters synthesised by N435 and PPM performed via azide—alkyne click chemistry, adapted from ref. 224, with

permission from the Royal Society of Chemistry.
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this approach due to its dual functionality, the C=C of which
has been used for cross linking or Michael addition of
pendant groups orthogonally.>?*2%°

This has also been achieved by the quantitative end-functio-
nalisation of PEG catalysed by N435 to install end-vinyl groups
that can later be utilised in further functionalisation and addi-

tive manufacturing.’*?

6. Considerations for enzymatic
polymerisation

From a sustainability perspective, future enzymatic polymeris-
ation processes must meet several criteria to be considered
genuinely “green”. These include (but are not limited to) the
use of renewable monomers, valorisation of waste materials,
employment of green or solvent-free media, low energy input,
reduced or eliminated isolation and purification steps,
efficient catalyst reuse, and the production of biodegradable
materials. In this review, we highlight representative examples
where enzymatic catalysis has been integrated with one or
more of these principles, with the aim of supporting the devel-
opment of more sustainable and efficient strategies in green
polymer synthesis.

Whilst enzymatic catalysis emerges as a particularly promis-
ing approach, its integration into polymer chemistry demands
careful evaluation of factors such as enzyme reusability, stabi-
lity over multiple cycles, loading, cost, and operational require-
ments. Assessing the sustainability of enzymatic processes
requires a holistic methodology that accounts for energy
efficiency, waste reduction, carbon footprint, and economic
viability. Whilst standardised metrics for enzyme-based green
chemistry are still in development, frameworks such as Life
Cycle Assessments (LCAs), ISO standards, and established
green chemistry metrics offer a robust basis for evaluation.

Therefore, future developments should focus on advancing
these aspects to more effectively harness enzymatic catalysis in
synthetic polymer production and to deepen our understand-
ing of its advantages over traditional catalytic methods.

Some key aspects regarding the down-stream processing of
enzymatically catalysed polymerisations, in particular enzyme
separation and reuse in multiple cycles, are discussed in sec-
tions 6.1 and 6.2.

6.1 Enzyme separation

Commercially available, isolated enzymes can be used in
either their free (homogenous) or immobilised (hetero-
geneous) forms. A key consideration is the separation of the
enzyme from the polymer product post-polymerisation, as well
as the retention of its catalytic activity for potential reuse. The
most common strategy is heterogeneous application—immobi-
lising the enzyme on a solid support (e.g., CaLB as N435)—
which facilitates removal via simple filtration. However, the
high viscosity of polymer products, particularly in bulk poly-
merisations, often necessitates the addition of solvent to aid

This journal is © The Royal Society of Chemistry 2025
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filtration, which is undesirable from a green chemistry
perspective.

In contrast, recovering free enzymes is more challenging
due to their similar molecular weight to the polymer chains,
making size-based separation methods—such as precipitation,
ultrafiltration, chromatography, or dialysis—less effective.
Some success has been reported using filtration over neutral
aluminium oxide.®® Whilst it may be tempting to argue that
residual enzymes, being chemically benign and present at low
concentrations, could be tolerated in the final material, this is
not universally applicable. In particular, metalloenzymes may
impart undesirable properties to the polymer, such as conduc-
tivity or toxicity, which are especially problematic in bio-
medical or electronic applications.

6.2 Enzyme reuse

Enzyme reuse is a critical factor in evaluating the sustainability
and economic viability of enzymatic polymerisation processes.
Again due to ease of separation, immobilised enzymes are
most easily reused - the work of Lentz et al. demonstrated no
loss in CalB’s reactivity over 10 reaction cycles in the eROP of
e-CL using HEMA (Fig. 11) (see section 3.2.1).">" Nasr et al.
also noted similar robustness of N435 upon successive poly-
merisation cycles of the PC between 1,6-hexanediol and
diethyl adipate.>*®

To the best of the authors knowledge, analogous studies
have not been completed for the reuse of free, homogenous
enzymes in polymerisation reactions, likely because of their
difficulty in separation and recovery. Although enzymes such
as HRP which are commercially available as lyophilised
powders have been immobilised and applied successfully in
the polymerisation of ethylene glycol dimethacrylate (EGDMA)
(HRP on Si wafers),>*” and phenol (HRP on calcium alginate
beads) although the latter showed more effective polymeris-

ation when free rather than immobilised.?*®
100
- 80
o
S 600 o ¢ 0 ®® 0o 0
14
2 a0
5
O 9 ® HEAA Conversion
¢-CL Conversion
O =T —r=T—T- T % T —1—]
0 5 10

Enzyme Cycle

Fig. 11 Mean percentage conversion of CL and HEAA after 5 h of reac-
tion (65 °C, 2-MeTHF, 10 wt% N435, ¢-CL concentration of 0.143 g
mL™Y) whilst recycling the N435 beads (experiments run in triplicate).
Adapted from ref. 121, with permission from the Royal Society of
Chemistry, copyright 2022.
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7. Outlook

The rapid evolution of enzymatic polymerisation is opening
new avenues for the design of sustainable materials. As out-
lined throughout this review, significant progress has been
made in developing greener processes by leveraging enzyme
selectivity, mild reaction conditions, and the potential for
renewable feedstock integration. However, to realise the full
potential of enzymatic polymerisation in industrial and high-
performance applications, further innovations in process
design, enzyme engineering, and system integration are
required. In this context, the comprehensive review by
Velasquez et al. provides an excellent overview of the broader
challenges associated with the implementation of biobased
and biodegradable polymers (BBPs) for a more sustainable
future.””® Building on this foundation, an emerging and par-
ticularly exciting area within the literature is the chemoenzy-
matic synthesis and modification of polymers, as highlighted
in sections 3.2 and 5 of this review. A promising extension of
this strategy lies in the fully enzymatic, multi-step synthesis of
complex macromolecules through biocatalytic pathways alone.

Over the past decade, systems biocatalysis—the in vitro
orchestration of enzyme cascades—has gained momentum in
polymer chemistry. These systems enable one-pot syntheses
without the need for intermediate purification, offering advan-
tages in efficiency and sustainability. For further insights,
readers are referred to recent reviews in this area.>*°?%** In
polymer production, this approach has been exemplified by
the work of the Bornscheuer group, which reported the enzy-
matic synthesis of (oligo)caprolactone from cyclohexanol using
a cascade of alcohol dehydrogenase (ADH), cyclohexanone
monooxygenase (CHMO), and lipase.?** Although this yielded
only low-molecular-weight products due to compatibility
issues among the enzymes under green conditions, sub-
sequent optimisation via a fed-batch process improved molar
mass—albeit still requiring extraction of an intermediate
(6-hydroxyhexanoic acid).>**

In a related development, a chemoenzymatic pathway
employing a three-step, lipase-mediated reaction from cyclo-
hexanone has been reported. This system utilized immobilized
Trichosporon laibacchii lipase to catalyse the in situ formation
of peracids, enabling Baeyer-Villiger oxidation to e-caprolac-
tone (e-CL), followed by enzymatic ring-opening polymeris-
ation (eROP) to polycaprolactone (PCL). This approach capita-
lized on the compatibility of reaction conditions and the cata-
lytic promiscuity of the enzyme, thereby reducing both the
financial and environmental costs of multistep chemical syn-
thesis while improving overall process efficiency.

A similar strategy—employing a single enzyme for succes-
sive or simultaneous steps—was demonstrated by Thompson
et al., who combined polycondensation (PC) and ROP mecha-
nisms using Candida antarctica lipase B (CaLB) to tailor the
thermal and mechanical properties of amorphous poly(gly-
cerol adipate)-based polymers for drug-loaded micro-
spheres.”®® A more intricate example was reported by Benea
et al., who synthesised novel polyesters and poly(ester amide)s

3024 | Polym. Chem., 2025, 16, 2997-3029

View Article Online

Polymer Chemistry

from fully bio-resourced monomers via sequential eROP/PC
steps, using a single enzyme, CaLB (N435). Architectural vari-
ations afforded by this approach enabled tuneable biodegrad-
ability and material performance.

The recent expansion of enzymatic polymerisation into poly
(ester amide) synthesis is of particular note. These hybrid
materials combine the desirable properties of polyamides
(mechanical strength, thermal stability, toughness, flexibility)
and polyesters (biodegradability, low glass transition tempera-
ture, non-toxicity), rendering them promising candidates for
biomedical, agricultural, and high-performance material appli-
cations. Their improved solubility, compared to polyamides
alone, further enhances their processability.>'”

Looking ahead, the development of both random and block
(ter)polymers via fully enzymatic, multi-step strategies rep-
resents a compelling avenue for future research. These
complex architectures could be tailored for specific end-uses
in medicine, cosmetics, or sustainable packaging. Using a
single, multifunctional enzyme and appropriately designed
monomers for multiple sequential steps—particularly when
the enzyme is immobilised and reused—may drastically
reduce reliance on diverse catalysts and simplify process logis-
tics. Further advancements in enzyme design, particularly de
novo design, could provide a route towards this, much like it
has for other serine hydrolase lipases similar to CaLB that
have been designed computationally.>*®

These advances collectively highlight the transformative
potential of enzyme-driven polymerisation strategies. Despite
challenges in enzyme compatibility, process integration, and
scalability, the convergence of chemoenzymatic and fully enzy-
matic techniques marks a significant step toward sustainable
polymer synthesis. As the field continues to evolve, enzyme-
enabled methodologies are poised to play a crucial role in
meeting the material demands of a greener future.
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