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Harnessing biocatalysis to achieve selective functional 
group interconversion of monomers
Madan R Gopal1,2 and Aditya M Kunjapur1,2

Polymeric materials are ubiquitous to modern life. However, 
reliance of petroleum for polymeric building blocks is not 
sustainable. The synthesis of macromolecules from recalcitrant 
polymer waste feedstocks, such as plastic waste and 
lignocellulosic biomass, presents an opportunity to bypass the 
use of petroleum-based feedstocks. However, the 
deconstruction and transformation of these alternative 
feedstocks remained limited until recently. Herein, we highlight 
examples of monomers liberated from the deconstruction of 
recalcitrant polymers, and more extensively, we showcase the 
state-of-the-art in biocatalytic technologies that are enabling 
synthesis of diverse upcycled monomeric starting materials for 
a wide variety of macromolecules. Overall, this review 
emphasizes the importance of functional group interconversion 
as a promising strategy by which biocatalysis can aid the 
diversification and upcycling of monomers.
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Introduction
Over the last decade, biocatalysis has increasingly per-
meated a wide range of industrial processes for small- 
molecule transformations, particularly in the pharmaceu-
tical industry [1,2]. As biocatalytic technology for industrial 
processes is maturing, and as new enzymes are continually 
discovered or engineered, opportunities to harness bioca-
talysis in other industries are emerging. The materials 
industry is one notable example, with a sharp rise in in-
terest enabled by the discovery and engineering of 

enzymes for plastic degradation [3] and chemical methods 
for breakdown and functionalization of lignocellulosic 
biomass (LCB) [4]. The ability to efficiently break down 
new classes of recalcitrant polymers creates myriad op-
portunities for innovation in the materials sector. Given 
that society will still rely on a wide range of materials, one 
attractive option is to harness biocatalysis for chemical 
recycling of waste polymers. When interpreted strictly, 
chemical recycling means the remaking of the identical 
virgin polymer from the same monomers [5]. Another 
option is to catabolize the deconstruction products of 
polymers toward central carbon metabolism. While this 
could vastly broaden the range of possible products to 
include any molecule that appears in metabolism as well 
as nonnatural targets of engineered biosynthetic pathways, 
this option often results in poorer atom economy and an 
imbalance between the market sizes of the plastic feed-
stock and the alternative product. A third option is to 
chemically upcycle recalcitrant polymers, where we in-
terpret ‘upcycling’ as achieving goals of either increasing 
product value, creating a greener path to form other ex-
isting polymer classes, or introducing recyclability by de-
sign [6–8]. The growing number of biocatalytic and 
chemical processes capable of deconstructing macro-
molecules foreshadow an increasing number of processes 
ripe for intensification. It is reasonable to anticipate that a 
larger number of macromolecular linkages will be broken, 
resulting in more distinct terminal chemical functional 
groups for biochemical pathway designers to imagine 
manipulating. Finally, the recent growth in biocatalysts 
that perform selective functional group interconversion 
(FGI) with broad substrate specificity means that more 
processes could be developed in which the starting mo-
lecules could be interchanged, a broad range of starting 
materials could be funneled toward common products, or 
selective transformations could be occurring within mixed 
waste streams. In this review, we provide an overview of 
recent works in support of these trends, and with a per-
spective on where the field may be headed.

An overview of deconstruction methods of 
recalcitrant materials to access monomer 
pools
Biocatalytic deconstruction of plastics that contain ester 
linkages has recently garnered much attention. The 
most commonly produced polyester plastic is poly-
ethylene terephthalate (PET). Established PET de-
construction products include terephthalic acid (TPA), 
mono-2-hydroxyethyl terephthalic acid (MHET), 
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bis-2-hydroxyethyl terephthalate (BHET), and ethylene 
glycol (EG). Numerous chemical and pyrolytic routes to 
break down PET have been reported. However, bioca-
talysis offers a uniquely green route to break down PET 
in aqueous conditions, neutral pH, and at mild tem-
peratures. Biocatalytic efforts to break down PET focus 
on cutinases [9,10] and PETases [11,12]. Both cutinase 
and PETase have served as launching points for en-
gineered variants with high activity and thermostability. 
The first commercialized enzymatic deconstruction 
process for PET was developed by Carbios using an 
engineered leaf branch compost cutinase (LCC) [13]. 
The most active LCC variants, named "ICCG" (LCC 
F243I/D238C/S283C/Y127G) and "WCCG" (LCC 
F243W/D238C/S283C/Y127G), both contained en-
gineered disulfide bonds and two binding pocket mu-
tations that resulted in nearly 90% depolymerization of 
amorphous PET at a low enzyme loading of 0.3 wt%. 
Meanwhile, other groups have continued to advance the 
engineering of PETases. Lu et al. used machine learning 
and rational design to engineer the most active PETase 
variant to date, dubbed FAST-PETase ("Functional, 
Active, Stable, and Tolerant PETase"). FAST-PETase 
showed high activity on pretreated PET substrates at 
50 °C [14]. Although engineered PET-hydrolyzing en-
zymes provide a sustainable avenue for deconstruction, a 
critical drawback is the need for thermal or mechanical 
pretreatment of real PET waste streams as low enzyme 
activity can be attributed to high substrate crystallinity 
(Figure 1a). To address this, Bell et al. utilized site sa-
turation mutagenesis and DNA shuffling to develop 
HotPETase, a thermostable PETase capable of hydro-
lyzing semicrystalline PET. Under optimal conditions, 
HotPETase liberated 6.07 mM of MHET + TPA in 5 h 
from semicrystalline PET (29.8% crystallinity) at an 
elevated temperature of 60 °C [15].

Deconstruction technologies of plastics that contain C–C 
bonds in their monomer linkages, such as polyethylene 
(PE) and polystyrene (PS), and C–N bonds such as 
polyurethanes (PUs) and polyamides (PAs), remain un-
derdeveloped. Unlike the hydrolyzable C–O bonds pre-
sent in PET, the macromolecular backbone of these 
plastics makes them especially recalcitrant to biological 
depolymerization processes [16]. The digestive tracts of 
several insect species that are capable of degrading PE 
and PS applying this technology to valorization efforts 
would require separation of deconstructed product from 
frass and a deeper characterization of the numerous che-
mical modifications [17,18]. Enzymatic deconstruction of 
PE by a PEase enzyme from wax worm saliva helps to 
introduce heteroatom content into the PE backbone via 
oxidation, which is generally the first step to biological 
deconstruction. The main deconstruction products from 
this enzymatic reaction are C10-C22 methyl ketone, se-
bacic acid, and 2,3-butanediol [19]. Currently, amidases 
and urethanases for breakdown of PAs and PUs remain 

underdeveloped, with only a few reports of enzymes that 
degrade nylons [20,21] or urethanes [22]. Accelerating 
enzyme discovery and improving catalytic screening of 
enzymes for plastics deconstruction remains an area of 
great interest and need.

Last, LCB is the most abundant polymer on earth and 
represents a largely untapped source feedstock material, 
especially for bio-based plastic alternatives that could 
contain aryl or heterocyclic repeating units (Figure 1b). 
LCB comprises lignin, an aromatic-rich cross-linked 
polymer network, and cellulose and hemicellulose, both 
of which are polysaccharides [23]. The monomer com-
ponents of LCB have garnered considerable attention as 
a drop-in replacement for petroleum-derived monomers. 
Deconstruction of cellulose to glucose and fructose fol-
lowed by acid-catalyzed dehydration has previously 
been used to produce the oxygenated heterocycle hy-
droxymethylfurfural (HMF) directly from corn stover 
[24]. Lignin on the other hand is the most difficult of the 
three types of LCB components to deconstruct. The 
recalcitrance of lignin is largely due to its degree of 
functionalization in the three primary aromatic mono-
lignol monomers, which form a highly crosslinked net-
work based on recalcitrant C-C and ether bonds. Lignin 
can be deconstructed by alkaline, acidic, thermal, re-
ductive, or oxidative routes to liberate a variety of sub-
stituted phenol, guaiacol, and syringol monomers that 
can be harnessed for downstream valorization [25,26].

The breadth of monomers that can be accessed from 
plastic waste and LCB is vast. While scalable biocatalytic 
deconstruction has proven economically feasible for 
PET, further development of technologies for C-C bond 
containing polymers is required. Application of the cor-
rect deconstruction strategy will allow monomers to be 
selectively liberated and applied toward the synthesis of 
value-added feedstocks for materials applications.

Biocatalytic valorization of monomers for 
value- and performance-enhanced materials
Deconstructed plastic wastes and LCB contain a mix of 
functional groups that, with the right green chemistry 
tools, can be functionalized into monomers that are 
difficult-to-access by conventional synthetic routes or 
into novel materials. In this section, we highlight ex-
amples of biocatalytic FGI to valorize monomers and 
create feedstock compounds, with the eventual goal of 
creating performance-enhanced materials [27]. Biocata-
lytic chemical transformations are growing in popularity 
since enzymes perform difficult chemistries in green 
solvents, mild reaction temperatures, and often exhibit 
high substrate specificity. Biocatalytic heteroatom 
transformations have been used extensively in the 
pharmaceutical and specialty chemical industries, but 
have yet to debut at large scale for materials applications. 
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The ability to engineer biocatalysts for high activity and 
substrate recognition, as well as the development of host 
organisms that can stabilize reaction intermediates, has 
positioned biocatalysis as an option not to be overlooked 
for monomer valorization.

Biocatalytic functional group interconversions of 
polyethylene terephthalate and mixed plastic waste 
monomers
FGI using biocatalysis is a growing area of interest to a 
broad range of disciplines for many purposes beyond 
macromolecule synthesis as well [28]. There is growing 
interest in functionalizing carboxylic acid precursors into 
value-added monomers due to their stability and abun-
dance as starting materials. However, in their protonated 
or anionic states, carboxylic acids are relatively 

unreactive, and require activation for downstream func-
tionalization. TPA and MHET, two products from PET 
deconstruction, are sterically unhindered carboxylic 
acids which makes them a prime target for FGI to higher 
value molecules. In the case of TPA, which is a di-
carboxylic acid, a route to functionalize both carboxylate 
groups can provide an avenue for repolymerization of the 
aromatic backbone into a different polymer class, such as 
one with C–N bonds, instead of the original C–O bond 
polyester (Figure 2a). Bayer et al. reported the bifunc-
tional reduction of TPA to its corresponding dialdehyde 
terephthalaldehyde (TPAL) using a single carboxylic 
acid reductase (CAR) from Mycobacterium marinum har-
bored in resting E. coli cells [29]. The activated aldehyde 
allows for multiple chemical and enzymatic routes to 
molecules such as amine, alcohols, hydroxynitriles, and 

Figure 1  

Current Opinion in Biotechnology

Deconstruction technologies driving the shift toward utilizing recalcitrant polymers as a source of monomers for materials synthesis. (a) Biological 
deconstruction of plastic waste into monomers or lower products. Resin Identification Codes (RIC): green indicates established recycling technologies 
and high-technology adoption, yellow indicates difficulty in sorting or processing, and red indicates potential opportunities for advancement. (b) LCB 
contains cellulose, a homopolymer of β-D-glucose, that can be processed into aromatic furans, while lignin, a heterogeneous aromatic-rich polymer, 
can be deconstructed into different phenolic monomers that are further functionalized for use in polymeric material. HPDE, high-density polyethylene; 
PVC, polyvinylchloride; LDPE, low-density polyethylene; PP, polypropylene. Figure created with Biorender.  
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Figure 2  
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Potential polymeric materials derived from value-added monomers. (a) Aryl and furanic diamines are highly desired for their use in rigid polymer 
networks, PAs, nonisocyanate polyurethanes, and polythioamides, a class of polymers with desirable optical and semiconducting properties. Polar 
furanic diamines can also induce hydrogen bonding within polymer networks, leading to materials with higher Tg. (b) Molecules containing multiple 
functional groups have great potential to be self-polymerized. pAMBA, an amine-containing carboxylic acid, can potentially be polymerized into a rigid 
aramid fiber that is similar in structure to Kevlar. (c) Funneling multiple deconstruction products can alleviate costly plastic separation. By engineering 
the central metabolism of P. putida, aromatic and aliphatic carboxylic acids can be funneled toward PHA or β-ketoadipate. β-ketoadipate is a 
performance-advantaged nylon precursor. (d) Grafting glycidyl functional groups onto biologically synthesized vanillylamine prepares it for 
subsequent use as a trifunctional epoxide monomer for use in thermoset polymers and as an epoxy cross-linker or in bio-based vitrimers.
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aldols [30]. To this end, the authors used a chemical 
route to perform aqueous-phase reductive amination of 
TPAL to a diamine, para-xylylenediamine (pXYL), via a 
hydroxylamine intermediate, resulting in 15% yield of 
the desired product (Scheme 1a).

Interconversion of dicarboxylic acids to diamines is of great 
interest for production of PAs and PUs [31,32]. Our lab 
published an in vitro enzyme cascade with purified en-
zymes in which the CAR from Segniliparus rotundus 

(srCAR) reduced TPA to TPAL [33]. Furthermore, bi-
functional transamination of TPAL by a single ω-transa-
minase (TA) from Chromobacterium violaceum (cvTA) 
resulted in stoichiometric pXYL yield from 10 mM TPAL 
loading. By optimizing the srCAR to cvTA ratio, and 
coupling srCAR to enzymatic nicotinamide adenine dinu-
cleotide phosphate (NADPH) and adenosine 5′-tripho-
sphate (ATP) regeneration, a one-pot reaction converted 
10 mM TPA to pXYL at 69% yield using only low mi-
cromolar enzyme concentrations. This cascade is modular 

Scheme 1  

Current Opinion in Biotechnology

Heteroatom transformations relevant for plastic and LCB valorization. (a) Fully enzymatic and chemoenzymatic functionalization of TPA, a diacid, into 
pXYL, a diamine, via the aldehyde intermediate TPAL. (b) Synthesis of an amine-containing carboxylic acid from MHET using an enzymatic reduction 
and transamination cascade. (c) Full oxidation of HMF to FDCA by HMFO for use as a drop-in replacement to TPA. (d) Partial reduction of HMF to DFF 
followed by enzymatic transamination to BAMF. (e) Synthesis of aryl amines from multifunctional lignin-derived phenols.  

Selective functional group interconversion Gopal and Kunjapur 5

www.sciencedirect.com Current Opinion in Biotechnology 2024, 86:103093



and accepts alternate PET deconstruction products such as 
MHET with no change to reaction conditions (Scheme 
1b). MHET undergoes reduction by srCAR and transa-
mination by cvTA to form monohydroxyethyl-para-ami-
nomethylbenzoic acid (MHE-pAMBA). With the addition 
of base, MHE-pAMBA is hydrolyzed to pAMBA at 70% 
yield, which can be used as a monomer for homopolymer 
synthesis, in PU resins, and as a pharmaceutical product 
and synthon (Figure 2b) [34].

For biocatalytic systems to be economically viable, fer-
mentation and processing costs must be kept low. This 
generally requires that enzymes are not used in purified 
form but rather are used in whole cells, and that cells are 
engineered to prevent competing reactions that often are 
catalyzed by promiscuous endogenous enzymes. In 
pursuit of this goal, Dickey et al. developed the E. coli 
RARE.Δ16 strain [35], based on the original E. coli 
RARE strain [36], as an enabling technology that takes 
advantage of translational knockouts to stabilize alde-
hydes in whole cells. This strain can stabilize TPAL for 
24 h, and, when RARE.Δ16 cells expressing cvTA are 
supplied with TPAL, the desired diamine product 
pXYL is formed with high selectivity.

Many plastic packaging materials contain a diverse array 
of mixed polymers that impart desirable characteristics 
such as low-oxygen permeability or high strength-to- 
weight ratio. However, separating layered plastics and 
mixed plastics is often impractical and technologies that 
address mixed plastics waste are few. Engineered meta-
bolic pathways in organisms such as Pseudomonas putida 
have been sought for their biotechnological potential in 
processing multiple plastics deconstruction products 
[37,38]. Several Pseudomonas strains process both TPA 
and EG into polyhydroxyalkanoates (PHA) [39,40]. The 
work of Bao et al. features a synthetic microbial consortia 
of engineered P. putida strains (Pp-T and Pp-E) to pro-
duce both muconic acid and PHAs when PET hydro-
lysates are supplied as the sole carbon source [41]. 
Tandem chemical deconstruction and biological upcy-
cling of a mixed waste stream of PET, HDPE, and PS 
was reported in 2022 using engineered P. putida strains for 
production of two distinct products, PHA or β-ketoadi-
pate (Figure 2c) [42]. β-ketoadipate represents a class of 
performance-advantaged dicarboxylate monomers that 
can be used in nylons and other PA applications 
[43], whereas PHA can be modified and further functio-
nalized for desired polymer properties [44].

Advances in PET and plastics deconstruction have 
ushered in the development of valorization technologies 
to utilize substrates to synthesize aldehydes, alcohols, 
and amines using in vitro enzyme cascades and whole- 
cell biocatalysts. However, oxidative PEases also show 
potential in forming long-chain carboxylic acids that 
could be a potential feedstock for biocatalytic synthesis 

of fatty diamines or diols [45] for application in polymers 
[46]. Historically, biocatalytic amine, alcohol, and het-
eroatom synthesis have been used in the fine chemistry 
and pharmaceutical industries. Harnessing biocatalytic 
heteroatom transformation for monomer synthesis opens 
multiple avenues to diverse classes of valorized polymers 
to meet growing demand for sustainable materials.

Valorization of hydroxymethylfurfural to valorized 
monomers through functional group interconversion
Complete biocatalytic oxidation of HMF to 2,5-fur-
andicarboxylic acid (FDCA) has garnered significant in-
terest (Scheme 1c). FDCA can serve as a drop-in 
replacement for TPA in PET to form poly(ethylene 
furanoate), a polyester with properties akin to PET [47]. 
Development of a single-enzyme system that can cata-
lyze sequential oxidations of the alcohol and aldehyde 
groups of HMF to carboxylic acids is desirable for de-
creasing process complexity and cost. Dijkman et al. 
reported a single, flavin adenine dinucleotide (FAD)- 
dependent HMF oxidase (HMFO) from Methylovorus sp. 
strain MP688 that yielded 95% yield of FDCA [48,49].

Partial oxidation of HMF to diformylfuran (DFF) also 
offers a compelling route for valorization (Scheme 1d). 
Dialdehydes are often synthetically difficult to synthesize 
due to the presence of a heterogeneous mix of chemical 
species of acids, aldehydes, and alcohol groups in the 
product stream [50]. Engineered galactose oxidases and 
whole-cell biocatalysts can provide robust conversion of 
HMF to DFF with yields approaching 95% in a variety of 
reaction conditions [51–53]. Of interest for materials 
synthesis is biocatalytic funneling of dialdehyde products 
to diamines, which allows for a sustainable route to va-
lorized monomers. Diamines are critical for synthesis of 
PAs, PUs, and polythioamide materials [54]. Dunbabin 
et al. showed that TAs readily accept DFF as a substrate 
to produce bis-aminomethylfuran (BAMF) at 70% yield 
[55]. The biotransformation of DFF to BAMF has also 
been studied in both batch and continuous flow with 
immobilized TAs, with stoichiometric yields of BAMF in 
the batch process [56].

Bifunctional biomass-derived monomers will play a 
crucial role in the next generation of sustainable poly-
mers. Chemical transformation of HMF to FDCA, DFF, 
and BAMF monomers highlights the versatility of bio-
catalytic heteroatom transformations to repurpose a 
single starting material into a diverse showcase of value- 
added starting materials driven by green synthesis 
techniques.

Functional group interconversions of lignin-derived 
monomers
The diversity in heteroatom content in lignin allows for 
synthesis of cross-linked thermosets with performance- 
enhanced properties (Figure 2d) [57,58]. One of the most- 
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studied biocatalytic FGIs of lignin-derived monomers is 
the transformation of vanillin and other methoxyphenol 
lignin derivatives into amines [59,60]. In 2021, Fu 
et al. developed a recombinant E. coli strain harboring a 
two-enzyme cascade to convert the lignin-derived 
monomers ferulic acid and vanillic acid to vanillylamine 
[61]. Ferulic acid was first converted to vanillin by het-
erologous expression of a feruloyl-CoA synthetase and an 
enoyl-CoA hydratase/aldolase from P. putida. Subsequent 
transamination of vanillin to vanillylamine was catalyzed 
by an ω-TA from C. violaceum. In the case of vanillic acid 
as the substrate, a CAR from S. rotundus was instead 
chosen to synthesize vanillin in vivo followed by transa-
mination to vanillylamine by the ω-TA. Vanillylamine 
synthesis in both whole-cell cascades resulted in high 
yields of the desired product at approximately 95% yield.

While this cascade creates a value-added thermoset 
monomer, the generalizability of a biocatalysis platform 
for synthesis of diverse amines from lignin was not fully 
explored. Nain et al. explored whole-cell and cell-free 
extract formats to produce vanillylamine, syringylamine, 
cinnamylamine, 4-hydroxy-3-methoxycinnamylamine, 
and 3-(4-hydroxy-3-methoxyphenyl)propylamine from 
biomass precursors (Scheme 1e) [62]. In both formats, 
the CAR and ω-TA cascade shows robust activity after 
multiple cycles in whole cells. Primary amine synthesis 
by enzymatic transamination often involves the genera-
tion or supplementation of reactive aldehyde species, 
which are readily detoxified to alcohols or carboxylic 
acids by endogenous enzymes in whole-cell contexts 
[63]. Similar to the work of Dickey et al., engineered E. 
coli containing knockouts of highly active endogenous 
oxidoreductases can also be a useful tool for ensuring 
substrate funneling to the desired products.

Conclusions and future perspectives
The works summarized here showcase the emerging 
opportunity for biocatalysis and biochemical pathway 
design strategies to expand further into the arena of 
producing monomers for macromolecule synthesis. 
Unlike classic metabolic engineering efforts that focused 
on production of monomers such as 1,4-butanediol, the 
latest wave of research has embraced waste polymer 
feedstocks and the development of precision transfor-
mation opportunities. Going forward, the field will benefit 
greatly from advances in four areas. First, for recently 
demonstrated transformation routes, it will be valuable to 
apply them to an increasingly wide range of substrates 
using engineered variants or homologs. This is especially 
important to achieve funneling of substrates that contain 
common functional group chemistries in mixed waste 
streams toward similar upcycled monomers. Second, for 
the deconstruction products that can currently be gener-
ated, it will be valuable to design routes toward more 
complex but useful functional group chemistries. Here, 

leveraging the respective strengths of biocatalysis and 
chemocatalysis to create hybrid and compatible routes 
could be especially promising. Third, the identification or 
engineering of enzymes that break down the plastic types 
that cannot yet be efficiently broken down, particularly 
those that install or reveal heteroatom chemistry in which 
enzymes can readily further manipulate, will be im-
mensely valuable. Finally, it is of utmost importance in 
this particular application area of biocatalysis that practi-
tioners collaborate with polymer scientists to actually 
create macromolecules from the targeted monomers. In 
doing so, both communities can discover whether bioca-
talytic transformations show promise for meeting the re-
quisite criteria for synthesis on an industrial scale and 
whether the resulting materials indeed exhibit perfor-
mance-advantaged properties.
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