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Abstract
The discovery that enzymes could function efficiently in
organic solvents revolutionized their use in industry but
represented a change from the natural “green” solvent, water,
to a host of environmentally undesirable solvents. Consider-
able effort is being devoted to making such processes greener
again. Bio-based solvents, derived from waste biomass,
possess the desirable attributes of traditional organic solvents
but are more conducive to a circular bio-based economy.
Although biocatalytic oxidations have only been tested in bio-
based ether solvents, there is considerable scope for
expanding this to include bio-based ester solvents. Alterna-
tively, both ionic liquids and deep eutectic solvents, with
tunable properties, are proving very interesting solvents for
biocatalytic oxidations. In particular, oxidative depolymeriza-
tion of lignin, catalyzed by laccases, has been extensively
investigated. Finally, designer amphiphiles can facilitate the
formation of micelles that act as hydrophobic nanoreactors for
performing biocatalytic oxidation processes while surrounded
by aqueous buffer as solvent.
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Introduction: biocatalysis in a changing
industrial economy
Biocatalysis is a sustainable technology [1] that we
expect to play an increasingly important role in the shift
from hydrocarbons to carbohydrates and carbon dioxide
as feedstocks in a bio-based circular economy [2]. Bio-
catalytic oxidations fall into two mechanistic categories:
www.sciencedirect.com C
dehydrogenation and oxyfunctionalization [3]. For
example, copper- and flavin-dependent alcohol and
amine oxidases catalyze the oxidative dehydrogenation
of alcohols and amines to aldehydes and ketones or
imines, respectively, using dioxygen as the terminal
oxidant (Figure 1) [4]. Alternatively, NAD(P)-
dependent alcohol and amine dehydrogenases can be
used in conjunction with cofactor regeneration with
dioxygen catalyzed by NAD(P)H oxidase [5]. Laccases
are copper-dependent oxidases that can use a molecule
of dioxygen to perform four single-electron transfers

from four substrate molecules to give the corresponding
radicals together with two molecules of water (Figure 1)
[6]. These enzymes are of particular interest in
connection with the oxidative depolymerization of lignin
[7,8]. In combination with mediators, such as the stable
radical, tetramethylpiperidinoxyl (TEMPO), they cata-
lyze the selective aerobic oxidation of alcohols [9].

Oxyfunctionalizations involving the insertion of an
oxygen atom in, for example, hydrocarbons, are cata-
lyzed by oxygenases via reductive activation of dioxygen

or by peroxygenases using hydrogen peroxide as a
reduced form of dioxygen. Flavin-dependent oxidases
and monooxygenases utilize enzyme-bound flavin
adenine nucleotide (FAD) as a hydride acceptor and
cofactor regeneration with dioxygen.
Biocatalysis in aqueous, organic, and
biphasic media
Enzymes function optimally in aqueous media, but the
limited solubility of most organic substrates in water is a
serious limitation. Hence, the demonstration, by
Klibanov and Zaks [10] in 1984, that lipases function
admirably in hydrophobic organic solvents at elevated
temperatures, marking the advent of non-aqueous
enzymology, led to the widespread application of en-
zymes in organic solvents and the adoption of bio-

catalysis as a mainstream synthetic tool with broad
industrial scope. The toxicity and/or flammability of
many organic solvents, in particular the formation of
explosive mixtures with dioxygen in the gas phase, is a
serious disadvantage when compared to aqueous re-
actions. In terms of oxidation reactions, in particular, the
low solubility of dioxygen in water (ca. 0.25 mM at
ambient temperature) [11] is a distinct disadvantage
compared to the solubility of oxygen in organic sol-
vents [12,13]. One approach to solving this problem is to
use water-miscible aprotic solvents, such as DMF and
urrent Opinion in Green and Sustainable Chemistry 2023, 39:100741

mailto:roger.sheldon@wits.ac.za
https://doi.org/10.1016/j.cogsc.2022.100741
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cogsc.2022.100741&domain=pdf
www.sciencedirect.com/science/journal/24522236
www.sciencedirect.com/science/journal/24522236


Figure 1

General scheme of different types of catalytic oxidation.

2 Oxidative biocatalysis
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DMSO. However, many of these solvents are currently
in disfavor owing to serious health and environmental
concerns.

Biocatalytic processes in water often involve product
separation by solvent extraction. Alternatively, product
isolation can be back integrated by performing the re-
action in an aqueouseorganic biphasic mixture and

using phase separation to separate the product and
recycle the aqueous phase containing the catalyst.
Bio-based solvents
In support of the shift to greener industrial processes,

there is a need to replace traditional organic solvents
with more environmentally benign organic solvents
while still maintaining their inherent advantages. Sol-
vents derived from (waste) biomass, so-called bio-based
solvents (Figure 2) [14], constitute a real alternative to
Figure 2

Examples of bio-based ethers and esters.

www.sciencedirect.com C
traditional solvents and are finding widespread applica-
tions in biocatalysis. When considering solvents for
biocatalytic oxidations, particularly those using molec-
ular oxygen, the choice is limited to relatively unreactive
and non-volatile organic solvents. Examples of bio-based
solvents that have been most widely used in bio-
transformations to date include the ethers cyclopentyl
methyl ether (CPME) [15] and 2-

methyltetrahydrofuran (2-MeTHF) [16]. Although
most of these examples relate to hydrolases, these two
solvents have been used in reactions catalyzed by oxi-
doreductases [17]. In one example, a combination of a
mono-oxygenase and alcohol dehydrogenase was used
for the preparation of g-butyrolactone from cyclo-
butanone using 5% CPME as co-solvent [18]. However,
it must be borne in mind that the use of bio-based
ethers such as 2-MeTHF and, to a lesser extent,
CPME as solvents for aerobic oxidations involves the
urrent Opinion in Green and Sustainable Chemistry 2023, 39:100741
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Figure 3

Examples of ionic liquids and deep eutectic solvents.

4 Oxidative biocatalysis
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risk of peroxide formation. For example, the extent of
peroxide formation in MeTHF was roughly the same as
that observed in THF [19]. In contrast, peroxide for-
mation in CPMEwas very low and comparable to methyl
tert-butyl ether (MTBE), which lacks reactive CeH
bonds, and much lower than with THF and di-
isopropyl ether (which was the worst)[20].

The undisputed suitability of esters (including lac-
tones) as solvents for oxidation reactions means that
although there are not yet examples in the literature, in
our opinion, it is only a matter of time before biocatalytic
oxidations are also carried out in bio-based esters, for
example, those shown in Figure 2. Indeed, g-valer-
olactone is particularly attractive since it has solvent
properties very similar to those of polar aprotic solvents,
such as DMF[21].

As has been stated before, the best solvent is no solvent

[22], and there are a number of examples of biocatalytic
oxidation reactions that have been carried out under neat
conditions. For example, immobilized recombinant un-
specific peroxygenase (UPO) from Agrocybe aegerita was
used in the oxidation of ethylbenzene [23] and a range of
styrene derivatives [24] under neat conditions using tert-
buyl hydroperoxide as oxidant. The use of neat reaction
conditions, although desirable from the perspective of
waste minimization, is probably limited in scope.
Neoteric solvents: ionic liquids and deep
eutectic solvents
The ongoing transition to carbon-neutral, bio-based
chemicals manufacture largely involves water-insoluble
polysaccharides, in particular, lignocellulose, as feed-
stocks and water-soluble mono- and di-saccharides
instead of hydrocarbons as basic chemicals. Hence,

biocompatible ionic liquids (ILs) [25,26] and deep
eutectic solvents (DESs) [27e29], based on their
tunable properties and accompanying advantages as
green reaction media, have been used extensively as
solvents in biocatalytic transformations (see Figure 3 for
structures). ILs are essentially salts that are liquid at
room temperature, and, depending on their structure,
they may be water miscible [24]. DESs, on the other
hand, are formed by gently heating and stirring a stoi-
chiometric mixture of a hydrogen bond acceptor (HBA),
usually a salt, and a hydrogen bond donor (HBD), in a

certain ratio, until a liquid is formed [30,31]. DESs are
generally hydrophilic and are not suitable for use where
aqueous biphasic conditions are required [25].

When considering alternative solvents, such as neoteric
solvents, for aerobic oxidations, an important factor is
the oxygen transfer rate (OTR) from the gaseous phase
to the liquid phase. The OTR of many DESs has been
tested and found to be considerably lower than that of
water. This could, however, be improved by the addition
www.sciencedirect.com C
of water or by increasing the temperature to reduce the
overall viscosity of the medium [32]. Similarly,
increasing the temperature of ILs resulted in a signifi-
cant increase in oxygen solubility and diffusivity[33].

Ionic liquids
Third-generation ILs, based on biocompatible cations
and anions, are derived from inexpensive, readily avail-
able, and renewable raw materials, including carbohy-
drates and amino acids (Figure 3). Certain examples of
these ILs are particularly suitable for use in aqueous

biphasic systems [34] and some show excellent
biocompatibility [35]. However, a significant disadvan-
tage of all quaternary ammonium ILs is that their syn-
thesis requires an atom-inefficient quaternization step.
Protic ILs (PILs), in contrast, with their simple and
atom-efficient synthesis, better biodegradability, and
lower toxicity, can overcome this problem. Moreover,
they have H-donating properties that stabilize enzymes,
and they are self-buffering [25]. One promising
approach to lignocellulose pretreatment involves the
use of enzymes and mixtures of water with inexpensive

PILs [36]. However, some simple, inexpensive ILs and
PILs are not biocompatible and hence not suitable for
further conversion after pretreatment. In order to
address this deficiency, zwitterionic liquids (ZILS) have
been developed that not only dissolve lignocellulose but
are also biocompatible, making them suitable for further
biocatalytic processing[37].

Laccase is proving to be an extremely important enzyme
in the economically viable oxidative bioconversion of the
intractable lignin component of lignocellulose, resulting

in depolymerization and the formation of useful mono-
mers [38]. Laccase substrates are extremely hydropho-
bic, and solubility in aqueous media is incomplete. It is
not surprising, therefore, that the highly modifiable ILs
and DESs have been tested as solvents in laccase-
catalyzed reactions. The activity of laccases in ILs was
found to be either suppressed or enhanced, depending
on the exact structure of the IL, but the outcome was
difficult to predict [39].

Deep eutectic solvents
Biocompatible DESs have also been investigated as
possible solvents for biomass pretreatment and further

conversion to fuels and chemicals. Results have proved to
be extremely promising, with laccase activity preserved
and even enhanced by certain DESs [27]. An interesting
example of a biocatalytic oxidation reaction where a
choline chloride-based DES was used as both co-solvent
(with buffer) and co-substrate was demonstrated by
Hollmann and Wang and co-workers [40]. The previously
discussed peroxygenase-catalyzed hydroxylation of
ethylbenzene and epoxidation of styrene derivatives was
performed successfully in a DES, in the presence of a
second enzyme, choline oxidase, that converted choline
urrent Opinion in Green and Sustainable Chemistry 2023, 39:100741
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Figure 4

Structures of surfactants.

6 Oxidative biocatalysis
into betaine using molecular oxygen and generating the
hydrogen peroxide required for the peroxygenase-
catalyzed reaction. Other biocatalytic oxidations investi-

gated in DESs include those catalyzed by alcohol dehy-
drogenase, horseradish peroxidase, and catalase[41].

If the components of a DES are natural products, such as
choline chloride as the HBA and a sugar, amino acid, or
alcohol as the HBD, they are referred to as natural deep
eutectic solvents (NADES). Both increased thermosta-
bility and enhanced conversions at higher substrate con-
centrations were observed for 5-hydroxymethylfurfural
oxidase (HMFO) in the presence of NADES containing
glucose or fructose [42]. Similarly, the kinetic resolution

of racemic 1-indanol by both wild-type and a thermo-
stable variant of HMFO with improved enantioselectiv-
ities was observed in 60%v/v carbohydrate-based NADES
as co-solvents and molecular oxygen as the primary
oxidant[43].
Micellar catalysis in aqueous media
Another approach to the use of enzymes in organic sol-
vents, dating back to the 1970s, involves the use of sur-
factants, such as sodium 1,2-bis(2-
ethylhexyloxycarhony1)-1eethane sulfonate (AOT)
(Figure 4), that form reverse micelles: nanosized aggre-
gations of surfactant molecules in which the lipophilic
chains are exposed to the hydrophobic organic solvent
[44]. The polar head groups are directed toward the
interior of the micelles forming a novel water-containing
nanoreactor in which the dissolution of the enzyme en-

ables aqueous biocatalysis in hydrocarbon solvents.

However, organic solvents are currently out of fashion,
and water is beautiful, so attention has shifted to the use
Current Opinion in Green and Sustainable Chemistry 2023, 39:100741
of oil-in-water micelles, in which the hydrophilic head
groups of a surfactant are in contact with the water
solvent, and the lipophilic tails form a microenviron-
ment that acts as a nanoreactor for performing bio-
catalysis with hydrophobic substrates. This concept was
taken to a new level of sophistication by Lipshutz and
co-workers, who developed designer amphiphiles, such
as the commercially available non-ionic TPGS-750-M

(Figure 4), that facilitate biocatalysis, for example,
with an alcohol dehydrogenase in a reduction mode [45]
in aqueous buffer at 2 wt% loading. An added benefit
was the overall increase in rate which was attributed to a
“reservoir effect” in which nanomicelles act as an
alternative “solvent” for the otherwise insoluble prod-
uct, thus mitigating enzyme inhibition resulting from
the accumulation of water-insoluble product at the
entrance to the active site. This portends a bright future
for micellar biocatalysis in aqueous media [46]. We note,
however, that product isolation generally involves

extraction with an organic solvent, but this could be an
environmentally attractive solvent.
Closing remarks
Hopefully, we have shown that there is potentially an

abundance of greener solvents available for use in bio-
catalytic oxidation processes. Bio-based ethers, such as
2-MeTHF and CPME, have already become well
established as highly suitable solvents for biocatalytic
reactions in general, and their potential for biocatalytic
oxidation reactions has been demonstrated. Bio-based
esters, such as diethyl carbonate, are potentially inter-
esting on the basis of their excellent oxidation stability,
and g-valerolactone is particularly attractive because of
its interesting solvent properties. The use of innovative
ILs and DESs that are both biocompatible and tunable
presents an opportunity for designing solvents with

exceptional properties through a judicial choice of the
different components. However, water is still the sol-
vent of choice and whether or not a solvent is water
miscible will be an important selection criterion. Alter-
natively, designer amphiphiles can induce the formation
of micelles that act as hydrophobic nanoreactors within
an overall aqueous environment. In short, there is much-
unexplored potential for designing greener solvents for
biocatalytic oxidation processes to address the need for
environmentally attractive bio-based chemicals manu-
facture in a circular economy.

In the words of E. F. Schumacher, “wisdom demands a
new orientation of science and technology toward the
organic, the gentle, the elegant and beautiful.”
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