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Abstract: Ionic liquids have unique chemical properties that have fascinated scientists in many
fields. The effects of adding ionic liquids to biocatalysts are many and varied. The uses of ionic
liquids in biocatalysis include improved separations and phase behaviour, reduction in toxicity, and
stabilization of protein structures. As the ionic liquid state of the art has progressed, concepts of what
can be achieved in biocatalysis using ionic liquids have evolved and more beneficial effects have
been discovered. In this review ionic liquids for whole-cell and isolated enzyme biocatalysis will be
discussed with an emphasis on the latest developments, and a look to the future.
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1. Introduction

Ionic liquids comprise solely of cations and anions. They are liquid under operating
conditions as they do not pack together as closely as conventional ionic compounds such
as sodium chloride. This can be rationalized due to the irregular shapes of the ions. Some
common classes of ion that have been applied to biocatalysis are given in Figure 1.

Examples of ions employed in ionic liquids used for biocatalysis include: Cations:
Alkyl imidazolium, e.g., 1,3-dimethylimidazolium [MMIM], 1-ethyl-3-methylimidazolium
[EMIM], 1-butyl-3-methyl-imidazolium [BMIM], 1,3-butylimidazolium [BBIM], 1-hexyl-3-
methyl-imidazolium [HMIM], 1-octyl-3-methyl-imidazolium [OMIM]; Alkyl pyridinium,
e.g., hexyl-pyridinium [HPYR]; Alkyl pyrrolidinium, e.g., 1-butyl-1-methylpyrrolidinium
[BMP], 1-hexyl-1-methylpyrrolidinium [HMP]; Alkylammonium, e.g., tetramethylammo-
nium [N1,1,1,1], triethylmethylammonium [N2,2,2,1], butyltrimethylammonium [N4,1,1,1],
trioctylmethylammonium [N8,8,8,1]; Alkyl phosphonium, e.g., Ethyl-tributyl phospho-
nium [P2,4,4,4], Trihexyltetradecylphosphonium [P6,6,6,14], Tritetradecylhexylphosphonium
[P14,14,14,6]; Cholinium [Ch] Anions: tetrafluoroborate [BF4]; hexafluorophosphate [PF6];
tri-fluoromethanesulfonate (OTf); bis[(trifluoromethyl)sulfonyl]amide [NTf2]; hydrogen
sulphate [HSO4]; alkyl sulphates (e.g., [EtSO4]); alkyl sulfonates (e.g., [C8SO3]); dihydrogen
phosphate (dhp) [H2PO4]; dialkyl phosphates (e.g., [Et2PO4]); alkyl phosphonates (e.g.,
[MeO(H)PO2]); bis(2,4,4-trimethylpentyl)phosphinate [Phosp]; acetate (OAc) [CH3COO-];
butyrate [CH3CH2CH2COO-]; amino acids (e.g., glutamate); thiocyanate [SCN]; chloride
[Cl]; bromide [Br]; iodide [I].

The presence of organic groups and heteroatoms within the ions gives rise to non-ionic
interactions such as hydrogen bonding and Van der Waals forces which help to determine
physical properties such as viscosity, hydrophilicity, and glass transition temperature.
Altering the groups within the ions enables chemists to vary these physical properties
systematically. In general, ionic liquids behave as polar non-volatile solvents with a wide
solvent range.
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Figure 1. Common ionic liquids (cations and anions) used in biocatalysis applications. 

The presence of organic groups and heteroatoms within the ions gives rise to non-
ionic interactions such as hydrogen bonding and Van der Waals forces which help to de-
termine physical properties such as viscosity, hydrophilicity, and glass transition temper-
ature. Altering the groups within the ions enables chemists to vary these physical proper-
ties systematically. In general, ionic liquids behave as polar non-volatile solvents with a 
wide solvent range. 

Biocatalysis is a rapidly expanding area of scientific research in academia and indus-
try. Interest has been driven by the many uses of enzymes, and the low environmental 
impact of biocatalysts and biocatalytic processes. Biocatalysts operate at low temperatures 
and catalyse reactions cleanly with high selectivity [1]. Some common types of enzymatic 
catalytic process in ionic liquids have been given in Figure 2. 

 
Figure 2. Reaction schemes of some common biocatalytic processes studied in ionic liquids. (A) Hy-
drolysis, (B) esterification, (C) transesterification, (D) kinetic resolution, and (E) oxidation. 

Applied biocatalysis can be divided into two disciplines (Figure 3). The first is whole-
cell biocatalysis. This class employs whole microorganisms such as bacteria and yeasts 
and is commonly applied to food processing and chemical synthesis, such as the synthesis 
of 1,3-propanediol by DuPont Tate & Lyle Bio Products. The second class is the use of 
isolated enzymes, whereby the catalytic protein has been removed from the cell, this is 
commonly applied within detergents and for fine chemical synthesis. Pure enzymes are 
usually used when high purity is desired with no side reactions, whole-cell compart-
ments, or metabolite cross-contamination. This method requires simpler technical 

Figure 1. Common ionic liquids (cations and anions) used in biocatalysis applications.

Biocatalysis is a rapidly expanding area of scientific research in academia and industry.
Interest has been driven by the many uses of enzymes, and the low environmental impact
of biocatalysts and biocatalytic processes. Biocatalysts operate at low temperatures and
catalyse reactions cleanly with high selectivity [1]. Some common types of enzymatic
catalytic process in ionic liquids have been given in Figure 2.
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(A) Hydrolysis, (B) esterification, (C) transesterification, (D) kinetic resolution, and (E) oxidation.

Applied biocatalysis can be divided into two disciplines (Figure 3). The first is whole-
cell biocatalysis. This class employs whole microorganisms such as bacteria and yeasts and
is commonly applied to food processing and chemical synthesis, such as the synthesis of
1,3-propanediol by DuPont Tate & Lyle Bio Products. The second class is the use of isolated
enzymes, whereby the catalytic protein has been removed from the cell, this is commonly
applied within detergents and for fine chemical synthesis. Pure enzymes are usually used
when high purity is desired with no side reactions, whole-cell compartments, or metabolite
cross-contamination. This method requires simpler technical equipment (often with no pH,
O2 control). Whole-cell biocatalysis is applied when lower production costs are desired
(the enzyme downstream processing cost is eliminated), when the addition of enzyme
cofactors or their recycling is required, or in case of cascade reactions (when more than one
enzyme is used).
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The application of ionic liquids within the two classes is very different, and they are
best considered separately.

2. Ionic Liquids and Whole-Cell Biocatalysis
2.1. Introduction to Whole-Cell Biocatalysis

In whole-cell biocatalysis, the reaction is performed by an enzyme as part of a microor-
ganism such as a bacterium or yeast. An enzyme operating within a whole-cell biocatalyst
is protected by the environment of the cell.

Compared to crude, purified, or immobilized isolated enzymes, this approach has
several important advantages. It is the cheapest method in terms of biocatalyst preparation,
especially due to the significant reduction of downstream processes [2]. If cofactors are
needed in redox reactions, such as oxidations, many whole-cell biocatalysts are able to pro-
vide and regenerate them, which significantly reduces the production cost [3]. Furthermore,
cell membranes can act as protection against harsh conditions resulting in increased en-
zymes stabilities [4]. Thanks to this, it is possible to apply various non-traditional reaction
environments such as micro-aqueous solvent systems [5] or reactions in ionic liquids [6].

Whole-cell biocatalysis has developed considerably over the last decades and has been
implemented in many industrial processes producing, for example, enantiopure chemicals.
Thus, currently 75% of the processes of industrially implemented redox biotransformations
use whole cells [7,8]. One example is the chemoenzymatic synthesis of (S)-rivastigmine—a
drug used to combat Alzheimer’s type dementia. Biocatalytic reduction of 3-acetylphenyl-
N-ethyl-N-methylcarbamate to the corresponding secondary alcohol was achieved by
whole cells of Lactobacillus reuteri DSM 20016. The biocatalytic step reached 90% yield, and
up to 98% ee purity. In addition, the process has the potential for large-scale production due
to the simple and cheap preparation of L. reuteri cells, easy-to-make subsequent chemical
steps, and the low environmental impact of the process [9]. Another example of the
application of whole-cell biocatalysis is the production of 1,3-propandiol, a monomer
used in the synthesis of polymers including polytrimethylene terephthalate. DuPont
and Genecor genetically modified the E. coli K12 strain to optimize production of 1,3-
propanediol from glucose. The final mutant strain was successfully applied in a DuPont
Tate and Lyle Bio products plant with a capacity of over 63,000 t per year. 1,3-propanediol
is prepared from glucose derived from a corn starch feed [10]. The overall process requires
a number of separation and purification steps in order to isolate the product from the
aqueous fermentation broth and by-products, but nevertheless the overall process has a
significantly lower carbon footprint than petrochemical routes.

The examples above illustrate the wide breadth of applications possible for modern
whole-cell biocatalysis, with successful chemical synthesis in industry going from large-
scale bulk chemicals down to the smaller scale pharmaceutical and fine chemicals. Whole-
cell biocatalysis has a particular advantage when cofactors are required for the reaction,
for example in some oxidations and reductions, or when the protein is particularly fragile
once removed from the cell.
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As summarized by Solano et al. in 2012, twenty compounds have been reported to
be produced by companies using whole-cell biocatalysts [11]. Whole cells are involved in
the preparation of drugs such as atorvastin, antitumoral agents and HIV endopeptidase
inhibitors, and the anti-asthma drug Montelukast.

It must be added that biotransformations with whole cells have several drawbacks,
which limit their application. One of the problems is the stability of the catalyst, which can
be negatively affected by substrate or product inhibition, high temperature, extreme pH, or
by organic solvents. Improvement can often be achieved by immobilizing the biocatalyst.
For example, immobilization within hydrogels e.g., polyvinyl alcohol (PVA) particles can
increase pH and temperature tolerance, and enable biocatalyst recyclability and recovery.
In addition, immobilization can increase the storage stability of the biocatalyst, allow the
application of a non-aqueous reaction medium, or enable the use of substrates that are
toxic to free cells [12,13]. Another disadvantage linked with whole-cell biocatalysis is the
formation of by-products by cell metabolism which may result in biocatalyst inhibition
or complicate the downstream processing of the final product. This could be overcome
by selective inactivation of cell metabolism, leaving only the essential pathway through
metabolic engineering [2,14]. Complications can also be caused by cell membranes and their
limited permeability. This can cause limitations in transport and greatly reduce enzymatic
efficiency. The most common solution is permeabilization of cells by specific detergents,
solvents, or heat shock [15]. More sophisticated methods, with lower cell stress, include
fluidity modification by membrane fatty acids modification and genetic engineering of
membrane transporters. Relocation of the target biocatalyst into the periplasm can also be
applied, increasing access of the substrate to the target enzyme, [4,16].

2.2. Ionic Liquids as Additives in Whole-Cell Biocatalytic Processes

An important factor limiting the application of whole-cell biocatalysis is low tolerance
to organic solvents. The highest biocatalytic activity is achieved in the natural environment,
and this is usually mimicked using aqueous based buffers. This approach limits the
use of many substrates and the synthesis of hydrophobic products due to poor water
solubility. One of the strategies to solve this problem is to create biphasic systems, where the
biocatalyst is in the aqueous phase and the substrate/product is in the organic phase [17].
However, it is often difficult to find a biocompatible solvent and the environmental toxicity
of organic reagents must be considered. A feasible alternative to organic solvents is
provided by ionic liquids [6] which are much safer to use than many organic solvents and
bring the possibility of designing a bespoke tailored solvent. An early attempt at organic
solvent replacement was reported by Lye and co-workers using an ionic liquid containing
the PF6 anion ([BMIM][PF6]) to confer hydrophobicity [18]. The attempt was successful,
and 1,3-dicyanobenzene was transformed into erythromycin-A by Rhodococcus R312 and
subsequently extracted. At this time the variety of ionic liquids available was limited.
[BMIM][PF6] would not be considered nowadays due to concern over the stability of the
perfluorinated anion.

To date, ILs have found applications in a variety of whole-cell biocatalytic processes.
ILs usually act as the non-aqueous phase in a two-phase system, allowing the biocatalyst to
remain in the water phase. Diffusion of compounds between the two phases is an important
parameter in order to reach sufficient process performance parameters such as conversion
and yield [19]. Despite the high biocompatibilies reported in many publications focused
on ILs in whole-cell biocatalysis, a certain degree of toxicity and biological activity may
be observed [20]. Therefore, the application of ILs in biocatalysis is usually a compromise
between two factors: (1) solvent properties that have a positive impact on the desired
chemical reaction/separation, and (2) toxic effects of solvents on cell metabolism [21].
Despite this, IL applications in multi-phase systems represent a significant improvement
of biocatalysis due to increases in substrate solubility, and often offer improvements in
product isolation. Low toxicity, recyclability, and the possibility to tune the solvent for the
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specific reaction could lead to the replacement of traditional organic solvents by ILs on the
industrial scale in the near future.

As an example, E. coli bacteria, with a wide range of confirmed applications, are able
to tolerate a large number of ILs, with low inhibition effects. Wood et al. in 2011 [22] tested
over ninety ILs, of which low toxicity was exhibited by imidazolium salts with short alkyl
chains when paired with alkyl sulphate anions. ILs with longer alkyl chains may penetrate
into the cell layer and disturb its structure.

2.3. Literature on the Effects of Ionic Liquids on Whole-Cell Biocatalysis

An extensive comparison of the toxicity of ionic liquids to different microorganisms
was reported in the review of Egorova and Ananikov in 2018 [19]. According to the data
reviewed, cholinium ILs and imidazolium ILs seemed to be the best options for whole-cell
biocatalysis. In addition, the effect of alkyl chains was confirmed. In the case of organism
resistance, the Penicillium genus showed the highest IL tolerance, whereas S. cerevisiae
manifested high sensitivity to most ILs. Cholinium ILs are of particular interest as this
cation is derived from a natural product and has the potential to overcome toxicity and
cost concerns.

Liu et al. demonstrated the application of hydrophobic phosphonium ionic liquids [23].
The C. butyricum bacterium, which can be used to produce 1,3-propanediol from glycerol,
was shown to tolerate ILs that can extract the target product. Although, IL [P6,6,6,14][C8SO3]
affected cell growth, production of 1,3-propenediol was shown to be unaffected or increased.
Maximal growth rates were more than 50% compared to the control, even in a fermentation
medium that was 1:1 aqueous: IL. The ionic liquid containing 1,3-propanediol was used
in subsequent homogeneous chemocatalyst promoted chemical reactions. The overall
final process represented a combined bio-chemo-catalysis of waste glycerol to valuable
products [24–26]. This phosphonium sulfonate IL was shown to have very low water
solubility and good biocompatibility, essential attributes for a second solvent in whole-
cell biocatalysis.

The preparations of many key pharmaceutical intermediates (often by recombinant
E. coli) were enhanced using different ILs, examples of which have been summarized
in published reviews [6,19,22]. Reports include IL-assisted enantioselective reduction
of ketones, biofuel production, oxidation, hydrolysis, transesterification, and nucleoside
acylation. The influence of ionic liquids on whole-cell biocatalysis was described in book
chapters [27,28]. Further examples of the application of ILs in whole-cell biocatalysis
reported between 2015 and 2021 are given in Table 1. This body of previous work confirms
the positive impact of ILs on whole-cell biocatalytic reactions.

In many cases, ILs not only serve to create a reaction medium and limit the toxic effect
of substrates/products, but also directly influence the reactions themselves by interacting
with the biocatalyst or other reaction intermediates. In the coming years, the gradual
implementation of these liquids into production processes can be expected. This will be
assisted by the increased number and variety of ionic liquids available. Recent efforts have
begun to concentrate on ionic liquids with lower environmental impact and comprising
simple bioderived ions such as cholinium and amino acids.
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Table 1. Examples of the application of ionic liquids within whole-cell biocatalytic reactions.

Reaction IL System MO Ref

Helicid + vinyl benzoate→
6′-O-benzoyl-helicid Acetone/[BMIM][PF6] (5%, v/v) Aspergillus oryzae [29]

o-chloromandelonitrile→
(R)-o-chloromandelic acid [BMIM][PF6]-based biphasic system Escherichia coli BL21 (DE3) nitrilase

mutant F189T/T132A [30]

caffeic acid + 2-phenyl ethanol→
caffeic acid phenethyl ester [EMIM][NTf2] Aspergillus niger EXF 4321 [31]

Phytosterols→
Androst-4-ene-3,17-dione 1% (v/v) [Ch][Asp] Mycobacterium sp. MB 3683 [32]

3,5-bis(trifluoromethyl) acetophenone
→

(R)-[3,5-bis(trifluoromethyl)phenyl]
ethanol

[N1,1,1,1][PF6] + distilled water
reaction system Trichoderma asperellum ZJPH0810 [33]

benzaldehyde + glucose→
(R)-phenylacetylcarbinol [BMIM][PF6]-based biphasic system Saccharomyces cerevisiae BY4741 [34]

(4-chlorophenyl)-(pyridin-2-yl)
methanone→

(S)-(4-chlorophenyl)-(pyridin-2-yl)
methanol

[EMIM][(MeO)HPO2] Cryptococcus sp. M9-3 [35]

Geraniol→ geranyl glucoside [HPYR][NTf2] Escherichia coli expressing VvGT14a [36]

(R)-carvone→
(2R,5R)-dihydrocarvone 20% (v/v) [HMP][NTf2] Escherichia coli overexpressing

ene-reductase [37]

N-ethyl-methyl-carbamic acid→
N-ethyl-methyl-carbamic

acid-3-[(1S)-hydroxy-ethyl]-phenyl
ester

[BMIM][BF4] Escherichia coli BL21 (DE3) [38]

3. Ionic Liquids and Isolated Enzymes

Many enzymes can be removed from the parent cell and used as purified or partly
purified proteins. When the protein responsible for enzyme activity is removed from
the cell, it is vulnerable to the chemical environment ‘on the outside’. This can lead to
poisoning, denaturing and unfolding of the protein, and ultimately a loss of activity. The
main application of ionic liquids to isolated enzyme biocatalysis is to assist the stabilization
of the protein; while performing this task, ionic liquids can also help to facilitate separations.

As ionic liquids have a number of highly variable properties, it does not serve scientists
well to form generalizations about the effects of ionic liquids upon proteins. A large variety
of enzymes and ionic liquids are available, thus offering many opportunities to manipulate
an enzyme-IL pair to maximize enzyme solubility and stability. General properties of ionic
liquids that render them potentially useful in isolated enzyme biocatalysis are low volatility,
high solvating ability, and relatively slow diffusion. Ionic liquids have been observed to
stabilize proteins in many studies. Useful information on enzyme stability and biocatalysis
in ionic liquid media can also be found in recent reviews [39–49].

Modern research into maximizing isolated enzyme solubility, stability, and activ-
ity in ILs can be approached in two ways (i) IL-based technologies which can include
manipulation of enzymes in neat IL, aqueous/hydrated ionic liquids and coating in ILs.
(ii) Enzyme-based technologies that include modifying the polarity (hydrophobicity, di-
electric constant) of the enzyme by covalent modification, and genetic manipulation by
site-directed mutagenesis of amino acids (Figure 4).
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3.1. Studying Enzymes in Ionic Liquids: Spectroscopic and Analytical Methods

Most of the enzyme structure-activity information available in the protein data bank
(www.rcsb.org accessed on 1 August 2021) or bioinformatics tools (www.expasy.org ac-
cessed on 1 August 2021) has been determined in aqueous media [50,51]. Enzyme structural
stability in neat organic solvents or aqueous/organic biphasic media is commonly mea-
sured by activity assay. The physical and chemical properties vary between ionic liquids
and can differ significantly from aqueous and common organic solvents, thus studying
enzyme’s structure–activity relationships in ionic liquids is a challenging and rewarding
research topic. In addition to assays of enzyme activity, there are several analytical methods
that can be used to glean information on enzymes in ionic liquids. However, the spectro-
scopic and analytical investigation of an enzyme’s biophysical and structural properties
in ionic liquids is largely hampered by relatively high viscosity and the low solubility of
biomolecules in common ionic liquid media. In addition, spectroscopic/analytical instru-
ments and data acquisition protocols are designed for aqueous and organic solvents, and
thus special procedures are required to study proteins in ionic liquids. Notwithstanding,
many research works have been carried out to decipher the structural properties of en-
zymes in ionic liquid media using conventional structural and bioanalytical tools. In this
section some exemplar studies have been highlighted that employ spectroscopic methods
to probe the ionic liquid–protein interaction. Many of the oldest and most established ionic
liquids, such as 1-alkyl-3-methylimidazolium halides, have well documented negative
effects on proteins. In later sections complementary enzyme–ionic liquid interactions will
be discussed.

X-ray crystallography has been employed to crystalize a lysozyme enzyme in the
presence of [BBIM][Cl] as an additive at different concentrations (0.1–0.4 mol/L) [52]. The
structural analysis suggested that the ionic liquid cation bound to the protein via two
tryptophan residues (W62 and W63) and one aspartate residue (D101) without changing
the enzyme conformation. In addition, the ionic liquid was able to crystalize lysozymes
from impure natural samples suggesting a separation and purification role.

Lysozyme was crystallized with 1.2 Å resolution in the presence of 1 mol% protic
ethylammonium nitrate (EAN) ionic liquid–water mixture [53]. The crystal structure
revealed that the nitrate (NO3) anions formed hydrogen bonds with the surface water
molecules and interacted with lysozyme’s surface residues of arginine (R14), histidine
(H15), aspartate (D18), serine (S24), glutamine (Q 121), and asparagine (N65, N74, N77)
without a significant change to the protein secondary structure.

Ionic liquid [BMIM][Cl] (5–20% v/v) was used to obtain crystal structures (1.2–1.9 Å)
of lipase A from Bacillus subtilis. Nordwald et al. suggested that, at 20% v/v, the ionic
liquid destabilized the enzyme by interacting with tyrosine (Y49) via a cation-π interaction,
and with glycine (G158) via a hydrophobic interaction [54]. Mutation to glutamic (E) acid
of Y49E and G158E reduced the interaction and stabilized the enzymes. This demonstrated

www.rcsb.org
www.expasy.org


Molecules 2021, 26, 4791 8 of 21

that enzyme surface charge modification could be an option for stabilizing enzymes in
ionic liquids.

High-resolution Magic Angle Spinning NMR (HR-MAS-NMR) spectroscopy has
been used to study the structure and conformation properties of model protein GB1 in
aqueous [BMIM][Br] [55]. The method was able to highlight protein–IL interactions at IL
concentrations ranging from 0.6–3.5 mM (10–60% v/v). [BMIM][Br] interacted strongly
with the α-helix of the protein. At 50% v/v the protein secondary structure remained almost
unchanged, however, both folded and unfolded protein structures were observed at 60%
v/v IL. The folding–unfolding event was reversible.

Human serum albumin (HSA) stability in imidazolium based ionic liquids with
chloride ions was found to depend on the alkyl chain length as studied by saturation-
transfer difference STD-NMR and 35Cl NMR spectroscopy [56]. The longer the chain length,
the stronger the hydrophobic interaction with the protein surface, leading to replacement of
the structural water, and resulting in structural instability. Modifying the imidazolium alkyl
chain by appending hydroxyl or methoxy groups stabilized HSA. 19F-NMR spectroscopy
was used to study the stability of a fluorine labelled KH1 domain and the N-terminal SH3
domain of drk (SH3) in [BMIM][Br] [57].

Circular dichroism (CD), fluorescence, infrared, and Raman spectroscopy are widely
used to probe enzyme secondary protein structure in ionic liquids. Circular dichroism
(CD) and molecular dynamics (MD) methods were used to study the inactivation of the
endocellulase 1 (E1) from Acidothermus cellulolyticus in 0–20% w/v [BMIM][Cl] [58]. The IL
interacted most significantly with the α-helix and this led to deactivation. This happened
in two steps; firstly, rapid reversible binding followed by slow irreversible deactivation.
Fluorescence and CD spectroscopic studies on the stability of proteolytic enzyme stem
bromelain from Ananas comosus in 0.01–1 M IL of 1-alkyl-3-methylimidazolium chlorides
suggested that the protein remained stable at low IL concentrations of 0.01–0.1 M. Higher
concentrations of IL destabilized the protein [59]. The protein stability was dependent
on the alkyl chain length. Higher alkyl chains interacted more strongly with the protein
and resulted in protein aggregation. The secondary structures of lysozyme, trypsin, β-
lactoglobulin, and α-amylase have been investigated in protic ILs by using infrared (IR)
spectroscopy [60].

A combined approach of using different spectroscopic techniques including circular
dichroism (CD), fluorescence, ultraviolet-visible (UV/Vis) and nuclear magnetic resonance
(NMR) spectroscopies, and small-angle X-ray scattering (SAXS) spectroscopy studies was
used to study Green Fluorescent protein in ILs of [BMP] and [BMIM] cations with [OAc-],
[Cl-], and [OTf-] anions. The data suggested that all the ILs screened reduced the thermal
stability and impacted the secondary and tertiary structures of the protein [61]. The anions
exerted more pronounced effects on the structure than the cations.

3.2. Enzyme Activity in Neat Ionic Liquids

Dissolving enzymes in neat ILs can be difficult, with dissolution taking days at
elevated temperatures of 30–60 ◦C [62–64]. The requirement for elevated temperatures
and long times suggests significant changes in inter- and intramolecular charge–charge
interactions are required.

Candida antarctica lipase B (CALB) was dissolved in neat hydrophilic ILs at 40 ◦C
over 24 h; however, the enzyme was found to be insoluble in a hydrophobic IL [62].
Despite being soluble in IL, CALB exhibited low activity in the transesterification of ethyl
butanoate with 1-butanol. The enzyme retained 26% activity in [N2,2,2,1][MeSO4], while in
[EMIM][EtSO4] and [BMIM][NO3] only 7% and 3% activity were observed, respectively.
The reduction in activity arose from the change in the enzyme secondary structure as a
result of strong hydrogen bonding of the anions with the protein. Interestingly, the enzyme
recovered from the [BMIM][NO3] IL retained 73% activity. This suggests that a lack of
hydration may have contributed towards the lower activity in the neat IL and the enzyme
refolded with hydration. This underlines an important principle, in order to preserve
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the natural structure and activity of the enzyme, the hydration of the protein must be
preserved. Consequently, ions that diffuse relatively quickly and displace water from
around the protein are not expected to support good enzyme activity.

Horse heart Cytochrome C (CytC) dissolved in neat IL [EMIM][EtSO4] exhibited three
times higher peroxidase activity than in aqueous phosphate buffer [63]. UV-Visible and CD
spectroscopy revealed that a possible distortion of the Fe-S(Met80) bond of the Fe-heme
group may have contributed towards the higher peroxidase activity. This suggests that neat
ILs can stabilize unusual enzyme conformations and bring about unprecedented activity.

Lysozyme was solubilized in neat [EMIM][EtSO4], [P2,4,4,4][Et2PO4] and [BMIM][SCN]
and shown to exhibit different stabilities in different ILs [64]. Lysozyme completely
unfolded in [BMIM][SCN], but retained secondary structure in [EMIM][EtSO4] and
[P2,4,4,4][Et2PO4] at room temperature. [P2,4,4,4][Et2PO4] afforded the enzyme good thermal
stability, while the enzyme in [EMIM][EtSO4] was susceptible to unfolding due to thermal
hydrolysis. The strong hydrogen bond acceptor ability of the SCN anion led to strong
interactions with the enzyme amide groups, resulting in a disrupted protein structure. The
[EMIM] cation is a strong hydrogen bond donor and can interact with the carboxyl groups
on the protein, whereas [P2,4,4,4] has no hydrogen bond donor ability.

The activity of Candida antarctica lipase B (CALB) in catalysing kinetic resolution of
(R,S)-1-(1-naphthyl)ethylamine in [HMIM][NTf2] was comparable to that in toluene [65].
Increasing the alkyl chain from hexyl to octyl and decyl decreased the activity.

Candida antarctica lipase B (CALB) catalysed the non-aqueous transesterification of
ethyl sorbate and 1-propanol and ring-opening polymerization (ROP) of ε-caprolactone in
ether functionalized ionic liquids of different cations of imidazolium, phosphonium, alkyl
ammonium, piperidinium, and pyridinium with [NTf2] [66]. Better transesterification and
ring polymerization activity were observed in [CH3OCH2CH2-Et3N][NTf2] (1, Figure 5)
and [CH3OCH2CH2-PBu3][NTf2] (2, Figure 5) ionic liquids respectively, compared to non-
ether functionalized and other ether functionalized ILs. Candida antarctica lipase B (CALB)
exhibited 2- and 1.5-times higher transesterification activity of ethyl sorbate and 1-propanol
in dual ether and tert-butanol functionalized ILs of imidazolium [CH3OCH2CH2-IM-
t-BuOH][NTf2] (3, Figure 5) and ammonium [CH3OCH2CH2-Me2N-t-BuOH][NTf2] (4,
Figure 5) respectively, compared to organic solvent t-BuOH [67].
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Figure 5. Representative examples (1–6) of functionalized ionic liquids for enzyme studies.

3.3. Enzymes in Aqueous/Ionic Liquid Mixtures

The solubility of proteins in neat ionic liquids can be poor. In addition, the high
viscosity of neat ionic liquids can reduce enzyme activity due to substrate mass transfer
limitations. Dissolution can be improved, and this challenge circumvented, by dissolving
the enzyme in hydrated or aqueous ionic liquid. Solvent mixtures vary from ionic liquids
diluted with water to aqueous buffers modified by the addition of small concentrations
of IL.

3.3.1. Enzymes in Aqueous/Ionic Liquid Mixtures with at Least 50% IL

In this section work is highlighted in which isolated enzymes have been utilized in
aqueous/ionic liquid mixtures in which the IL is predominant.
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Candida antarctica lipase B (CALB) in 2% aqueous [EMIM][NTf2] and [N4,1,1,1][NTf2]
exhibited 3.7- and 2.0-times higher activity in the esterification of butyl butyrate than in
hexane [68]. The authors postulated that these hydrophobic ILs formed a microenvironment
around the enzyme.

Cellobiose dehydrogenase (CDH) activity was compared in 20 and 35% aqueous
[Ch][dhp]. The enzyme was inactive for oxidation at 20% water, however, at 35%, the
enzyme oxidized cellobiose [69]. The difference in activity was attributed to the different
viscosities of the mixtures.

Concanavalin A (ConA) remained well folded, and retained its sugar binding ability
in 20% aqueous [Ch][dhp], while in [BMIM][BF4] or hydrated [EMIM][MeO(H)PO2], the
enzyme lost both structure and sugar binding ability [70]. IL component ions and the
degree of hydration influenced the solubility and stability of the enzymes. Increasing the
water content decreased the stability.

Epidermal growth factor receptor monoclonal antibody (EGFR mAb) remained struc-
turally stable and showed better protection against protease degradation in 50% hydrated
[Ch][dhp] IL compared to EGFR mAb in PBS buffer [71]. Higher IL concentrations gave
better stability and antigen binding but resulted in higher aggregation.

Lipase was dissolved in hydroxyl-functionalized pyrrolidinium based IL (5, Figure 5)
and applied to transesterification of soybean oil and methanol for biodiesel production in
28.6% aqueous IL [72]. The enzyme was easily separable from the IL simply by water and
acetone wash; however, the recovered enzyme lost some activity.

The enzyme Cytochrome C (CytC) retained its structure and catalytic activity in
choline based IL (6, Figure 5) [73]. In 50% aqueous IL 6, the enzyme exhibited 50-times
higher activity for 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) oxidation
in the presence of H2O2 compared to the enzyme in aqueous buffer. This good result
highlights the potential of cholinium ionic liquids in isolated enzyme biocatalysis.

Horse heart Cytochrome C (CytC) exhibited 5 times higher peroxidase activity for gua-
iacol oxidation to tetraguaiacol in ionic liquid microemulsions containing biamphiphilic IL
1-hexyl-3-methylimidazolium dioctylsulfossuccinate [HMIM][AOT] (65% w/w), hydropho-
bic [EMIM][NTf2] (29% w/w), and buffer (6% w/w) [74]. The enzyme showed better storage
stability in the microemulsion for 10 days compared to the buffer.

Apart from solubilizing, stabilizing, and enhancing enzyme activity, hydrated/aqueous
ILs can play a role in enzyme refolding and thermal stability.

Horse heart Cytochrome C (CytC) was dissolved in 20% aqueous [BMP][dhp] and
[Ch][dhp], and the enzyme was found to exhibit enhanced thermal stability up to
110–130 ◦C [75]. The water content was found to play a significant role in the thermal
stability. Increasing the water content to 80% drastically decreased the CytC thermal
stability, and the denaturation temperature was found to be 77 and 62 ◦C, respectively;
temperatures comparable to the denaturation temperature in water. At higher water con-
tent, the IL behaved as a solute and the individual cations and anions could diffuse rapidly
and interacted freely with the enzyme, resulting in enzyme inactivation.

Lysozymes and recombinant human interleukin-2 were dissolved in various concen-
trations of 20–50% hydrated [Ch][dhp]. Increasing the IL content provided better thermal
stability. Heating the IL-enzyme above the enzyme melting temperature (Tm) and subse-
quent cooling, resulted in protein misfolding and aggregation. At an IL concentration of
80%, the solubility decreased and protein aggregation was observed [76].

3.3.2. Enzymes in Aqueous/Ionic Liquid Mixtures with Less than 50% IL

In this section work is described in which enzyme activity was supported in an
aqueous phase modified by an ionic liquid.

Baeyer–Villiger monooxygenase performed benzyl ketone oxidation in aqueous buffer
doped with miscible and non-miscible ionic liquids [77]. The ionic liquids with [PF6] anions
appeared to be best systems, employing [BMP][PF6] at 30% IL led to >99% conversion to
product in 2 h. No conversion was observed for [BMIM][MeSO4] at 30% IL but at 10%
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IL > 99% product formed at 4 h. [PF6] ionic liquids tend to be more organic soluble than
water soluble and the successful ILs increased the substrate concentration in the reaction
medium. This IL is not recommended for further use due to concerns over the stability of
the [PF6] anion.

Immobilized lipase from Candida antarctica (Novozyme 435) exhibited an increase in
glyceride hydrolysis in 30% alkyl imidazolium ILs of different anions [78]. The ILs with the
hydrophobic anion [NTf2] and longer alkyl chains on the cation lead to increased activity.

The ability of lipase from Burkholderia cepacia to catalyse olive oil hydrolysis was mea-
sured in aqueous buffer mixed with phosphonium ILs (0.011–0.055 mol/L) with different
anions [79]. Enhanced relative activities of 144 and 162 were observed in [P6,6,6,14][Phosp]
and [P6,6,6,14][NTf2] at 0.055 mol/L concentration. These phosphonium ions confer signifi-
cant hydrophobicity. Increasing the alkyl chain length decreased the activity observed for
the phosphonium IL containing the chloride ion. Hydrophobic phosphonium ILs appear
to be very promising additives for reactions involving greasy, more organic, substrates.

At elevated temperatures of 30–45 ◦C urate oxidase exhibited better activity in the
oxidation of uric acid to allantoin in aqueous buffer containing 1% v/v triethanolammonium
butyrate [TEAB], compared to ionic liquid-free conditions [80]. However, the activity
decreased with increased ionic liquid content.

Human serum albumin (HSA) remained stable and folded in the presence of [Ch][dhp]
and choline bitartrate [Ch][Bit] at 50 mg/mL IL concentration [81]. In addition, the ILs
protected and refolded the protein from denaturant dextran.

Enzyme catalysed processes have also been operated in a mixture of ionic liquids and
organic solvents. Lipase from Geobacillus thermocatenolatus performed high temperature
(120 ◦C) enantioselective hydrolysis of racemic 2-(butyryloxy)-2-phenylacetic to mandelic
acid in ethanol/[BMIM][BF4] and ethanol/[EMIM][BF4] [82]. In ethanol/[BMIM][BF4] only
(R-) mendelic acid was formed at 12 h, however, changing the IL mixture to
ethanol/[EMIM][BF4] led to (S-) madelic acid formation after 2.5 h. Lipase- Novozym
435 exhibited higher esterification activity of esculin (a natural phenolic glycosides) with
palmitic acid in binary organic-ionic liquid media then the individual ionic liquid and
organic solvents [83]. In the 1:1 binary mixture of trioctylmethylammonium bis(tri-
fluoromethylsulfonyl) amide [TOMA][NTf2] and hexane, 92% conversion was observed
at 60 ◦C at 96 h, whereas the conversion was 44% and 30% in [TOMA][NTf2] and hex-
ane, respectively. In addition, the catalytic turnover number and efficiency in the binary
[TOMA][NTf2]-hexane were 6.3 and 55 times higher than that of the catalytic performance
in neat n-butanol.

3.4. Coating Enzymes with Ionic Liquids

The coating of an isolated enzyme in an ionic liquid has proven to be a very efficient
method to support enzyme activity and increase stability and recyclability. The enzyme
can be pure or immobilized. The enhancements in stability can be remarkable.

Kim et al. first reported the coating of lipase from Pseudomonas cepacia in 1-(3′-
phenylpropyl)-3-methylimidazolium) hexafluorophosphate [PPMIM][PF6] (7, Figure 6) for
the transesterification of secondary alcohols in toluene at 25 ◦C [84]. This ionic liquid melts
at 53 ◦C. The enzyme was coated by adding it as a powder to the IL in liquid form and
mixing to prepare a homogeneous solution, before allowing it to solidify at room tempera-
ture. The IL coated enzymes were active and showed 1.5–2 times higher enantioselectivity
compared to the native enzymes. In addition, the ionic liquid enzymes were recycled for
six times maintaining 93% of activity of the native enzyme at the sixth run.
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Itoh and co-workers have coated lipase from Pseudomonas cepacia within a surfactant
containing imidazolium based ionic liquid [85,86]. The ionic liquid (8, Figure 6) coated
lyophilized enzyme was used to catalyse the transesterification of 1-phenylethanol and
vinyl acetate in diisopropyl ether, achieving 49% conversion in 2 h, compared to 15%
conversion in 26 h for the free enzyme. The enhancement in the rate of transesterification
was dependent on the substrate type, a 1100 times rate acceleration was observed for
1-(Naphthalen-2-yl)propanol with vinyl acetate in diisopropyl ether at 35 ◦C, whereas a
500 times rate acceleration was observed for 1-(Naphthalen-1-yl)ethanol. In addition, the
ionic liquid coated enzyme was stable and retained full activity after storage in hexane
for a week at room temperature, whereas the free enzyme lost activity completely. The
immobilized enzyme was recycled for five times in the transesterification of 4-phenyl-3-
butene-2-ol with vinyl acetate. The lyophilization and ionic liquid content were found to
be critical for enzyme activity.

Itoh and co-workers entrapped lipase from Burkholderia cepacia in 1-butyl-3-methyl-
1,2,3-triazolium cetyl-PEG10 sulphate ionic liquid (9, Figure 6) and investigated the transes-
terification of secondary alcohols [87,88]. The system was highly robust and the stabilized
9 coated enzyme in [N2,2,1,MEM][NTf2] ionic liquid (10, Figure 6) was stored for 2 years,
with complete retention of activity. Alkyl-ether functionalized alkyl-phosphonium IL
(11, Figure 6) was used as a solvent for IL 9 coated lipase mediated transesterification of
secondary alcohols [89]. The IL 11 was recyclable and was reusable for more than 10 years.

3.5. Protein Modification to Manipulate Solubility in Ionic Liquids

In the protein modification approach, the surface charges of the protein are modified
to render them more soluble in the IL. Protein charge modification can be achieved by
covalently bonding charged or neutral molecules. The hydrophilicity/hydrophobicity of
the groups attached is also an important variable. The structures of some modifying groups
are given in Figure 7. As an alternative to covalent modification, genetic manipulation by
site-directed mutagenesis can also modify the protein surface.
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Bekhouche et al. covalently modified lysine residues of formate dehydrogenase
from Candida boidinii with carbonyldiimidazole activated ionic liquid cations cholinium
(12, Figure 7), hydroxyethyl-methylimidazolium (13, Figure 7), and hydroxy-propyl-
methylimidazolium (14, Figure 7) to increase enzyme solubility and prevent aggregation
in high concentrations of [MMIM][Me2PO4] [90]. The modified enzyme retained 33–43%
activity in the reduction of NAD+ to NADH using sodium formate as ion source in 70%
(v/v) [MMIM][Me2PO4], at the same conditions the unmodified enzyme was inactive.
The activity depended on the ionic liquid concentration, increasing the IL concentration
decreased the activity observed.

Capping the protein surface by acetylation using 15 (Figure 7) or succinylation em-
ploying 16 (Figure 7) lowers the positive to negative surface charge ratio. This was applied
to chymotrypsin and lipase in order to stabilize these enzymes in aqueous 10% (v/v)
[BMIM][Cl] [91,92]. The activity and stability were found to decrease with increasing
IL concentration.

Brogan et al. employed 17 and 18 (Figure 7) to modify myoglobin and solubilize it in
neat anhydrous [BMP][OTf] and [BMP][NTf2] [93]. The α-helical content of the modified
myoglobin was 69% in [BMP][OTf], compared to 72% for aqueous native myoglobin. A
larger drop in helix content was observed in [BMP][NTf2] (61%). The β-sheet content of
the modified protein increased to 6% and 8% respectively, compared to 1% in the aqueous
protein. Enhanced thermal stability was observed for the modified enzyme in both the
ILs. 17 and 18 were subsequently used to modify Glucosidase (Glu). The modified protein
exhibited 30 times higher hydrolysis activity converting cellobiose to glucose at 110 ◦C in
[EMIM][EtSO4] compared with the activity at 50 ◦C [94].

18 and 19 (Figure 7) were used to modify α-Chymotrypsin. The modification enhanced
the solubility of the enzyme in neat protic and neat aprotic ionic liquids (N-methyl-2-
pyrrolidonium trifluoromethanesulfonate; [NMP][OTf]), or (1-methyl-3-(4-sulfobutyl)-1H-
imidazol-3-ium trifluoromethanesulfonate; [HO3S(CH2)4MIM][OTf]) respectively and re-
tained a similar β-sheet structure to the native protein in aqueous solution. The unmodified
enzyme was insoluble in the ILs [95].

Poly(4-acryloylmorpholine) (PAcMO) (20, Figure 7) modified lipase A from Bacillus
subtilis was soluble in [BMIM][PF6] and exhibited high activity in the transesterifica-
tion of para-Nitrophenyl butyrate (pNPB) with ethanol [96]. The solubility and activity
increased with increasing PAcMO on the enzyme. PAcMO also protected the enzyme
from aggregation.

Dotsenko et al. engineered enzyme endoglucanase II from Penicillium verruculosum via
rational design site-directed mutagenesis of three amino acids A52K, E70S, and V150L from
three different sites distant from the enzyme active site to increase stability in [BMIM][Cl]
and enhance the thermal stability of the enzyme [97].

A comprehensive single site saturation mutagenesis study was carried out on lipase A
from Bacillus subtilis on its 181 amino acids residues to generate a library of 3620 variants
to investigate the influence of amino acid residues on the enzyme stability in [BMIM] ionic
liquids with anions of [Cl−], [Br−], [I−], and [OTf−] [98]. Mutation in more than 50% of the
amino acid positions resulted in improved variants. The best variants contained mutations
with chemically distinct amino acids, i.e., aliphatic to aromatic, polar to nonpolar. This
study highlights the potential of directed evolution in ionic liquid compatible enzyme
design. Molecular dynamic simulation studies of the interaction of the ionic liquid with
lipase A from Bacillus subtilis suggested that the enzyme was stable in these ionic liquids,
however, [BMIM] cations interact with the enzyme via surface residues resulting in lower
activity. Reduction of the ionic liquid–enzyme interaction by enzyme surface charge
modification should be a viable approach to achieving higher enzyme activity [99].
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3.6. Enzyme Recycling Using Ionic Liquids

The inclusion of ionic liquids in isolated enzyme biocatalysis can facilitate methods to
recycle the enzyme and therefore render it more economical to use. The following sections
detail some potential uses of ionic liquids in enzyme recycling.

3.6.1. Ionic Liquids in Enzyme Entrapment

Enzyme entrapment is a method of immobilization that imprisons the biocatalyst
within a solid material or matrix. This generally happens during a polymerization event
which occurs in the presence of the enzyme. The overall material is a gel, comprising an
enzyme containing liquid and a solid matrix. Ionic liquids have been shown to confer
properties to gels that assist in their application in green and sustainable applications [100].

We have reviewed different entrapment methods and the application of ionic liquid
gels to the immobilization of enzymes recently [101], and this section will provide a
summary of the technique.

The main classes of gel material are inorganic oxide gels, organic polymer gels, and
supramolecular gels (gel formation initiated by Low Molecular Weight Gelators) [102–104].

The majority of work on enzymes entrapped in ionic liquid gels has been performed
on inorganic oxide gels, and specifically sol-gel prepared silica gels. In a typical entrapment
procedure, a silica precursor, such as tetraethoxyorthosilicate (TEOS), the enzyme, buffer,
and the ionic liquid are added together in the presence of a sol-gel catalyst, such as a
mineral acid. The mixture will then proceed through sol and gel states and once gelled is
aged to ensure the formation of a robust silica network. For an example of the experimental
procedure see Lee et al. [105].

Commonly hydrophobic ionic liquids have been used, and typical benefits quoted
include higher recyclability, higher thermal stability, and greater activity compared to the
entrapped enzyme in undoped silica. The third benefit can be rationalized due to specific
ionic liquids effects. In addition, ionic liquids have a templating effect on the gel formation
and may prevent the formation of a closed matrix structure, which would significantly
slow the diffusion of the substrate.

The potential to tune and optimize the environment of ionic liquid gels should lead
to increased interest in enzymes entrapped in ionic liquid gels, and an expansion of
investigations into the fields of polymer, supramolecular, and hybrid materials.

3.6.2. Ionic Liquid Tethering for Flow Biocatalysis

Flow biocatalysis is an emerging technology for sustainable chemical manufacturing.
The use of flow can lead to significant process intensification due to high energy and mass
transfer [106–109]. Lozano and Reetz pioneered the introduction of ionic liquids in flow
biocatalysis [110–115]. Tethering an ionic liquid to a solid material can facilitate continuous
flow processes [116,117].

Polyurethane supported microbeads of cellulose acetate doped with ionic liquid
[OMIM][BF4] coated Candida antarctica lipase B (CALB) enabled 96% conversion of vinyl
butyrate to butyl butyrate in a biphasic continuous transesterification reaction continuously
for 18 days [118]. The technology was further employed for the transesterification of
racemic (R,S)-1-phenylethanol with vinyl butyrate in [BMIM][PF6], [OMIM][BF4], and
[BMIM][CF3SO3]. Both batch and continuous flow process produced > 99% ee for R-ester,
however, in the continuous process the activity increased by a factor of 215 [119].

CALB doped [BMIM][PF6] ionic liquid droplets in oil were used for the transesterifi-
cation of 1-phenylethyl alcohol to 1-phenylethyl acetate in a continuous flow process. The
process was online for 4000 h and retained 77% initial activity with 272 g of product/mg
of enzyme without enzyme leaching [120]. In comparison to the batch process, a 25-fold
enhancement in activity was observed for the continuous process.

Biphasic- aqueous buffer and hydrophobic ionic liquid ([BMIM][NTf2] and [BMIM][PF6])
mixtures were developed for the continuous flow biocatalysis of Amano lipase from
Pseudomonas fluorescens. In the hydrolysis of para-Nitrophenyl acetate the continuous
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system in buffer/[BMIM][NTf2] achieved 1.3 times product formation in 0.5 h compared to
the reaction in a batch reactor [121].

3.6.3. Ionic Liquid Sponges

Lozano and co-workers have developed sponge-like long alkyl chain containing ionic
liquids for chemical transformations and separation [44,122,123]. These long alkyl chain ionic
liquids (for example, 1-methyl-3-octadecylimidazolium bis(trifluoromethylsulfonyl)amide (21,
Figure 8)) are solid and sponge-like at room temperature (30 ◦C) and form a homogeneous
solution at 50–60 ◦C in IL concentrations of higher than 30% w/w [124]. 21 was used to assist
the transesterification of triacylglycerides with methanol using Novozym 435, a reaction
that is important for biodiesel production. The reaction was conducted in the liquid phase
IL at 60 ◦C. The reaction mixture was then cooled and centrifuged to separate the solid IL,
the glycerol by-product, and the methyl ester product. The glycerol could be removed in
water and the product could be removed in octane. The enzyme in ionic liquid could then
be fully recovered and reused. A total of 96% product was generated in 6 h. The enzyme
was recycled seven times without significant loss in activity.
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Lipase in ionic liquid (22, Figure 8) catalysed the transesterification of aliphatic acids
with alcohols to produce and separate sixteen different flavour esters with almost 100%
product yield and seven recycles [125,126].

Lipase catalysed esterification of fatty acids and transesterification of vegetable oil
were employed to produce oxygenated biofuels using ionic liquid (23, Figure 8). The IL
enabled a cleaner biocatalytic reaction and product separation [127]. The product yield
was more than 94% and the enzyme was recycled six times without loss of activity.

Esterification of fatty acids with glycerol in (24, Figure 8) gave 100% conversion to
monoacylglycerides in 4 h with 100% selectivity and easy product separation [128].

4. Summary and Conclusions

Ionic liquids are unique fluids with a myriad of potential uses in biocatalysis. ILs
have properties that can be tuned by systematic changes to the cations and/or anions
and this gives them a competitive advantage over conventional molecular solvents. Of
particular interest is the ability to alter the hydrophilicy from highly soluble in water, to
completely immiscible.

Hydrophobic ionic liquids have potential applications in whole-cell bioprocesses as
they can form a separate phase with aqueous buffer and therefore offer a less flammable
and toxic alternative to organic solvents. ILs are uniquely useful solvents for this purpose
as the dual properties of good polar molecule dissolution and high water immiscibility
can be achieved. The real-life application of ionic liquids in whole-cell biocatalysis will
depend upon the demonstration of ultra-low water solubility. This is because high volume
fermentations require very large volumes of water and therefore the cost implications of
polluting the aqueous phase could render the process uneconomical.

Hydrophobic and hydrophilic ionic liquids have been shown to affect proteins in
isolated enzyme biocatalysis. In some cases interactions are detrimental, but increasingly
protein–IL interactions are being discovered that support enzyme structure and activity.
These beneficial interactions are finding applications improving the recycling, stability, and
performance of isolated enzymes. The interactions of proteins with ILs can be probed by
spectroscopy and understood on a molecular level, this, coupled with the tuneable nature
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of the ions in ILs, allows the systematic improvement of an isolated enzyme biocatalyst
affording greater stability, activity, and recyclability.

All ionic liquids are different, and one must be careful when attempting to generalize
about their properties. There are, however, universal barriers to the adoption of ionic
liquids in industrial biocatalysis. The first is price; ionic liquids can be highly functionalized
molecules, and this leads to costs that are significantly higher than for conventional solvents.
The cost must therefore be minimized by working with ILs that have desirable properties,
but do not require lengthy synthesis. The second is availability, as ‘designer’ solvents
a specific IL is less likely to be available off the shelf. The third is water solubility and
toxicity. As polar-like solvents ionic liquids, even the hydrophobic ILs could have some
water solubility and this means that their effects on the environment must be assessed
and monitored. All three of these barriers can be overcome by working with cheap,
abundant ions derived from natural sources. Looking to the future ionic liquids applied
in bioprocesses will be required to have high biocompatibility, low toxicity, and high
recyclability. There is increasing interest in ionic liquids of this kind, and examples of
classes of IL under investigation include amino acid, fatty acid and cholinium ILs [129–133].

Advances in genetics and molecular biology have enabled engineering of whole-
cell biosynthetic pathways, and modification of enzymes by site-directed mutagenesis
and directed evolution. These methods yield biocatalysts with broader substrate scopes,
enhanced activity, and higher stability [14,134–137]. The interaction of these engineered
biocatalysts with ionic liquid media is largely unstudied and presents exciting possibilities
for the future.

As the art of ionic liquid design improves, we can expect a rapid adoption of ionic
liquid technologies in biotechnology.
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13. Dolejš, I.; Líšková, M.; Krasňan, V.; Markošová, K.; Rosenberg, M.; Lorenzini, F.; Marr, A.C.; Rebroš, M. Production of 1,3-
propanediol from pure and crude glycerol using immobilized clostridium butyricum. Catalysts 2019, 9, 317. [CrossRef]

14. Lin, B.; Tao, Y. Whole-cell biocatalysts by design. Microb. Cell Fact. 2017, 16, 1–12. [CrossRef]
15. Zajkoska, P.; Rebroš, M.; Rosenberg, M. Biocatalysis with immobilized Escherichia coli. Appl. Microbiol. Biotechnol. 2013,

97, 1441–1455. [CrossRef]
16. Kell, D.B.; Swainston, N.; Pir, P.; Oliver, S.G. Membrane transporter engineering in industrial biotechnology and whole cell

biocatalysis. Trends Biotechnol. 2015, 33, 237–246. [CrossRef] [PubMed]
17. de Carvalho, C.C.C.R. Whole cell biocatalysts: Essential workers from Nature to the industry. Microb. Biotechnol. 2017, 10, 250–263.

[CrossRef]
18. Cull, S.G.; Holbrey, J.D.; Vargas-Mora, V.; Seddon, K.R.; Lye, G.J. Room-Temperature Ionic Liquids as Multiphase Bioprocess

Operations. Biotechnol. Bioeng. 2000, 69, 227–233. [CrossRef]
19. Egorova, K.S.; Ananikov, V.P. Ionic liquids in whole-cell biocatalysis: A compromise between toxicity and efficiency. Biophys. Rev.

2018, 10, 881–900. [CrossRef]
20. Egorova, K.S.; Gordeev, E.G.; Ananikov, V.P. Biological Activity of Ionic Liquids and Their Application in Pharmaceutics and

Medicine. Chem. Rev. 2017, 117, 7132–7189. [CrossRef] [PubMed]
21. Rebros, M.; Gunaratne, H.Q.N.; Ferguson, J.; Seddon, K.R.; Stephens, G. A high throughput screen to test the biocompatibility of

water-miscible ionic liquids. Green Chem. 2009, 11, 402–440. [CrossRef]
22. Wood, N.; Ferguson, J.L.; Gunaratne, H.Q.N.; Seddon, K.R.; Goodacre, R.; Stephens, G.M. Screening ionic liquids for use in

biotransformations with whole microbial cells. Green Chem. 2011, 13, 1843–1851. [CrossRef]
23. Liu, X.H.; Rebroš, M.; Dolejš, I.; Marr, A.C. Designing Ionic Liquids for the Extraction of Alcohols from Fermentation Broth:

Phosphonium Alkanesulfonates, Solvents for Diol Extraction. ACS Sustain. Chem. Eng. 2017, 5, 8260–8268. [CrossRef]
24. Liu, S.; Rebros, M.; Stephens, G.; Marr, A.C. Adding value to renewables: A one pot process combining microbial cells and

hydrogen transfer catalysis to utilise waste glycerol from biodiesel production. Chem. Commun. 2009, 17, 2308–2310. [CrossRef]
[PubMed]

25. Marr, A.C.; Liu, S. Combining bio- and chemo-catalysis: From enzymes to cells, from petroleum to biomass. Trends Biotechnol.
2011, 29, 199–204. [CrossRef] [PubMed]

26. Wang, Y.M.; Lorenzini, F.; Rebros, M.; Saunders, G.C.; Marr, A.C. Combining bio- and chemo-catalysis for the conversion of
bio-renewable alcohols: Homogeneous iridium catalysed hydrogen transfer initiated dehydration of 1,3-propanediol to aldehydes.
Green Chem. 2016, 18, 1751–1761. [CrossRef]

27. Mai, N.L.; Koo, Y.-M. Whole-Cell Biocatalysis in Ionic Liquids. In Application of Ionic Liquids in Biotechnology; Itoh, T., Koo, Y.-M.,
Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 105–132. ISBN 978-3-030-23081-4.

28. Dennewald, D.; Weuster-Botz, D. Ionic Liquids and Whole-Cell–Catalyzed Processes. In Ionic Liquids in Biotransformations and
Organocatalysis; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2012; pp. 261–314. ISBN 9781118158753.

29. Yang, R.; Wu, T.; Xu, N.; Zhao, X.; Wang, Z.; Luo, H.; Bilal, M.; Nie, Z.; Song, Y. Improving whole-cell biocatalysis for helicid
benzoylation by the addition of ionic liquids. Biochem. Eng. J. 2020, 161, 107695. [CrossRef]

30. Zou, S.; Hua, D.; Jiang, Z.; Han, X.; Xue, Y.; Zheng, Y. A integrated process for nitrilase-catalyzed asymmetric hydrolysis and easy
biocatalyst recycling by introducing biocompatible biphasic system. Bioresour. Technol. 2021, 320, 124392. [CrossRef]

31. Rajapriya, G.; Morya, V.K.; Mai, N.L.; Koo, Y.M. Aspergillus niger whole-cell catalyzed synthesis of caffeic acid phenethyl ester in
ionic liquids. Enzyme Microb. Technol. 2018, 111, 67–73. [CrossRef]

32. Xiao, X.; He, J.K.; Guan, Y.X.; Yao, S.J. Effect of cholinium amino acids ionic liquids as cosolvents on the bioconversion of
phytosterols by mycobacterium sp. Resting cells. ACS Sustain. Chem. Eng. 2020, 8, 17124–17132. [CrossRef]

33. Li, J.; Qian, F.; Wang, P. Exploiting benign ionic liquids to effectively synthesize chiral intermediate of NK-1 receptor antagonists
catalysed by Trichoderma asperellum cells. Biocatal. Biotransform. 2021, 39, 124–129. [CrossRef]

34. Kandar, S.; Suresh, A.K.; Noronha, S.B. (R)-PAC Biosynthesis in [BMIM][PF6]/Aqueous Biphasic System Using Saccharomyces
cerevisiae BY4741 Cells. Appl. Biochem. Biotechnol. 2015, 175, 1771–1788. [CrossRef]

35. Xu, J.; Zhou, S.; Zhao, Y.; Xia, J.; Liu, X.; Xu, J.M.; He, B.; Wu, B.; Zhang, J. Asymmetric whole-cell bioreduction of sterically bulky
2-benzoylpyridine derivatives in aqueous hydrophilic ionic liquid media. Chem. Eng. J. 2017, 316, 919–927. [CrossRef]

http://doi.org/10.1039/C0GC00595A
http://doi.org/10.3390/catal8020055
http://doi.org/10.1016/j.biortech.2011.11.131
http://doi.org/10.1007/s00253-014-5983-1
http://www.ncbi.nlm.nih.gov/pubmed/25104031
http://doi.org/10.3390/catal9040317
http://doi.org/10.1186/s12934-017-0724-7
http://doi.org/10.1007/s00253-012-4651-6
http://doi.org/10.1016/j.tibtech.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25746161
http://doi.org/10.1111/1751-7915.12363
http://doi.org/10.1002/(SICI)1097-0290(20000720)69:2&lt;227::AID-BIT12&gt;3.0.CO;2-0
http://doi.org/10.1007/s12551-017-0389-9
http://doi.org/10.1021/acs.chemrev.6b00562
http://www.ncbi.nlm.nih.gov/pubmed/28125212
http://doi.org/10.1039/b815951c
http://doi.org/10.1039/c0gc00579g
http://doi.org/10.1021/acssuschemeng.7b01934
http://doi.org/10.1039/b820657k
http://www.ncbi.nlm.nih.gov/pubmed/19377668
http://doi.org/10.1016/j.tibtech.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21324540
http://doi.org/10.1039/C5GC02157J
http://doi.org/10.1016/j.bej.2020.107695
http://doi.org/10.1016/j.biortech.2020.124392
http://doi.org/10.1016/j.enzmictec.2017.10.005
http://doi.org/10.1021/acssuschemeng.0c05296
http://doi.org/10.1080/10242422.2020.1797696
http://doi.org/10.1007/s12010-014-1394-0
http://doi.org/10.1016/j.cej.2017.02.028


Molecules 2021, 26, 4791 18 of 21

36. Schmideder, A.; Priebe, X.; Rubenbauer, M.; Hoffmann, T.; Huang, F.C.; Schwab, W.; Weuster-Botz, D. Non-water miscible
ionic liquid improves biocatalytic production of geranyl glucoside with Escherichia coli overexpressing a glucosyltransferase.
Bioprocess Biosyst. Eng. 2016, 39, 1409–1414. [CrossRef] [PubMed]

37. Castiglione, K.; Fu, Y.; Polte, I.; Leupold, S.; Meo, A.; Weuster-Botz, D. Asymmetric whole-cell bioreduction of (R)-carvone by
recombinant Escherichia coli with in situ substrate supply and product removal. Biochem. Eng. J. 2017, 117, 102–111. [CrossRef]

38. Xie, P.; Zhou, X.; Zheng, L. Stereoselective synthesis of a key chiral intermediate of (S)-Rivastigmine by AKR-GDH recombinant
whole cells. J. Biotechnol. 2019, 289, 64–70. [CrossRef] [PubMed]

39. Elgharbawy, A.A.M.; Moniruzzaman, M.; Goto, M. Facilitating enzymatic reactions by using ionic liquids: A mini review. Curr.
Opin. Green Sustain. Chem. 2021, 27, 100406. [CrossRef]

40. Zhao, H. What do we learn from enzyme behaviors in organic solvents?—Structural functionalization of ionic liquids for enzyme
activation and stabilization. Biotechnol. Adv. 2020, 45, 107638. [CrossRef]

41. Elgharbawy, A.A.M.; Moniruzzaman, M.; Goto, M. Recent advances of enzymatic reactions in ionic liquids: Part II. Biochem. Eng.
J. 2020, 154, 107426. [CrossRef]

42. Meyer, L.E.; von Langermann, J.; Kragl, U. Recent developments in biocatalysis in multiphasic ionic liquid reaction systems.
Biophys. Rev. 2018, 10, 901–910. [CrossRef]

43. Kumar, A.; Bisht, M.; Venkatesu, P. Biocompatibility of ionic liquids towards protein stability: A comprehensive overview on the
current understanding and their implications. Int. J. Biol. Macromol. 2017, 96, 611–651. [CrossRef]

44. Lozano, P.; Alvarez, E.; Bernal, J.M.; Nieto, S.; Gomez, C.; Sanchez-Gomez, G. Ionic Liquids for Clean Biocatalytic Processes. Curr.
Green Chem. 2017, 4, 116–129. [CrossRef]

45. Itoh, T. Ionic liquids as tool to improve enzymatic organic synthesis. Chem. Rev. 2017, 117, 10567–10607. [CrossRef] [PubMed]
46. Schindl, A.; Hagen, M.L.; Muzammal, S.; Gunasekera, H.A.D.; Croft, A.K. Proteins in ionic liquids: Reactions, applications, and

futures. Front. Chem. 2019, 7, 1–31. [CrossRef]
47. Sheldon, R.A. Biocatalysis in ionic liquids. RSC Catal. Ser. 2014, 2014, 20–43. [CrossRef]
48. Sheldon, R.A.; Lau, R.M.; Sorgedrager, M.J.; van Rantwijk, F.; Seddon, K.R. Biocatalysis in ionic liquids. Green Chem. 2002, 4,

147–151. [CrossRef]
49. Sivapragasam, M.; Moniruzzaman, M.; Goto, M. Recent advances in exploiting ionic liquids for biomolecules: Solubility, stability

and applications. Biotechnol. J. 2016, 11, 1000–1013. [CrossRef]
50. Berman, H.M.; Battistuz, T.; Bhat, T.N.; Bluhm, W.F.; Bourne, P.E.; Burkhardt, K.; Feng, Z.; Gilliland, G.L.; Iype, L.; Jain, S.; et al.

The protein data bank. Nucleic Acids Res. 2000, 28, 235–242. [CrossRef] [PubMed]
51. Duvaud, S.; Gabella, C.; Lisacek, F.; Stockinger, H.; Ioannidis, V.; Durinx, C. Expasy, the Swiss Bioinformatics Resource Portal, as

designed by its users. Nucleic Acids Res. 2021, 49, 1–12. [CrossRef]
52. Chen, X.; Ji, Y.; Wang, J. Improvement on the crystallization of lysozyme in the presence of hydrophilic ionic liquid. Analyst 2010,

135, 2241–2248. [CrossRef] [PubMed]
53. Han, Q.; Smith, K.M.; Darmanin, C.; Ryan, T.M.; Drummond, C.J.; Greaves, T.L. Lysozyme conformational changes with

ionic liquids: Spectroscopic, small angle x-ray scattering and crystallographic study. J. Colloid Interface Sci. 2021, 585, 433–443.
[CrossRef] [PubMed]

54. Nordwald, E.M.; Plaks, J.G.; Snell, J.R.; Sousa, M.C.; Kaar, J.L. Crystallographic Investigation of Imidazolium Ionic Liquid Effects
on Enzyme Structure. ChemBioChem 2015, 16, 2456–2459. [CrossRef]

55. Warner, L.; Gjersing, E.; Follett, S.E.; Elliott, K.W.; Dzyuba, S.V.; Varga, K. The effects of high concentrations of ionic liquid on GB1
protein structure and dynamics probed by high-resolution magic-angle-spinning NMR spectroscopy. Biochem. Biophys. Rep. 2016,
8, 75–80. [CrossRef]

56. Silva, M.; Figueiredo, A.M.; Cabrita, E.J. Epitope mapping of imidazolium cations in ionic liquid-protein interactions unveils the
balance between hydrophobicity and electrostatics towards protein destabilisation. Phys. Chem. Chem. Phys. 2014, 16, 23394–23403.
[CrossRef]

57. Cheng, K.; Wu, Q.; Jiang, L.; Liu, M.; Li, C. Protein stability analysis in ionic liquids by 19F NMR. Anal. Bioanal. Chem. 2019,
411, 4929–4935. [CrossRef] [PubMed]

58. Summers, S.R.; Sprenger, K.G.; Pfaendtner, J.; Marchant, J.; Summers, M.F.; Kaar, J.L. Mechanism of Competitive Inhibition
and Destabilization of Acidothermus cellulolyticus Endoglucanase 1 by Ionic Liquids. J. Phys. Chem. B 2017, 121, 10793–10803.
[CrossRef] [PubMed]

59. Jha, I.; Bisht, M.; Mogha, N.K.; Venkatesu, P. Effect of Imidazolium-Based Ionic Liquids on the Structure and Stability of Stem
Bromelain: Concentration and Alkyl Chain Length Effect. J. Phys. Chem. B 2018, 122, 7522–7529. [CrossRef]

60. Arunkumar, R.; Drummond, C.J.; Greaves, T.L. FTIR spectroscopic study of the secondary structure of globular proteins in
aqueous protic ionic liquids. Front. Chem. 2019, 7, 1–11. [CrossRef] [PubMed]

61. Bui-Le, L.; Clarke, C.J.; Bröhl, A.; Brogan, A.P.S.; Arpino, J.A.J.; Polizzi, K.M.; Hallett, J.P. Revealing the complexity of ionic
liquid–protein interactions through a multi-technique investigation. Commun. Chem. 2020, 3, 1–9. [CrossRef]

62. Lau, R.M.; Sorgedrager, M.J.; Carrea, G.; Van Rantwijk, F.; Secundo, F.; Sheldon, R.A. Dissolution of Candida antarctica lipase B in
ionic liquids: Effects on structure and activity. Green Chem. 2004, 6, 483–487. [CrossRef]

63. Bihari, M.; Russell, T.P.; Hoagland, D.A. Dissolution and dissolved state of cytochrome c in a neat, hydrophilic ionic liquid.
Biomacromolecules 2010, 11, 2944–2948. [CrossRef]

http://doi.org/10.1007/s00449-016-1617-6
http://www.ncbi.nlm.nih.gov/pubmed/27142377
http://doi.org/10.1016/j.bej.2016.10.002
http://doi.org/10.1016/j.jbiotec.2018.11.016
http://www.ncbi.nlm.nih.gov/pubmed/30468819
http://doi.org/10.1016/j.cogsc.2020.100406
http://doi.org/10.1016/j.biotechadv.2020.107638
http://doi.org/10.1016/j.bej.2019.107426
http://doi.org/10.1007/s12551-018-0423-6
http://doi.org/10.1016/j.ijbiomac.2016.12.005
http://doi.org/10.2174/2213346104666171115160413
http://doi.org/10.1021/acs.chemrev.7b00158
http://www.ncbi.nlm.nih.gov/pubmed/28745876
http://doi.org/10.3389/fchem.2019.00347
http://doi.org/10.1007/978-981-10-6739-6_77-1
http://doi.org/10.1039/b110008b
http://doi.org/10.1002/biot.201500603
http://doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235
http://doi.org/10.1093/nar/gkab225
http://doi.org/10.1039/c0an00244e
http://www.ncbi.nlm.nih.gov/pubmed/20614092
http://doi.org/10.1016/j.jcis.2020.10.024
http://www.ncbi.nlm.nih.gov/pubmed/33109332
http://doi.org/10.1002/cbic.201500398
http://doi.org/10.1016/j.bbrep.2016.08.009
http://doi.org/10.1039/C4CP03534H
http://doi.org/10.1007/s00216-019-01804-3
http://www.ncbi.nlm.nih.gov/pubmed/31020366
http://doi.org/10.1021/acs.jpcb.7b08435
http://www.ncbi.nlm.nih.gov/pubmed/29120187
http://doi.org/10.1021/acs.jpcb.8b04661
http://doi.org/10.3389/fchem.2019.00074
http://www.ncbi.nlm.nih.gov/pubmed/30815435
http://doi.org/10.1038/s42004-020-0302-5
http://doi.org/10.1039/b405693k
http://doi.org/10.1021/bm100735z


Molecules 2021, 26, 4791 19 of 21

64. Strassburg, S.; Bermudez, H.; Hoagland, D. Lysozyme Solubility and Conformation in Neat Ionic Liquids and Their Mixtures
with Water. Biomacromolecules 2016, 17, 2233–2239. [CrossRef] [PubMed]

65. Wang, B.; Zhang, C.; He, Q.; Qin, H.; Liang, G.; Liu, W. Efficient resolution of (R,S)-1-(1-naphthyl)ethylamine by Candida
antarctica lipase B in ionic liquids. Mol. Catal. 2018, 448, 116–121. [CrossRef]

66. Zhao, H.; Kanpadee, N.; Jindarat, C. Ether-functionalized ionic liquids for nonaqueous biocatalysis: Effect of different cation
cores. Process Biochem. 2019, 81, 104–112. [CrossRef]

67. Zhao, H.; Toe, C. “Water-like” ammonium-based ionic liquids for lipase activation and enzymatic polymerization. Process Biochem.
2020, 98, 59–64. [CrossRef]

68. De Diego, T.; Lozano, P.; Gmouh, S.; Vaultier, M.; Iborra, J.L. Understanding structure—Stability relationships of Candida
antartica lipase B in ionic liquids. Biomacromolecules 2005, 6, 1457–1464. [CrossRef] [PubMed]

69. Fujita, K.; Nakamura, N.; Igarashi, K.; Samejima, M.; Ohno, H. Biocatalytic oxidation of cellobiose in an hydrated ionic liquid.
Green Chem. 2009, 11, 351–354. [CrossRef]

70. Fujita, K.; Sanada, M.; Ohno, H. Sugar chain-binding specificity and native folding state of lectins preserved in hydrated ionic
liquids. Chem. Commun. 2015, 51, 10883–10886. [CrossRef]

71. Mazid, R.R.; Vijayaraghavan, R.; MacFarlane, D.R.; Cortez-Jugo, C.; Cheng, W. Inhibited fragmentation of mAbs in buffered ionic
liquids. Chem. Commun. 2015, 51, 8089–8092. [CrossRef]

72. Fan, Y.; Wang, X.; Zhang, L.; Li, J.; Yang, L.; Gao, P.; Zhou, Z. Lipase-catalyzed synthesis of biodiesel in a hydroxyl-functionalized
ionic liquid. Chem. Eng. Res. Des. 2018, 132, 199–207. [CrossRef]

73. Bisht, M.; Mondal, D.; Pereira, M.M.; Freire, M.G.; Venkatesu, P.; Coutinho, J.A.P. Long-term protein packaging in cholinium-based
ionic liquids: Improved catalytic activity and enhanced stability of cytochrome c against multiple stresses. Green Chem. 2017,
19, 4900–4911. [CrossRef]

74. Kaur, M.; Kaur, H.; Singh, M.; Singh, G. Biamphiphilic ionic liquid based aqueous microemulsions as an efficient catalytic medium
for cytochrome c †. Phys. Chem. Chem. Phys. 2021, 23, 320–328. [CrossRef]

75. Fujita, K.; MacFarlene, D.R.; Forsyth, M.; Yoshizawa-Fujita, M.; Murata, K.; Nakamura, N.; Ohno, H. Solubility and stability of
cytochrome c in hydrated ionic liquids: Effect of oxo acid residues and kosmotropicity. Biomacromolecules 2007, 8, 2080–2086.
[CrossRef]

76. Weaver, K.D.; Vrikkis, R.M.; Van Vorst, M.P.; Trullinger, J.; Vijayaraghavan, R.; Foureau, D.M.; McKillop, I.H.; MacFarlane, D.R.;
Krueger, J.K.; Elliott, G.D. Structure and function of proteins in hydrated choline dihydrogen phosphate ionic liquid. Phys. Chem.
Chem. Phys. 2012, 14, 790–801. [CrossRef] [PubMed]

77. Rodríguez, C.; de Gonzalo, G.; Fraaije, M.W.; Gotor, V. Ionic liquids for enhancing the enantioselectivity of isolated BVMO-
catalysed oxidations. Green Chem. 2010, 12, 2255–2260. [CrossRef]

78. Qin, J.; Zou, X.; Lv, S.; Jin, Q.; Wang, X. Influence of ionic liquids on lipase activity and stability in alcoholysis reactions. RSC Adv.
2016, 6, 87703–87709. [CrossRef]

79. Barbosa, M.S.; Freire, C.C.C.; Souza, R.L.; Cabrera-Padilla, R.Y.; Pereira, M.M.; Freire, M.G.; Lima, Á.S.; Soares, C.M.F. Effects of
phosphonium-based ionic liquids on the lipase activity evaluated by experimental results and molecular docking. Biotechnol.
Prog. 2019, 35, 1–10. [CrossRef]

80. Ghanbari-Ardestani, S.; Khojasteh-Band, S.; Zaboli, M.; Hassani, Z.; Mortezavi, M.; Mahani, M.; Torkzadeh-Mahani, M. The effect
of different percentages of triethanolammonium butyrate ionic liquid on the structure and activity of urate oxidase: Molecular
docking, molecular dynamics simulation, and experimental study. J. Mol. Liq. 2019, 292, 111318. [CrossRef]

81. Bhakuni, K.; Sindhu, A.; Bisht, M.; Venkatesu, P. Exploring the Counteracting and Refolding Ability of Choline-Based Ionic
Liquids toward Crowding Environment-Induced Changes in HSA Structure. ACS Sustain. Chem. Eng. 2021, 9, 422–437. [CrossRef]

82. Ramos-Martín, J.; Khiari, O.; Alcántara, A.R.; Sánchez-Montero, J.M. Biocatalysis at extreme temperatures: Enantioselective
synthesis of both enantiomers of mandelic acid by transesterification catalyzed by a thermophilic lipase in ionic liquids at 120 ◦C.
Catalysts 2020, 10, 1055. [CrossRef]

83. Pedersen, J.N.; Liu, S.; Zhou, Y.; Balle, T.; Xu, X.; Guo, Z. Synergistic effects of binary ionic liquid-solvent systems on enzymatic
esterification of esculin. Food Chem. 2020, 310, 125858. [CrossRef] [PubMed]

84. Lee, J.K.; Kim, M. Ionic Liquid-Coated Enzyme for Biocatalysis in Organic Solvent of methodology in organic synthesis.
1 For example, lipase catalysis in organic solvents is of great use for the synthesis of optically active compounds such as chiral
limitations, many app. J. Org. Chem. 2002, 67, 6845–6847. [CrossRef]

85. Itoh, T.; Matsushita, Y.; Abe, Y.; Han, S.H.; Wada, S.; Hayase, S.; Kawatsura, M.; Takai, S.; Morimoto, M.; Hirose, Y. Increased
enantioselectivity and remarkable acceleration of lipase-catalyzed transesterification by using an imidazolium PEG-Alkyl sulfate
ionic liquid. Chem. A Eur. J. 2006, 12, 9228–9237. [CrossRef] [PubMed]

86. Itoh, T.; Han, S.; Matsushita, Y.; Hayase, S. Enhanced enantioselectivity and remarkable acceleration on the lipase-catalyzed
transesterification using novel ionic liquids. Green Chem. 2004, 6, 437–439. [CrossRef]

87. Nishihara, T.; Shiomi, A.; Kadotani, S.; Nokami, T.; Itoh, T. Remarkably improved stability and enhanced activity of a: Burkholde-
ria cepacia lipase by coating with a triazolium alkyl-PEG sulfate ionic liquid. Green Chem. 2017, 19, 5250–5256. [CrossRef]

88. Abe, Y.; Yagi, Y.; Hayase, S.; Kawatsura, M.; Itoh, T. Ionic liquid engineering for lipase-mediated optical resolution of secondary
alcohols: Design of ionic liquids applicable to ionic liquid coated-lipase catalyzed reaction. Ind. Eng. Chem. Res. 2012,
51, 9952–9958. [CrossRef]

http://doi.org/10.1021/acs.biomac.6b00468
http://www.ncbi.nlm.nih.gov/pubmed/27159556
http://doi.org/10.1016/j.mcat.2018.01.026
http://doi.org/10.1016/j.procbio.2019.03.018
http://doi.org/10.1016/j.procbio.2020.07.016
http://doi.org/10.1021/bm049259q
http://www.ncbi.nlm.nih.gov/pubmed/15877365
http://doi.org/10.1039/B813529K
http://doi.org/10.1039/C5CC03142G
http://doi.org/10.1039/C5CC01877C
http://doi.org/10.1016/j.cherd.2018.01.020
http://doi.org/10.1039/C7GC02011B
http://doi.org/10.1039/D0CP04513F
http://doi.org/10.1021/bm070041o
http://doi.org/10.1039/C1CP22965F
http://www.ncbi.nlm.nih.gov/pubmed/22089924
http://doi.org/10.1039/c0gc00560f
http://doi.org/10.1039/C6RA19181A
http://doi.org/10.1002/btpr.2816
http://doi.org/10.1016/j.molliq.2019.111318
http://doi.org/10.1021/acssuschemeng.0c07550
http://doi.org/10.3390/catal10091055
http://doi.org/10.1016/j.foodchem.2019.125858
http://www.ncbi.nlm.nih.gov/pubmed/31753682
http://doi.org/10.1021/jo026116q
http://doi.org/10.1002/chem.200601043
http://www.ncbi.nlm.nih.gov/pubmed/17029309
http://doi.org/10.1039/b405396f
http://doi.org/10.1039/C7GC02319G
http://doi.org/10.1021/ie202740u


Molecules 2021, 26, 4791 20 of 21

89. Abe, Y.; Yoshiyama, K.; Yagi, Y.; Hayase, S.; Kawatsura, M.; Itoh, T. A rational design of phosphonium salt type ionic liquids for
ionic liquid coated-lipase catalyzed reaction. Green Chem. 2010, 12, 1976–1980. [CrossRef]

90. Bekhouche, M.; Doumèche, B.; Blum, L.J. Chemical modifications by ionic liquid-inspired cations improve the activity and the
stability of formate dehydrogenase in [MMIm][Me2PO4]. J. Mol. Catal. B Enzym. 2010, 65, 73–78. [CrossRef]

91. Nordwald, E.M.; Kaar, J.L. Stabilization of enzymes in ionic liquids via modification of enzyme charge. Biotechnol. Bioeng. 2013,
110, 2352–2360. [CrossRef]

92. Nordwald, E.M.; Kaar, J.L. Mediating electrostatic binding of 1-butyl-3-methylimidazolium chloride to enzyme surfaces improves
conformational stability. J. Phys. Chem. B 2013, 117, 8977–8986. [CrossRef] [PubMed]

93. Brogan, A.P.S.; Hallett, J.P. Solubilizing and Stabilizing Proteins in Anhydrous Ionic Liquids through Formation of Protein-Polymer
Surfactant Nanoconstructs. J. Am. Chem. Soc. 2016, 138, 4494–4501. [CrossRef]

94. Brogan, A.P.S.; Bui-Le, L.; Hallett, J.P. Non-aqueous homogenous biocatalytic conversion of polysaccharides in ionic liquids using
chemically modified glucosidase. Nat. Chem. 2018, 10, 859–865. [CrossRef]

95. Mukhopadhayay, A.; Singh, D.; Sharma, K.P. Neat Ionic liquid and α-Chymotrypsin-Polymer Surfactant Conjugate-Based
Biocatalytic Solvent. Biomacromolecules 2020, 21, 867–877. [CrossRef]

96. Chado, G.R.; Holland, E.N.; Tice, A.K.; Stoykovich, M.P.; Kaar, J.L. Modification of Lipase with Poly(4-acryloylmorpholine)
Enhances Solubility and Transesterification Activity in Anhydrous Ionic Liquids. Biomacromolecules 2018, 19, 1324–1332. [CrossRef]

97. Dotsenko, A.S.; Rozhkova, A.M.; Zorov, I.N.; Sinitsyn, A.P. Protein surface engineering of endoglucanase Penicillium verrucu-
losum for improvement in thermostability and stability in the presence of 1-butyl-3-methylimidazolium chloride ionic liquid.
Bioresour. Technol. 2020, 296, 122370. [CrossRef]

98. Frauenkron-Machedjou, V.J.; Fulton, A.; Zhu, L.; Anker, C.; Bocola, M.; Jaeger, K.E.; Schwaneberg, U. Towards Understanding
Directed Evolution: More than Half of All Amino Acid Positions Contribute to Ionic Liquid Resistance of Bacillus subtilis Lipase
A. ChemBioChem 2015, 16, 937–945. [CrossRef]

99. Pramanik, S.; Dhoke, G.V.; Jaeger, K.E.; Schwaneberg, U.; Davari, M.D. How to Engineer Ionic Liquids Resistant Enzymes:
Insights from Combined Molecular Dynamics and Directed Evolution Study. ACS Sustain. Chem. Eng. 2019, 7, 11293–11302.
[CrossRef]

100. Marr, P.C.; Marr, A.C. Ionic liquid gel materials: Applications in green and sustainable chemistry. Green Chem. 2016, 18, 105–128.
[CrossRef]

101. Imam, H.T.; Marr, P.C.; Marr, A.C. Enzyme Entrapment, Biocatalyst Immobilization without Covalent Attachment. Green Chem.
2021, 23, 4980–5005. [CrossRef]

102. Alnoch, R.C.; Alves dos Santos, L.; de Almeida, J.M.; Krieger, N.; Mateo, C. Recent trends in biomaterials for immobilization of
lipases for application in non-conventional media. Catalysts 2020, 10, 697. [CrossRef]

103. Cottone, G.; Giu, S.; Bettati, S.; Bruno, S.; Campanini, B.; Marchetti, M.; Abbruzzetti, S.; Viappiani, C.; Cupane, A.; Mozzarelli, A.;
et al. More than a Confinement: ”Soft” and “Hard” Enzyme Entrapment Modulates Biological Catalyst Function. Catalysts 2019,
9, 1024. [CrossRef]

104. Draper, E.R.; Adams, D.J. Low-Molecular-Weight Gels: The State of the Art. Chem 2017, 3, 390–410. [CrossRef]
105. Lee, S.H.; Doan, T.T.N.; Ha, S.H.; Koo, Y.M. Using ionic liquids to stabilize lipase within sol-gel derived silica. J. Mol. Catal. B

Enzym. 2007, 45, 57–61. [CrossRef]
106. Tamborini, L.; Fernandes, P.; Paradisi, F.; Molinari, F. Flow Bioreactors as Complementary Tools for Biocatalytic Process

Intensification. Trends Biotechnol. 2018, 36, 73–88. [CrossRef] [PubMed]
107. Romero-Fernández, M.; Paradisi, F. Protein immobilization technology for flow biocatalysis. Curr. Opin. Chem. Biol. 2020, 55, 1–8.

[CrossRef]
108. De Santis, P.; Meyer, L.E.; Kara, S. The rise of continuous flow biocatalysis-fundamentals, very recent developments and future

perspectives. React. Chem. Eng. 2020, 5, 2155–2184. [CrossRef]
109. Santi, M.; Sancineto, L.; Nascimento, V.; Azeredo, J.B.; Orozco, E.V.M.; Andrade, L.H.; Gröger, H.; Santi, C. Flow biocatalysis: A

challenging alternative for the synthesis of APIs and natural compounds. Int. J. Mol. Sci. 2021, 22, 990. [CrossRef]
110. Reetz, M.T.; Wiesenhöfer, W.; Franciò, G.; Leitner, W. Biocatalysis in ionic liquids: Batchwise and continuous flow processes using

supercritical carbon dioxide as the mobile phase. Chem. Commun. 2002, 2, 992–993. [CrossRef]
111. Lozano, P.; de Diego, T.; Carrié, D.; Vaultier, M.; Iborra, J.L. Continuous green biocatalytic processes using ionic liquids and

supercritical carbon dioxide. Chem. Commun. 2002, 7, 692–693. [CrossRef]
112. Reetz, M.T.; Wiesenhöfer, W.; Franciò, G.; Leitner, W. Continuous Flow Enzymatic Kinetic Resolution and Enantiomer Separation

using Ionic Liquid/Supercritical Carbon Dioxide Media. Adv. Synth. Catal. 2003, 345, 1221–1228. [CrossRef]
113. Lozano, P.; De Diego, T.; Larnicol, M.; Vaultier, M.; Iborra, J.L. Chemoenzymatic dynamic kinetic resolution of rac-1-phenylethanol

in ionic liquids and ionic liquids/supercritical carbon dioxide systems. Biotechnol. Lett. 2006, 28, 1559–1565. [CrossRef] [PubMed]
114. Lozano, P.; De Diego, T.; Sauer, T.; Vaultier, M.; Gmouh, S.; Iborra, J.L. On the importance of the supporting material for activity

of immobilized Candida antarctica lipase B in ionic liquid/hexane and ionic liquid/supercritical carbon dioxide biphasic media.
J. Supercrit. Fluids 2007, 40, 93–100. [CrossRef]

115. Lozano, P.; De Diego, T.; Mira, C.; Montague, K.; Vaultier, M.; Iborra, J.L. Long term continuous chemoenzymatic dynamic kinetic
resolution of rac-1-phenylethanol using ionic liquids and supercritical carbon dioxide. Green Chem. 2009, 11, 538–554. [CrossRef]

http://doi.org/10.1039/c0gc00151a
http://doi.org/10.1016/j.molcatb.2010.01.028
http://doi.org/10.1002/bit.24910
http://doi.org/10.1021/jp404760w
http://www.ncbi.nlm.nih.gov/pubmed/23822219
http://doi.org/10.1021/jacs.5b13425
http://doi.org/10.1038/s41557-018-0088-6
http://doi.org/10.1021/acs.biomac.9b01556
http://doi.org/10.1021/acs.biomac.8b00176
http://doi.org/10.1016/j.biortech.2019.122370
http://doi.org/10.1002/cbic.201402682
http://doi.org/10.1021/acssuschemeng.9b00752
http://doi.org/10.1039/C5GC02277K
http://doi.org/10.1039/D1GC01852C
http://doi.org/10.3390/catal10060697
http://doi.org/10.3390/catal9121024
http://doi.org/10.1016/j.chempr.2017.07.012
http://doi.org/10.1016/j.molcatb.2006.11.008
http://doi.org/10.1016/j.tibtech.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/29054312
http://doi.org/10.1016/j.cbpa.2019.11.008
http://doi.org/10.1039/D0RE00335B
http://doi.org/10.3390/ijms22030990
http://doi.org/10.1039/b202322a
http://doi.org/10.1039/b200055e
http://doi.org/10.1002/adsc.200303109
http://doi.org/10.1007/s10529-006-9130-7
http://www.ncbi.nlm.nih.gov/pubmed/16900334
http://doi.org/10.1016/j.supflu.2006.03.025
http://doi.org/10.1039/b821623a


Molecules 2021, 26, 4791 21 of 21

116. García-Verdugo, E.; Altava, B.; Burguete, M.I.; Lozano, P.; Luis, S.V. Ionic liquids and continuous flow processes: A good marriage
to design sustainable processes. Green Chem. 2015, 17, 2693–2713. [CrossRef]

117. Lozano, P.; Nieto, S.; Serrano, J.L.; Perez, J.; Sanchez-Gomez, G.; Garcia-Verdugo, E.; Luis, S.V. Flow Biocatalytic Processes in Ionic
Liquids and Supercritical Fluids. Mini. Rev. Org. Chem. 2017, 14, 65–74. [CrossRef]

118. Sandig, B.; Michalek, L.; Vlahovic, S.; Antonovici, M.; Hauer, B.; Buchmeiser, M.R. A Monolithic Hybrid Cellulose-2.5-
Acetate/Polymer Bioreactor for Biocatalysis under Continuous Liquid-Liquid Conditions Using a Supported Ionic Liquid
Phase. Chem. A Eur. J. 2015, 21, 15835–15842. [CrossRef] [PubMed]

119. Sandig, B.; Buchmeiser, M.R. Highly Productive and Enantioselective Enzyme Catalysis under Continuous Supported Liquid–
Liquid Conditions Using a Hybrid Monolithic Bioreactor. ChemSusChem 2016, 9, 2917–2921. [CrossRef]

120. Zhang, M.; Ettelaie, R.; Yan, T.; Zhang, S.; Cheng, F.; Binks, B.P.; Yang, H. Ionic Liquid Droplet Microreactor for Catalysis Reactions
Not at Equilibrium. J. Am. Chem. Soc. 2017, 139, 17387–17396. [CrossRef]

121. Deng, Q.; Tran, N.N.; Razi Asrami, M.; Schober, L.; Gröger, H.; Hessel, V. Ionic Liquid/Water Continuous-Flow System with
Compartmentalized Spaces for Automatic Product Purification of Biotransformation with Enzyme Recycling. Ind. Eng. Chem.
Res. 2020, 59, 21001–21011. [CrossRef]

122. Lozano, P.; Bernal, J.M.; Garcia-Verdugo, E.; Sanchez-Gomez, G.; Vaultier, M.; Burguete, M.I.; Luis, S.V. Sponge-like ionic liquids:
A new platform for green biocatalytic chemical processes. Green Chem. 2015, 17, 3706–3717. [CrossRef]

123. Villa, R.; Alvarez, E.; Porcar, R.; Garcia-Verdugo, E.; Luis, S.V.; Lozano, P. Ionic liquids as an enabling tool to integrate reaction
and separation processes. Green Chem. 2019, 21, 6527–6544. [CrossRef]

124. Lozano, P.; Bernal, J.M.; Piamtongkam, R.; Fetzer, D.; Vaultier, M. One-phase ionic liquid reaction medium for biocatalytic
production of biodiesel. ChemSusChem 2010, 3, 1359–1363. [CrossRef] [PubMed]

125. Lozano, P.; Bernal, J.M.; Navarro, A. A clean enzymatic process for producing flavour esters by direct esterification in switchable
ionic liquid/solid phases. Green Chem. 2012, 14, 3026–3033. [CrossRef]

126. Alvarez, E.; Rodriguez, J.; Villa, R.; Gomez, C.; Nieto, S.; Donaire, A.; Lozano, P. Clean enzymatic production of flavor esters in
spongelike ionic liquids. ACS Sustain. Chem. Eng. 2019, 7, 13307–13314. [CrossRef]

127. Lozano, P.; Gomez, C.; Nicolas, A.; Polo, R.; Nieto, S.; Bernal, J.M.; García-Verdugo, E.; Luis, S.V. Clean enzymatic preparation of
oxygenated biofuels from vegetable and waste cooking oils by using spongelike ionic liquids technology. ACS Sustain. Chem. Eng.
2016, 4, 6125–6132. [CrossRef]

128. Lozano, P.; Gomez, C.; Nieto, S.; Sanchez-Gomez, G.; García-Verdugo, E.; Luis, S.V. Highly selective biocatalytic synthesis of
monoacylglycerides in sponge-like ionic liquids. Green Chem. 2017, 19, 390–396. [CrossRef]

129. Ohno, H.; Fukumoto, K. Amino acid ionic liquids. Acc. Chem. Res. 2007, 40, 1122–1129. [CrossRef]
130. Mohajeri, A.; Ashrafi, A. Structure and electronic properties of amino acid ionic liquids. J. Phys. Chem. A 2011, 115, 6589–6593.

[CrossRef]
131. Yang, Q.; Xu, D.; Zhang, J.; Zhu, Y.; Zhang, Z.; Qian, C.; Ren, Q.; Xing, H. Long-chain fatty acid-based phosphonium ionic liquids

with strong hydrogen-bond basicity and good lipophilicity: Synthesis, characterization, and application in extraction. ACS
Sustain. Chem. Eng. 2015, 3, 309–316. [CrossRef]

132. Gusain, R.; Khan, A.; Khatri, O.P. Fatty acid-derived ionic liquids as renewable lubricant additives: Effect of chain length and
unsaturation. J. Mol. Liq. 2020, 301, 112322. [CrossRef]

133. Gontrani, L. Choline-amino acid ionic liquids: Past and recent achievements about the structure and properties of these really
“green” chemicals. Biophys. Rev. 2018, 10, 873–880. [CrossRef]

134. Pagar, A.D.; Patil, M.D.; Flood, D.T.; Yoo, T.H.; Dawson, P.E.; Yun, H. Recent Advances in Biocatalysis with Chemical Modification
and Expanded Amino Acid Alphabet. Chem. Rev. 2021, 121, 6173–6245. [CrossRef] [PubMed]

135. Marshall, J.R.; Mangas-Sanchez, J.; Turner, N.J. Expanding the synthetic scope of biocatalysis by enzyme discovery and protein
engineering. Tetrahedron 2021, 82, 131926. [CrossRef]

136. Gargiulo, S.; Soumillion, P. Directed evolution for enzyme development in biocatalysis. Curr. Opin. Chem. Biol. 2021, 61, 107–113.
[CrossRef] [PubMed]

137. Song, J.W.; Seo, J.H.; Oh, D.K.; Bornscheuer, U.T.; Park, J.B. Design and engineering of whole-cell biocatalytic cascades for the
valorization of fatty acids. Catal. Sci. Technol. 2020, 10, 46–64. [CrossRef]

http://doi.org/10.1039/C4GC02388A
http://doi.org/10.2174/1570193X13666161103145723
http://doi.org/10.1002/chem.201501618
http://www.ncbi.nlm.nih.gov/pubmed/26493884
http://doi.org/10.1002/cssc.201600994
http://doi.org/10.1021/jacs.7b07731
http://doi.org/10.1021/acs.iecr.0c02785
http://doi.org/10.1039/C5GC00894H
http://doi.org/10.1039/C9GC02553G
http://doi.org/10.1002/cssc.201000244
http://www.ncbi.nlm.nih.gov/pubmed/20941787
http://doi.org/10.1039/c2gc36081k
http://doi.org/10.1021/acssuschemeng.9b02537
http://doi.org/10.1021/acssuschemeng.6b01570
http://doi.org/10.1039/C6GC01969B
http://doi.org/10.1021/ar700053z
http://doi.org/10.1021/jp1093965
http://doi.org/10.1021/sc5006796
http://doi.org/10.1016/j.molliq.2019.112322
http://doi.org/10.1007/s12551-018-0420-9
http://doi.org/10.1021/acs.chemrev.0c01201
http://www.ncbi.nlm.nih.gov/pubmed/33886302
http://doi.org/10.1016/j.tet.2021.131926
http://doi.org/10.1016/j.cbpa.2020.11.006
http://www.ncbi.nlm.nih.gov/pubmed/33385931
http://doi.org/10.1039/C9CY01802F

	Introduction 
	Ionic Liquids and Whole-Cell Biocatalysis 
	Introduction to Whole-Cell Biocatalysis 
	Ionic Liquids as Additives in Whole-Cell Biocatalytic Processes 
	Literature on the Effects of Ionic Liquids on Whole-Cell Biocatalysis 

	Ionic Liquids and Isolated Enzymes 
	Studying Enzymes in Ionic Liquids: Spectroscopic and Analytical Methods 
	Enzyme Activity in Neat Ionic Liquids 
	Enzymes in Aqueous/Ionic Liquid Mixtures 
	Enzymes in Aqueous/Ionic Liquid Mixtures with at Least 50% IL 
	Enzymes in Aqueous/Ionic Liquid Mixtures with Less than 50% IL 

	Coating Enzymes with Ionic Liquids 
	Protein Modification to Manipulate Solubility in Ionic Liquids 
	Enzyme Recycling Using Ionic Liquids 
	Ionic Liquids in Enzyme Entrapment 
	Ionic Liquid Tethering for Flow Biocatalysis 
	Ionic Liquid Sponges 


	Summary and Conclusions 
	References

