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Redox biocatalysis is an essential pillar of the chemical industry.
Yet, the enzymes’ nature restricts most reactions to aqueous
conditions, where the limited substrate solubility leads to
unsustainable diluted biotranformations. Non-aqueous media
represent a strategic solution to conduct intensified biocatalytic
routes. Deep eutectic solvents (DESs) are designable solvents
that can be customized to meet specific application needs.
Within the large design space of combining DES components
(and ratios), hydrophobic DESs hold the potential to be both
enzyme-compatible – keeping the enzymes’ hydration –, and
solubilizers for hydrophobic reactants. We explored two hydro-
phobic DESs, lidocaine/oleic acid, and lidocaine/decanoic acid,

as reaction media for carbonyl reduction catalyzed by horse
liver alcohol dehydrogenase, focusing on the effect of water
contents and on maximizing substrate loadings. Enzymes
remained highly active and stable in the DESs with 20 wt%
buffer, whereas the reaction performance in DESs outperformed
the pure buffer system with hydrophobic substrates (e.g.,
cinnamaldehyde to form the industrially relevant cinnamyl
alcohol), with a 3-fold specific activity. Notably, the cinnamalde-
hyde reduction was for the first time performed at 800 mM
(~100 gL� 1) with full conversion, which opens up new avenues
to industrial applications of hydrophobic DESs for enzyme
catalysis.

Introduction

Biocatalysis may be shifted from traditional aqueous media to
non-conventional media to address some issues generated by
the use of aqueous conditions, such as low substrate loadings,
possible reagent inhibition, and in some cases product
hydrolysis.[1] In particular, the poor solubility of hydrophobic
substrates in aqueous media leads to diluted reactions, causing
large environmental footprints in the form of wastewater
(higher reaction volume needed per product formed), as
reflected by quantitative parameters (e.g., the E-factor, the
E+-factor, and the C-factor).[2] To reduce the environmental

impact, substrate loadings of 50 gL� 1, and more preferably of,
or higher than 100 gL� 1, are desirable for the production of fine
chemicals.[8] In that respect, the concentrations of hydrophobic
substrates can be substantially boosted by applying non-
aqueous media – the so-called non-conventional media –,
which has become a useful strategy for the resource-intensive
synthesis of active pharmaceutical ingredients (APIs).[8,10] More-
over, using non-conventional media offers a strategic asset to
seamlessly interface biocatalysts and chemocatalysts, making
them more compatible in various chemoenzymatic cascades.[12]

From the use of more classic organic solvents to potentially
biogenic ones (e.g., cyclopentyl methyl ether, 2-
methyltetrahydrofuran),[13] biocatalysis has also been explored
in supercritical fluids (SCFs),[15] ionic liquids (ILs),[18] and more
recently deep eutectic solvents.[21]

Deep eutectic solvents (DESs) have emerged as neoteric
non-aqueous solvents for biocatalysis. DESs have unique
features, such as their high tunability and non-ideal properties.
The composition of a variety of hydrogen bond donors and
hydrogen bond acceptors in explorable molar ratios endows
DESs with a high degree of tunability of their properties (e.g.,
polarity, viscosity, and biodegradability).[25] Likewise, DESs can
be produced from biomass-derived compounds, leading to the
coined natural deep eutectic solvents (NADES).[27] Importantly,
the polarity of DESs can be fine-tuned to (de)solubilize diverse
compounds in catalytic processes.[31] As a downside, the
relatively high viscosity of most DESs compared to buffer
systems may hamper some of their applications.[25,32] To over-
come this, the addition of water or elevated temperatures is
effective in reducing the viscosity of most DESs, yet high
temperatures can be challenging for biocatalysis unless thermo-
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stable enzymes are applied. Therefore, in most biotransforma-
tions, DESs are used in combination with buffers in specific
proportions that can keep the non-conventional nature of the
media,[33] but being enzyme-compatible at the same time.[36]

The buffer content desired is different from case to case.
Therefore, finding the optimal buffer content for the biotrans-
formation in different eutectic solvents is still challenging.

Biocatalysis in DESs has been established in a variety of
transformations,[22,24,37] being DESs used as solvents, co-solvents,
co-substrates, and catalyst stabilizers. For example, many
reactions engaging cofactor-dependent oxidoreductases have
been established by using DESs as solvents and cosubstrates,
involving the use of smart substrates, as well as more classic
cofactor regeneration systems (e.g., based on alcohol dehydro-
genases and glucose dehydrogenases).[38] Most studies in
biotransformations involve Type III DESs, especially the hydro-
philic choline chloride (ChCl) based DESs.[24] However, the
activity or stability of many biocatalysts is often reduced in
these media due to the harmful effects of specific DES
components, mainly by the disruption of enzyme hydration. For
instance, in the case of ChCl-glycerol, ChCl exerts a deleterious
effect on enzymes.[42] On the one hand, protein engineering has
been attempted to improve the catalytic performance of
enzymes in DESs.[43] Moreover, solvent engineering is another
powerful strategy to retain enzyme-bound water to preserve
enzyme activity. Following the established premises of biocatal-
ysis in non-conventional media, it should be hypothesized that
some hydrophobic DESs may be advantageous over hydrophilic
DESs. Therein, an ideal DES should display not only proper
hydrophobicity – to enable substrate solubilization in high
loadings and sufficient water-solubilizing capacity – but also
the ability to maintain enzyme hydration, thereby jointly
contributing to improved catalytic efficiency. The high tuna-
bility of DESs may become an asset to define these tailored
solvents.

Hydrophobic DESs have been reported for diverse
applications,[29,44] and some have been used for chemo and
biocatalysis.[46] So far, the use of hydrophobic DESs containing
menthol and various fatty acids (e.g., lauric acid, decanoic acid,
and dodecanoic acid) was investigated for lipase-catalyzed
esterifications for the synthesis of menthol esters, with
beneficial effects on thermal stability, activity, and reusability of
lipases.[47] Very recently, another hydrophobic DES, lidocaine/
oleic acid (Lid-OA), has been applied as a proof-of-concept to
redox biocatalysis, with a main focus on the reuse of enzyme by
utilizing the thermo-switchable property of DES.[51] In particular,
Lid-OA happens to fully meet the criteria required for an ideal
DES: high hydrophobicity and a relative high water capacity of
22 wt% (without forming a second phase).[52] Therefore, the
promising applications of lidocaine-based DESs in practical
biocatalysis should be in-depth explored, in particular in
synthetic processes with highly water-immiscible hydrophobic
substrates, and at high loadings, to assure an economic and
environmentally-attractive biotransformation.[9,53]

Based on the above-discussed rationale, this study explores
the application of two lidocaine-based DESs with two fatty
acids, oleic acid (Lid-OA), and decanoic acid (Lid-DecA), as

reaction media for the horse liver alcohol dehydrogenase
(HLADH) catalyzed reduction of different carbonyl compounds
for the synthesis of valuable compounds (Scheme 1). A
comprehensive assessment on the impact of water contents
and maximization of substrate loadings in hydrophobic environ-
ments is provided, showing that DESs can be a reaction
medium for industrially-sound conditions.

Results and Discussion

Two DESs were prepared according to the reported molar
ratios, resulting in yellowish Lid-OA (1 :1)[52] and transparent Lid-
DecA (1 :2)[54] (Figure S1). First, the physicochemical properties
of these two DESs were experimentally determined. Lidocaine-
based DESs display thermo-switchable hydrophobicity and may
undergo phase separation upon temperature gradient, leading
to lower critical solution temperatures (LCST).[46,51–52] The
intensification of the molecular rotation at high temperatures
and the reversal of the ionized form to its natural form jointly
resulted in the phase separation.[46,52] Therefore, the phase
behavior of DESs and DES-water mixtures containing 5–90 wt%
water was evaluated at a 0.5 °C gradient. As shown in Figure 1a,
the mixtures involving Lid-OA displayed lower variations in
LCST within the range of 25–33 °C than those of Lid-DecA. The
lowest LCST of 25 °C was observed at 30–50 wt% water, in line
with previous works.[51–52] In the case of Lid-DecA, LCST showed
a huge discrepancy at different water contents ranging from
18 °C at 40 wt% water to 90 °C at 5 wt% water. This thermal
conversion property has been utilized to separate the aqueous
and organic phases by switching temperatures, thus enabling
the reuse of the enzyme in the aqueous medium.[51]

Since lidocaine-based DESs are composed of hydrophobic
constituents, their miscibility with aqueous media is limited.
The water activity of both pure DESs and DES-water mixtures
containing 5–90 wt% water (equals to 0.36–0.99 mol/mol, unit
conversion see Table S1) was evaluated at room temperature
(Figure 1b). The water activity of freshly produced pure Lid-OA
was 0.156, while Lid-DecA had a slightly lower value of 0.113,
which was due to the absorbed water (0.074 wt% for Lid-OA
and 0.03 wt% for Lid-DecA) from the atmosphere during the
DES preparation. The water activity shows a positive deviation
from its ideal behavior, which contrasts with the negative
deviation of commonly used hydrophilic DESs.[42,55] This sug-
gests that the DES component interacts weakly with water and

Scheme 1. Reduction of cyclohexanone and cinnamaldehyde catalyzed by
horse liver alcohol dehydrogenase (HLADH) coupled with oxidation of 1,4-
butanediol for cofactor regeneration in lidocaine-based hydrophobic DESs.
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even repels it, thus reducing the risk of stripping water from the
enzyme surface and maintaining enzyme hydration, following
the classic rules of non-conventional solvents (based on LogP).
For Lid-DecA, the slight decrease in water activity at 30 wt%
(0.82 mol/mol) indicates the phase separation at room temper-
ature that is above the LCST, which was also observed visually.
To evaluate the hydrophobicity of the DESs, the water contents
of pure DESs incubated at defined water activities were
quantified. Higher water contents were measured for Lid-DecA
than for Lid-OA under the same conditions (Figure 1c), indicat-
ing Lid-DecA has a higher water capacity and lower hydro-
phobicity. Due to the DESs hydrophobic nature, and for their
use in enzymatic catalysis, the water content was kept
�20 wt%, so that it can be completely dissolved in DESs
forming a homogeneous system below the LCST (i. e., 20 °C).
Furthermore, the viscosities of pure hydrophobic DESs at 25–
45 °C, and the DES-water mixtures with 5–20 wt% water at
20 °C were assessed. As expected, the increased temperatures
resulted in lower viscosities of pure DESs, although the addition
of water decreased the viscosity of Lid-DecA but not that of Lid-
OA, which remained almost constant in the 0–20 wt% range of
DES-water mixtures (Figure S2). In any case, the observed
viscosities remain all less than 280 mPa·s, values that are higher
than that of water (0.89 mPa·s) but lower compared to typical
ChCl-based DESs (e.g., 343 mPa·s for ChCl-Gly, 1 : 2), hence
making them readily applicable in biocatalysis.[42]

To assess the potential of lidocaine-based hydrophobic
DESs in biocatalysis, the reduction of cyclohexanone catalyzed
by the purified horse liver alcohol dehydrogenase (HLADH)
(SDS-PAGE see Figure S3) was first applied as a model reaction
(analytic details see Table S2, Figures S4 and S5). The reaction
was conducted below the LCST at 20 °C to ensure a homoge-
neous DES-water system. The reduction was initially performed
by directly adding equimolar cofactor NADH in DESs with
20 wt% buffer and comparing it to the pure buffer system. In
both DESs, the initial reaction rates and the yields (~65%) were
comparable to those of pure buffer (Figure S6), contrary to that
observed for hydrophilic DESs, where enzymes are deactivated
at such less water contents (e.g., �20 wt%).[36] Driven by these
promising results, the model reaction was carried out in
combination with a “smart cosubstrate” 1,4-butanediol for

NADH regeneration to shift reaction equilibria to the product
formation (Scheme 1),[56] in the DES systems containing 5–
20 wt% buffer. For both DES systems, adding 20 wt% buffer led
to the highest reaction rates (compared to 10 and 5 wt%),
although it was still slightly slower than the observed in pure
buffer system (Figure 2a–c). The enzyme displayed higher
activity in Lid-OA than in Lid-DecA, with faster initial reaction
rates in all cases. For instance, in the case of 5 wt% buffer a full
conversion was achieved after 24 hours for Lid-OA, while the
Lid-DecA lagged behind (Figure 2a). However, it is noteworthy
that the reaction in Lid-DecA with 5 wt% buffer still proceeded
linearly, implying that the enzyme was not being inactivated,
while in other hydrophilic DESs under water-limited conditions
strong deactivation was observed.[36] These results support the
hypothesis that hydrophobic DESs are more amenable to
sustaining enzyme hydration with minimal water.

Figure 1. Physicochemical properties of lidocaine-based DESs and DES-water mixtures. (a) LCST phase diagram, (b) water activity at room temperature, and (c)
water content.

Figure 2. HLADH-catalyzed reduction of cyclohexanone coupled with 1,4-
butanediol (1,4-BD) in the DESs with 5, 10, 20 wt% buffer with reference to
pure buffer. (a–c) Progressive curves, and (d) specific activities. Reaction
conditions: 500 μL reaction system containing cyclohexanone (50 mM), 1,4-
butanediol (25 mM), NADH (1 mM), and HLADH (3 mg/mL for progress
curves, 1 mg/mL for specific activity analysis) at 1000 rpm, 20 °C. Results are
averages of biological duplicates.
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To assess the enzymatic specific activity, the reaction was
performed using less enzyme loadings to ensure �10%
conversion (i. e., �5 mM). The enzyme resulted most active in
buffer with a specific activity of 3.6 times higher than in the
best of the DES conditions (i. e., Lid-OA with 20 wt% buffer),
where the activity decreased at lower water contents (Fig-
ure 2d). The enzyme displayed higher activity in Lid-OA than
Lid-DecA (4–5.5 times higher) for all the water contents.
Compared to Lid-OA with 20wt% (28% relative activity), a lower
specific activity (15% relative activity) was recorded for this
enzyme in choline chloride/glycerol (ChCl-Gly, 1 : 2) with equiv-
alent water content.[42] However, in that case the pure buffer
system still outperforms the hydrophobic DESs, presumably due
to the very high solubility of cyclohexanone in aqueous
conditions (~850 mM at room temperature).

To shed more light on the enzymatic performance in
hydrophobic DESs, the enzyme stability was next assessed,
since DESs can lead to divergent effects on activity and stability
of enzymes.[42] The enzyme stability was assessed in the
hydrophobic DESs with 20 wt% buffer, and compared to pure
buffer. The enzyme was incubated in the three systems for a
specific time (up to 48 hours) and then subjected to the
cyclohexanone reduction. The residual specific activities of the
incubated enzyme were determined based on the initial
reaction rate, while the final conversions were compared
(Figure 3). As observed, high specific activities were obtained in
pure buffer, but it decreased by 28% after 48 hours of
incubation. In the DES systems, the specific activity was
generally lower but remained almost constant, especially for
Lid-DecA, displaying high operational stability of the enzyme
(Figure 3a). At 24-hour reaction time, the reaction still reached
high yields (>90%) for all cases, indicating that sufficient
enzyme activity was still present in the reaction (Figure 3b).

Overall, the enzyme showed large operational stability in the
hydrophobic DESs. In combination with the promising activity
observed, the lidocaine-based hydrophobic DESs may become
desirable solvents for biocatalysis.

So far, the model reaction uses a water-miscible substrate,
which may not be the appropriate one to assess the capacity of
a hydrophobic DES for industrial biocatalysis. In fact, the set-up
of enzymatic reactions in non-conventional media is motivated
by the need of using water-immiscible highly hydrophobic
substrates, for which aqueous solutions are typically subopti-
mal. Thus, to further validate the suitability of these hydro-
phobic DESs under more demanding industrially-sound water-
immiscible substrates such as cinnamaldehyde (CinH), cinnamyl
alcohol (CinOH) was synthesized (Figure 4a). Interestingly, CinH
displays a solubility of 1.42 g · L� 1 (10.7 mM) in buffer at 25 °C,
while a considerably much higher solubility is observed in
hydrophobic DESs (>800 mM). Moreover, CinOH is a useful
intermediate for the synthesis of diverse valuable chemicals
(e.g., cinnamyl esters, and flunarizine) for food, cosmetic, and
pharma industries.[57] First experiments were performed with
50 mM CinH in buffer or in Lid-OA and Lid-DecA containing
20 wt% buffer (Figure 4, see also Figure S9). Comparable
reaction trends were observed for the reactions performed in
pure buffer and in Lid-DecA, although the full conversion was
only accomplished in Lid-DecA, compared to that of 66% in the
buffer after 24 hours. Surprisingly, the reaction proceeded
much faster in Lid-OA and led to the plateau of 90% conversion
after 3 hours (Figure 4b). Furthermore, for this highly hydro-
phobic substrate, the specific activity of the enzyme was 3-fold
higher in Lid-OA than in pure buffer (Figure 4c). The out-
standing performance observed for Lid-OA may be ascribed to
its higher hydrophobicity due to the longer alkyl chain of oleic
acid (C18) compared to decanoic acid (C10), thus enhancing the
beneficial effect regarding water activity and enzyme hydration.

Figure 3. Operational stability of the purified HLADH in DESs with 20 wt%
buffer with reference to pure buffer: (a) specific activity of incubated HLADH,
(b) yield of cyclohexanol after 24 h. Operational conditions: HLADH (3 mg/
mL) and NADH (1 mM) in 500 μL system was incubated at 1000 rpm, 20 °C
for defined times at when cyclohexanone (50 mM) and 1,4-butanediol
(25 mM) were added to react at 1000 rpm, 20 °C for 24 hours. Results are
averages of biological duplicates.

Figure 4. (a) HLADH-catalyzed reduction of cinnamaldehyde (CinH) coupled
with oxidation of 1,4-butanediol (1,4-BD) in DESs with 20 wt% buffer with
reference to pure buffer. (b) Progressive curves, c) specific activities. Reaction
conditions: 500 μL reaction system containing CinH (50 mM), 1,4-BD
(25 mM), HLADH (3 mg/mL), and NADH (1 mM) at 1000 rpm, 20 °C. Analytic
details see Table S3, Figures S7 and S8. Results are averages of biological
duplicates.
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As stated above, one important motivation of applying
DESs is to operate biotransformations under high substrate
loadings, especially in the cases where industrially-needed
water-immiscible hydrophobic substrates are used. Thus, en-
couraged by the promising results at 50 mM, increasingly
higher substrate loadings (200–800 mM) were applied in both
DESs containing 20 wt% buffer, and compared with a pure
buffer system. Surprisingly, in a pure buffer system, the reaction
at 200 mM hardly proceeded and resulted in a yield of only
1.5% after 48 hours (Figure 5a). This result could be attributed
to large amounts of cinnamaldehyde surrounding the enzyme,
leading to visible precipitation of the enzyme. Conversely, the
reaction proceeded much faster in Lid-OA followed by Lid-
DecA, leading to the yields of 90% and 74% after 24 hours,
respectively (200 mM substrate loading, Figure 5a). This signifi-
cant improvement in the DES systems is mainly due to the
much higher solubility of cinnamaldehyde (>800 mM), which
may decrease the inactivation of the enzyme by the substrate
and may solve mass-transfer limitations. At higher concentra-
tions of cinnamaldehyde in hydrophobic DESs, the yields in all
cases reached 72–85% after 24 hours and further increased to
88–94% after 48 hours (Figure 5b). Compared to Lid-OA,
despite the general lower yields of around 55% for Lid-DecA
after 24 hours, the reaction was extended to 48 hours with a
significant increase in yields to 85% (Figure 5c).

Furthermore, a higher concentration of 800 mM cinnamal-
dehyde was assessed, which corresponds to ~100 g substrate
per L reaction medium. Such high substrate loading results
promising for industrial conditions, and offers an appropriate
resource use of solvents, leading to diminished wastes,
compared to non-intensified systems.[58] Gratifyingly, the reac-
tions were efficient in both DESs and reached almost complete

conversions after 48 hours, under the non-optimized conditions
applied. For the first time, the enzymatic reduction of
cinnamaldehyde can be performed effectively under such high-
loading conditions suitable for industrial use using hydrophobic
DESs as tailored reaction media. The use of hydrophobic DESs
offers a working window with promising alternatives for
biocatalysis in non-conventional media.

Moreover, highly-intensified processing conditions lead to
improved environmental metrics, because resources – solvents
and water – are more properly used.[9,53,59] When reactions are
performed in the range of 100 gL� 1, an E-factor and PMI in the
range of 10–11 should be expected, respectively (upstream
part). Being an organic solvent, a C-factor in the range of 25 kg
CO2 kg Product� 1 may be reached during the incineration step
of the spent solvent.[5–7,9,58] Although environmental estimations
are promising for these intensified systems and show the
potential that using non-conventional media may have (as it
often triggers higher substrate loadings than aqueous con-
ditions), results can still be improved by considering integrated
processes in which the solvent can be reused several times
before incineration takes place. Likewise, the design of more
robust enzymes may enable processes with even higher
substrate loadings, leading to more efficient and more environ-
ment-friendly systems.

Conclusions

The applicability of hydrophobic lidocaine-based DESs for redox
biocatalysis has been explored. These hydrophobic ‘designed’
media enable efficient biotransformations under low water
contents, which were here limited up to 20 wt% to sustain a
homogeneous monophasic system below the LCST and to fully
assess the interactions of DES-enzyme. When water-miscible
substrates are applied (e.g., in the case of cyclohexanone
reduction), Lid-OA (1 :1) outperforms Lid-DecA (1 :2), but both
DESs do not result as effectively as the pure buffer system. For
the DESs, the higher the water content (5–20 wt%), the higher
the reaction efficiency, revealing the optimal condition of Lid-
OA (1 :1) with 20 wt% buffer. Importantly, when the hydro-
phobic media were applied to water-immiscible substrates
(e.g., cinnamaldehyde), the specific activity resulted 3-fold of
the pure buffer system. Thus, cinnamaldehyde loadings were
increased to 800 mM, equivalent to an industrial loading of
100 g L� 1, resulting in a complete conversion. Therefore, the
solubilization advantages obtained with hydrophobic DESs are
presented.

This work showcases for the first time the applicability of
hydrophobic DESs for industrially-sound conditions in biocatal-
ysis, by providing reaction media that can be enzyme-
compatible and highly substrate-solubilizer at the same time.
An important remaining step is the development of integrated
downstream conditions for product isolation. Aspects related to
the formation of more than one phase of these hydrophobic
DESs at different temperatures may offer an opportunity
window to explore these steps. Future work will focus on this,
as well as on extending the technology to other enzyme

Figure 5. HLADH-catalyzed reduction of cinnamaldehyde (CinH) coupled
with 1,4-butanediol (1,4-BD) in DESs with 20 wt% buffer with reference to
pure buffer. (a) Progressive curve of 200 mM CinH, (b) Yields in Lid-OA, (c)
Yields in Lid-DecA. Reaction conditions: 500 μL reaction system containing
CinH (50–800 mM), 1,4-BD (25–400 mM), HLADH (2 mg/mL), and NADH
(1 mM) at 1000 rpm, 20 °C. Results are averages of biological duplicates.
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systems and substrates, to untap the potential the tunable DESs
for industrial (and more sustainable) biotransformations.
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Two hydrophobic DESs, lidocaine/
oleic acid and lidocaine/decanoic acid,
were utilized as reaction media that
were enzyme-compatible and highly
substrate-solubilizer for carbonyl
reduction catalyzed by horse liver
alcohol dehydrogenase, focusing on

the effect of water contents and on
maximizing substrate loadings, which
showcases for the first time the ap-
plicability of hydrophobic DESs for in-
dustrially-sound conditions in bioca-
talysis.
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