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Lipase-catalysed esterification in a reactive natural
deep eutectic solvent leads to lauroylcholine
chloride rather than glucose estert
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Enzymatic esterification of glucose with lauric acid catalyzed by lipase B from Candida antarctica
immobilized on acrylic resin (LAR) was investigated in hydrophilic reactive natural deep eutectic solvents
(R-NADESs), composed of choline chloride (ChCl) as the hydrogen bond acceptor (HBA) and glucose (Glc)
and water as hydrogen bond donors (HBDs) in different molar ratios. Surprisingly, no glucose esters were
obtained, the only esterification product being lauroylcholine chloride, obtained in the ChCl: Glc: H,O (2:
1:1) ternary R-NADES. Molecular dynamic simulations clearly explained this unexpected selectivity,
showing that the lipase-catalyzed synthesis of glucose lauryl esters is hindered by the manifold and strong
interactions in the H-bond network and the formation of voluminous adducts of glucose with the chloride
ion, which cannot access the alcohol catalytic subsite. The free choline chloride, not involved in the
H-bond network of the ChCl:Glc:H,O (2:1:1) R-NADES, did enter the CalB catalytic pocket and was
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Introduction

Glucose fatty acid esters belong to the larger group of sugar
derived fatty acid esters (SFAEs), an essential collection of
biobased surfactants with application as emulsifiers in food
and personal care products, drug delivery systems,
solubilizing agents, or lubricants." Composed entirely of
biobased materials, ie., carbohydrates from common
biorefinery feedstocks and fatty acids from oilseeds or from
oleochemical coproducts, SFAEs are intrinsically natural.
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converted to the corresponding lauroylcholine ester.

However, current synthetic chemo-catalytic processes,
although efficient, are energy-intensive, non-selective and use
volatile organic solvents, and therefore only partially fulfill
green process requirements.

One of the best approaches to overcome the current
limitations of SFAE production is the integration of regioselective
biocatalysis with green solvents, of which the most promising
are deep eutectic solvents (DESs) and their greenest
counterparts, the natural deep eutectic solvents (NADESs).>”
DES and NADES systems are complex hydrogen-bond networks
formed by a hydrogen bond acceptor (HBA), usually a quaternary
ammonium salt, and hydrogen bond donors (HBDs), like
alcohols, amides, carboxylic acids, carbohydrates, or polyols.
Since they are non-volatile, nontoxic, biodegradable, and
biocompatible, (NA)DESs are considered the best alternative to
organic solvents and ionic liquids for greening chemical
industrial processes.

Building up on the well documented use of microbial lipases
for the synthesis of SFAEs*” and increasing knowledge on the
properties and applications of NADESs,**° numerous studies
were dedicated to the investigation of the synergy between
enzymes and NADESs and their application for glycolipid
synthesis. The remarkable finding that lipases preserve their
secondary structure,'’ thermal stability,"* and catalytic activity'®
in both hydrophobic and hydrophilic (NA)DESs was a major step
forward.
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Several research groups reported on the lipase-catalysed
synthesis of glucose esters by esterification and
transesterification reactions in both hydrophilic and
hydrophobic NADESs. Screening for the most suited NADES for
the synthesis of glucose esters by transesterification with vinyl
hexanoate catalysed by immobilized lipase B from Candida
antarctica (N435), Pohnlein et al.™* found glucose-6-hexanoate
only in ChCl:urea (1:2) and ChCl:Glc (1:1) NADES mixtures,
but not in the ChCl:ethylene glycol (1:1) and (1:2) and the
ChCl:glycerol (1:1) eutectics. However, authors found tiny
amounts of choline chloride hexanoate in all evaluated
NADESs. Besides, the formation of 4,6-dimethylidene glucose
was observed in a secondary reaction between glucose and the
acetaldehyde by-product.* Similarly, glucose-6-decanoate was
synthesised by transesterification with vinyl decanoate in a
ChCl:urea (1:2) NADES," in a hydrophilic ChCl:Gle:H,O (5:
1:5) NADES,"” and in a hydrophobic DES consisting of
p-menthol and decanoic acid."®

Siebenhaller et al.,'” reported the synthesis of monoesters,
i.e., glucose-6-octanoate and diesters, like glucose dipalmitate,
dioleate, and dilinoleate, by transesterification with the
corresponding methyl and vinyl esters of the C6-C18 fatty
acids, catalysed by N435 in a reactive NADES obtained from
beechwood cellulose fibre hydrolysate and ChCl. They also
observed the formation of secondary products, such as
levoglucosan, by condensation of glucose with the acetaldehyde
generated by tautomerisation of the vinyl alcohol by-product.
The same research group stated that water addition was
essential for the lipase catalysed synthesis of arabinose laurate
esters in a ChCl: arabinose NADES, the yields increasing at 4%
water content in the NADES."”

Adding up to the current state of the art research that is
focusing on enzymatic transesterification of glucose in NADES
mixtures, we directed our studies to the investigation of the
enzymatic glucose esterification with free fatty acids in
hydrophilic reactive NADES systems. Although transesterification
is efficient and relatively high ester yields can be obtained, it
shows several drawbacks and limitations:

(i) hydrolysis of the methyl or vinyl ester reagents with the
formation of free fatty acids and water, even in eutectics with
low water content, due to hygroscopicity of choline chloride;
hydrolysis is preferred by lipase over transesterification.
Indeed Semproli et al."> showed that hydrolysis of vinyl esters
is the preferred pathway for lipase when the target substrate
is unfavoured.

(i) Formation of secondary products in condensation
reactions with the acetaldehyde formed from tautomerisation of
the vinyl alcohol released in the transesterification reaction and/
or in reactions of the vinyl ester with NADES constituents like
polyols (i.e., ethylene glycol, glycerol) and urea.

(iii) Deactivation of the enzyme, due to Schiff-base
formation by condensation of acetaldehyde with the free
amine groups of surface lysine residues.

(iv) Complex downstream processing due to a multi-
component composition of the product mixture with
different physical properties.
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Esterification reactions instead, are greener, using only
bio-based and natural reagents and efficient under optimal
conditions. Recently, we proved the enzymatic synthesis of
o,w-lauryl diesters of carbohydrate polyols, with good yields
and excellent regioselectivity by esterification in a ChCl-
polyol R-NADES with a dual function, acting as a solvent
and substrate source.'® Thus, this study focused on the
investigation of hydrophilic R-NADES mixtures for the
enzymatic synthesis of glucose lauryl esters by esterification.
We prepared and characterised two novel ternary R-NADESs
containing ChCl, glucose and water in different molar
ratios, and we investigated in detail the influence of the
R-NADES composition and properties on the esterification
activity and operational stability of the biocatalyst.
Computational simulations gave a clear and comprehensive
view of the H-bond network, and the interactions between
the components and their mobility. Optimization of the
reaction conditions allowed preparative synthetic reactions.
Surprisingly, the product of the reaction was identified as
choline chloride lauryl ester, a bio-based ester that might
be a valuable biosurfactant. Glucose monolaurate was not
obtained. Molecular modelling and simulations fully
explained the experimental results and helped to rationalise
all the interactions and effects governing the complex
reaction system. This work brings together new insights in
the complex behaviour of NADESs and R-NADESs, showing
that natural eutectic mixtures are unique systems that
cannot be generalised, and must be designed for each case
and reaction. A multidisciplinary approach, including
computational modelling, reaction engineering, solvent
engineering and experimental research should be integrated.
Scheme 1 illustrates the possible pathways for lipase-
catalysed esterification of a reactive NADES containing
choline chloride and glucose as major components.

Experimental

Materials

Choline chloride (=98%) and lipase B from Candida
antarctica, recombinant, expressed in Aspergillus niger,
immobilized on acrylic resin (LAR), with a specific activity
>5000 U g~ (propyl laurate hydrolysis), were obtained from
Sigma-Aldrich. Dimethyl sulfoxide (DMSO), hexane and
tetrahydrofuran (THF) were obtained from Merck. Lauric acid
(LA), 98% was obtained from Alfa Aesar. Ethanol was
obtained from Chimopar (Bucharest, Romania). Anhydrous
p-(+)-glucose was obtained from Fluka. Ethyl acetate was
obtained from Chimreactiv (Bucharest, Romania). Alumina
silica gel plates (DC-Autofolien Kiesegel 60 F254) were
obtained from Merck, Kenilworth, NJ, USA.

Preparation and characterisation of R-NADES

Ternary R-NADESs, consisting of choline chloride (ChCl),
anhydrous p-(+)-glucose (Glc) and water at 1:1:1 and 2:1:1
molar ratios, were prepared and characterized as previously
described for carbohydrate polyol-based R-NADESs.'®

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Possible pathways for lipase-catalysed esterification of a reactive NADES containing choline chloride, glucose and water, obtaining

lauroyl-6-glucose (R1) and/or lauroylcholine chloride.

Thermal properties and dynamic viscosity were measured by
thermogravimetry (TG), differential scanning calorimetry
(DSC) and rheology.

Biocatalyst characterisation

Catalytic activity. The esterification activity of LAR was
determined for the synthesis of n-propyl laurate in (a) a
solvent-free system, as reference, and (b) in ternary R-
NADESs, using the initial rate methodology.'® One activity
unit (U) is the amount of propyl laurate (umol) produced per
minute by one gram of enzyme. Values reported are a mean
of three experiments.

The esterification activity in the solvent free system was
determined in an equimolar reaction mixture consisting of 2
mmol of LA and 2 mmol of n-propanol. The reactions were
initiated by addition of 10 mg LAR, were carried out at 55 °C
in 2 ml capped vials, and stirred at 350 rpm in a
thermomixer (Thermomixer comfort, Eppendorf, Germany)
for 1 hour. Aliquots of 0.1 ml were withdrawn at regular time
intervals and mixed with 7 ml ethanol, followed by titration
with ethanolic KOH 0.1 M solution, with phenolphthalein as
endpoint indicator, to determine the unreacted LA. The
amount of propyl laurate (umol) yielded at different times
during the linear phase of the reaction was calculated from
the determined converted LA, according to the (1:1)
stoichiometry of the reaction.

The esterification activity of LAR in the R-NADES systems
was determined with the initial rate method used for the
reference activity described for the solvent free system, with
some differences that are detailed below. The reaction
mixture consisted of 0.4 mmol of LA, 0.4 mmol of 1-propanol
and 0.8 g R-NADES at 70 °C, and 50 reference units LAR. The
mixture was stirred at 70 °C and 1000 rpm for 4 hours.
Aliquot samples were accurately weighed to determine their
mass, prior to dissolution in ethanol and titration.

Stability. The stability of LAR in ternary R-NADES mixtures
was determined upon incubation of the lipase in the

This journal is © The Royal Society of Chemistry 2024

R-NADES at 70 °C for 0, 24, 48 and 72 hours, followed by
addition of LA and 1-propanol and determination of the
esterification activity. The stability of lipase is given as
relative activity (%), as previously described.'®

General procedure for lipase catalysed esterification of the
R-NADES with LA

In a 5 mL Eppendorf tube, LA was mixed with the R-NADES
at a 1:1 molar ratio of LA to glucose. The reaction was
started by the addition of the LAR biocatalyst, in amounts
ranging from 285 to 1600 U g glucose (reference
esterification activity, for n-propyl laurate synthesis). The
reaction mixture was incubated for 24 to 72 hours, at: a) 60
°C, at 30 rpm in a Benchmark Rhoto-Term™ incubated tubes
rotator (Benchmark Scientific, Sayreville, NJ, USA), and b) 70
°C and 75 °C in a thermomixer, at 600 rpm. Reaction
products were extracted by sequential addition of organic
solvents (THF, hexane, ethyl acetate and ethanol). Three
control reactions were conducted under similar reaction
conditions, but removing one component at a time, as
follows: (i) without enzyme, (ii) without NADES and (iii)
without LA. Reaction mixtures and controls were analysed by
HPLC. The concentration of LA in the samples was
determined from the LA calibration curve built up by HPLC
analysis. LA conversion (mol%) was determined based on the
moles of LA in the control without enzyme and in the
sample. No conversion of lauric acid was observed for control
reactions. All reactions, including controls, were performed
in duplicate, and the results given are an average of two
experiments. At the end of the reaction, the reaction mixture
was extracted with THF, at 40 °C, for 30 minutes. HPLC and
TLC analysis of the extract showed the lauric acid peak (R, =
7.70 min, Ry = 0.27) and a product peak (R, = 9.54 min, Ry =
0.73). After concentration by evaporation, the mixture was
separated by silica gel chromatography, with ethyl acetate/
hexane (1:9) as eluent. The fractions collected were analysed
by TLC, and the fractions showing the spot at Ry = 0.73 were
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pooled together and evaporated to dryness by vacuum
evaporation. The product obtained was identified as
lauroylcholine chloride by FTIR, 1H-NMR, and 13C-NMR
spectroscopy.

Identification and characterisation of reaction products

After the reaction, samples were analysed by (a) thin layer
chromatography (TLC) and (b) high performance liquid
chromatography (HPLC). TLC was carried out on alumina
silica gel plates (Merck, Kenilworth, NJ, USA, DC-Autofolien
Kiesegel 60 F254) with dimensions 20 x 20 cm and 0.2 mm
thick. The mobile phase was a mixture of ethyl acetate:
hexane (1:9). Visualization of the spots was performed by
immersing the plate in an ethanolic solution of
phosphomolybdic acid with a 5% concentration, followed by
heating. The Ry values for LA and lauroylcholine chloride
were: Ry LA = 0.27 and Ry lauroylcholine chloride = 0.73.
HPLC analysis was performed using an Agilent system HPLC
1260 INFINITY II chromatograph equipped with a Luna 5 pm
phenyl-hexyl LC column 250 x 4.6 mm, 100 A, (Phenomenex,
USA), a quaternary G7111B pump, a column thermostat
(Agilent Technology Germany), a RID WR G7162A detector,
and OpenLab CDS Workstation software. The samples were
eluted using a methanol/water 90:10 mixture, at a 0.5 mL
min~" flow rate and 40 °C. LA conversions (mol%) were
calculated based on the calibration curve of LA.

Esters were purified by silica gel column chromatography,
with ethyl acetate/hexane (1:9) eluent. Products were
identified by FTIR and NMR spectroscopy. FTIR spectra were
acquired in attenuated total reflectance mode (ATR) on a
Bruker Vertex 70 spectrometer (Bruker Daltonik GmbH,
Bremen, Germany). "H-NMR spectra were recorded on a
Bruker Avance III spectrometer (400.17 MHz) and internally
referenced to the residual solvent signal (CDCls: d 7.26 ppm,
D,0: J 4.79). *C-NMR spectra were recorded on a Bruker
Avance III (100.62 MHz) and internally referenced to the
residual solvent signal (CDCls: 6 77 ppm). All NMR spectra
were measured at 298 K.

Computational simulations

Modelling of lauric acid, R-NADESs and CalB lipase. R-
NADESs with choline chloride (ChCl) salt, a- and fB-p-glucose
and water mixtures in proportions 2:0.5:0.5:1 and 1:0.5:
0.5:1 respectively were constructed using the program
Packmol.'® The structure of lipase B from Candida antarctica
(CalB) was available in the Protein Data Bank (PDB ID:
1TCA).>° All CalB + R-NADES + lauric acid (LA) systems were
constructed by placing the protein at the centre of the box
and then filling the box with the R-NADES mixture
according to the experimental molar ratios, ie., ChCl:
glucose:water: LA of 2:1:1:1 and 1:1:1:1, respectively.
The number of molecules in each constructed cubic box
mixture is described in Table S1.tf The structures of the
R-NADES components and lauric acid were obtained from
the CHARMM Small Molecule Library from CHARMM-GUL>!

2626 | React. Chem. Eng., 2024, 9, 2623-2634

Reaction Chemistry & Engineering

Overall, three different systems were prepared for each
R-NADES mixture: (i) a simulation box of the R-NADES; (ii)
R-NADES + CalB, and (iii) R-NADES + CalB + LA.

Molecular dynamics simulations. Prior to performing
molecular dynamics (MD) simulations, a minimization of the
systems that contain the protein CalB were performed in two
steps: (a) first the protein was restrained, and the solvent
energy was minimized for 10000 steps and with an initial
energy minimization step size of 0.001 nm, and (b) second,
an unrestrained minimization was performed using the same
minimization parameters. For the systems containing only
the R-NADES, the minimization is reduced to the second step
of the previous minimization protocol. After minimization, a
set of molecular dynamics simulations mimicking the same
experimental conditions (343, 15 K (70 °C) and 1 bar) was
performed. The computational protocol employed in this
work is based on the one developed in our previous work."®
In summary, the solvent system was relaxed for 1 ns at
343.15 K and at constant pressure (1 bar) while the protein
structure was restrained, checking that no further changes
were observed in the density of the systems. To accelerate the
mixing of the R-NADES components, we subsequently
followed a simulated annealing scheme.'® Thus, the
temperature was linearly increased to 500 K during 100 ns
and remained at 500 K for a duration of 200 ns. We
performed a sampling of configurations every 25 ns during
the last 100 ns, obtaining 4 different snapshots for each
system. All poses were subsequently cooled down to 343.15 K
during 100 ns following the exponential function 7' = 156.85
x exp(-0.05 x ¢) + 343.15. The parameters of the function were
chosen manually to guarantee an initial fast rate cooling
during the first 20 ns (achieving 400 K), following a much
slower cooling until the end of the simulation. During all the
simulated annealing processes, the backbone structure of the
protein was restrained. Then, we employed each
configuration at the end of the 4 cooling simulations to run 4
MD replicas at 343.15 K of each system with the protein
structure unrestrained. The time length of R-NADES
simulations (without protein) was 20 ns, while for the
simulations including CalB, it was 100 ns. In the case of the
system NADES + CalB + LA (2:1:1:1), the length of all 4
simulations was extended to 500 ns to assess the possible
entrance of choline in the catalytic pocket.

All MD simulations were performed with the software
package GROMACS v.2022,>* and Charmma36 (ref. 23) and
CGenFF 4.6 (ref. 24 and 25) force fields were employed for
the parameterization of the system. Following ref. 26, the
charges of choline and chloride atoms were scaled by a factor
of 0.9, to intrinsically represent charge transfer in the
nonpolarizable force field. The Verlet integrator and LINCS*’
constraints were employed with a time step of 1 fs for the
equilibration process and 2 fs for the production phase. The
temperature was controlled utilizing a modified Berendsen
thermostat,”” while an isotropic pressure of 1 bar was kept
using a Parrinello-Rahman barostat,”®>® with a time constant
of 5 ps and an isothermal compressibility of 5 x 10~ bar ™.

This journal is © The Royal Society of Chemistry 2024
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Long-range electrostatic interactions were described by the
smooth particle-mesh Ewald (PME) method by using a PME
order of 4. Lennard-Jones (L]) and electrostatic interactions
were calculated with a cut-off radius of 1.2 nm, while LJ
interactions were smoothly switched off between 1.0 and 1.2
nm.

Analysis of MD trajectories. Residue-residue interactions
were first assessed through contact frequency analysis. A
contact between two atoms is defined when their van der
Waals surfaces are within a 0.5 A distance. The cut-off chosen
here is different from the most effective one (1 A) tested on
amino acids contacts,® because at first contacts were
analysed at an atom-atom level. Only minor changes are
observed on residue-residue contact frequencies between the
two cut-off choices. For each snapshot, all the contacts
between atoms not belonging to the same residue are listed.
Then for each residue type (i.e. water, choline, chloride, o-
and P glucose) the contacts involving each of their atoms are
counted. The counts obtained in this way are used to obtain
frequencies of occurrence of each atom of each residue in
any contact, and the frequencies of each specific pairwise
contact, by dividing them by the total number of contacts in
the system. Atom-atom contacts are then used to compute
the frequencies of each residue-residue contact.

The number of residue-residue contacts is the sum of all
atom-atom contacts involving the pair of residues.

If we index each residue type by i and j and indicate by f;
and f; the single contact frequencies of the residues i and j,
and by f;; the pairwise frequencies in the contacts, the ratio:

gy = filfi * /) (1)

provides an assessment of how much more (or less) frequent
is a contact than expected by chance. This analysis has been
performed both at the atom and residue levels, and pooling
or not a- and p-glucose.

The number of hydrogen bonds (H-bonds) between the
components of R-NADES was evaluated along the MD
trajectories with the program hbond of GROMACS> by using
the program standard distance and angle cut-off parameters
of 3.5 A and 30°, respectively. The type atoms of chloride ions
were modified to oxygen in the GROMACS topology before
performing the analysis, since the program only evaluates N
and O atom types as H-bond donors and acceptors. For
simplicity, the same H-bond cut-off was kept for chloride,
although a slightly larger cutoff (3.8 A) has been used in the
literature.*"

Table 1 Properties of R-NADES

Paper

Other structural analyses of the MD trajectories were
conducted using the VMD software package.*

Results and discussion
R-NADES and their properties

Physical and thermal properties. Mixing choline chloride
with glucose and water in different molar ratios at 100 °C,
we obtained two ternary deep eutectic mixtures, ie., ChCl:
Glc:H,O (1:1:1) and (2:1:1), with significant differences
in their physical and thermal properties (Table 1 and
Fig. 1).

Both R-NADESs have high thermostability, starting to
decompose at temperatures (Tonser) Of 190 °C and 195 °C,
respectively. Upon heating up to 105 °C, the equimolar ChCl:
Glc:H,0 (1:1:1) R-NADES (entry 1, Table 1) loses less water
than the ChCl:Glc:H,O (2:1:1) R-NADES with higher molar
content of choline chloride (entry 2, Table 1), which suggests
a stronger binding of water in the hydrogen bond network of
the equimolar deep eutectic mixture.

DSC analysis shows a significant difference between the
melting behaviour of the choline chloride/glucose based
ternary R-NADESs (Fig. 1A). The equimolar ChCl:Glc:H,0
(1:1:1) eutectic shows a clean thermogram, with only one
peak at -44.5 °C, characteristic for the glass transition
temperature (7Ty), and without thermal transitions in the
positive temperature range. However, the DSC trace of the
ternary ChCl:Gle:H,0 (2:1:1) showed one distinct broad
endothermic peak at 61.3 °C with onset at around 20 °C.
Surprisingly, a small endothermic peak was observed at 73.6
°C, which can be ascribed to the excess ChCI not involved in
the extended hydrogen bond network of the eutectic mixture.
Aroso et al.,”® observed similar peaks in the thermograms of
mixtures of ChCl:xylose of 4:1 and 3:1, and concluded that
the sharp endothermic peak at 78 °C of choline chloride
resulting from a crystallographic arrangement phase
transition, characteristic in the DSC of pure choline chloride,
is shifted to lower temperatures, around 75 °C, in the DSC of
mixtures, irrespective of the molar ratio and the composition
of the eutectic mixture.

The viscosity of R-NADESs was measured between 40 and
80 °C, the optimum temperature range for a lipase-catalysed
esterification reaction (Fig. 1B). Both eutectics were clear,
colourless, and stable liquids in this temperature range. The
viscosity decreased with increasing temperature following an
Arrhenius-like behaviour; at higher temperatures the internal
resistance of molecules decreases, and they flow more easily.

R-NADES TGA DSC Viscosity (cP)
Entry Composition Water content (%) Weight loss at T < 105 °C (%)  Tonset (°C) T (°C) Ty (°C) 60°C 70°C 80°C
1 ChCl:Gle: H,0 (1:1:1) 5.5 1.25 190 n. 0. -445 1583  767.5 425
2 ChCl:Gle:H,0 (2:1:1) 3.8 2.86 195 61.3;73.6 n.o.” 687 382 238

“ n. o. - not observed.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1

The decrease of viscosity with increasing temperature is
spectacular. For example, an almost halving of the viscosity is
obtained with every 10 °C increase of the temperature for
both ternary choline chloride/glucose eutectic mixtures, as
illustrated in Fig. 1B and Table 1. However, the viscosity of
the ChCl:Gle:H,0O (1:1:1) R-NADES is at least double
that of the choline chloride richer mixture, i.e., ChCl:Glc:
H,O (2:1:1), making it a less suited solvent for the
enzymatic reactions, due to possible mass transfer
limitations.

Computational simulations of the R-NADES mixtures.
Computational simulations were used to understand the
molecular interactions between the components of the deep
eutectic mixtures and their mobility. First, we evaluated the
average number and the type of molecules surrounding each
NADES component by contact frequency analysis (see the
Experimental section for a more detailed description). The
interactions between the different molecules in the
equilibrated media may indicate how these components
behave over time, which ultimately will give us information

() 14

Contact frequency ratio
o o o Lovy Lo
> [=2) © o N

o
o

o

.o o
O\\O\ G\\)c G\\)C

- e P z A€ G\“ A
C\ o \‘\\lNa\e‘ o \N G\\)C 0‘(\0\ w \N C“\0\ - C\ . \N

(A) DSC thermograms and (B) viscosity of ChCl:Glc:H,O (1:1:1) and (2:1:1) eutectic mixtures.

about the behaviour of choline and glucose in the
esterification process.

The analysis of atomic contacts in Fig. 2a for the 2:1:1
choline chloride, water, and glucose solution shows that the
choline quaternary ammonium group interacts preferentially
with chloride, as expected because of the opposite charges,
but also with all the oxygen atoms of glucose and water.
Consequently, the interactions between glucose molecules
and between glucose and water molecules occur with slightly
lower probability than the statistical value. The probability
values for the interaction between glucose or water and
chloride anions are similar to the statistical values. Moreover,
no meaningful differences are observed in the distribution of
the interaction probabilities between alpha- and beta-glucose
molecules (see Fig. S11). Similar results are obtained for the
1:1:1 choline chloride, water, and glucose solution.

Next, we evaluated the average number of H-bonds per
molecule type. Taking into consideration previous
works®'?**> we also included the chloride anions as
acceptors in the H-bond evaluation. The results for ChCl:
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Fig. 2 Computational structural analysis of CalB in the glucose-based R-NADES (2:1:1). (a) Contact frequency ratio and (b) H-bond analysis
between the different components in the R-NADES ChCl: Glc: H,O (2:1:1) obtained from MD trajectories.
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Glc:H,0 (2:1:1) in Fig. 2b show that the average number of
H-bonds per molecule of glucose with chloride anions (2.7) is
significantly higher than those evaluated with other
molecules, with values lower than 1, including glucose-
glucose H-bond interactions. The same trend occurs for water
molecules, although the number of H-bonds per water
molecule with chloride anions is lower, i.e. around 1. Choline
molecules are also able to form H-bonds with their hydroxyl
group. They also show the highest H-bond probability with
the chloride anion, but the value (0.5) is lower than the one
obtained for glucose or water. The H-bond analysis of alpha-
and beta-glucose molecules in Fig. S2f shows, in general,
similar probabilities per molecule. Nevertheless, it is
noticeable that the H-bond probabilities between alpha and
beta glucoses are slightly higher than between the same
isomers.

The evaluation of the average number of H-bonds for each
polar atom of glucose and choline molecules as shown in
Fig. S31 shows a similar behaviour for all hydroxyl groups of
glucose, while that for hemiacetal oxygen (O5) has
significantly lower H-bond probabilities. We note that
hemiacetal oxygen can only act as a H-bond acceptor in
contrast with the dual role of donor or acceptor that can be
adopted by the hydroxyl groups. As seen before, the hydroxyl
groups preferentially form H-bonds with chloride anions with
a probability per molecule of 0.5, while the interaction with
other glucose molecules has a probability of 0.25-0.3. The
number of H-bonds per glucose molecule with water and
with choline is even lower, ie. around 0.1. Noticeably, a
similar distribution of probabilities is found for the hydroxyl
group of the choline molecule with the difference that the
probability of H-bond formation between choline molecules
is the lowest. The results obtained in equimolar ChCl:Glc:
H,O (1:1:1) R-NADES are, in general, similar as those
described here for the ChCl: Glc: H,O (2:1:1) R-NADES, with
the main difference showing higher values of glucose-glucose
and choline-glucose H-bonds (see Fig. S47).

Altogether, the simulations of glucose-based NADESs
indicate the importance of the electrostatic interactions that
lead to the organization of the components in the NADES to
stabilize the ions of the mixture. Thus, besides the high
interaction probability between choline and chloride ions,
water and glucose molecules are preferably interacting with
the charged molecules, taking advantage of their dual role as
an electronic acceptor and donor. In agreement with previous
works that carried out MD simulations of glucose in ionic
DES,*'3%3> the H-bond network formed in the NADES is
mainly characterized by the interaction of the chloride anions
with glucose. Although the participation of halide ions in
H-bonds is not standard in biosystems, their study is well
documented in the literature.*® Indeed, the behaviour of
halide ions as electron donors is different as the typical role
of O atoms, since the negative charge of the first is
delocalized allowing the simultaneous formation of many (6-
7) H-bonds.*® Each glucose molecule establishes an average
of 2-3 H-bonds with chloride anions. Water molecules
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showed a similar behaviour, although the average number of
H-bonds per water molecule with chloride is lower, around 1.
It is noticeable that the participation of choline molecules in
the H-bond network is significantly lower than the other
NADES components, principally in the ChCl:Glc:H,O (2:1:
1) R-NADES.

Catalytic activity and thermal stability of LAR in glucose-
based R-NADESs as a reaction medium

The esterification activity of the commercially available
immobilized lipase B from Candida antarctica (LAR) was
evaluated in the esterification of 1-propanol with LA, in both
ChCl:Glc:H,O (1:1:1) and (2:1:1) R-NADES mixtures,
compared to the solvent free system as reference. LAR
showed considerable esterification activity in R-NADESs, but
is almost half compared to that in the solvent free system
(Fig. 3A).

This significant decrease could be caused by the relatively
high viscosity of the carbohydrate-based R-NADESs, which
might slow down the diffusion and collision of reactant
molecules with each other and with the enzyme. However,
other effects of the medium on the enzyme cannot be
excluded, as interactions between the eutectic mixtures and
enzyme with either activating or inhibiting effects have been
reported.”

Stability studies, conducted by preincubation of LAR at 70
°C in the R-NADES for 0, 24, 48 and 72 hours, followed by
the determination of the esterification activity for n-propyl
laurate synthesis, showed a remarkable high stability of LAR
in the ChCl:Glc:H,O (2:1:1) eutectic mixture, keeping more
than 96% of the activity upon incubation for 72 hours at 70
°C (Fig. 3B).

These results suggest a stabilizing effect of the tertiary
structure of the enzyme upon the interaction with the
hydrophilic eutectic mixture and its constituents, and
particularly with the polyhydroxy HBD, as also reported by
Cao et al.™?

Esterification reactions catalysed by LAR in the ChCl:Glc:
H,O (2:1:1) R-NADES

The synthetic experiments were focused on the selection of
three parameters with a major impact on the conversion and
product yield, namely enzyme load, temperature and mixing.
The intervals for the variation of reaction parameters were
selected based on the knowledge we acquired in our previous
studies on lipase esterification reactions in choline chloride-
carbohydrate polyol (1:1) R-NADES mixtures."® Small scale
experiments carried out for 24 h at three temperatures, i.e.,
(i) 60 °C and 30 rpm in a benchmark rotator, and (ii) at 70 °C
and 75 °C in a thermomixer at 600 rpm, showed only minor
differences between the LA conversions obtained (data not
shown). This suggests that the better homogenisation of the
eutectic mixture obtained by the combined rotation/
oscillation mixing of the benchmark rotator partly
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Fig. 3 (A) Catalytic activity (U) of LAR determined in the acylation of n-propanol with LA in the solvent free system at 55 °C, and in ChCl:Glc:

H20 (1:1:1) and (2:1:1) R-NADESs, at 70 °C; (B) thermal stability of LAR in the ChCl:Glc:H20 (2:1:1) R-NADES, at 70 °C, assayed for the

esterification of n-propanol with LA at 1:1 molar ratio.

compensates for the increase of temperature at a less
efficient homogenisation in the thermomixer.

Enzyme load, though, significantly increased the LA
conversion in the LAR-catalysed esterification of the ChCl:
Glc:H,O (2:1:1) NADES, as shown in Table 2. A 5-fold
increase of LA conversion was observed upon increase for
enzyme load from 800 U gglucose"l to 1600 U gglucose'l. Minor
LA conversions were obtained for reactions carried out in the
equimolar ChCl:Glc:H,0 (1:1:1) NADES (not shown), the
much higher viscosity probably impeding the reaction.
Therefore, the next experiments were carried out only in the
ChCl:Glc:H,0 (2:1:1) R-NADES.

Small scale preparative esterification reactions performed
at the highest enzyme load in the ChCl:Glc:H,0 (2:1:1)
R-NADES allowed the separation and characterisation of the
reaction products. Progress of the reaction was monitored by
HPLC, which showed a decreasing LA peak at R, = 7.70 min,
and an increasing peak at R, = 9.54 min, which can be
assigned to the reaction product (Fig. S6T). The reaction
product was also visualised using TLC, where we observed an
isolated spot with Ry = 0.73, next to LA, with Ry = 0.27 (Fig.
S5t1). The FTIR spectrum of the extract showed two sharp
peaks at (a) 1737.8 cm ™" and (b) 1708.5 cm™*, assigned to the
-C=O0 vibrations of an ester (a) and a carboxylic acid (b),
respectively (Fig. S7t). Chromatographic fractionation of the
product mixture allowed the isolation of the ester product.

The formation of lauroylcholine chloride as the single
esterification product was demonstrated by 'H-NMR, where
the characteristic signals for choline laurate were identified:

Table 2 Effect of enzyme load on the LA conversion during the
esterification of the ChCl:Glc:H,O (2:1:1) R-NADES at 60 °C and 72 h
incubation

Code Enzyme load (U gglucose ') LA conversion (mol%)
Control — —
R1 800 10
R2 1200 30
R3 1600 53

2630 | React. Chem. Eng., 2024, 9, 2623-2634

'"H-NMR CDCl;, 6 (ppm): 0.87 (t, 3H); 1.23-1.29 (m, 18H);
2.26-2.31 (t, 2H); 3.66 (s, 9H); 3.52 (t, 2H); 4.10 (t, 2H).

These spectral band assignments are in concordance with
previously reported spectra for lauroylcholine chloride.”

Based on these results, we can conclude that in the lipase-
catalysed esterification of the ChCl:Glc:H,O (2:1:1) R-
NADES, the reaction product is the lauryl ester of choline
chloride (see Scheme 2), and not the glucose ester. We
assume that only the not-charged choline chloride that is not
tightly bound with glucose and water in the extended
hydrogen bond network can enter the alcohol catalytic
subsite of the enzyme and is transformed.

Molecular modelling and simulations

Molecular modelling and simulations of the motion of the
molecules composing the R-NADES-hydrogen bond network
in the presence of the biocatalyst and of lauric acid, the co-
substrate for ester synthesis, were applied to get insight into
the mechanism of this reaction.

Simulations of the ChCl:Glc:H,0 (2:1:1) NADES
including CalB and lauric acid. As in our previous work,"® the
MD simulations including CalB lipase and lauric acid showed
the separation of the mixture in two phases, one formed by
lauric acid and the other by the R-NADES, locating the
protein at the interface. Likewise, the CalB catalytic site faces
the acyl phase as described by the experiments.*® Our
simulations show that no molecules of glucose or choline
travel from the R-NADES phase to the acyl phase. On the
contrary, water molecules were found entering the acyl phase
with a rate of around 4-5 water molecules every 10 ns (in a
surface of approx. 10 x 10 nm). Moreover, stable interactions
between several molecules of glucose and choline and the
CalB surface residues are present along our trajectories,
including those protein surface sites in contact with the acyl
phase.

Regarding the catalytic pocket, different lauric acid
molecules enter in the catalytic pocket along the trajectories,
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Fig. 4 Computational structural analysis of CalB in the glucose-based NADES (2:1:1). (a) Representative snapshot of the CalB catalytic pocket
from MD trajectories of CalB in ChCl: Glc:H,O: LA (2:1:1:1), in which the binding between a lauric acid molecule and Ser105 and the location of
a choline molecule interacting with Glul88 and Asp223 occur. (b) Evolution of the atomic distance between the hydroxyl oxygens of Serl05 and
the choline molecule at the entrance of the pocket in the same MD trajectories.

and the formation of the H-bond between the carboxy group
of a lauric acid and the hydroxyl group of the catalytic
residue Ser105 can be observed (see Fig. 4a), which precedes
the esterification reaction.

Moreover, a choline molecule is found at the entrance of
the pocket. The cation is stabilized in this location, inside
the acyl phase at the protein surface, by the electrostatic
interaction with the residues Glu188 and Asp223, as well as
by different water molecules and carboxylic groups of the
lauric acid molecules (see Fig. 4a). The distance between the
oxygen of the Ser105 hydroxylic group and the oxygen of the
hydroxyl group of choline was evaluated along the MD
trajectories (see Fig. 4b). The entrance of choline in the
pocket could not be observed within the simulation time (4
runs of 500 ns), which may indicate that this event is a
bottleneck of the esterification reaction. However, the
hydroxyl group of choline was correctly oriented towards the
pocket inside in different stages of the trajectories, which
coincides with the shortest Ser105-choline distances of
around 8-10 A. These observations were also found in the
simulations of the ChCl:Glc:H,O (1:1:1) R-NADES (see Fig.
S5t). However, the measured distances between Ser105 and
choline were higher, and a stable conformation at 8-10 A
distance, as in ChCl:Glc:H,0 (2:1:1) R-NADES, was not
found.

Simulations without lauric acid. Additional MD simulations
of the R-NADES with the CalB protein were performed to
evaluate the interactions of the R-NADES components in the

This journal is © The Royal Society of Chemistry 2024

catalytic site at the extreme scenario of infinite dilution of lauric
acid. Without the acyl phase, choline and glucose molecules
would have the highest chances of reaching the entrance of the
catalytic pocket. In a similar way to what was observed in our
previous work of CalB in a polyol-based R-NADES,'® the pocket
size of the protein is smaller when it is dissolved in the
R-NADES without the presence of the acyl phase. In this
scenario, the entrance of water molecules inside the pocket is
the most frequent phenomenon observed in our simulations.
Nevertheless, the entrance of glucose molecules has been
observed, but always through the acyl subsite, which shows a
broader space along the trajectories. A careful analysis of the
contacts of the glucose molecule during the entrance event
shows us that it still conserves the interactions with chloride
ions and other components of the bulk, which accompany
glucose during this stage (see Fig. 5a). On the other hand, a
choline molecule is at the same location that it was found in
simulations with lauric acid, ie. at the entrance of the pocket
interacting with the residues Glu188 and Asp223. The partial
entrance of choline molecule in the alcohol subsite now occurs
in one of our trajectories, achieving a distance to Ser105 of 6.64
A (see Fig. 5b).

Discussion. Overall, simulations of R-NADES + CalB + LA
showed the impermeability of the acyl phase, towards which
the CalB catalytic site is faced, for the glucose and choline
molecules. This behaviour may be a consequence of the
glucose-based R-NADES properties, as glucose hydroxyl
groups participate in the stabilization of the charged
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(b)

Fig. 5 Graphical representation of (a) the entrance event of glucose and (b) the particle entrance of choline in the catalytic pocket obtained from

the MD trajectories of CalB in the R-NADES ChCl: Glc:H20 (2:1:1).

molecules ChCl via electrostatic and H-bond interactions.
The diffusion of glucose and choline molecules from the
NADES bulk to the pocket entrance is a rare event. However,
a stable binding of a choline molecule with the surface
residues Glu188 and Asp223 located near the alcohol subsite
of the catalytic pocket can be found in our simulations.
Although the pocket entrance event of the choline molecule
does not occur, the binding conformation of the choline is
modified along the trajectory to orient the hydroxyl group
towards the pocket inside at a distance to the catalytic
residue Ser105 of 8 A. In the MD trajectories without lauric
acid, the partial entrance of a choline molecule in the alcohol
subsite occurs, as the distance between the hydroxyl groups
of Ser105 and choline decreases until 6.64 A. On the other
hand, the undesired entrance of a glucose molecule in the
acyl subsite is observed in the same simulations. This
behaviour may be caused by the role of the glucose molecules
in the NADES. As they are interacting with a high number of
chloride ions, the entrance in the catalytic pocket might be
only possible in the acyl subsite, which has a bigger size in
our simulations. The simulations lead to the conclusion that
ternary equimolar choline chloride-glucose-water deep
eutectic mixtures cannot function as reactive-NADESs with a
dual role, as solvent and source of substrate, for the synthesis
of lauryl glucose esters, due to the multiple and strong
interactions in the H-bond network.

Nevertheless, when one of the R-NADES components is in
excess, as in the case of the ChCl:Gle:H,0O (2:1:1) R-
NADES, the free, not-bound choline chloride, is converted to
the corresponding lauryl ester in the lipase-catalysed
esterification reaction, as confirmed experimentally, and the
eutectic mixture behaves as a reactive NADES.

Conclusions

In this study, we obtained and characterised two hydrophilic
ternary choline chloride/glucose/water R-NADES mixtures,
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one with equimolar amounts of all three components, ie.,
ChCl:Glc:H,0 (1:1:1) and the second with a molar excess
of choline chloride, ie., ChCl:Glc:H,0 (2:1:1).
Computational simulations showed that both NADES
mixtures consist of an extended network created by a high
number of hydrogen bonds and electrostatic interactions.
Both eutectic mixtures were fluids with low viscosity
appropriate for biocatalysis at temperatures between 40 °C to
80 °C. Indeed, the immobilized Candida antarctica lipase B
(LAR) showed substantial esterification activity and very high
thermal stability in the two NADES systems, and this was all
explained by computational simulations that showed stable
interactions between several molecules of glucose and
choline and the CalB surface residues in contact with the acyl
phase. Moreover, simulations of the R-NADES-CalB-lauric
acid system showed that the diffusion of glucose and choline
molecules from the R-NADES bulk to the entrance of the
catalytic pocket is rare. Although choline can enter the
alcohol subsite in the right orientation of the alcohol group
towards the catalytic Ser105, a stable binding of a choline
molecule with the negatively charged Glu188 and Asp223
surface residues located near the alcohol subsite of the
catalytic pocket might prevent choline esterification. Also,
glucose molecules, which are associated with a high number
of chloride ions by H-bonds, enter erroneously in the acyl
subsite, with a similar effect of hindering esterification.
Therefore, the ternary NADES mixtures examined do not
show the double function as solvent and source of substrate.
Indeed, this was confirmed experimentally for the equimolar
ChCl:Glc:H,O (1:1:1) R-NADES, when neither glucose nor
choline chloride esters were produced upon reaction with
lauric acid and immobilized CalB. Yet, lipase esterification of
the rich choline chloride NADES ChCl:Glc:H,O (2:1:1) did
convert the unbound choline chloride, with compensated
charge through the electrostatic interactions between the
quaternary ammonium and the chloride ions, into the
corresponding lauryl ester. In this case, the ChCl:Glc:H,0O
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(2:1:1) does behave as a reactive R-NADES, being
simultaneously the reaction medium and the substrate
resource.

Lauroylcholine chloride is a valuable surfactant with
applications in life sciences, health, pharmaceuticals, and
cosmetics.*>*® The method described in this paper might
open the way for greener synthetic routes for this compound
and for a wider range of choline chloride esters of medium
and longer alkyl chain carboxylic acids.

Concluding on these results, we presume that fine tuning
of the composition of ternary R-NADES mixtures towards an
excess of one of the reactive substrates, i.e. choline chloride
or glucose, will result in high yields of the selected esters.
This will prevent synthetic challenges triggered by (lack of)
solubility of substrates and interactions with the R-NADES
components, which might affect reactivity. We believe that
this approach can be applied to a large variety of natural
deep eutectic mixtures, allowing the development of simpler
processes with fewer steps. R-NADESs are not common
solvents, which fit all solutions in the same way, and they
need insightful studies for each case, considering substrate
and enzyme compatibility.

Moreover, this work shows the constructive interaction
between the experimental research and computation
simulations in understanding the complex connections
between enzymes, substrates, and the reaction medium, in
this case the R-NADES, as well as how important it is to
integrate them.
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