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ARTICLE INFO ABSTRACT

Keywords: This study underscores the pivotal role of choline-amino acid deep eutectic solvents, [ChCI][AA], in the hy-
Green chemistry drolysis reaction of p-nitrophenyl laurate (p-NPL), used here as a model reaction to evaluate solvent effects in
Biocatalysis

various aqueous compositions. The [ChCI][AA] analyzed were choline methionine ([ChCl][Met]), and choline
proline ([ChCI][Pro]). Hydrolysis reaction was performed both in the absence and presence of the enzyme
Candida Antarctica Lipase B (CALB), allowing for detailed examination of how the reaction media influences
enzymatic activity. Results indicate that varying solvent compositions significantly affect CALB’s catalytic
behavior. A kinetic analysis, along with physicochemical evaluations, supports these findings. Notably, in the
non-enzymatic hydrolysis, [ChCl][Met] showed a rate one order of magnitude higher than [ChCI][Pro]. The
concentration of the phenolate form also increased with higher molar fractions (y) of [ChCI][AA], implying
direct involvement of [ChCI][AA] in phenoxide formation. Conversely, in the enzymatic reaction, [ChCl][Pro]
facilitated a rate approximately 3.5 times faster than [ChCl][Met], with rates increasing as y increased. This
effect is attributed to the rigid structure of proline, which may induce beneficial conformational changes in
CALB. Lineweaver-Burk plots revealed that optimal enzymatic performance occurred in media rich in [ChCl]
[Met] (y = 0.85), suggesting that such environments impose structural constraints that stabilize CALB. This
stability may arise from the formation of a solvation shell near the [ChCI][AA]. Surface tension data further
suggest that at specific compositions, 3D assemblies form, mimicking pure [ChCI][AA] behavior. Overall, this
study emphasizes the potential of [ChCI][AA] as green solvents in biocatalysis applications.

Solvent effects
Hydrogen bonds
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1. Introduction [16-19] and lastly the series of natural eutectic solvents (NADES) [16].

The leading property of these solvents make of them an attractive

In the last time, safer solvents for chemical transformations and
processes were aimed at replacing toxic volatile organic solvents (VOS),
because the most of them are harmful, toxic, expensive and generate
waste residues, which can cause damage to health and safety and
contribute to atmospheric pollution [1,2]. The safer solvents are one of
the twelve postulates designed to make chemical processes as “green” as
possible by minimizing the hazards transferred to the environment
through waste or other undesired products [3-5]. This new age mate-
rials generically described as neoteric solvents [6] include the well-known
ionic liquids (IL) [7,8], and more recently the new generation of bio-
based ionic liquids (BbIL) [9-15], deep eutectic solvents (DES)
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alternative in comparison to VOS is their huge combinatorial flexibility
(10'2 possible combinations), placing them as designer solvents or task-
specific solvents [20] that may be used in chemical applications, bio-
catalysis, biological and clinical areas, catalysis and manufacturing
processes [21-27].

ILs or molten salts are liquids below 100 °C, consisting mainly of
organic cations with organic or inorganic anions. Due to their lower
vapor pressure, they can be recyclable, but they have poor biodegrad-
ability, high toxicity and complex and expensive synthesis procedure
[2,6-8]. DES have been sometimes perceived as a new class of IL ana-
logues because they share many characteristics and properties with
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them [17]. However, it has been clarified recently that the IL. and DES
are two different types of solvents [18]. DES are substances formed by
the combination of at least two compounds, a hydrogen acceptor (HBA)
and a hydrogen-bond donor (HBD), which are typically solid at room
temperature [19,27]. Finally, BbIL are a second generation of IL, con-
taining in their chemical structure bio-compatible cations and anions
from inexpensive and eco-friendly natural products such as amino acids
(AA), plant-derived carboxylic acids and plant growth hormones [9-15].
These BbIL can add green features to the first generation of IL. Ohno
et al. synthetized BbIL based on the 1-ethyl-3-methyl imidazolium
cation and 20 AA as anions [9]. These were clear liquids that were
thermally stable, cheaper, biodegradable, and more biocompatible than
previous ILs [9,10], but obviously, the cation was not biobased. DES
based on choline-amino acids defined as [ChCl][AA] were introduced by
Liu in 2012 [28,29]. The [ChCl][AA] are biodegradable and show less
toxicity [30]. Moreover, [ChCl][AA] can be prepared from natural and
renewable feedstocks, improving its green features compared to ILs [2].

IL and DES and their aqueous mixtures are been investigated as
promising reaction media in different fields [19,23]. To date, [ChCl]
[AA] and its aqueous media have been less explored as a reaction media,
opening a significant debate about the amount of water tolerated and
the effect of water molecules over the [ChCI][AA] and/or the water
molecules over the moieties of [ChCI][AA] [2,31]. Then, the water ef-
fects over the [ChCI][AA] must be analyzed, considering the correlation
between its physicochemical properties and solvent effects to analyze
each reaction media’s supramolecular structure and properties.

This study considers three (3) [ChCI][AA] based on choline chloride
(ChCl) and methionine (Met), alanine (Ala), and proline (Pro), respec-
tively. (See Scheme 1 below). Note that the acronyms used in this study
include [ChCl][Met] (choline chloride-methionine), [ChCIl][Ala]
(choline chloride-alanine) and [ChCl][Pro] (choline chloride-proline),
respectively.

This work evaluated the performance of these [ChCI][AA] and their
aqueous mixtures at different molar fractions (y). The role of water must
be analyzed considering its effect on the physicochemical properties and
its effect on the [ChCI][AA] components due to the water could strongly
interact with the [ChCl][AA] network because it is possible that water
molecules change the network. In order to resolve this controversy, this
study considers the mentioned [ChCI][AA] and their aqueous mixtures,
which were analyzed across physicochemical parameters, including
conductivity, density, surface tension and solvatochromic solvent pa-
rameters. These parameters will be evaluated over the kinetic response
in each reaction media to identify the main specific microscopic in-
teractions responsible for the observed kinetic response. Therefore, the
benchmark system used to evaluate the solvent effects will be a nucle-
ophilic reaction, which is involved in a catalytic process (See Scheme S1
in Supporting Information (SM)) because these reaction media will play
a key role in biocatalysis processes. This reaction corresponds to the
hydrolysis of the substrate p-nitrophenyl laureate (p-NPL) mediated by
Candida Antarctica Lipase B (CALB). CALB is a suitable enzyme model for
studying solvent effects because it is a very stable enzyme compared to
other lipases [23,32-34]. The kinetic analysis will highlight the pivotal
role of the environment’s polarity over the solvent’s first shell [35]
because the enzyme hydration and the solvation of the enzyme and the
substrate must be considered. This study is centered on the analysis of
each reaction media over the rate coefficient values, which is a mainly
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unstudied open area to be explored. This study suggests a promising
approach for potential applications and further perspectives on green
industrial solvents.

2. Materials and methods
2.1. Materials

Choline chloride (purity >99 % (thin layer chromatography, TLC)
and water content <5 %), L-methionine ((2S)-2-amino-4-(methyl-
sulfonyl) butanoic acid, purity >99 %), L-alanine (2-aminopropionic
acid, purity >98.5 %), L-proline ((2S)-pyrrolidine-2-carboxilic acid,
purity >99 %), potassium hydroxide (purity >100 %), ethanol (EtOH,
purity >100 %), methanol (MeOH, purity >100 %), acetonitrile (MeCN,
purity >100 %), p-NPL (purity >98 % (gas chromatography, GC)), para-
nitrophenol (p-NP, purity >99 % (GC)), N,N-diethyl-4-nitroaniline
(purity >99 % (GC)), para-nitroaniline (purity >99 % (GC)), Reich-
ardt’s dye content 90 %, Nile red, were purchased from Sigma. The salts,
KH,PO4 and KoHPO4, were acquired from Merck (purities (alkalimetric
assay) > 99.5 %). All reagents were used as soon as delivered. For the
preparation of the aqueous solutions used, ultrapure water was used
(Merck-Millipore Simplicity™ ultraviolet, UV water purification sys-
tem). CALB was purchased from Sigma Aldrich as lipase from Candida
Antarctica (lyophilized powder). Water standard 1 %, certified reference
material for Karl Fisher titration, titrant 5 for volumetric Karl Fisher
titration with two component reagents (contains methanol, iodine) and
solvent for volumetric Karl Fisher titration with two component reagents
(contains methanol, imidazole).

2.2. Preparation of choline-amino acid deep eutectic solvents

The preparation of [ChCl][Met], [ChCl][Ala], and [ChCI][Pro]) was
achieved through a neutralization reaction, based on the procedure
described by Gaikwad and co-workers with slight modifications (see
Scheme S2 in the SM) [13,14]. Briefly, in a dry 250 mL single-neck
round-bottom flask, KOH (1.00 equiv.) was added. The flask was
purged with N2, EtOH (1.00 equiv.) was added using a syringe, and the
mixture was stirred at room temperature for 3 h. After this time, the
resulting solution was added to a mixture of the HBA (choline chloride;
1.00 equiv.) and the HBD (amino acids: L-methionine, L-alanine, or L-
proline; 1.00 equiv.). The flask was purged again with N2, and the
mixture was stirred at room temperature for 48 h. Then, the resulting
mixture was filtered, the precipitate was washed with cold EtOH, and
the obtained solution was concentrated under reduced pressure at 55 °C
for at least 1 h to eliminate solvent traces. Finally, a gentle Nz stream was
applied, and the resulting [ChCI][AA] were stored at 4 “C. It is worth
noting that each synthesized [ChCI][AA] was monitored for at least one
week, and only those showing no apparent changes in physical charac-
teristics (e.g., opacity, precipitation) were used in further studies.

2.3. Spectroscopic characterization (\H NMR) of synthesized choline-
amino acid deep eutectic solvents

The identity and purity of the synthesized [ChCI][AA] ([ChCl][Met],

[ChCl][Ala], and [ChCI][Pro]) were confirmed by proton nuclear mag-
netic resonance, 'H NMR spectroscopy. NMR spectra were recorded on a
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Scheme 1. Structures of [ChCI][AA] used in this study.
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Bruker Avance 400 MHz spectrometer. All chemical shifts in NMR ex-
periments are reported in ppm downfield from tetramethylsilane, TMS.
The following calibration was used: D20 § = 4.79 ppm for 'H NMR.
Coupling constants (J) are given in Hertz (Hz), and the following ab-
breviations are used to describe the signal multiplicity: s (singlet), bs
(broad singlet), d (doublet), dd (doublet of doublets), t (triplet), td
(triplet of doublets), q (quartet), quint (quintet), and m (multiplet). All
NMR spectra were processed and analyzed using MestRe Nova 14.1.2.
The observed signals for each compound are consistent with those pre-
viously reported in different literature sources, confirming the successful
formation of the corresponding [ChCl][AA] (full spectra are available in
Figs. $1-S3 in the SM).

[ChCI] [Met]: 'H NMR (400 MHz, D;0) § 4.12-4.03 (m, 2H),
3.57-3.50 (m, 2H), 3.34 (t, J = 6.3 Hz, 1H), 3.22 (s, 9H), 2.58 (t,J = 7.8
Hz, 2H), 2.14 (s, 3H), 2.02-1.76 (m, 2H). The spectral data matched that
previously published [14,36].

[chcl] [Ala]: 'H NMR (400 MHz, D;0) § 4.12-4.03 (m, 2H),
3.56-3.50 (m, 2H), 3.42-3.29 (m, 1H), 3.22 (s, 9H), 1.24 (d, J = 6.9 Hz,
3H). The spectral data matched that previously published [14,36].

[ChCl] [Pro]: 'H NMR (400 MHz, D,0) § 4.11-4.01 (m, 2H),
3.55-3.46 (m, 3H), 3.20 (s, 9H), 3.05 (dqg, J = 12.6, 6.6, 6.0 Hz, 1H),
2.78 (dt, J = 11.3, 6.3 Hz, 1H), 2.20-2.03 (m, 1H), 1.74 (dq, J = 11.1,
6.5, 5.6 Hz, 3H). The spectral data matched that previously published
[14,36].

2.4. Aqueous mixtures of choline-amino acid deep eutectic solvents

This study used pure water and [ChCI][AA] mixtures in a wide-range
of y concerning [ChCl][Met] and [ChCl][Pro], respectively. Each
mixture was prepared by weighting the amount of [ChCI][AA] and
water into a screw-capped vial in an analytical balance (RADWAG AS
220.R2). To favor mixing, each mixture was shaken for 1 min, then left
to equilibrate overnight before use in order to equilibrate the mixture.
All of the studied mixtures appeared homogeneous after this treatment,
except [ChCl][Ala]/water mixtures which showed a precipitate of white
color. (See Fig. S4 in SM for more details). The rheological properties of
the [ChCl][AA] were modified by changing the quantity of water,
resulting in solvents with varying viscosities ranging from clear fluid
liquids to a clear viscous phase. Note that, all these mixtures were used
on the kinetic study and the solvent effects analysis. Then, these mix-
tures were used only in some analysis based on their rheological features
[19,23].

Hydrolysis Reaction of p-nitrophenyl laureate in Choline-Amino Acid
Deep Eutectic Solvents.

The investigated reaction corresponds to hydrolysis of the substrate
p-NPL in each reaction medium. (See Scheme S1 in SM without CALB).
The analyzed aqueous mixtures are from [ChCl][Met] and [ChCl][Pro],
respectively. The kinetic of the reaction was performed spectrophoto-
metrically at 2 = 400 and 260 nm using a diode array spectrometer
UV-Vis Agilent 8453 connected to a recirculatory water bath at 25 “C.
All the reactions were studied under excess nucleophile (water) over the
substrate (at least 10 times greater than the substrate concentration) in
order to stablish the pseudo-first-order kinetics. The kinetic study star-
ted by injecting the substrate stock solution in acetonitrile (10 uL,
[53.89] mM) into the 940 uL of each reaction media (1 mL in the
spectrophotometric cell). The formation of the colored kinetic product
(p-NP) was monitored by UV-vis spectrophotometry at A = 410 nm. On
the other hand, the decay of p-NPL was monitored by UV-vis spectro-
photometry at 4 = 260 nm. In all the runs, the pseudo-first-order rate
coefficients (k,ps) were found for all the reactions. The k,,, values were
determined by means of the spectrophotometric kinetic software for the
first-order reactions at the wavelength corresponding to the kinetic
product. Then, the relationships between kys vs. y (wide-range with
respect to BbIL) should be straight lines or straight lines with smooth
deviations, which will discard a catalysis process by the media. The ky

Journal of Molecular Liquids 439 (2025) 128862

value is obtained from a plot in accordance with Eq. 1:
kops = ko +kN[Nu] (€8}

where ko is the rate coefficient for the solvolysis, [Nu] is the con-
centration of nucleophile and ky is the rate coefficient of the nucleo-
philic attack of the substrate. The kinetic methodology was taken from
previous kinetic studies cited in literature and previous works performed
by our group. [37] Note that, k, is discarded and kyis the rate coefficient
for the hydrolysis (nucleophilic attack) and the concentration of nucle-
ophile is expressed by y [38]. See Tables S1 to S4 and Figs. S5 and S6 in
SM for more details.

2.5. Lipase activity assays in choline-amino acid deep eutectic solvents

This study used [ChCl][Met] and [ChCI][Pro] and their water mix-
tures in a wide-range of y. The substrate solution (p-NPL) was prepared
in MeCN at 58 mM. The enzymatic solution was prepared by adding 10
mg by 1 mL of potassium phosphate buffer solution. Lipase activities
were carried out by UV-vis spectrophotometry using an Agilent 8453
UV-Vis spectrometer connected to a recirculatory water bath at 25 “C.
Aliquots from a stock solution (10 uL) of p-NPL were added to 1 mL each
reaction media containing the enzyme (aliquots from a stock solution
(20 uL) of lipase). Release of p-NP was recorded by following the in-
crease in absorbance at 410 nm. Initial reaction rates were calculated
during the first 150 s of the initial segment of the reaction profiles ac-
cording to eq. 2 [26,34,38]:

_ l;cat [EO] [S] (2)
M+ [S]

where v corresponds to the rates of CALB catalyzed hydrolysis of p-NPL.
[Eo] is the enzyme concentration used in the hydrolysis experiments, [S]
corresponds to the substrate concentration at which the associated re-
action rate was determined, k., corresponds to the rate coefficient
defined as ko (ES — P, see more details in Scheme S3 in SM, where ES
and P correspond to enzyme-substrate complex and the product) and Ky
is the Michaelis constant from the Michalis-Menten equation [19,23].
See Tables S5 to S8 and Figs. S7 to S8 in SM for more details and section
3.3.3 Lineweaver-Burk Relationships in the text.

2.6. Product analysis

Product authentication was performed following the increase of the
absorption band centered in 400 nm attributable to the corresponding
reaction product of the hydrolysis reaction (p-NP, see Scheme S1 in SM)
[19,23,32,37]. On the other hand, the kinetic decay follows the
decomposition of p-NPL through its absorption band centered at 260 nm.
More details in SM, Fig. S9.

2.7. Electric conductivity measurements in choline-amino acid deep
eutectic solvents

The conductivity of the samples was measured at room temperature
using an AD3000 EC/TDS Temperature Meter provided with a 4-pole

conductivity probe, expressed in (c$§1) within an uncertainty of +

0.01 (Cmi). All measurements were.

performed in duplicate, see SM for more details [17,23,32,39]. See
Tables S9 and S10 in SM for more details.

2.8. Viscosity measurements in choline-amino acid deep eutectic solvents

Viscosity parameter (5) expressed in (mPa e s) was used to charac-
terize the reaction media and to evaluate their effects on the enzymatic
reactions. The dynamic viscosities were measured at 25 'C using a
rotational viscometer (Fungilab Viscolead series) connected to a recir-
culatory water bath. Each measurement was performed in duplicate for
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each studied reaction media, see SM for more details [39,40]. See
Tables S11 and S12 in SM for more details.

2.9. Density measurements in choline-amino acid deep eutectic solvents

The density parameter (p) of each studied reaction media expressed
in (g/mL) were determined by using an Anton Paar Density Meter In-
strument DMA 35 at room temperature. Each measurement was per-
formed in duplicate for each studied reaction media, see SM for more
details [19]. See Tables S13 and S14 in SM for more details.

2.10. Solvatochromic solvent parameters in choline-amino acid deep
eutectic solvents

The Kamlet Taft correlation quantifies solute-solvent interactions
defined as specific (HB or donor-acceptor interactions) and non-specific
(polarity/polarizability) effects. This scale considers 4 chromophores to
evaluate the solvent properties; Reichardt dye (RD), N,N-diethyl-4-
nitroaniline (B), p-nitroaniline (C), and Nile red (NR). [19] (See
Scheme S4 in SM). These solvatochromic probes undergo spectral shifts
making it possible to determine the nature of the solvent in the solvation
shell using eqgs. 3 to 7 below. These parameters were measured by
injecting the reaction media (950 pL) into a quartz cuvette with an op-
tical path of 1 cm with the probes, previously prepared in methanol.
Note that, 50 uL of the stock solution of each probe was evaporated to
dryness for 30 min in a rotary evaporator Buchi R-300. The concentra-
tion of stock solution of each probe was 1.85 x 10> M. Each reaction
media was thermostated at 25 °C and measured using a UV-vis spec-
trophotometry Agilent 8453 UV-Vis spectrometer [6,19,23,41]. Each
measurement was performed in duplicate for each studied reaction
media. See Tables S15 to S25 in SM for more details.

28591
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2.11. Karl fischer method

The measurements were performed in a Hanna HI 933-02 Karl
Fischer Volumetric Titration apparatus. This titration was used to obtain
reference water concentration. Karl Fisher titrations were carried out
filling the beaker titration up with solvent (50 mL). The syringe is filled
and needled with the sample. Then, it is weighted and added the sample
to the beaker titration. The syringe is weighted again in order to
determine the added sample mass (by difference of the two measure-
ments). The exact weight is entered in order to start the analysis. Then,
for this study, the water concentration determinates for [ChCl][Met]was
of 10.90 %w/w in water (10.6 and 11.2 %w/w in water) [19]. Note that,
the studied reaction medias will contain a certain amount of water
which can be considered as an impurity specially in hydrophilic systems
even if they are dried [19]. On the other hand, the water concentration
determinates for [ChCl][Pro]was of 10.6 %w/w in water (10.01 and
11.1 %w/w in water). Finally, the water concentration determinates for
[ChCl][Ala]was of 6,48 %w/w in water (6.91 and 6.05 %w/w in water).
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2.12. Surface tension measurements in choline-amino acid deep eutectic
solvents

Surface tension (SFT) measurements were conducted using a Data-
physics DCAT 9 T tensiometer equipped with a Du Noiiy ring RG 11,
fabricated from platinum-iridium in accordance with DIN 53914 stan-
dards. The sample vessel was filled with the test solution and placed into
the DCAT apparatus. Subsequently, the ring was mounted onto the
probe holder to record the SFT values. The SFT were measured at 21°C
using the tensiometer connected to a recirculatory water bath. All
measurements were performed in duplicate for each reaction medium
under investigation (refer to Table S26 in SM for further details). The
aqueous mixtures analyzed consisted of [ChCl][Met] and [ChCI][Pro],
at mole fractions (y) of 0.25, 0.50, 0.75, and 1.0, respectively. Note that,
the SFT for pure water was 69.16 mN/m (69.45 + 0.43 mN/m and 68.86

+ 0.41 nM/m).

3. Results and discussion
3.1. Solvent effects parameters

In order to examine the solvent effects each [ChCI][AA] were
analyzed in great detail to consider the physicochemical and solvent
effects parameters. This study used [ChCl][Met] and [ChCI][Pro] and
their water mixtures in a wide-range of y. Note that, [ChCl][Ala] was
synthetized. However, it is a solid at room temperature and its aqueous
mixtures are not stables, showing a white precipitate (see Fig. S4 in SM).
For this reason, [ChCI][Ala] and its aqueous mixtures were not consid-
ered in this analysis. Fig. S2 (in the SM) indicates the formation of
[ChCl][Ala], and Fig. S4 (in the SM) displays its aqueous solution at y =
0.1, which corresponds to a high-water content relative to [ChCl][Ala].
This observation reflects the low solubility of [ChCl][Ala] in water. The
limited solubility may be ascribed to the relatively polar character of the
DES compared to water. Scheme 1 presents the general structures of the
constituent molecules of [ChCl][AA]. The L-alanine moiety includes a
methyl substituent (an electron-donating group) adjacent to the amino
group (-NHz), which may interfere with the HB network by perturbing
the electron distribution around nearby atoms and thus altering the
proton affinities of functional groups participating in HB. Such pertur-
bation can lead to a weaker, less stable, or otherwise modified network
relative to an analogous system lacking the methyl substituent, thereby
influencing the overall structure and stability of biomolecules such as
peptides and proteins when it acts as reaction media [42]. Then, to
investigate solvent effects and to get physico-chemical parameters, it is
essential that the reaction medium remains homogeneous. Then, a
complete study of basicity based on Kamlet-Taft (KT) model was per-
formed for [ChCl][Met] and [ChCl][Pro] and their water mixtures in a
wide-range of y with respect to [ChCl][Met] and [ChCl][Pro], respec-
tively. Details are available in SM, in Tables S15 to S25).

Fig. 1 shows the relationships between g parameter of KT model vs. y
of [ChCl][Met]/water mixtures (full squares) and [ChCl][Pro]/water
mixtures (empty squares). The § parameter, is related to the ability of
the solvent to accept hydrogen bond (HB) [43,44]. See Eq. 6 in section
2.11 in the text. Note in the first part of Fig. 1 for [ChCl][Met] and its
water mixtures, the f values increase upward with rising molar fraction
of [ChCl][Met]. This fact suggests that previous y = 0.40 there is a
competition between the water molecules and the [ChCl][Met] moieties
to stablish HB. Therefore, the first part of this Figure could be defined as
a basic range or HBA. However, if the amount of [ChCl][Met] increases
in the mixture (y > 0.40), the effect increases which is associated to a
lower degree of freedom of the water molecules (low quantity) and the
saturation of sites to bond by the [ChCl][Met] moieties. This plot sug-
gests the transition states from the solvated [ChCl][Met] moieties to the
[ChCl][Met] network formation excluding the water molecules acting as
solvation of the stablished network. On the other hand, [ChCl][Pro] and
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Fig. 1. Relationship between g vs. y of [ChCI][Met]/water mixtures (full
squares) and [ChCl][Pro]/water mixtures (empty squares), respectively.

its water mixtures (Fig. 1, empty squares) shows a smooth increase and
decrease in comparison to [ChCl][Met] plot. Then, mixtures [ChCl]
[Met] shows a bigger trend to accept HB (after y > 0.5) in comparison to
[ChCl1][Pro]. This fact could be related to the chemical structure of L-
methionine and L-proline and their groups to stablish HB with water
molecules. (See Scheme 1 above).

Fig. 2 shows the relationship between a parameter of KT model vs. y
for [ChCl][Met]/water mixtures (full squares) and [ChCl][Pro]/water
mixtures (empty squares). The a parameter is related to the ability of the
solvent to donate HB [43,44]. See Eq. 5 in section 2.11 in the text. This
Figure shows 3 defined zones for [ChCI][Met]. First, y between 0.0 and
0.4 shows a lower ability of the reaction media to donate a HB to the
probe. This range rich in water molecules are suggesting the solvation of
the [ChCl][Met] moieties. However, this parameter increases drastically
between y of 0.4 to 0.6, suggesting that the region associated with a
minor quantities of water molecules are establishing a strong network by
HB interactions between the reacting pairs and [ChCl][Met], increasing
the possibility of donating HB in order to stablish a network of [ChCl]
[Met]. Then, the last part of this Figure suggests a y range able to stablish
HBD between the [ChCI][Met] denoting a constant value, proposing a
[ChCl][Met] network stablished since y > 0.65. Note that, [ChCl][Pro]
and its water mixtures (Fig. 2, empty squares) shows a low constant
value in all the studied mixtures, denoting a low ability of the solvent to
donate HB.
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Fig. 2. Relationship between a vs. y of [ChCl][Met]/water mixtures (full
squares) and [ChCl][Pro]/water mixtures (empty squares), respectively.
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Fig. S10 in SM shows the relationships between NR parameter of KT
model vs. y of [ChCl][Met]/water mixtures (full squares) and [ChCl]
[Pro]/water mixtures (empty squares). NR is a neutral solvatochromic
dye that exhibits a large positive solvatochromism, going from non-polar
to polar reaction media [43-45]. See Eq. 7 in section 2.11 in the text.
Then, NR displays increasing red shifts in both absorption and emission
wavelength as the solvent polarity is increased. Fig. S10 for both studied
mixtures indicate different environments, where the polarity increases
until y = 0.5, attributable to a range rich in HB interactions. Then, it
diminishes its polarity until to reach a constant value close the [ChCl]
[AA] pure. On the other hand, Fig. S11 in SM shows the relationships
between ET30 parameter of KT model vs. y of [ChCl][Met]/water mix-
tures (full squares) and [ChCl][Pro]/water mixtures (empty squares).
See Eq. 3 in section 2.11 in the text. Note that, the polarity of [ChCl]
[Met] and its mixtures is constant between 0.1 and 0.4 of molar fraction,
showing a low value. In this range of composition, the protonated dye
lost its capacity as polarity dye. Then, it increases until to reach a plateau
close to [ChCl][Met] pure. On the other hand, [ChCl][Pro] and its water
mixtures (Fig. S11, empty squares) shows a high value constant in all the
studied mixtures. In acid media, NR does not lose its solvatochromic
behavior, in contrast with the ET30 dye [27]. In these instances, NR is
completely complementary to ET30. Then, the relationship between
ET30 vs. NR is showed in Fig. 3 for [ChCl][Met] and its water mixtures.
In it is observed 2 strong ranges of compositions with different polarities
(y between 0.1 and 0.5 and y between 0.5 and 0.9, respectively).

Fig. 4 shows the relationships between z* (dipolarity-polarizability)
parameter of KT model vs. y of [ChCl][Met]/water mixtures (full
squares) and [ChCl][Pro]/water mixtures (empty squares). See Eq. 4 in
section 2.11 in the text. For [ChCl][Met], in the first part, mixtures rich
in water molecules show a high parameter until y = 0.4. Then, it de-
creases to y = 0.4 with the addition of [ChCI][Met] and then it is
maintained constant close to [ChCl][Met] pure. Note that, z* also in-
creases with increasing f# in the range between 0 and 0.4 of molar
fractions, which indicates that the distance of the [ChCl][Met] moieties
is increased by maintenance of the charges of the components of the
[ChCI]1[AA]. This result is interpreted in such a way, that a clear effect of
dipolarity occurs rather than of polarisability. While, [ChCl][Pro] shows
a constant and high value of z* parameter in all the studied range.

All these parameters are suggesting that at the first region, rich in
water molecules, the reactants that form the [ChCI][AA] are completely
solvated with high formation of HB between them with the water mol-
ecules. As the [ChCI][AA] increases in composition of AA, is observed a
change that ends with a range close to [ChCl][AA] pure. This fact sug-
gests that the water molecules are occluded in the [ChCI][AA] network,
or these molecules are externally solvating the [ChCl][AA]. Note that, at

T T T T T T T T T T
105 -
B [ChCI][Met] [
i [ ]
102 | - i
[
S 99t i
™
o [
L L
96 g
[
L a ¥
ok E B EH [ [ |
I 1 I 1 I 1 I 1 I 1
240 250 260 270 280 290

NR

Fig. 3. Relationships between ET30 vs. NR of [ChCl][Met]/water mixtures.



P.R. Campodonico et al.

2 T T T T T T T T T T T
| =
]
1+ e : o e o e © o © ] 4
0r 4
u
* Ak .
R B [ChCI][Met]

® [ChCI][Pro] E
2+ 4
3k am 2H u i

1 L 1 L 1 L 1 L 1 L 1

0,0 0,2 0,4 0,6 0,8 1,0

X

Fig. 4. Relationships between z* vs. y of [ChCI][Met]/water mixtures (full
squares) and [ChCl][Pro]/water mixtures (empty squares), respectively.

¥ > 0.4 the behavior for [ChCl][Met] is similar to the [ChCI][AA] pure.
It is noteworthy that both [ChCI][AA] exhibit distinct solvatochromic
behaviours, indicating the presence of two unique solvation environ-
ments influenced by their respective compositions and intermolecular
interaction forces.

3.2. Physico-chemical parameters

Fig. S12 shows the relationships between density vs. y of solvent
mixture. Full squares are associated to [ChCI][Met] and its water mix-
tures and empty squares to [ChCl][Pro] and its water mixtures,
respectively. The trend associated to [ChCl][Met] shows two zones
strongly demarcated. The first one is a zone rich in water at the range of
compositions between 0.0 and 0.4 of molar fraction, characterized by
strong variations in this narrow range of compositions. The second zone
associated to this Figure corresponds to a plateau, suggesting that the
density values would be independent of the composition of the solvent
mixture. Note that, for each mixture where the density parameter is
increasing (first zone), suggests greater movements and the develop-
ment of charges and higher abilities to establish HB. Then, at those
compositions, the interactions between HBA and HBD should be broken,
suggesting aqueous solutions of the single [ChCl][AA] components. This
fact suggests a competition between the water molecules and the [ChCl]
[AA] moieties to stablish an HB. On the other hand, if the amount of
[ChCl][Met] increases in the mixture (y > 0.4), the effect is constant due
to a lower degree of freedom of the water molecules to bond the [ChCl]
[Met] moieties and a region with a three-dimensional (3D) network
stablished for the [ChCI][AA]. Note the relationship with  parameter
(see Fig. 1 above). The density parameter varies softly with the com-
positions. On the other hand, empty squares are associated to [ChCl]
[Pro] and its water mixtures. This trend shows a zone rich in water
molecules where it decreases at the range of compositions between 0.1
and 0.3 of molar fraction suggesting a high separation between [ChCl]
[Pro] moieties with a great number of interstices or spaces in the 3D
network. Then, this trend increases slightly until reaching a plateau,
suggesting that the water molecules will be stablishing a solvation box
close to the [ChCI][AA] formed. (See Scheme 5 in SM for more details).
Scheme S5 shows a general picture for [ChCl][Met] and some in-
teractions and solvation patterns. On the other hand, Fig. S13 shows the
relationship between conductivity and different molar fractions for both
studied [ChCI][AA]. (Full squares for [ChCl][Met] and empty squares
for [ChCl][Pro] and their aqueous mixtures, respectively). Note that,
both show the same trend. The conductivity parameter is low and con-
stant in zone rich in water molecules. Then, it suffers an abrupt
increasement at the range of compositions between 0.45 and 0.65.
Finally, this parameter decreases as the composition of [ChCl][AA] is
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major. Note that, these high values are associated with the previous
range of composition to reach the plateau in the density parameter. Note
in Fig. S13 that, both trends exhibit changes in their slopes, indicating
alterations in the nature of the mixtures. These changes suggest the
formation of [ChCI][AA] networks and modifications in solvation pat-
terns; at low y values, the constituent moieties of [ChCI][AA] are likely
extensively solvated by the large excess of water, implying a high degree
of freedom for each component of [ChCI][AA]. In regimes characterized
by low water content, interactions between [ChCI][AA] species pre-
dominate, with water molecules merely surrounding the [ChCI][AA]
network. At intermediate water concentrations, pronounced structural
transitions occur water molecules begin to penetrate the network,
establishing bridges of [ChCl][AA]-water—[ChCI][AA] interactions
[19].

Fig. S14 in SM shows the relationship between viscosity and its
different molar fractions for both studied [ChCI][AA]. Full squares for
[ChCl][Met] and empty squares for [ChCl][Pro], respectively. Note that,
both show a similar trend. These trends increase directly with the water
content in the compositions toward pure [ChCI][AA].

Fig. 5 illustrates the relationship between surface tension (SFT) and
its different molar fractions for both studied [ChCI][AA]. Full squares
represent [ChCl][Met] and empty squares correspond to [ChCl][Pro],
respectively. Notably, both [ChCI][AA] exhibit similar trends, however,
[ChCl][Pro] displays slightly lower values compaed to [ChCl][Met].
These trends exhibit a decreasing pattern and converge as the compo-
sition approaches that of the pure [ChCI][AA].

SFT denoted by (y) is defined as the tendency of the fluid to minimize
its surface area to the greatest extent possible [46,47]. According to our
findings, the main factor influencing the SFT of the aqueous mixtures of
[ChCl][Met] and [ChCl][Pro] are the composition of the mixtures and
the intermolecular interactions stablished among the HBD, HBA and/
with the water molecules. As shown in Fig. 5, SFT values of pure [ChCl]
[AA] are significantly lower than that observed in their aqueous mix-
tures with elevated water content (see Fig. 5). It is noteworthy that the
relationships between SFT and In (y) were employed to determine the
critical concentration of each [ChCl][AA] studied (see Figs. S15 A and B
in SM, for more details). The resulting values for [ChCl][Pro] and [ChCl]
[Met] were approximately y = 0.606 and y = 0.427, respectively. These
findings suggest that, at the examined molar fractions, the [ChCI][AA]
are primarily stabilized by hydrogen bonding interactions with water
molecules surrounding the [ChCI][AA] assemblies as they begin to form
3D network structures. The area under the curve for the first linear
segment (mole fraction range 0.1 to 0.5 in Fig. S15) exhibits a
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Fig. 5. Relationships between surface tension vs. y of solvent mixture of [ChCl]
[Met]/water mixtures (full squares) and [ChCl][Pro]/water mixtures (empty
squares), respectively.
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pronounced slope compared to that of the second line, reflecting how
surface tension decreases as the mole fraction of [ChCl][AA] increases.
Accordingly, the addition of [ChCl][AA] behaves more like a surfactant
than water: as its concentration increases, surface tension declines,
which implies that [ChCl][AA] molecules accumulate and adsorb at the
liquid—air interface, thereby weakening the cohesive forces among
water molecules. This study consolidates physicochemical parameters
and kinetic analyses. Surface tension measurements have been evalu-
ated alongside other obtained parameters. However, an investigation
into the surface tension of binary or ternary mixtures should be com-
plemented with a comparative approach to validate the accuracy of
surface tension data using the Gibbs adsorption isotherm and the linear
form of the Langmuir adsorption isotherm [48].

Note that, at these molar fractions, each [ChCI][AA] exhibits an in-
crease in conductivity, reaching a plateau (see Fig. S12 in SM), while the
conductance also increases (see Fig. S13 in SM). Furthermore, Fig. 1
shows that the g parameter of the KT model reaches its maximum values,
suggesting that the functional groups of methionine and proline are
involved in HB interactions. This fact could be explained because DESs
have been employed in aqueous two-phase systems (ATPS). However,
ATPS display non-stoichiometric partitioning between the two aqueous
phases for the hydrogen bond acceptor (HBA) and the hydrogen bond
donor (HBD) constituting the DES [49]. Studies based on pH variation
suggest that the partitioning mechanism is strongly influenced by
changes in the DES moieties and is largely governed by differences in
hydrophobicity between the phases [50]. Choline chloride (ChCl), a
quaternary ammonium salt comprising a choline cation and a chloride
anion, is commonly used as the HBA in DES formulations. Although ChCl
cannot undergo proton transfer due to its quaternary ammonium
structure, proton redistribution within the HB network - especially in the
presence of water - contributes to the dynamic equilibrium character-
istic of DES systems. Consequently, the partitioning into aqueous phases
may primarily reflect the dominance of solvation effects [51].

The measured pH [52] values of [ChCl] [Met] and [ChCI] [Pro]
and their aqueous mixtures are presented in Table S27 of the Supple-
mentary Material and indicate a basic environment. Notably, the basic
pH increases proportionally with the molar fraction of [ChCI] [AA],
plateauing at approximately y = 0.5. Under basic conditions, deproto-
nation of the amino acid (AA) to its anionic form (-CO2~ and —-NH>) is
favored. In this context, water molecules may solvate these anions via
hydrogen bonding: one plausible interaction is an HBD between the
oxygen atom of water and the amino hydrogen of the AA, and another is
an HBA between the hydrogen of water and the oxygen atom of the AA.
This interpretation aligns with Figs. 1 and 2, which illustrate the sol-
vent’s capacity to donate and accept hydrogen bonds. It is worth noting
that [ChCl] [Met] demonstrates a higher hydrogen-bonding capability
relative to [ChCl] [Pro], likely attributable to its more open molecular
structure and functional groups (see Scheme 1). Moreover, these solvent
parameters show a correlation with observed rate constants (See
Tables S1, S2, S5, S6 and S27 in the next section).

In summary, the physicochemical parameters revealed distinct dif-
ferences between [ChCl][Met] and [ChCl][Pro]. At low concentrations
of [ChCII[AA], enhanced molecular mobility and charge development
were observed, along with an increased capacity for hydrogen bond
(HB) formation. As the [AA] content in the mixture increases, a region
characterized by the establishment of a three-dimensional (3D) network
structure of [ChCI][AA] emerges. This structural transition is corrobo-
rated by changes in conductivity and surface tension measurements, as
indicated by variations in their slopes, reflecting modifications in the
nature of the mixtures.

3.3. Kinetics
3.3.1. Hydrolysis reaction in choline-amino acid deep eutectic solvents

The kinetic analysis of the hydrolysis reaction of p-NPL in [ChCl]
[Met] (full squares) and [ChCI][Pro] (empty squares) and their water
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mixtures in a broad range of y without CALB at 25 °C is shown in Fig. 6.
This Figure shows the relationships between ks vs. ¥ at 400 nm. The
kinetic product corresponds to the formation of phenoxide mediated by
the water molecules from p-NPL (see Scheme S1 in SM), where the ky
value is 0.082 =+ 0.004 with R? = 0.973 in the range of studied y for
[ChCl][Met] and its water mixtures. Note that, y = 1.0 was discarded
attributable to a reaction media highly viscous. On the other hand, the
kinetic product for [ChCl][Pro] and its water mixtures in a broad range
of y without CALB at 25 °C showed a ky value of 0.0669 + 0.004 with R?
= 0.967 in the range of studied y. Note that, both trends show the same
behavior being the hydrolysis reaction of p-NPL in [ChCl][Met] one
order of magnitude higher in comparison to [ChCl][Pro], and the
[phenolate form] increases with y in agreement to the increase of [ChCl]
[Met] in the mixture (see Fig. S5 in SM). This fact suggests that [ChCl]
[Met] will participate in the reaction of phenoxide formation. L-methi-
onine shows relevant HBD and HBA sites in its chemical structure such
as: -amino, carboxylic and sulfhydryl groups (see Scheme 1 above) able
to interact with water molecules to promote the p-NP formation.

Fig. S6 (A and B) show the relationships between ks vs. y at 260 nm
for the range of y described above at 25 "C. Figs. S6 show the decay of p-
NPL in both reaction media and their aqueous mixtures for [ChCl][Met]
(Fig. S6 A) and [ChCl][Pro] (Fig. S6 B), respectively. For values of y
between 0.1 and 0.5 the decay of p-NPL will be associated to the pres-
ence of high quantities of water molecules in the reaction media. Then,
the y range between 0.5 and 1.0 suggests that the decay of p-NPL is
negligible. However, the hydrolysis reaction is high (see Fig. 6 above),
suggesting that the [ChCI][AA] will be participating in this reaction.

3.3.2. Engymatic reaction in choline-amino acid deep eutectic solvents

The study considered the kinetic analysis of the hydrolysis of p-NPL
in presence of CALB in both studied [ChCI][AA] and their water mix-
tures in a broad range of y. Fig. 7 shows the relationships between initial
rate coefficient (v;) vs. y at 400 nm and 25 'C. The kinetic analysis
showed a rate coefficient value of 0.247 + 0.006 with R? = 0.996 in the
range of studied y for [ChCl][Met] and of 0.833 + 0.007 with R* = 0.964
in the range of studied y for [ChCl][Pro]. Note that, [ChCI][Pro] is faster
3.5 times in comparison to [ChCI][Met] and the rate coefficient in-
creases in the same order of y. This fact is attributable a priori to the
viscosity effect (see Fig. S14 in SM).

The comparison between Figs. 6 and 7 show that the hydrolysis re-
action in presence of the enzyme for [ChCl][Met] is improved three (3)
times while [ChCI][Pro] twelve (12) times. However, the performance
of the reaction along the mixtures in presence of CALB is better in [ChCl]
[Pro] in comparison to [ChCl][Met]. This fact, would be explained based
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Fig. 6. Relationships between kinetic rate constants (k) associated to the
formation of p-NP vs. y of [ChCl][Met]/water mixtures (full squares) and empty
squares for [ChCl][Pro], respectively.
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Fig. 7. Relationships between initial rate associated to formation of p-NP vs. y
of [ChCl][Met]/water mixtures (full squares) and empty squares for [ChCl]
[Prol, respectively in presence of CALB.

on the chemical structure of proline. This AA presents a rigid ring
(pyrrolidine ring) conferring a rigid chemical structure (see Scheme 1
above). This feature will induce variations in the conformational ar-
rangements of the protein (CALB) [53]. A suitable alternative for
elucidating the mechanism by which the enzyme is activated-involving
hydrophobic interactions with the ring structure of the amino acid,
conformational rearrangements of CALB, and hydrogen bonding (HB) at
the enzyme’s active center-would be to supplement the experimental
study with molecular dynamics (MD) simulations [54]. Nevertheless,
the experimental work, if sufficiently comprehensive and detailed, can
by itself provide strong evidence for activation patterns of the enzyme
mediated by the reaction medium.

3.3.3. Lineweaver-Burk relationships

The Michaelis-Menten equation gives a hyperbolic dependence of the
enzyme velocity (v) with the [S], where the Ky or substrate affinity
constant is Ky = W and Vp,x is the maximum enzyme velocity

(vmax = ko[E1]) achieved by the catalytic reaction at saturating [S] [55].

Then, the Michaelis-Menten equation is vo = I‘i.:‘ﬁ[[z]] The catalytic effi-

ciency (%ﬂ') is defined by how efficiently an enzyme converts a S into P,

(k2 k1)

(k-1+kz2)
[19,23]. The Lineweaver-Burk relationships were analyzed in three (3)
aqueous mixtures for [ChCl][Met] (y = 0.25, y = 0.65 and y = 0.85, see
Table 1 and Table S7 and Fig. S8 A in SM) and two (2) aqueous mixtures
for [ChCI][Pro] (y = 0.25 and y = 0.65, see Table 2 and Table S8 and
Fig. S8 B in SM for more details) to obtain the catalytic parameters (Ky
and Vpax), which are used in order to explore the kinetic behavior
[19,23,32].

The k¢, parameter is defined as ky (ES—P) from Scheme S1 in SM. In
agreement with this parameter, the mixture given by [ChCl][Met] (y =
0.85) showed the best trends to departure the product from the ES
complex. Ky is associated to the bound strength of the ES complex (af-
finity constant denoted by Ky;). Thus, the same mixture cited above (y =
0.85) shows a peak in comparison to the other mixtures, suggesting that

when ky = ket =

‘[’E‘—T] Therefore, the catalytic efficiency is

Table 1
Kinetic parameters determined in [ChCl][Met] and its aqueous mixtures for
CALB and p-NPL at y = 0.25; 0.65 and 0.85, respectively.

X Vmax Ky Keat Keat/Km
/s) (%) ™ wmts™
0.25 0.035 0.40 35 87.50
0.65 0.140 1.61 140 86.96
0.85 0.160 1.87 162 86.63
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Table 2
Kinetic parameters determined in [ChCl][Pro] and its aqueous mixtures for
CALB and p-NPL at y = 0.25 and 0.60, respectively.

X Vmax Knm Keat keat/Ku
™M/s) o) ™ wm's™h

0.25 0.030 0.16 30 187.50

0.60 0.037 0.24 37 154.20

the best trend to departure the P from the ES complex will be that
mixture given by [ChCl][Met]. The best catalytic efficiency (%f) is
located in [ChCl][Met] at y = 0.25. However, this parameter for [ChCl]
[Met] shows similar values. On the other hand, the best (%) is showed

for [ChCl][Pro] at y = 0.25. This fact, will be explaining the observed
behavior in Fig. 7 above.

For the aqueous mixture of [ChCl][Met] at y = 0.85, CALB reaches its
best behavior. This is a mixture poor in water molecules and where its
water should be surrounding the [ChCI][AA] will present a middle
conductivity (see Fig. S13 in SM) and a high viscosity (Fig. S14 in SM).
On the other hand, the ability to donate (§ parameter, see Fig. 1 in the
text) and accept (@ parameter, see Fig. 2 in the text) HB is higher in
comparison other mixtures denoting a zone strong in polarizability (See
Fig. 3 in the text). At this mixture is suggested that should show strong
interactions between HBD and HBA moieties proposing a [ChCI][AA]
stablished. This fact was reinforced with the SFT analysis (see Fig. 6 in
the text and Fig. 15 A in SM). Then, it is suggested a conformational
stability given by a stabilized network of [ChCl][Met]. This information
suggests that the best interaction between the substrate and the enzyme-
active site is promoted by a more stable conformation where CALB ac-
quires a more restrictive structure. This is an interesting point because
recently Campodonico et al. [19] reported that CALB is improved in
mixtures of DES rich in aqueous media. This find suggests a diverse
nature of each DES and how its play a key role over the activity of CALB.
Then, kinetic response is dependent of the bulk properties of the solvent.
Note that, the solvent effects studies have been addressed experimen-
tally in order to get detailed information about the phenomena that are
not observable and occurring at microscopic level. A pertinent alterna-
tive will be integrated to a reliable molecular dynamics study in order to
support the proposed explanation. Note that, recently was reported that
CALB requires a reaction media rich in water molecules (aqueous
mixture of choline chlorine urea (CU) at 25 %w/w) to improve the
interaction between the substrate and the enzyme-active site [19]. The
author suggests that the stablished interactions are able to influence to
the enzyme to acquiree a determinate conformational arrangement
highly stable by the reaction media and a key role of the water molecules
at this mixture. However, this study shows that CALB in choline chlorine
methionine at y = 0.85 reaches its best behavior. The only difference is
that urea was changed by methionine. Urea is a polar molecule and it
shows a high solubility in water (1.08 Kg/L) in comparison to methio-
nine (0.01 Kg/L). Moreover, methionine is defined as an amphipathic
molecule. Then, methionine can increase the catalytic rate of CALB in
the hydrolysis of the p-NPL reaction at high y,;zr. The significant in-
fluence of methionine over CALB suggests that specific interactions will
be occurring between them. Solvent effects parameters suggest that the
low quantity of water molecules will be occluded in the [ChCI][AA]
network, or these molecules will be externally solvating the [ChCI][AA]
influencing the catalytic performance of the enzyme attributable to
stable conformational arrangements and suggesting that the water
molecules will be stablishing a solvation box close to the [ChCI][AA]

formed. Note that, (',‘g—;:) is improved 4 times and k., 2893 times in

[ChCl][Met] respect to CU at 25 % w/w; while <11(<T;) is improved 1.7

times and kcar 2754 times in [ChCl][Pro] respect to CU at 25 % w/w.
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Then, a significant catalytic effect is observed with reference to the same
reaction, but in different reaction media. The observed solvent effects
can be attributed to the HBD moiety in the [ChCl][AA], respectively.
This HBD effect appears to be relative to HB interactions, chemical na-
ture, enantiomeric form of the amino acid and polarizability allowed by
the solvent over the bio-catalysis process.

4. Conclusions

This work presents a kinetic analysis of CALB in aqueous mixtures of
two (2) [ChCl][AA]: [ChCl][Met] and [ChCl][Pro], respectively. The
hydrolysis reaction of p-NPL was used as a model system to analyze the
solvent effect over different compositions of each [ChCI][AA]. This
study emphasizes the relevance of the solvent effects over a catalytic
reaction opening a complete analysis that involves Kamlet y Taft pa-
rameters, physico-chemical parameters and kinetic studies.

The solvent parameters are suggesting that at the first region, rich in
water molecules, the reactants that form the [ChCl][AA] are completely
solvated with high formation of HB between them with the water mol-
ecules. As the [ChCI][AA] increases in composition of AA, is suggested
that the water molecules are occluded in the [ChCI][AA] 3D-network or
the water molecules are externally solvating the [ChCI][AA]. These finds
are reinforced with the studied physicochemical parameters (conduc-
tivity and surface tension) that shown abrupt changes in their slopes,
reflecting modifications in the nature of the mixtures.

The hydrolysis reaction of p-NPL without CALB in [ChCl][Met] is one
order of magnitude higher in comparison to [ChCl][Pro], and the
[phenolate form] increases with y in agreement to the increase of [ChCl]
[AA] in the mixture. This fact suggests that [ChCI][AA] will participate
in the reaction of phenoxide formation. On the other hand, this reaction
with CALB shown that [ChCl][Pro] is faster 3.5 times in comparison to
[ChCl][Met] and the rate values increases in the same order of y. This
fact was attributed to the rigid chemical structure of proline able to
induces conformational changes in CALB. However, the Lineweaver-
Burk relationships showed that the enzymatic reaction requires a reac-
tion media rich in [ChCl][Met] (y = 0.85) able to promote low degree of
freedom that determine a more stable conformation of CALB acquiring a
more restrictive structure in comparison to mixtures rich in water
molecules. Solvent effects parameters suggest that the low quantity of
water molecules will be occluded in the [ChCI][AA] network or these
molecules will be externally solvating the [ChCI][AA] influencing the
catalytic performance of the enzyme attributable to stable conforma-
tional arrangements induced by the enantiomeric form of methionine
and the water molecules will be stablishing a solvation box close to the
[ChCI][AA] formed. The significance of this study and its broader im-
plications are over applications and new perspectives of green industrial
solvents in a biocatalysis process. This study corroborates the catalytic
benefits of [ChCI][AA] as a reaction medium. However, it is important
to note that its synthesis depends on high-purity amino acids, which can
be costly. Therefore, developing a cost-effective preparation process is
essential for large-scale applications. Additionally, industrial-grade
CALB may contain impurities that could compromise the stability of
[ChCI][AA], necessitating the optimization of enzyme pre-treatment
methods. Subsequently, a new series of experiments should be under-
taken to translate the findings of this study into industrial-scale pro-
duction. Considerations for such scale-up include maintaining the
characteristics of the synthesis in bulk volumes, evaluating the costs of
reagents and enzymes, assessing the economic viability of solvent
recyclability, determining the number of reuse cycles for both the
enzyme and solvent, and evaluating the environmental impact.
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