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transesterification of vinyl laurate was chosen as model reaction and the influence of substrate polarity
was assessed using alcohols of various chain lengths. Results showed that grinding of immobilized lipase
was essential parameters for good lipase activity. Moreover, in our model reaction some hydrogen-bond
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geyword:: tic solvent donor component from the DES can compete with the alcoholysis reaction. Indeed, side reactions were
UZ?S):U ecticsolven observed with DES based on dicarboxylic acid or ethylene glycol, leading to some limitations of their use.

However, the results showed that other DESs such as choline chloride:urea and choline chloride:glycerol
could exhibit high activity and selectivity making them promising solvents for lipase-catalyzed reactions.
Finally, the best DES’s specific activity — and stability up to five days incubation time — were analyzed
and compared with conventional organic solvents. Experiments revealed that iCALB is less influenced by
the chain length of alcohol in DES than organic solvents and it is preserves its activity with minimally
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destructive to protein structure.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Lipases (triacylglycerol hydrolases, EC 3.1.1.3), are serine hydro-
lases that are able to act on long-chain carboxylic ester bonds.
Not only are they used for their natural hydrolyzing function but
they can also catalyze ester synthesis, interesterification and trans-
esterification reactions in non-aqueous media. Lipases are used
in a wide range of industries, from food (oleochemical process)
to cosmetic products (development of fragrances), pharmaceuti-
cal industry (resolution of racemic mixtures), surfactant synthesis
and preparation of biodiesel [1-6]. Most lipases preserve a good
activity in organic solvents and their ability to catalyze alcoholy-
sis reactions in organic media is well known and documented [7].
However, most organic solvents can be damaging or toxic for the
environment. Therefore, in a context of green chemistry a number
of studies have attempted to reduce this environmental impact and
tried to carry out lipase-catalyzed reactions in green solvents.

Ionic liquids were the first potentially good alternative to
organic solvents for biotransformation [8-13]; due to their non
volatility, their thermal stability and their high solvation proper-
ties. Nevertheless, the limitations of ionic liquids are their cost,
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their purification, their toxicity which is currently unclear (depend-
ing on the structure of the cationic species), and their need to be
highly pure since the presence of impurities can seriously affect
their physico-chemical properties and enzyme activity [14-22].
Deep eutectic solvents (DESs) are a new class of solvents typi-
cally formed by mixing an ammonium salt and a hydrogen-bond
donor (HBD). In these solvents, the hydrogen-bond donor inter-
acts with the anion, inducing a depression in the melting point of
the mixture. One of the most explicit examples is the synthesis
of the mixture between choline chloride and urea (with melting
points of 247 °C and 133 °C, respectively) in 1:2 molar ratio result-
ing in a deep eutectic solvent having a room temperature melting
point (12°C) [23]. Just like ionic liquids, the melting point of DESs
is often close to room temperature, and they have a low volatil-
ity and high thermal stability. However, unlike most ionic liquids,
DESs are biodegradable, cheap and very easy to prepare. To date,
very few publications have pointed out the use of DESs (alone
or as co-solvent) as media for enzymatic processes. Indeed, vari-
ous authors have shown that hydrolases or proteases maintained
high activity in DESs based on choline or ethylammonium chlo-
ride paired with a hydrogen-bond donor such as alcohols, acids
or amides [24-27]. The authors concluded that enzymes remained
active despite the presence of chloride and strong hydrogen-bond
donors that, most often, did not interfere with the reactions. They
hypothesized that strong hydrogen bonds between DES compo-
nents lowered their reactivity. They also reported the hydrolysis
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by epoxide hydrolase and they showed that the reaction rates were
faster in a water/DES mixture than in water. Moreover, by choos-
ing different kind of DES as cosolvent the regioselectivity of the
enzyme can be modulated. Another promising application of DES
is the extraction of glycerol from biodiesel. Indeed, adding choline
chloride to a biodiesel preparation allows removing the glycerol
by-product by forming a choline chloride-glycerol DES as a new
phase [28-31]. Due to their high capacity to solubilize polar, ionic
or metal compounds, DES have also been used for many other appli-
cations including electrochemical process [32], metal deposition
or dissolution [33,34]. Furthermore, some publications deal with
their ability to serve as green catalytic solvents for chemical syn-
thesis [35-37]. In this context, it seems very interesting to develop
lipase-compatible DES from inexpensive and biodegradable ammo-
nium salts. In one of the previous publications of Gorke et al. [24],
the lipase B of Candida antarctica proved to be the best option to
carry out biocatalysis reaction in DESs. Therefore, in order to know
the potential of DESs as media for biotransformation using lipases,
we investigated the reactivity of immobilized C. antarctica B lipase
(iCALB) in some eutectic solvents described by Abbott et al. [38-40]
with a focus on the resulting activity, selectivity and stability after
a long incubation-time of the selected lipase in DESs.

2. Materials and methods
2.1. Materials

Hexane (99%) was obtained from Labover (Montpellier, France), 1-butanol anhy-
drous (99.8%), 1-octanol (anhydrous >99%), immobilized lipase B from C. antarctica
(Novozym® 435) were purchased from Sigma-Aldrich (Saint Quentin, France). 1-
Octadecanol (>99%) and vinyl laurate (>99%) were purchased from Fluka Saint
Quentin, France). Glycerol (Gly), urea (U), ethylene glycol (EG), malonic acid (Ma),
oxalic acid (0x), choline chloride (ChCl) and ethylammonium chloride (EAC) were
obtained from Sigma-Aldrich with purity >99% (except for EAC >98%).

2.2. Synthesis of DESs

All hydrogen-bond donors were dried under vacuum over Silica gel and P,05
prior to use. Ammonium salts were dried under vacuum at 60°C under Silica gel
for three days before use. Depending on the molar ratio between ammonium salt
and the hydrogen-bond donor - which is 1:1 or 1:2 in our case - the mixtures
were prepared by weighing each compound directly into a flask and all precautions
were taken for isolating the mixture from air moisture (by closing the flask during
melting). Then, the eutectic mixtures were created through heating and stirring in a
STUART Scientific S150 orbital shaker incubator at 60 °C until a colorless liquid was
formed (typically 2 h).

2.3. Grinding of iCALB

The mixer mill used to grind iCALB is a RETSCH MM200. The lipase is introduced
into stainless steel jars (25 ml) containing a ball of 20 mm diameter and subjected
to horizontal oscillation and crushing during 5 min.

2.4. Water content determination

Mixtures were equilibrated with a saturated salt solution in a closed vessel
for up to 26 days at 25°C. Different salts were used to achieve various thermody-
namic water activities: LiCl (a,, =0.11), CH3COOK (ay, = 0.22), K,CO3 (ay = 0.44), NaCl
(aw =0.75). The moisture uptake of each eutectic mixture was then measured with
Karl Fisher titration at 20 °C using Hydranal® Coulomat AG as analyte.

2.5. General conditions for transesterification assay

These reactions were performed at 40, 50 or 60 °C in hermetically sealed flasks
containing 1 ml of DES and 1 mg of crushed iCALB whose water activity (ay ) was set
at 0.44 beforehand. After 30 min incubation time, 40 pmol (9.05 mg) of vinyl laurate
and 240 pwmol of corresponding alcohols (butanol 17.8 mg, or octanol 31.25 mg, or
octadecanol 64.8 mg) were added to the suspension and the mixture was stirred
using magnetic stirring. At the chosen time, the reaction was stopped by adding 1 ml
of HCl solution (1 M) and all reaction products were extracted with hexane (4 ml)and
analyzed by UV spectrophotometry and gas chromatography and were identified by
mass spectrometry. The initial specific activity was determined during the first 5 min
of the reaction. Each assay was repeated three times for each alcohol. Alternatively,
incubations were performed during 16 h without addition of any alcohol in order to
determine the reactivity of DES components.

2.6. UV spectrophotometry

Thanks to the high absorption capacity of the vinyl ester group, it was possible to
estimate the vinyl laurate conversion simply by measuring the absorbance at 195 nm
[41], thus allowing an easy and fast monitoring of reaction kinetics. A 20 .l aliquot
from the reaction medium was added to 1.98 ml of hexane and the absorbance
was monitored with a Perkin-Elmer LAMBDA 25 UV/Visible spectrophotometer in
a quartz cuvette thermostated at 25 °C and homogene.

2.7. Gas chromatography

The selectivity of the reaction was assessed by GC analysis (Agilent 6890 series,
Agilent Technologies, USA) using a capillary column (SUPELCOWAX: length 30 m,
external diameter 0.32 mm, film thickness 0.25 wm) and a flame ionization detector
(270°C), with helium as the gas vector (2mlmin~!). 1wl of the reaction mixture
(extracted with hexane in the case of DESs) was injected using a split injector
(250°C). Oven temperature programming: from 150°C to 235°Cat 5°C min~', then
15 minisothermat 235 °C. With this setting, retention times were as follows: butanol
(0.8 min), octanol (1.17 min), octadecanol (9.61 min), vinyl laurate (2.04 min), butyl
laurate (3.19 min), octyl laurate (7.4 min), octadecyl laurate (22.4 min).

2.8. Mass spectrometry

All products were identified by gas chromatography coupled with electron ion-
ization mass spectrometry (GC/EI-MS) using a Thermo Scientific Focus GC/DSQII MS
apparatus and Xcalibur software in order to analyze the spectrum and fragmenta-
tion.

2.9. Lipase stability in DESs

1 mg of crushed iCALB was pre-incubated in the appropriate solvent (1 ml) under
orbital stirring at 50 °Cin a sealed flask. After a given time, the substrates were added
to the reaction medium: 40 pmol of vinyl laurate and 240 pwmol of the corresponding
alcohol. The reaction was kept at 50 °C and the initial specific activity was compared
with that of a mixture without pre-incubation of the lipase. The progress of the reac-
tion was determined by UV spectrophotometry and gas chromatography according
to the method previously described.

3. Results and discussion

In order to determine whether DESs could be a suitable medium
for C. antarctica B lipase-catalyzed reactions, a model reaction was
used: the alcoholysis of vinyl laurate with alcohols of different chain
lengths (butanol, octanol, octadecanol). Indeed, in such reactions
(Fig. 1), one of the most important parameters is the polarity of the
nucleophilic substrate which can be a hindrance to the use of DES as
media for biocatalytic processes. The choice of this model reaction
was also made on the basis that using vinyl ester as acyl donors is a
fast and effective way to evaluate lipase initial activities. This reac-
tion allows the displacement of the reaction equilibrium toward
the synthesis since the vinyl alcohol produced during the reaction is
immediately isomerized into acetaldehyde, which is spontaneously
eliminated from the reaction medium due to its high volatility [41].
Moreover, the strong molar absorbance of vinyl ester allows to eas-
ily follow its disappearance during the reaction course by a UV
spectophotometric method.

3.1. General conditions

Before starting any experiment it was necessary to determine all
the parameters that could have an impact on our alcoholysis reac-
tion in DESs using iCALB as biocatalyst. First, we observed that it
was difficult to obtain fast kinetics and reproducible results without

1 1

HCQ O R 4 REon —288 . g-On R oy OH
I iCALB [l
(0] O 4

HsC\;O

Fig. 1. General reaction of transesterification between a vinyl ester and an alcohol.
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Fig. 2. Water content of ChCl:U and ChCl:Gly during 26 days of incubation time
under an atmosphere of controlled moisture fixed by salts of various water activity

(aw).

a preliminary grinding of the catalyst. Indeed, reactivity measure-
ments obtained with uncrushed iCALB were inconsistent and it was
unworkable to determine initial specific activity. We know that
DESs exhibit unusual solvation properties that are strongly influ-
enced by hydrogen bonding and result in a high affinity with all
protic compounds. Moreover, even if the fluidity can be adjusted,
depending on the nature of the hydrogen-bond donor and the
ammonium salt, the viscosity of DESs is considerably higher than
that of many of conventional media (but similar to IL), introduc-
ing a limitation of mass transfer and a dispersion of immobilized
enzymes. For all these reasons, it was very difficult to obtain an
efficient homogenization in DESs with an uncrushed catalyst. This
drawback was probably due to the nature of the inert immo-
bilization support, a macroporous acrylic resin corresponding to
hydrophobic and aprotic bead-shaped particles with a diameter
ranging between 0.3 mm and 0.9 mm. Consequently, the catalyst
was crushed into particles of 0.100-0.165 mm in order to enhance
its dispersion among the DESs. Secondly, it was observed that the
DESs were highly hygroscopic solvents therefore the reaction had
to be carried out in sealed flasks in order to avoid any water uptake
from air. Water is well known to have a crucial role in lipase-
catalyzed synthesis reactions in water limited environments (e.g.
organic solvents) where enzyme activity is obviously influenced by
its hydration state that determines protein structure, flexibility and
reactivity [42,43]. Moreover, in synthesis reactions such as ester-
ification, transesterification, alcoholysis and acidolysis the water

excess may induce the unwanted reverse reaction of hydrolysis.
In DESs, water can decrease the viscosity and change the activity
and selectivity of the enzyme. Hua Zhao et al. [25] showed that
proteases in glycerol-based deep eutectic solvents have an activity
and selectivity that depend on the water content of the DESs, thus
a small amount of water of about 5% can increase the enzymatic
activity decreasing its selectivity. On the other hand, water is the
simplest hydrogen-bond donor, thus its content should be as low as
possible in order to avoid any possible change of the initial eutectic
composition and to prevent competitive hydrolysis reaction. For
all these reasons, it seemed essential to start all transesterification
assays with the same initial water content. The strategy adopted
was to equilibrate the water content of solvents under an atmo-
sphere controlled by a saturated salt solution in a closed vessel.
However, attempts with two DESs (ChCl:Gly and ChCl:U) showed
that the equilibrium was not yet reached after a long incubation
time (26 days at 25 °C) whatever the targeted ay, (Fig. 2). Moreover,
the water content of the DESs was already higher than what we
expected, illustrating their very hygroscopic nature.

In other words, with this method, no equilibrium will be
reached with a low water content in the DES, whatever the ay.
Consequently, we decided to limit the water content for all the DESs
below 1% (w/w) that corresponds to the level obtained immedi-
ately after their synthesis (Table 1).In addition, the thermodynamic
water activity (aw) of the catalyst was adjusted to 0.44 beforehand.

3.2. Transesterification of vinyl laurate with alcohols of different
chain lengths

In order to increase the knowledge on substrate reactivity in
DESs, we studied the alcoholysis of vinyl laurate with aliphatic alco-
hols of different chain lengths in order to verify whether the use of
substrates with different polarities can have an effect on the reac-
tivity in such media. We have already explained the importance
and the role of hydrogen bonding on the solubility of compounds
in these solvents. Thus, assuming that an increase of the alkyl
chain length of the alcohol should decrease its solubility, 1-alkanols
having 4, 8 and 18 carbon atoms (1-butanol, 1-octanol and 1-
octadecanol) were evaluated. All the eutectic points of the DESs
used in this study were previously described in the literature (Fig. 3
and Table 2).

First, we carry out these model reaction assays in all the DESs
with all the alcohols during 16h at 60°C with crushed iCALB.
The results were compared to that obtained in toluene, a sol-
vent of higher boiling point than hexane, which is widely used in
lipase-catalyzed syntheses and particularly suitable for hydropho-
bic substrates conversion at high temperatures [44]. The results
are listed in Table 3. In DESs ChCl:U and ChCl:Gly, the conversion
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Fig. 3. Ammonium salts and hydrogen bond donors used to synthesize eutectic mixtures.
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Table 1
Water content in DESs immediately after synthesis.

Solvent ChCl:U ChCL:Gly ChCl:0x ChCl:Mo ChCLLEG EAC:U EAC:Gly
Water content (% w/w) 0.04 0.14 0.75 0.18 0.08 0.27 0.31
Table 2 14 12.8

Composition of screened deep eutectic solvents.

DESs Ammonium salt Hydrogen-bond Molar g’
donor ratio =

ChCl:U Choline chloride Urea 1:2 §

ChCl:Gly Choline chloride Glycerol 1:2 CE’

ChCl:0x Choline chloride Oxalic acid 1:1 B

ChCl:Mo Choline chloride Malonic acid 1:1 5

ChCLl:EG Choline chloride Ethylene glycol 1:2

EAC:U Ethylammonium chloride Urea 1:2

EAC:Gly Ethylammonium chloride Glycerol 1:2

of vinyl laurate into the corresponding ester was quantitative and
comparable to those in toluene. In the DESs based on dicarboxylic
acids, the results showed a low enzymatic activity for alcoholysis of
vinyl laurate with butanol (<10% conversion). A greater activity was
found for octanol and octadecanol (from 34% to 43% conversion).
In ChCl:EG and EAC:U the conversions were maximum with short-
chain length alcohol (respectively 33% and 94% with butanol) and
minimum with medium and long-chain ones (octanol and octade-
canol). Among all the tested solvents, only one (EAC:Gly) exhibited
a very low enzymatic activity with any of the alcohols. This exper-
iment showed that the reactivity for alcoholysis in deep eutectic
mixtures may depend on the nature of the nucleophilic substrate.
From our results, it seems quite clear that the best eutectic mix-
tures to be used for achieving this type of lipase-catalyzed reaction
are the DESs based on urea and glycerol as hydrogen-bond donors.
Moreover, even if solvent-based EAC have a low viscosity, allowing
a better mass transfer and dispersion of immobilized enzymes, the
best activity was observed with the DESs containing ChCl, what-
ever the chain length of the alcohol used. Consequently, the DESs
based on this quaternary ammonium salt appear to be the best
choice for further investigation. Indeed, choline chloride is read-
ily available as a bulk commodity chemical and almost no waste is
formed during its industrial production. It is non-toxic and read-
ily biodegradable, according to the OECD-criteria (MITI-I test; BOD
measurements) reaching 93% degradation within 14 days. Conse-
quently, we found it interesting to assess the enzymatic activity and
stability in ChCl:Urea, ChCl:Gly and toluene taken as reference. The
results (Fig. 4) show that the influence of the chain length on the ini-
tial specific activities is more important in toluene than in the two
tested DESs. Increasing the hydrophobicity of alcohols improved
the reactivity in toluene, whereas in the two DESs, especially in
ChCl:Gly, the impact of the alcohol chain length was insignificant.

Table 3

ChCl:Urea

ChCl:Glycerol Toluene

¥ 1-butanol 1-octanol B 1-octadecanol
Fig. 4. Initial specific activity for the alcoholysis of vinyl laurate with alcohols of
different chain lengths using crushed iCALB as biocatalyst in DESs or toluene at

60°C.
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Fig. 5. Initial specific activity for transesterification of vinyl laurate with octanol by
using crushed iCALB as biocatalyst in DESs at different temperatures.

Abbott et al. [23] showed that the viscosity of DESs changed
significantly in function of the temperature. One of the most sig-
nificant example is obtained with ChCl:U, where an increase of the
temperature from 20 °Cto 50 °C, decreases by 10 the viscosity of the
solvent. Therefore, one of the possible ways to favor the mass trans-
fer and dispersion of immobilized enzyme could be an increase on
the reaction temperature. Fig. 5 shows an initial specific activity
(pmol/min/mg) 1.5 times higher when the temperature increases
by 20°C (from 40°C to 60°C) in DESs based on urea and glyc-
erol paired with choline chloride. So, one possible strategy when
using highly thermostable immobilized lipases in DES would be to
increase the reaction temperature up to the maximal operational
stability of the selected enzyme and thus minimize the problem of
the DES viscosity.

Conversion and selectivity of vinyl laurate transesterification with three aliphatic alcohols, in different solvents at 60 °C using crushed iCALB.

Solvents 1-Butanol 1-Octanol 1-Octadecanol
Conversion (%) Selectivity (%) Conversion (%) Selectivity (%) Conversion (%) Selectivity (%)

Toluene 100 >99 100 >99 100 >99
ChCl:U 100 >99 100 >99 100 >99
ChCl:Gly 100 >99 100 >99 100 >99
ChCl:0x 10 >992 43 >99?2 41 >992
ChCl:Mo 5 >992 36 >992 34 >992
ChCLEG 33 30.3 8 25 10 30
EAC:U 94 >99 10 >99 9 >99
EAC:Gly 3 >99 4 >99 4 >99

The transesterification between vinyl laurate (40 pumol) and alcohols (240 wmol) was catalyzed by 1 mg of crushed iCALB in 1.0 ml of solvent at 60°C during 16 h.
2 Side reactions were observed with the diacid component from the deep eutectic solvent.
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3.3. Hydrogen-bond donor reactivity

All the DESs contain hydrogen-bond donors (HBD) which can
compete with substrates in our model reaction. Indeed, in the DESs
based on urea, glycerol and ethylene glycol, hydrogen-bond donors
can compete with the alcohol, whereas in the DESs made of oxalic
and malonic acids, these donors can compete with vinyl laurate as
acyl donor. The reactivity of hydrogen-bond donors is one of the
most important parameters that will allow to validate whether or
not a DES can be a suitable medium for lipase-catalyzed reactions.
In addition to generating by-products in the reaction, the reactivity
of hydrogen-bond donors can change the initial ratio of the mixture
corresponding to the eutectic point. The physico-chemical solvent
properties (especially the viscosity) can be altered but this would
certainly result in a modification of the activity and in possible dif-
ficulties to recover and recycle the used solvents. Although it has
been proven that some DESs can reach their lowest viscosity level

2085

not necessarily at the eutectic point but in its vicinity [26,28], most
of them show the lowest viscosity level at the eutectic composi-
tion, especially for DESs based on choline chloride as quaternary
ammonium salt [28,38]. We observed, with glycerol and urea as
components of the DES, a very low reactivity of the hydrogen-bond
donor - whereas with ethylene glycol-containing DESs, the reactiv-
ity was much more important. For example, in ChCl:EG and in the
absence of any 1-alkanol, 65% of the vinyl laurate were converted
into ethylene glycol mono- and di-laurate after 16 h at 60 °C (Fig. 6A
and B). On the other hand, the reactivity of the hydrogen-bond
donor in ChCl:EG can be influenced by the presence of the substrate,
thus, in the presence of 1-butanol, 1-octanol or 1-octadecanol, the
conversion of vinyl laurate into ethylene glycol esters is drastically
reduced. Moreover, it appears that the increase of the hydropho-
bicity of alcohol reduces differently the reactivity of ethylene
glycol-containing DES (23%, 6% and 7% respectively). However, very
low yields in alkyl laurate were observed whatever the chain length
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Fig. 6. Electron ionization mass spectra of the fragmentation patterns of by-products obtained from the reaction of hydrogen-bond donors components from the DESs.
According to IUPAC nomenclature: (A) 2-hydroxyethyl dodecanoate; (B) 2-dodecanoyloxyethyl dodecanoate; (C) 2-octoxy-2-oxoacetic acid; (D) dioctyl oxalate; (E) 3-
octoxy-3-oxopropanoic acid; (F) dioctyl propanedioate and (G) 3-octadecoxy-3-oxopropanoic acid).



2086

550

56.1

700

112
’1 Jn:u 14701689 1808

E. Durand et al. / Process Biochemistry 47 (2012) 2081-2089

0
g i NN /‘H‘/OH
2w 0
24
2

0 200

221.0 2351
L aaa ey |

267.0 2920 3050 3270 3551 383,0 403.1 4149 430.1
LM s b i M Mt et Mt ML MMt Mttt M W M et

250 a0 350
mz
D
0
4 0
k4
4
-4
157.0
121
11,2 | 1139 159,
wl by, 1291 1601 2041 2252 2001 2692 2610 1S 3410 3550 360.1 4201 4449
1} L) T T T T L T L T o haedd o) M
100 150 0 200 350 400 450
mz

Fig. 6. (Continued)

of alcohol (10%, 2% and 3% respectively). In the DESs based on
diacids (ChCl:0x and ChCl:Mo), the reactivity was even more sur-
prising. Indeed, an important formation of mono- and di-ester with
the diacids components from the DESs was observed, especially
with the medium-chain alcohols. Indeed, the reactivity between
diacids and butanol were very low while it was high with octanol
(Fig. 6C-F). With long chain alcohol (octadecanol) we observed a
significant production of octadecyl mono ester with malonic acid
(Fig. 6G) whereas a low reactivity was observed with oxalic acid.
Nevertheless, unlike the results obtained with ChCI:EG, no differ-
ence in the reaction was observed whether or not acyl donor was
added. Moreover, the DESs based on carboxylic acids already have a
high viscosity compared with other hydrogen-bond donors, and so
their reactivity during the lipase-catalyzed reaction substantially
increases this problem. Hence, the consumption of hydrogen-
bond donors increases the viscosity of the mixture that leads to
a decrease of the ionic mobility, which in turn affects the mass

transfer among the DES. It seems clear that the use of such media
for biocatalysis reactions is not a judicious choice. However, in case
of DESs based on dicarboxylic acids, it could be profited from this
drawback using this hydrogen-bond donor as substrate for a trans-
esterification reaction, even if the drastic increase of the viscosity
may limit that use.

In summary, these experiments show that the alcohol employed
for an alcoholysis reaction in the DESs can have a paramount effect
over the activity and selectivity of iCALB.

3.4. Stability of crushed iCALB in DESs

Another limitation to the use of DESs as a medium for lipase-
catalyzed reactions could be the stability of enzymes in such
solvents. Therefore, we carried out a long-term stability evaluation
of iCALB in ChCl:U, ChCl:Gly and toluene, the latter being taken as
organic solvent reference (Fig. 7). The lipase was incubated in each
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Fig. 6. (Continued)

solvent for 1, 2, 3, and 5days at 50°C prior to determine the ini-
tial specific activity of alcoholysis of vinyl laurate with octanol. In
toluene, only a 15% activity loss was observed after 5 days in com-
parison with the reaction rate with the non-incubated lipase. In

ChCl:Gly DES, a 70% activity decrease was measured after one day
incubation (65% after only 5 h) but extending the incubation time
to 5days did not result in any additional enzyme activity loss. It
is assumed that the enzyme needs a few hours to adopt its final
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Fig. 7. Relative initial specific activity for transesterification of vinyl laurate with
octanol at 50°C using crushed iCALB after different pre-incubation times of the
catalyst in DESs or toluene.

structure in glycerol-containing DES, which leads to a decrease of
activity during this period. Indeed, glycerol is likely to have a neg-
ative effect on the lipase activity and stability by being adsorbed
over the catalyst which reduces the diffusion of the hydrophobic
substrate toward the active site of the lipase [45,46]. In this case,
comparing the activity after 5h and after 5 days incubation time
shows that iCALB is maintaining the same rate and thus preserves
its activity without any apparent denaturation. In ChCl:U, iCALB
loses only 5% after one day incubation and less than 38% after 5 days
in comparison with the rate before incubation. Consequently, the
stability of iCALB in these two solvents should allow to carry out
long and more complex reactions with a minimal modification of
the protein structure.

4. Conclusion

It was already reported that iCALB was active in DESs com-
posed of choline chloride or ethylammonium chloride paired with
hydrogen-bond donors such as amide, hydroxyl or acid [24,26].
However, in the present study we showed that some conditions
are necessary to promote biocatalysis in DESs media and that not all
eutectic mixtures can be used as efficient media for lipase-catalyzed
reactions. First, in the specific case of immobilized C. antarctica B
lipase, we noticed that a preliminary grinding was crucial in order
to get an efficient reaction kinetic.

Secondly, some DESs such as ChCl:Mo, ChCl:0Ox and ChCl:EG can
react and compete with the substrates in alcoholysis reactions lead-
ing to byproduct formation and DES destruction. Moreover, in the
specific case of the DESs based on dicarboxylic acids, the viscosity
thatis already high from the beginning, increased significantly with
side reactions, making stirring and recycling difficult. However, in
most cases, the strong hydrogen bonds between DES components
can dramatically lower their reactivity as it was observed in DESs
based on glycerol or urea. In addition, results revealed that the
reactivity for alcoholysis in deep eutectic mixtures may depend
on the polarity of the nucleophilic substrate. The DESs composed
of glycerol or urea combined with choline chloride as quaternary
ammonium salt allowed the best initial specific activity of the
lipase, comparable to those in conventional organic media. More-
over, in these DESs, the activity of iCALB seems to be less influenced
by the alcohol chain length in alcoholysis reaction with vinyl lau-
rate compared to its activity in toluene. Although we know that
immobilized C. antarctica lipase B denaturates in solutions of urea,
it did not denaturate quickly in DESs containing urea or glycerol
and the stability in these DESs is sufficient to allow the reaction
for several days. It is difficult to extrapolate these results to other
lipases and DES combinations since the reactivity and stability of
the enzymes in DESs are influenced by the components of the DES
itself. The network formed by hydrogen-bonds can vary and lead

to different behaviors of compounds. However, this study provides
valuable information about the most widely used enzyme in indus-
trial biocatalysis (lipase B from C. antarctica) in these new “green”
solvents.
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