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Water-in-ionic liquid (w/IL) microemulsions formulated with non-ionic surfactants, (Tween 20 or Tri-
ton X-100) in 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim]PFg), were used as media for
lipase-catalyzed esterification reactions. The catalytic behavior and stability of lipases from Candida
rugosa, Chromobacterium viscosum and Thermomyces lanuginosa in these novel microemulsions were
investigated and compared to other microheterogeneous media used so far for enzyme-catalyzed reac-
tions. The catalytic behavior of the enzymes depends strongly on the surfactant concentration and the
water content. The dependence of the esterification activity of lipases on molar ratio of water to surfactant
(w,) follows a bell-shaped profile, presenting a maximum at w, ~ 5. The operational stability of lipases
Microemulsions in w/IL microemulsions, especially at high incubation temperature (50°C), was significantly increased
Stability compared to that observed in other microheterogeneous media. The highest half-life times (>100h)
FT-IR were obtained in w/IL microemulsions with low water content. Conformational studies via Fourier
Circular dichroism transform-infrared (FT-IR) and circular dichroism (CD) spectroscopy indicated that lipases entrapped in
w/IL microemulsions in most cases retain their native structure or adapt a more rigid structure compared
to other microheterogeneous media, which correlated well with the stability results. A simple procedure
suitable for ester separation and enzyme reuse was developed. T. lanuginosa lipase retained 90% of activity
after ten reaction cycles in w/IL microemulsions formulated with Tween 20.

Keywords:
Lipase
Ionic liquids

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Reverse micelles formed in non-polar organic solvents (water-
in-oil, w/o microemulsions) are thermodynamically stable,
nanometer-sized water droplets dispersed in an organic phase
by means of surfactant. Reverse micelles are capable of hosting
proteins (including enzymes) in their so-called water pool. The
protein molecules can be entrapped in the polar core of the micelles
avoiding direct contact with the organic solvent. Reverse micelles
have been used as a model system for biological studies, ranging
from basic biochemical research [1-3] to numerous applications
in biotechnology and particularly in biocatalytic transformations.
Reverse micelles have been associated with the idea of micro-
reactors for enzymic reactions, when substrates and/or products
are lipophilic and low water content is desired [4-7].

Recently, ionic liquids (ILs, organic salts consisting only of ions,
liquid at or near room temperature) have received growing atten-
tion as an alternative to organic solvents used for the enzymatic
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transformation of various compounds [8-10]. It was reported that
enzymic activities in such organic salts are generally comparable
with, or higher than, those observed in conventional organic sol-
vents [10,11]. Furthermore, the use of ionic liquids in many cases
enhanced the enzyme’s thermal and operational stability as well as
the regio- or enantioselectivities [10,12].

More recently it was reported that ionic liquids can be used
instead of organic solvents for the formation of nano-sized aque-
ous droplets, similar to that in w/o microemulsions [13-16]. Gao et
al. [13,14] characterized [bmim|PFg/Triton X-100 or Tween 20/H,0
systems by various spectroscopic techniques. They recognized
three types of microstructures formed in these systems: water
in [bmim]PFg (w/IL) microemulsions, [bmim]PFg in water (IL/w)
microemulsions and bicontinuous systems. These new IL-based
microemulsion systems combine the advantages of the ILs and
those of the organized nano-structured media and could be used as
a novel medium for biocatalytic reactions. The application of these
micro-heterogeneous systems as new type of reaction environment
is currently under investigation [16-18].

In the present study we investigated the use of w/IL microemul-
sion systems, stabilized by non-ionic surfactants, such as Tween
20 and Triton X-100, in [bmim|PFg as a novel reaction system
for lipase-catalyzed reactions. The ability of lipases from Candida
rugosa, Chromobacterium viscosum and Thermomyces lanuginosa,
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which are largely employed in various biocatalytic processes, to
keep their catalytic activity in these novel micro-heterogeneous
media was studied. The catalytic behavior and the stability of
lipases in w/IL microemulsion systems were compared with those
obtained in other water-restricted media used so far for biocatalytic
reactions, such as reverse micellar system formulated with AOT
(bis-(2-ethylhexyl) sulfosuccinate sodium salt) in organic solvents,
as well surfactant-free microemulsion-like ternary systems (SLM)
[19]. Fourier transform-infrared (FT-IR) and circular dichroism (CD)
spectroscopy were employed to investigate potential changes in
enzyme structure, in an attempt to explain the stabilization phe-
nomena observed upon their entrapment in these novel ionic
liquid-based microheterogeneous reaction systems. Moreover, a
simple procedure suitable for the separation of product and the
reuse of the entrapped-enzyme was developed.

2. Materials and methods
2.1. Materials

Lipases from Candida rugosa lipase (Crl) and Chromobacterium
viscosum lipase (Cvl) were purchased from Fluka. Novozyme TL
100 L (Thermomyces lanuginosa lipase, TIl) was a generous gift
from Novozymes. The ionic liquid 1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim]PFg) was purchased from Alfa Aesar.
Tween 20 (polyethylene glycol sorbitan monolaurate) was pur-
chased from Fluka. Bis-(2-ethylhexyl) sulfosuccinate sodium salt
(AOT) and Triton X-100 (t-octylphenoxypolyethoxyethanol) were
purchased from Sigma. All other reagents were of analytical grade.
The aqueous lipase solutions were prepared by dissolving lipase in
25 mM Tris-HCl buffer (pH 7.5).

2.2. Ternary phase diagrams

The ternary phase diagrams were constructed on the basis of
the isotropic properties of various compositions of the ionic lig-
uid ([bmim]PFg), surfactant (Tween 20 or Triton X-100) and water
at various temperatures (30-50°C). Solutions of ionic liquid and
surfactant were prepared, and then titrated with 25 mM Tris-HCl
buffer (pH 7.5). The solutions were incubated in an orbital shaker
for 1 day at predetermined temperature, and then they were cen-
trifuged at 12,000 rpm for 2 min. Visual observations were made
until phase separation, which determined the phase limiting line.

2.3. Preparation of microemulsion systems

The w/IL microemulsion systems were prepared by mixing the
required volumes of [bmim|PFg and surfactant according to the
phase diagram in Fig. 1 (systems composition are included in the
Supporting Information, Table SI-1). The mixture was left in an
orbital shaker at 30°C in order to get a clear homogeneous solu-
tion. Then, the aqueous phase containing the enzyme was added
and the final water content of the system was adjusted by addition
of the required amount of buffer. The mixture was shaken vigor-
ously, because of the high viscosity of the system, until a transparent
single-phase solution was obtained.

The AOT formulated w/o microemulsions (AOT/RM) were pre-
pared in a similar manner as described elsewhere [20]. The AOT
concentration was 100 mM. In the present work microemulsions of
Wo =6 (W, = [H20]/[AOT]) were used. Preliminary results showed
that at w, = 6 lipases exhibit high activity and thermal stability.

The surfactant-free microemulsion-like ternary systems (also
known as surfactantless microemulsions, SLM), composed by n-
hexane, 2-propanol and Tris-HCI buffer, were prepared in a similar
manner as described by Zoumpanioti et al. [19]. Preliminary tests
showed that lipases exhibit high activity when entrapped in the
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Fig. 1. Phase diagram (w/w) of the system water/Tween 20/[bmim]PFs at 30°C
(light grey area) and 50°C (sparse line pattern). (A) Two phase systems, (B) w/IL
microemulsions, (C) bicontinuous and IL/w microemulsions. S systems (M), W sys-
tems (A).

system with 64.4% n-hexane, 33.4% 2-propanol and 2.2% aqueous
phase (v/v/v). This system forms similar micro-regions as the w/o
microemulsions [21] and it was chosen for comparative studies
with other microheterogeneous systems.

2.4. Activity of lipases in microemulsion systems

The lipases entrapped in the above water-restricted media were
used to catalyze the esterification of natural fatty acids with vari-
ous aliphatic alcohols, using 50 mM fatty acid and 100 mM alcohol
as substrate. Lipase-catalyzed reactions took place in capped vials
placed in an orbital shaker at 30°C at 200 rpm. The enzyme con-
centration varied from 5.2 pg/ml to 46.2 pg/ml. Aliquots were
withdrawn at selected time intervals and extracted with n-hexane
in the case of w/IL microemulsions or acetonitrile in the case of
the other two microheterogeneous systems, and the upper organic
phase was analyzed for ester content by gas chromatography (GC).
All experiments were carried out in triplicate.

GC analysis was performed by a Shimatzu GC 17A device (Tokyo,
Japan), which was equipped with a 3-DEX™ 120, fused silica cap-
illary column (30 m x 0.25 mm x 0.25 pm film thickness, Supelco)
and a flame ionization detector (FID) with helium as the carrier gas.

2.5. Enzyme stability

The thermostability of the lipases was studied in various micro-
heterogeneous systems in a range of temperatures from 30°C to
50°C. The residual lipase activity was measured by spectrophoto-
metric assay, by monitoring the hydrolysis of 0.5 mM p-nitrophenyl
butyrate (pNPB) at 30°C [22]. After incubation, the samples were
withdrawn at regular time intervals in order to measure the remain-
ing enzyme activity by the addition of substrate (pNPB) in the form
of a concentrated solution in DMSO. The formation of p-nitrophenol
was detected at 340 nm [22]. In the case of w/IL microemulsions,
20 pl of the microemulsion is injected in 1 ml of Tris—HCI buffer-
containing substrate (pNPB). In the homogeneous mixture formed,
the remaining enzyme activity was determined by monitoring the
formation of p-nitrophenol at 405 nm.



52 LV. Pavlidis et al. / Journal of Molecular Catalysis B: Enzymatic 60 (2009) 50-56

Table 1

Thermomyces lanuginosa lipase synthetic activity (in propyl laurate synthesis) when entrapped in various water restricted media (standard deviation in all cases was up to

8%).

System Initial rate (mmolh~! mg~! enzyme) Conversion after 24 h (%)
Tween 20 microemulsions Triton X-100 microemulsions Tween 20 microemulsions Triton X-100 microemulsions

S2 0.877 0.077 75.1 19.1
S4 0.583 0.150 85.1 6.1
S7 0.713 0.051 69.9 3.2
W1 0.419 0.213 100.0 14.2
w3 0.616 0.043 94.5 13.7
w7 0.923 0.077 55.7 53
[bmim] PFg? 0.063 55.3
AOT/RM 0.257 741

SLM 0.008 73

3 Water saturated ionic liquid.

The experimental results were elaborated with the “one-
step” deactivation model and the series type deactivation model
which was introduced by Henley and Sadana [23]. The non-linear
Levenberg-Marquadt regression method was applied to fit the
residual activity data. The fitting of the experimental data was bet-
ter in the case of the series type deactivation model and this model
was chosen for the elaboration of the data. The Newton-Raphson
method was used to calculate the half-life times (t;j,) from the
two-step deactivation equation [23], using the parameter values
calculated from the experimental data.

2.6. FI-IR spectroscopy

IR spectra were measured using a Shimadzu FT-IR 8400 spec-
trometer (Tokyo, Japan), equipped with a deuterated triglycine
sulfate (DTGS) detector, in the region of 4000-400 cm~!. The spec-
trum acquisition (all samples were overlaid on a zinc selenide
attenuated total reflectance (ATR) accessory), the data analysis
of the amide I region and the band assignment were performed
as described in previous work [24]. The data were manipulated
using WinSpec software (LISE-Faculteis Universitaires Notre-Dame
de la Paix, Namur, Belgium). The band assignment is described in
Supporting Information (SI) section.

2.7. Circular dichroism spectroscopy

CD far-UV (200-260 nm) spectra were obtained on a Jasco ]-815
spectropolarimeter (Tokyo, Japan) equipped with a Peltier system
for temperature control. For the aqueous samples a quartz cell with
path-length 1.0 cm was used, while for the microemulsion samples
we used a 0.1 cm path-length quartz cell. All spectra were obtained
at 25°C, with a 2 nm bandwidth and a scan speed of 10 nm/min.
For every medium a baseline was recorded and subtracted from the
protein spectrum. The protein concentration varied from 1.3 g/ml
to 46.2 pg/ml. The secondary structure element content was esti-
mated using the DICHROPROT application package [25] based
on the SELCON 2 algorithm described by Sreerama and Woody
[26].

3. Results and discussion

3.1. Phase diagram of w/IL microemulsions

In the present work, two monophasic ternary systems con-
sisting of a hydrophobic ionic liquid such as [bmim]PFg, water
and a non-ionic surfactant were investigated as potential media
for lipase-catalyzed reactions; the first system was composed of
[bmim]PFg, Tween 20 and water (25 mM buffer Tris—HCI, pH 7.5)
whereas in the second type Tween 20 was replaced by Triton X-
100. The phase diagram of ternary system consisting of Tween 20,

at 30°C and 50°C, is depicted in Fig. 1. Region A corresponds to
unstable systems that tend to separate rapidly into two phases upon
standing. Compositions that constitute the regions B and C of the
phase diagram are homogeneous, optically transparent and show
no phase separation. It is interesting to note that as the tempera-
ture increases from 30 °Cto 50 °C the monophasic area of the system
also increases. An analogous phase diagram was determined for the
ternary system formed with Triton X-100 (data not shown). The
phase behavior of these systems is similar to that reported by Gao
et al. [13,14]. According to these works, when the water content of
the system is less than about 34% (region B), water-in-[bmim|PFg
(w/IL) micro-regions were identified using various spectroscopic
techniques [13,14], while at higher water content (region C) the
ionic liquid microdroplets were dispersed in a continuous water
medium or bicontinuous microstructure were formed. All systems
used correspond to w/IL micro-regions. Systems indicated as S sys-
tems correspond to w/IL microemulsions (B region) with constant
surfactant concentration (50%, w/w), and systems indicated as W
systems have constant water content (5%, w/w).

3.2. Lipases esterification activity in w/IL microemulsions

The ability of Crl, Cvl and Tl to keep their catalytic activity in var-
ious w/IL microemulsion systems formulated with either Tween
20 or Triton X-100 was determined using the esterification of 1-
propanol with lauric or caprylic acid as model reactions. All three
lipases kept their ability to catalyze the esterification of lauric acid
with 1-propanol in all w/IL microemulsion systems tested (see
Table SI-1). In most cases, the conversion of the esterification reac-
tion is up to 80% after 24 h of incubation. Similar behavior was
observed for the esterification of 1-propanol with fatty acids of
varying chain length (from 8 to 18 carbon atoms).

Table 1 shows the reaction rates and % conversions for the
esterification of lauric acid with 1-propanol catalyzed by Tl in dif-
ferent w/IL microemulsion systems formulated with either Tween
20 or Triton X-100, as well as in other microheterogeneous systems
used so far for similar biocatalytic reactions, such as AOT-based
reverse micellar system (AOT/RM), surfactant-free microemulsion-
like ternary systems (SLM) as well as in water-saturated [bmim|]PFg.
In most cases the reaction rates and % conversions observed in
Tween 20-based w/IL microemulsions are significantly higher than
those observed in other microheterogeneous media, as well as
in w/IL microemulsion systems formulated with Triton X-100. It
was reported that the catalytic behavior of lipases in the pres-
ence of Tweens is better than in the presence of Triton X-100 [27].
Moreover, the better catalytic behavior of lipases observed in w/IL
microemulsion systems compared to water-saturated [bmim]PFg
indicates that the formation of microemulsions is beneficial. The
biocatalytic performance of lipases observed in Tween-based w/IL
microemulsion systems was superior to other microheterogenous
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media independently of the composition and the chain length of
the fatty acid used (data not shown).

It is interesting to note that in some reaction systems (e.g. S7
or W7), the % conversion is relatively low regarding the high ini-
tial reaction rates observed. This unexpected behavior could be
attributed to the different stability of the enzyme in various w/IL
microemulsions (as discussed in Section 3.5). Moreover, since short
chain alcohols can act as cosurfactants, their depletion (due to
esterification reaction) could affect the biocatalytic behavior of the
entrapped enzyme [6]. It is expected that this effect depends on the
composition of the microemulsion systems.

The use of Tween 20 formulated w/IL microemulsions as media
for the esterification of caprylic acid with various aliphatic alcohols
was also investigated. Fig. 2 shows the effect of the alcohol chain
length on the rate of their esterification catalyzed by Cvl and TII
in w/IL microemulsions (system W3). As it can be seen, the alcohol
chain length affects significantly the catalytic activity of the lipases.
Both enzymes show a maximum reaction rate for the esterification
of medium chain alcohols (up to 6 carbon atoms) and a profound
decrease of their activity when decreasing chain length of the alco-
hols. The lower reaction rates were observed when ethanol was
used as substrate. This is in accordance to that observed for various
lipases in other w/o microemulsions [20] and could be attributed to
the inhibitory effect of this alcohol due to its high solubility on the
aqueous microphase of the systems and therefore on the enzyme
microenvironment. However, factors such as the different partition-
ing of various alcohols on the enzyme microenvironment and the
cosurfactant role of alcohol in the microemulsion systems can also
affect the enzyme catalytic behavior [19,20].

3.3. Effect of wo

One of the most important factors which affect the catalytic
behavior of enzymes in various microheterogeneous media is the
water content (expressed as the molar ratio of water to surfac-
tant, w,). In the present work the dependence of lipases activity
on W, has been investigated at a fixed percentage of water (5%,
w/w, W systems) by injecting the same volume of water into Tween
20/[bmim|PFg solutions of different concentrations. As it can be
seen in Fig. 3, w, has a strong effect on the lipases activity. The
esterification activity of Crl, Cvl and Tll follows a rather sharp bell-
shaped profile, presenting a maximum at w, = 5.3 for Crl and Cvl
and w, = 4.6 for TIL Similar bell-shaped dependence of activity on
Wy is also observed for these lipases in other w/o microemulsion
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Fig. 2. Effect of alcohol chain-length on the esterification of caprylic acid catalyzed
by Cvl (a) and Tll (®) when entrapped in W3 w/IL microemulsion system.
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Fig. 3. Effect of w, on propyl laurate synthesis catalyzed by Crl (®), Cvl (®) and TIl
(a) in w/IL microemulsions.

systems [28,29]. However the optimum w, values observed in w/IL
systems are lower than those observed in other w/o microemul-
sions. It is known that the use of non-ionic surfactants, such as
Tweens, for the formation of reverse micelles in organic solvents
leads to significant decrease of the optimum w, value for Cvl com-
pared to that observed in reverse micellar systems formulated with
ionic surfactants such as AOT [30].

The optimum w, value for enzymatic activity depends on sev-
eral factors such as the microemulsion composition, the enzyme
concentration as well as its molecular dimensions [4,7]. It was pro-
posed that the maximum catalytic activity is observed in systems
where the size of microdroplets becomes comparable to the pro-
tein’s dimensions [1,2]. In this case, spontaneous fluctuations of the
protein structure, that usually disturb its catalytically active confor-
mation, are reduced [1,2,5]. More specifically, reverse micelles with
relatively low water content do not provide sufficient space to com-
pletely encapsulate enzyme molecules in the water microdroplets,
presumably forcing enzymes into a less active conformation. On
the other hand, the reduced enzyme activity observed in high w,
systems could be related to the decreased stability of enzymes
observed in these systems, as discussed in Section 3.4. However,
there is an ongoing discussion in the literature as to whether the
w, dependence of the activity is related to the size of the enzyme
molecule or not [1,2,4,6,31].

3.4. Effect of the surfactant concentration

It is well known that the addition of surfactants can enhance
the activity of lipases in aqueous solutions due to the interfacial
activation and due to the emulsification of hydrophobic substrates
[32]. In microemulsion systems the concentration of surfactant,
at a constant water-to-surfactant molar ratio (w,), is a parameter
which determines the concentration of micelles and therefore the
size of the interfacial area in the system. Fig. 4 shows the effect
of this parameter at constant value of w, =5 (which is circa the
optimum w, value for all lipases studied) on the activity of three
lipases in w/IL microemulsion systems. As it can be seen, as the
surfactant concentration increases, the activity of the lipases goes
through a maximum value and then decreases. Similar decrease on
the enzymic activity under high surfactant concentration in w/o
microemulsions was reported for lipases from C. viscosum [29,33],
Rhizopus arrhizus [34] and porcine pancreatic lipase [35].

As indicated before, when the surfactant concentration is
increased at constant w,, the microdroplets population also
increases. In this case, the interaction of droplets with mem-
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Fig. 4. Effect of surfactant concentration on propyl laurate synthesis catalyzed by
Crl (m), Cvl (®) and TlI (a) in w/IL microemulsions at w, = 5.

brane active enzyme molecules, such as lipases, is increased. It
was reported that these interactions reduce lipase activity due to
inhibition by surfactant molecules [34,35]. Moreover, the effect of
surfactant concentration on the substrate distribution in micellar
interface must also be taken into consideration. The increase of
surfactant concentration will affect the adsorption of amphiphilic
substrates (as fatty acids and alcohols) on the interface, and there-
fore their availability to the enzyme microenvironment [4,29].

3.5. Stability of lipases

The thermal stability of Crl, Cvl and TII entrapped in various
w/IL microemulsion systems compared to that observed in other
microheterogeneous media (AOT-formulated w/o microemulsions
or surfactantless microemulsions), as well as in water, was investi-
gated. The stability of the lipases was studied over a 5-day period at
30°C,40°Cand 50°Cinthe absence of substrates. The experimental
results were elaborated with the one-step deactivation model and
the series type deactivation model [23], but the series type deactiva-
tion model was chosen for further elaboration of the data, because
the best fitting was achieved with this model (in all cases RMSD was
higher than 0.900). The half-life times, calculated from the two-step
deactivation kinetics, for the three lipases used are given in Table 2
(deactivation kinetics are presented in Supporting Information
Table SI-2). As it can be seen from Table 2 (see also Table SI-2), in
most cases Crl and TII stability was higher in w/IL microemulsions,
compared to that observed in other microheterogeneous media as
well as in water, indicating that w/IL microemulsion systems pro-
vide a protective environment for these lipases, especially at high
incubation temperatures. In the case of Cvl, the stability exhibited
in all microheterogeneous systems was higher than that exhibited

in water. The entrapment of the lipases in the w/IL microemulsions
has a stabilizing effect, referring to the stability exhibited in water,
as well as in water-saturated [bmim|PFg (data not shown). Itis inter-
esting to note that no direct correlation between the surfactant or
the ionic liquid concentration of the w/IL microemulsions and the
stability of lipases was observed. However, in most cases studied,
higher stability of lipases was observed in systems with low water
content. In w/IL microemulsions with constant surfactant concen-
tration (S systems), lipases exhibited higher stability when the w,
islow (S2 system). This is in accordance to that observed for various
enzymes in other micro-heterogeneous media and w/o microemul-
sions [4,6,41]. The higher stability of lipases observed in systems
with low w, values could be related to the higher rigidity of the
protein molecules in the water microdroplets, as indicated in Sec-
tion 3.3. It must be noted that the correlation between the w, value
and the enzyme stability mentioned in S systems is not observed
in W systems, which indicates that the composition of the w/IL
microemulsion systems also affects enzyme’s stability. A number
of reports show that lipases in ionic liquids maintain their activity
over a much longer period than in organic solvents and often at a
relatively higher temperature [11,36-38]. The stabilization effect is
often attributed to various factors including electrostatic interac-
tions between ionic liquids and enzyme molecules [39]. Sheldon et
al. [10,40] suggested the protecting effect of the ionic liquid on the
essential water surrounding the enzymes which leads to enzyme
stabilization. They also suggested that the high viscosity of ionic
liquids slows the migration of protein domains from the active con-
formation into the inactive one. In the case of w/IL microemulsions,
it is expected that a small amount of ionic liquid will be soluble
on the aqueous microphase of the system and therefore on the
enzyme microenvironment facilitating in this way such protective
interactions between ionic liquid and protein molecules.

3.6. Structural studies

The conformational changes of the lipases upon entrapment
in w/IL microemulsion systems compared to other microhetero-
geneous media were investigated using two well-established
techniques for conformational analysis of proteins, specifically CD
and FT-IR spectroscopy. It must be noted that CD spectroscopy can-
not be applied in w/IL liquid microemulsion systems because of low
signal intensity and excessive background noise, due to the pres-
ence of the imidazolium ring of the ionic liquid used [42]. On the
other hand, the ATR-FT-IR technique renders feasible the study of a
protein’s secondary structure in liquids including ILs-based media
[43]. Proteins absorb in infrared in the amide regions, due to the
peptide bond vibrations. The amide I region (mainly due to the
C=0 stretching vibration) found at approximately 1600-1700 cm™!
is mostly used in protein secondary structure determination due
to its sensitivity in conformational changes and the significantly
higher signal intensity than in other amide bands. The band consists
of several overlapping components that are assigned to differ-
ent secondary structure elements (see SI, figure SI-1). The second

Table 2

Half-life constants (t, h) for three lipases in various systems.

Enzyme T(°C) Aqueous AOT/RM SLM Wi w3 W7 S2 S4 S7

Crl 30 2.5 0.2 0.3 12.6 23.5 8.5 30.1 1.7 1.5
40 1.3 0.1 0.2 2.0 8.3 7.1 133 1.0 1.2
50 0.7 <0.1 <0.1 0.9 6.8 4.7 9.9 0.7 0.1

Cvl 30 6.5 >100 >100 58.8 >100 6.1 >100 >100 24.4
40 2.2 90 >100 40.5 48.0 29 22.7 24.2 20.7
50 0.9 4.9 19.6 284 41.3 1.8 4.3 5.9 10.9

TIl 30 75.0 0.9 32.6 >100 >100 >100 >100 24.0 17.6
40 53.4 0.8 17.1 36.9 47.7 >100 67.9 22.6 17.4
50 6.4 0.6 8.8 34 31.2 64.9 38.9 20.7 16.0
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Table 3

Quantitative estimation (%) of the secondary structure elements of lipases in water
and in S4 microemulsion system calculated by FT-IR analysis in amide I region (8-
sheet content includes the antiparallel S-sheet content).

Enzyme Medium  «-Helix  B-Sheet B-Turns Random  Antiparallel
B-sheet
Crl Aqueous  25.3 30.7 233 20.7 13.0
S4 235 44.2 20.2 121 13.7
Cvl Aqueous  22.0 375 22.8 17.7 259
S4 25.1 39.6 20.1 15.1 11.5
Tl Aqueous  32.6 26.7 34.1 6.6 7.3
S4 26.7 46.9 15.1 1.4 10.5

derivative method is a reliable and commonly used method to iden-
tify and separate these components [44].

The secondary structure elements of the lipases in aqueous solu-
tion and in w/IL microemulsion system S4 are presented in Table 3.
Increased B-sheet content was observed for lipases in aqueous solu-
tion, referring to previous works [45-49]. This difference can be
attributed to the high enzyme concentration used in FT-IR exper-
iments (1.5 mg/ml), which can lead to protein aggregation [50].
The content of antiparallel B-sheets is an index for intermolecu-
lar interactions, which lead to the formation of protein aggregates
[51].

AsitcanbeseeninTable 3, lipases entrapped in w/IL microemul-
sions (system S4) undergo some alterations in their structure. Crl
shows a decrease in random coil when entrapped in S4 systems,
while Tl exhibits a decrease in «-helix and B-turns content and
an increase in B-sheet and random coil. Moreover, an increase in
B-sheet content was observed in all lipases when entrapped in S4
system. This increase can be attributed to a more rigid structure
that the lipases tend to adapt when entrapped in water-restricted
environment [52,53]. This observation is in accordance with the
high enzymes stability observed in w/IL microemulsion systems
(Table 2).

The effect of the system composition onto enzyme structure was
investigated with the Cvl entrapped in various w/IL microemulsions
(Table 4). In most cases studied, no significant change in the a-helix
content was observed. Though a decrease of the antiparallel 8-sheet
content is observed in most cases (except for W7 system), the total
B-sheet content was not reduced. This observation is in accordance
with the assumption that the lipases adopt a rigid form in the w/IL
microemulsion systems, which is more stable than the native one
(as discussed also in Sections 3.3 and 3.5). However, in systems
S7 and W7, where the Cvl stability was significantly lower than
in other w/IL systems (Table 2), there was a significant decrease
in the a-helix content. In system S7, the increase of the random
coil is characteristic for enzyme unfolding which leads to deacti-
vation. In the case of the system W7 an increase in antiparallel
B-sheet content was observed, which can be attributed to a loss
of hydrogen-bonding interactions between the water molecules
and the surface of the protein [52]. The water stripping from the

Table 4

Quantitative estimation (%) of the secondary structure of Cvl in various systems cal-
culated by FT-IR analysis in amide I region (8-sheet content includes the antiparallel
B-sheet content).

Medium «-Helix B-Sheet B-Turns Random Antiparallel 8-sheet
Aqueous 22.0 37.5 22.8 17.7 25.9
W1 241 27.6 27.2 21.1 5.1
W3 26.5 47.7 21.0 5.0 5.0
W7 11.7 63.9 12.5 11.7 33.5
S2 25.8 414 15.7 17.2 0.7
S4 25.1 39.6 20.1 15.1 11.5
S7 16.3 46.8 10.7 26.1 15.9

Table 5
Quantitative estimation (%) of the secondary structure elements of lipases in water
and in various microheterogeneous systems from CD spectra.

Enzyme Medium a-Helix B-Sheet Other
Crl Aqueous 26.2 134 60.4
AOT/RM 7.1 338 59.1
SLM 3.0 43.1 53.9
Cvl Aqueous 33.8 10.0 56.2
AOT/RM 7.8 44.9 473
SLM 2.1 45.2 52.7
T Aqueous 359 5.6 58.5
AOT/RM 7.3 454 473
SLM 1.7 38.9 59.4

enzyme surface leads to intermolecular interactions, such as these
observed in lyophilisation process [54] and finally leads to enzyme
unfolding.

In order to compare structural changes of lipases after their
entrapment in w/IL microemulsions with those occurred in other
microheterogeneous media, the secondary structure of the lipases
entrapped in w/o microemulsions and ternary surfactantless sys-
tems was investigated by far UV-CD spectroscopy. An inconsistency
of secondary structure of lipases in water was observed between
the results obtained from CD and FT-IR spectroscopy, which can be
attributed to the enzyme concentration used in each experimen-
tal procedure, as discussed before. From the CD data, presented in
Table 5, we observed that the secondary structure of lipases is sig-
nificantly altered from their native forms when entrapped in w/o
microemulsions or surfactantless systems. Specifically, in all cases,
a substantial decrease in «-helix (up to 32%) and an increase in -
sheet content (up to 35%) were observed with respect to the lipase’s
structure in water, while these variations were more prominent in
the case of the surfactantless microemulsions. Similar decrease in
a-helix content of proteins entrapped in water restricted media
was observed was also reported [35,52,55]. These extended struc-
tural changes in w/o microemulsions and SLM systems may explain
the lower stability of lipases in these microheterogeneous media
compared to that observed in w/IL microemulsions.

3.7. Enzyme reuse
Despite the application advantages offered by microemulsion
media the applications of this process are hindered because prod-

uct isolation and repeated use of enzyme. In this study, the ability
to repeated use of Tll entrapped in w/IL microemulsion systems
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Fig. 5. Reusability of Tll entrapped in W3 w/IL microemulsion system, at 30 °C.
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was investigated for the esterification of 1-butanol with caprylic
acid at 30°C. The reaction was performed for 8 h after which the
product and remaining substrates were extracted with equal vol-
ume of n-hexane. The extraction procedure is repeated 5 times in
order to remove any trace of the product and reactants. It must be
noted that the solubility of ionic liquid, Tween 20 as well as water
is negligible in n-hexane phase, while the enzyme remains in the
ionic liquid-based microemulsion phase and can be used repeat-
edly. New substrates were added into extracted lipase-contained
w/IL microemulsions and the reaction mixture was incubated at
30°Cin a new reaction cycle. When ten reaction cycles were com-
pleted (80h of total operation) the residual activity of the lipase
is 90%, as presented in Fig. 5, indicating that the microenviron-
ment of the w/IL microemulsion exerts excellent protection to the
entrapped enzyme molecules after repeated uses.

4. Conclusions

In the present work we have shown that w/IL microemulsion
systems formulated with a non-ionic surfactant such as Tween
20 are a promising medium for biocatalytic processes. The lipases
from C. rugosa, C. viscosum and T. lanuginosa exhibited higher cat-
alytic performance and operational stability in these novel systems
in comparison to other micro-heterogeneous media used so far
for various biocatalytic reactions. The retention of catalytic activ-
ity is due to the entrapment of enzyme molecules into aqueous
microdroplets formed in w/IL microemulsions, indicating that these
IL-based reaction systems provide a protective environment for the
enzymes. This observation was confirmed by spectroscopic studies
which indicate that enzymes entrapped in w/IL microemulsions
tend to retain their native structure or adapt a more rigid structure
compared to that observed in other reaction media. The enhanced
stability of enzymes in w/IL microemulsions, the ability of easily
separation of products from the reaction system and good enzyme
reusability, as well as the unique solvent properties of ionic lig-
uids compared to conventional organic solvents, indicate that these
novel micro-heterogeneous media can be efficiently used as reac-
tion media for various biocatalytic reactions.
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