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In this work, the influence of the C12-, C14-, and C16-alkyl chain derivatives of 1-alkyl-3-methyl-imidazole tetra-
fluoroborate over the hydrolisis of p-nitrophenyl trimethylacetate catalyzed by α-chymotrypsin was studied in
water and water - ionic liquids mixtures. The ionic liquid used is 1-butyl-3-methyl-imidazole tetrafluoroborate
(BMIMBF4).
1-alkyl-3-methylimidazole tetrafluoroborate derived surfactants can increase the catalytic efficiency of α-
chymotrypsin on the hydrolysis of p-nitrophenyl trimethylacetate. This effect is negatively affected by the de-
crease on the surfactant's critical micelle concentration (CMC) and the partition of the substrate between themi-
celles and the external media observed above the critical miscellar concentration (CMC). In water/BMIMBF4
mixtures, the presence of the ionic liquid (IL), render the C14 and C16 surfactants insoluble, and overrides the ef-
fect elicited by the C12 alkyl chain surfactant on the activity of α-chymotrypsin. The loss of the surfactants influ-
ence on the enzymatic activity due to the presence of BMIMBF4 seems to be a complex process, controlled by a
decreased affinity betweenα-chymotrypsin and the surfactant molecules and, to a larger extent, the appearance
of an “acquired resistance” of the enzyme to the influence of the surfactants, related to a more compact and re-
silient conformation of the protein in the presence of BMIMBF4. The influence of BMIMBF4 is not only limited to
the surfactant/enzyme interaction, but also it does modifies the partition of the substrate between the aqueous
media and the micellar environment.

© 2019 Published by Elsevier B.V.
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1. Introduction

Enzymatic catalysis in microheterogenous systems has been exten-
sively studied. In particular, the behavior of enzymatic reaction taking
place in the presence of micellar aggregates, [1] due to the physico-
chemical complexity of these multiphasic systems in relation with
their relevance in productive processes involving microemulsions for
the extraction, purification or stabilization of enzymes, and the develop-
ment of suitable media for enzyme catalyzed reactions of economic
value [2].

Taking into consideration theMichaelis-Menten description of enzy-
matic reactions, several models have been proposed for the evaluation
of the kinetic parameters for enzymatic reactions in micellar media
tetrafluoroborate; C12MIMBF4,
IMBF4, 1-tetradecyl-3-methyl-
exadecyl-3-methyl-imidazole
ophenyl trimethylacetate; PNP,

.

[1,3]. Special focus has been put on extracting useful kinetic informa-
tion, able to be contrasted with data obtained in homogeneous media
(i.e. aqueous solution), in order to evaluate the extent of the influence
of the micellar aggregates.

In aqueous biphasic systems, different mechanistic considerations
are evaluated, following the concentration-dependent behavior of the
surfactants: at low surfactant concentration, where only surfactant
monomer are accompanying the enzymatic reaction, or at surfactant
concentrations beyond the CMC, where the presence of direct micelles
acquires relevance. It has been reported that some enzymes present en-
hanced activity in aqueous solution of surfactant monomers, in a phe-
nomenon coined as superactivity. [4–6] This is the case of cationic
surfactants with bulky headgroups such as alkylammonium halide sur-
factants [7], aswell as nonionic surfactants such as Brij 35 [8] and Tween
20 [9], whereas some enzymes are readily inactivated in similar condi-
tions, particularly in the presence of anionic surfactants like Sodium
dodecilsulface (SDS) [10].

In surfactant/oil/water systems, the phenomenon is more complex
[11]. In these systems, an increase of activity is also observed, but now
the increase is governed by the water/surfactant molar ratio (W0),
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parameter which, in reverse micelles, controls their size, physicochem-
ical properties of the entrapped water [12], and the behavior of the
water/surfactant headgroup interface [13]. The observed increase in ac-
tivity is associated with the interaction of the enzyme molecules with
the interfacial region and the compartmentalization of both enzyme
and substrate into the reverse micelle aqueous pool [14].

In the last two decades, given the growing interest in the use of alter-
native solvents, [15] a large number of studies has been developed re-
garding the use of IL. [16] These are salts usually formed by large
asymmetrical ions (commonly an organic cation and an inorganic
anion) interacting by weak cation-anion attractive forces, compared to
those observed in conventional ionic salts (crystalline solids), giving
most of the ILs the ability to remain in liquid form at room temperature.
ILs are considered “design solvents” due to the huge number of anions
and cations that can be combined in order to control different physico-
chemical properties such as polarity, viscosity, conductivity, etc. Studies
on enzymatic activity in ILs have demonstrated their ability to benefit
enzymatic reaction that can take place in conventional organic solvents
[17,18], or in media with low water contents [19], in terms of an im-
provement their selectivity, activity and stability. However, the extent
of the influence of ILs is highly dependent on the catalyzed reaction
and the nature of the enzyme under consideration. The use of ILs as al-
ternative media for the development of processes involving enzyme
catalyzed reactions have led to better results when compared with con-
ventional organic solvents, [20] but their use is still limited for reactions
that strictly need aqueous environments in order to properly function.
Consider for instance those cases in which the IL needs to be used
with equal or larger proportions of water in the solvent mixtures.

The behavior of amphiphilic molecules and the mechanisms for ag-
gregate formation in non-conventional solvents have also been ad-
dressed. Particularly both, protic and aprotic ILs, have displayed the
ability to act as an amphiphile-assembly media, [21,22] given the fact
that some of these ILs share characteristics such as the presence of hy-
drogen bonding centers, few methylene groups, polar groups in both
cation and anion, characteristic also present in conventional molecular
solvents that also favors the formation of amphiphilic aggregates.
Greaves et al. [22] in a study of the behavior of the non-ionic surfactant,
hexa-ethyleneglycol mono-n-dodecyl ether, demonstrated the support
of the formation of micellar aggregates in a library of conventional mo-
lecular solvents and protic ILs. The observed phenomena, linked to a sol-
vophobic effect, suggested a correlation between the solvent cohesive
energy and both the CMC and the free energy of micellization. Similarly,
long chain 1-alkyl-3-methylimidazolium based ILs have been tested in
the extraction of natural colorants by the use of an aqueous micellar
byphasic system based on Triton X-114 and low percentages of the IL
as co-surfactant. [23] The incorporation of the IL allows the control, by
electrostatic interactions, over the partitioning of the biomolecules be-
tween the water and the micellar phase.

In light of the reported behavior of both, enzymes and surfactants in
the presence of ILs, it is interesting then to question how does the enzy-
matic superactivity effect induced by surfactants fares in the presence of
ionic liquids.Moniruzzaman et al. [14] reported the improved activity of
microencapsulated horseradish peroxidase in sodium-bis-ethylhexyl-
sulfosuccinate (AOT) reverse micellar systems on water-in-oil
microemulsions, with a hyperbolic dependence on the catalyzed oxida-
tion of pyrogallol by hydrogen peroxide, with the water to surfactant
ratio, and an overall improved performance when compared to AOT/
water/isooctanemicroemulsions. On the other hand, studies in aqueous
solution involving cetyltrimethylammonium bromide/IL mixed mi-
celles [24] have shown an improved activity of α-chymotrypsin on the
catalyzed hydrolysis of N-succinyl-l-phenylalanine-p-nitroanilide. Sim-
ilar results have also been reported for transglycosilation reaction cata-
lyzed by β-galactosidase in similarmixedmicellar systems, using SDS as
surfactant. [25]

As an approach to delve further on the study of the surfactant influ-
ence over enzymatic activity in the presence of ILs, the present work
considers the evaluation of enzymatic activity in complex systems com-
prising surfactants incorporated in IL/water mixtures. The kinetic anal-
ysis of the results and the conclusions derived thereof presented in
this paper were done taking into consideration the models proposed
by Viparelli et al. [3] for enzymatic reactions takingplace in thepresence
of large concentrations of direct micellar aggregates. Briefly, the kinetic
model consider two possibilities for the enzyme/micelle interaction:
i) no direct enzyme/micelle interaction, where both the free substrate
and the substrate located in themicelle-boundwater region is available
for the reaction, given the fact that the activity depends nowon the con-
tribution of the two substrate forms. An increase in activity can occur
when the enzyme is more efficient with the micelle bound substrate.
On the contrary, a decrease in activity can be observedwhen the contri-
bution of the bound substrate is lessened. ii) enzyme/micelle interac-
tions, leading to the presence of two enzymatic forms, free and bound
enzyme, with each form being able to interact with the substrate as ad-
dressed in i). When enzyme/micelle interactions are operative, the in-
crease or decrease of activity is governed by the differences on the
intrinsic activity displayed by both enzyme forms; different proportions
of the free/bound species for the enzyme and substrate, and finally, the
accessibility to the bound species (particularly the bound substrate)
interacting with the micellar aggregates.

α -chymotrypsin (α-CT), selected as model enzyme for our studies,
is a serine protease involved on the hydrolytic rupture of peptidic link-
age. It has been extensively considered in studies regarding the influ-
ence of ionic liquids on the stability and kinetic behavior of enzymes
in aqueous and non-aqueous environments [26–32]. The activity of α-
CTwasmonitored by following the catalyzed hydrolysis of the substrate
p-nitrophenyl trimethylacetate, substrate that has the particularity to
allow a simple determination of both the stationary- and pre
stationary- state of the reactionmechanismofα-CT [33]. This character-
istic may be attributed to a delayed decomposition of the acyl-enzyme
complex associated with the steric hindrance introduced by the pres-
ence of themethyl groups on the acetate moiety. Among the wide vari-
ety of ionic liquids, 1-alkyl-3-methylimidazole derived ionic liquids
have reached the spotlight in studies focused on development of alter-
native media for the tuning and control of enzymatic reactions [34]. 1-
butyl-3-methylimidazole tetrafluoroborate (BMIMBF4) is commonly
used. Among other ionic liquids, in these kind of studies, particularly
in studies involving ionic liquid/water mixtures, where BMIMBF4 dis-
plays an excellent miscibility with water [35]. Similarly, long chain 1-
alkyl-3-methylimidazole tetrafluoroborate salts were chosen as
surfactants.

The use of long chain analogues of BMIMBF4 as surfactants, is not a
trivial selection, because when analyzing the surfactant-IL-water inter-
action, the complexity of this interaction is crucial. To minimize the in-
fluence of differences on the nature of the surfactant headgroup and
counterion [36,37], preferential solvation effects [38], etc. eases the in-
terpretation of the results, leaving the carbon tail of the surfactants as
themain driving force on the observed behavior of themicellar systems
studied as well as an important part of their influence over α-CT
activity.

The phenomena studied on the presentworkwere addressed from a
simple kinetic and thermodynamic approach, taking into consideration
the inherent complexity of the studied system. This idea is further ex-
panded into the introduction. Our work encompasses a simple experi-
mental kinetic setup, complimented with a more complex
mathematical treatment of the Michaelis-Menten analysis. Moreover,
the characterization of the influence of the micellar environment was
performedby basic partition assays (physical separation of the unbound
substrate) to evaluate the substrate/micelle interaction, as well as ther-
mal stability of the enzyme to assess the direct influence of either the
surfactant or the micelles influence on the overall structural behavior
of the enzyme. Form both of these analysis it can be ascertain, within
certain limits, the effect of the ionic liquid on the studied
microheterogeneous system.
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2. Materials and methods

1-butyl-3-methyl imidazole tetrafluoroborate (Merck), 1-dodecyl-
3-metyl imidazole tetrafluoroborate; 1-tetradecyl-3-methyl imidazole
tetrafluoroborate, 1-hexadecyl-3-methyl imidazole (Iolitech), Pyrene,
p-nitrophenyl trymethyl acetate, p-nitrophenol and α-chymotrypsin
Type II from bovine pancreas (Sigma) were used as received without
further treatment.

Ultrapure water (type I) was obtained from a Merck-Millipore Sim-
plicity water purification system. Buffer Solutions (phosphate buffer
75 mM; pH 7,0), water/BMIMBF4 mixtures were prepared and left to
stabilize overnight, and both enzyme and substrate stock solutions
were freshly prepared when required.

2.1. Reaction rate measurements

The activity ofα-CTwas evaluated using the catalyzed hydrolysis of p-
nitrophenyl trimethylacetate at 25 °C in aqueous buffered solutions
(75 mM phosphate buffer pH 7.4), following the release of p-nitrophenol
by the increase on the absorbance at 400–420 nm of solutions obtained
by adding α-CT aliquots to a thermostated cell containing the substrate
at the desired concentrations. Spectrophotometric measurements were
performed in an Agilent 8453 UV–Vis spectrophotometer.

Fromplots of the steady-state reaction rates for theα-CT catalyzed re-
actions vs substrate concentration, the catalytic turnover constant (kcat)
and the substrate affinity constant (KM) according to the hyperbolic rela-
tionship ascribed to the Michaelis-Menten mechanism (Eq. (1)).

rate ¼ kcat E½ �0 S½ �
Km þ S½ � ð1Þ

2.2. Ultrafiltration experiments

Ultrafiltration experiments were carried out at 25 °C using a
Millipore ultrafiltration stirred cell unit with 10 kDa molecular weight
cut off ultrafiltration disk membranes. Filtrate volume calibrations
were performed as a function of pressure and filtration time in order
to obtain the minimum volume of filtrate passed through the mem-
brane. Filtrate volumeswere kept under 2% of the total working volume
in the ultrafiltration experiments. Controls were performed to ensure
that no adsorption of the substrate took place during the experiments.

The concentration of PNTMA was determined by UV-VIS measure-
ments, following the PNP absorbance upon total acid hydrolysis of the
feed and filtrate PNTMA solutions. In our experiments, thefiltrate corre-
spond to a small portion of the total volume of solution incorporated
onto the ultrafiltration chamber, which is extracted and added succes-
sive times through the ultrafiltration system and from where the free
PNTMA concentration ([PNTMA]free) was determined. Similarly, the
feed solution correspond to the fixed volume of solution incorporated
into the ultrafiltration chamber, and this solution contains the total con-
centration of PNTMA ([PNTMA]0). From the difference between
[PNTMA]0 and [PNTMA]free, the micelle-bound PNTMA concentration
([PNTMA]bound) can be estimated.

From the free and bound concentrations of PNTMA, the fractions of
each “type” of substrate (Ffree and Fbound) were evaluated for the differ-
ent solventmixtures studied and the partition of the substratewas eval-
uated by determination of the partition constant (Kp) according to
Eq. (2) [7].

KP ¼ Ffree
Fbound Surf½ �m

ð2Þ

where [Surf]m correspond to the micellized surfactant concentration,
which is determined by subtraction of the corresponding CMC from
the total surfactant concentration considered.
To take into consideration the lower aqueous substrate concentra-
tion due to the partition of the substrate, the determination of the
corrected catalytic efficiencyðkcatKM

Þ
corr

wasperformed according to Eq. (3).

kcat
KM

� �
corr

¼
kcat
KM

� �
app

Ffree
ð3Þ

where ðkcatKM
Þ
app

correspond to the catalityc efficiency determined by using

the analytical concentration of substrate for the calculation of kcat, and
Ffree corresponds to the free substrate concentration.

2.3. Micelle size measurements

The hydrodynamic size of the micelles was determined by dynamic
light scatteringmeasurements performed in a Zetasizer nano ZS-90 DLS
system (Malvern instruments).Measurementswere carried out at 25 °C
in polystyrene cuvettes, using a viscosity of 0.8872 cP and a refractive
index of 1.330, as system defined parameters for measurements in
aqueous solutions at the working temperature.

2.4. Fluorescence measurements

Critical micelle concentration was determined by monitoring the
change of the fluorescence spectra of pyrene, particularly, the change
on the ratio between the first and third peak (II/IIII), observable from
the hyperfine structure of the spectra [39–41]. Pyrene steady state fluo-
rescence measurements were recorded in a Perkin Elmer LS55 fluores-
cence spectrometer, using 1 cm path length quartz cuvettes and an
excitation wavelength of 405 nm. Briefly, different masses of surfactant
were dissolved in aqueous solutions of pyrene (6 μM), in order to
achieve surfactant solutions in a wide range of concentrations. The ob-
tained solutions were stabilized overnight in a thermostated bath at
25 °C, and the temperature was kept constant during the fluorescence
recordings. The values of the II/IIII ratio were determined from the
pyrene spectra averaged from 20 recordings. The CMC value was deter-
mined at themidpoint of the sigmoidal curve obtained from II/IIII vs. sur-
factant concentration plots.

Tryptophan (TRP) fluorescence spectra were recorded in a Perkin-
Elmer LS-55 fluorescence spectrometer, using 1 cm path length quartz
cuvettes and an excitation wavelength of 295 nm with a spectral
bandpass of 2,5 nm for both excitation and emission beams. For the pro-
tein thermal stability experiments. α-CT solutions were equilibrated
overnight and the measurements were performed by increasing the
temperature of the cuvettes using a peltier type thermostated holder.
The solutions were heated for 20 min after the measurements, to
allow the thermal equilibrium of the samples. The fluorescence emis-
sion maxima reported are the result of 20 averaged readings.

The thermal stability of the enzymewas analyzed through the deter-
mination of the fraction of native enzyme for each temperature step
[42]. The fraction of native protein (fN) was calculated according to
Eq. (4).

Native fraction ¼ F−FU½ �
FN−FU½ � ð4Þ

where F correspond to thefluorescence intensitymeasured at each tem-
perature; FN is the fluorescence of the folded conformation and FU the
fluorescence of the unfolded state of the protein.

The determination of the thermodynamic parameters for the dena-
turation process of α-CT was performed by the calculation of the equi-
librium constant of the denaturation (KD), [43] by using Eq. (5).

KD ¼ f D
1− f D

ð5Þ



Table 1
Concentration of long alkyl chain surfactants from the 1-alkyl-3-methylimidazole family
at themaximumvalue of catalytic efficiency determined from the data of Fig. 1, compared
with the CMC and micellar hydrodynamic radii of the studied surfactants.

[CnMIM+BF4−] (mM) Size (nm)

At peak kcat/KM CMC (Pyrene)a

C12 13.1 ± 0.7 12.8 ± 0,2 8.1 ± 1.2
C14 5,0 ± 0,6 4,0 ± 0,5 10.5 ± 0.6
C16 0,6 ± 0,2 0,8 ± 0,1 11.8 ± 0.8

a CMC determination data on Fig. S1 on Appendix A.
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where fD correspond to the denaturedα-CT fraction, calculated from fD=
1− fN. Upon the calculation of KD, the Gibbs free energy of denaturation
(ΔGD) was calculated, for the set of temperatures studied, according to
Eq. (6). ΔH and ΔS were determined analytically from a plot of ΔGD vs
temperature, using the transition temperature (Tm) for the calculation
of ΔS (the intercept of the plot with the x axis, where ΔGD = 0), [43]
based on Eq. (7).

ΔGD ¼ −RT lnKD ð6Þ

ΔGD ¼ 0 ¼ ΔHD−TΔSD ð7Þ

3. Results and discussion

In order to ascertain the extent of the influence of 1-alkyl-3-
methylimidazole tetrafluoroborate surfactants in aqueous solutions,
the catalytic efficiency of the enzyme, calculated as the ratio between
kCAT and KM, were plotted against the analytical concentration of surfac-
tants with C12, C14, and C16 alkyl chains (Fig. 1). The effect elicited by the
surfactants follows a bell-shaped trend, with an increase on the catalytic
efficiency at low surfactant concentrations, up to amaximumvalue near
the surfactants CMC, followed by a decay at larger surfactant concentra-
tions. Among the studied surfactants, C12MIMBF4 induces the larger
change on the catalytic efficiency (nearly 30 times larger than that in
water), followed by C14MIMBF4 with a 10 fold increase, and finally
C16MIMBF4 which induces a small effect (two-fold increase), instead
leading up to an overall decrease on enzymatic activity.

Table 1 shows a comparison between the CMC values for the studied
surfactants, and the surfactant concentration at the peak value of α-CT
catalytic efficiency. From this data, a good correspondence between
the CMC values and the maximum catalytic efficiency achieved with
the addition of surfactants was observed. Note that it is also possible
to distinguish a relationship between the shift of the peak on the kcat/
KM vs surfactant concentration profiles towards lower surfactant
Fig. 1. Catalytic efficiency (kcat/Km) of α-CT for the catalyzed hydrolysis of PNTMA, as a
function of the concentration of long alkyl chain surfactants from the 1-alkyl-3-
methylimidazole family, in aqueous solution (pH = 7.0; 25 °C) and [α-CT] = 10 μM.
C12BMIMBF4 (●); C14BMIMBF4 (■); C16BMIMBF4 (▲). (Data on Table S1 of Appendix A).
concentration, associated with the decrease on the CMC values, in the
range of 13 to 0.6 mM going from the C12 to C16 derivatives, thereby
displaying a nearly linear decrease with the increase in the number of
carbon atoms on the alkyl chain of the surfactants. On the contrary, for
the resultingmicelles formed at values above the CMC, it is also possible
to observe a size increase with the alkyl chain length. Table 1 also dis-
plays the hydrodynamic radii for the micelles of C12, C14 and C16,
where measured values in the interval from 8 to 12 nm, going from
C12 to C16 surfactants. These figures are in agreement with the expected
size of the micellar aggregates, considering surfactant lengths and hy-
dration layer surrounding these systems.

At low surfactant concentrations, the observed behavior for the cat-
alytic efficiency is related to an increase on kCAT (Fig. 2A) coupled with
an important decrease of KM (Fig. 2B). After the CMC, kCAT tends to de-
crease, whereas KM reaches a constant value. Albeit in a different extent,
a similar response is observed in all three surfactants. In the case of
C12MIMBF4, kCAT readily increases with the addition of surfactant,
going from 4 × 10−3 to 2 × 10−2 s−1 at the CMC value. In the same sur-
factant concentration interval, KM shows a steep decrease, from 4
× 10−4 M in water to 1 × 10−4 M at 5 mM C12MIMBF4 (nearly half of
the CMC value). Beyond this concentration, a very moderate decrease
of KM is observed, remaining almost constant up to 25 mM
C12MIMBF4, with a value of KM equal to 8 × 10−5 M. For C14MIMBF4.
Note that kCAT displays an increase from 4 × 10−3 to 1 × 10−2 s−1 at
the CMC value (quite similar to that observed for the C12 surfactant),
whereas KM diminishes from 4 × 10−4 M in water, to 1 × 10−4 M at
4 mM C14MIMBF4, exactly the same as the C12 derivative, but much
more closer to the actual C14 CMC value. Finally, C16MIMBF4, shows an
overall similar behavior compared to C12 and C14 surfactants. However,
themagnitude of its influence over kCAT and KM is by far less significant.
For kCAT, an increase from 4 × 10−3 to 6 × 10−3 s−1, close to the CMC
value of the surfactant, beyond this point a decrease is observed. At
1.6mMC16MIMBF4, a value of kCAT four times lower than thatmeasured
in the absence of surfactant is observed. Similarly, in the surfactant con-
centration interval, KM displays a marginal decrease, from 4 × 10−4 to 3
× 10−4 M.

For the commonly accepted model of surfactant-induced enzymatic
superactivity, the bell shaped profile of activity is explained by the con-
formational changes on the enzyme due to its interaction with the sur-
factantmolecules. According to the behavior observed by theMichaelis-
Menten parameters measured for the set of surfactants studied, the
shape of the catalytic efficiency profile is mainly governed by the mag-
nitude of the increase in kcat, whichmight be associated to an enhance-
ment on the rate of the deacylation step of theα-CTmechanism. On the
other hand, themoderate decrease of Km, albeit of being indicative of an
increased affinity of the enzyme or the synthetic substrate, does not sig-
nificantly changes from the C12 to C16 surfactants in order to be relevant
for the obtained profiles observed in the kcat/KM vs surfactant concen-
tration plots.

To follow up with the study on the influence of BMIMBF4 on the
aforementioned phenomena, C12MIMBF4 was considered as our subject
of study, in part due to its larger influence onα-CT activity, and also due
to solubility issues of both the C14 and C16 derivatives in the presence of
the IL. Sorted this out, the assays of enzymatic activity versus surfactant



Fig. 2. Variation of kcat (A) and KM (B) upon the addition of long alkyl chain surfactants
from the 1-alkyl-3-methylimidazole family, in aqueous solution (pH = 7.0; 25 °C) and
[α-CT] = 10 μM. C12BMIMBF4 (●); C14BMIMBF4 (■); C16BMIMBF4 (▲). (Data on
Table S2 on Appendix A).

Table 2
PNTMA partition data measured by ultrafiltration in water and water/BMIMBF4 mixtures,
in the presence of micelles of 1-dodecyl-3-methylimidazole tetrafluoroborate.

[BMIMBF4] (w/w %) [Surfactant] (mM) [Surfactant]m (mM) Ffree Kp

0 15 2.2 0.78 0.13
20 7.2 0.44 0.18
25 12.2 0.21 0.31

5 15 3.6 0.76 0.09
20 8.6 0.52 0.11
25 13.6 0.27 0.20

10 15 4.2 0.84 0.05
20 9.2 0.61 0.07
25 14.2 0.43 0.09

20 15 5.5 0.88 0.02
20 10.5 0.70 0.04
25 15.5 0.57 0.05

30 15 5.9 0.94 0.01
20 10.9 0.78 0.03
25 15.9 0.73 0.02

More information on Table S2 on Appendix A.

Fig. 3. Substrate partition corrected catalytic efficiency (kcat/Km) of α-CT as a function of
the concentration of C12BmimBF4, [α-CT] = 10 μM. Water (●); 5% w/w C12MIMBF4 (■);
10% w/w C12MIMBF4 (▲); 20% w/w C12MIMBF4 (♦); 30% w/w C12MIMBF4 (▼) (Data on
Table SM3 on Appendix A).
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concentrationwere successfully performed inwater/BMIMBF4mixtures
up to a surfactant concentration of 30% w/w. In terms of the relative ac-
tivity of the enzyme in the water/BMIMBF4 mixtures, the activity of α-
CT remained constant up to a 30% w/w of IL, followed by a steep de-
crease of activity up to a value of 80%, concentration value from which
a complete loss of activity is observed. This loss of activity has been at-
tributed to a withdrawal of the water molecules from the active site of
the enzyme due the increase in IL concentration.

A relevant aspect to further consider as a startingpointwhen analyz-
ing the enzymatic activity modulation mediated by surfactant mole-
cules in the presence of BMIMBF4 is associated with the fact that the
presence of the IL might affect the partition of the substrate molecules
between the micelles and the external media. Table 2 shows PNTMA
partition data obtained by ultrafiltration experiments. The presence of
the IL, evaluated at the maximum concentration considered in our ex-
periments, does modifies in a significant way the partition of PNTMA,
leading to an increase on the partition constant, probably due to the
withdrawal of the substrate from the micellar media. These results sug-
gest the possibility that the influence of BMIMBF4 might operate by di-
rectlymodifying thebehavior of the substrate in themicroheterogenous
media provided by the presence of the micelles. Taking into account
that the partition process is mediated by differences on the substrate
solubility between water and the micellar environment, the concentra-
tions of IL considered might introduce important changes between the
initial polarity of pure water and the polarity changes introduced by
the addition of BMIMBF4, which polarity has been reported as compara-
ble to that of ethanol [44].
Fig. 3 shows the α-CT catalytic efficiency profiles, corrected consid-
ering the substrate partition obtained in water/BMIMBF4 mixtures. At
pre-CMC surfactant concentrations, low concentrations of IL (5% w/w),
induces negligible differences on the influence exerted by the surfactant
molecules on the enzyme activity. Further increase on BMIMBF4 con-
centration, from 10 to 30% w/w induces an almost tenfold decrease on
the catalytic efficiency value, compared to water. From these results at
least two interesting observations can be made. First, it seems to be
that a certain threshold of ionic liquid concentration is required in
order tomodify in a significant fashion the influence exerted by the sur-
factant molecules over α-CT. Second, the near exponential decrease on
kcat/KM, at a given surfactant concentration, with the increase on the
BMIMBF4 concentration, suggests that the effect of the IL goes beyond
a simple modification on the surfactant/α-CT interaction (changes in
the ratio of surfactant molecules per enzyme molecules), leading to
the possibility that the influence of the ionic liquid might operate di-
rectly over the enzyme, and the mechanism by which the surfactant is
able to increase the catalytic rate constant, thus becoming less efficient
in the presence of BmimBF4. These phenomena are in line with the
aforementioned threshold of IL concentration, thereby suggesting that
a critical amount of IL is required in the microenvironment of the en-
zyme in order for the IL to induce a noticeable influence on the process
under study.

In the vicinity of the CMC value of C12MIMBF4 in water, the maxima
of catalytic activity achieved displays an important decrease, with a
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moderate increase in the IL content, ranging from a value of kCAT/KM of
225 in water, to 150 at 10% of BMIMBF4. Moreover, with the increase on
the IL content, themaximumvalue of the catalytic efficiency is displaced
towards lower BMIMBF4 concentrations. Strikingly, at concentrations
above 10% w/w IL, the maxima of kCAT/KM near the CMC disappears,
leading to a change on the shape of the kCAT/KM vs surfactant concentra-
tion profiles, from the bell shaped curve observed in water, to an hyper-
bolic increase (albeit a moderate increase compared to water) on the
catalytic efficiency with the surfactant concentration, at 30% w/w
BMIMBF4.

The observed loss of the peak catalytic efficiency near the surfactant
CMC, with the increase on the IL content in aqueous media, could be
linked to a lessened efficiency of the surfactant molecules to influence
the enzyme behavior. Initially, at IL concentrations near 10% w/w, the
initial stage of the influence of the surfactant molecules observed at
pre-CMC surfactant concentrations, is now coupledwith themicelle for-
mation phenomena, whichmight affect in a more impactful way the ef-
fect elicited by the surfactant, leading to decrease on the peak values of
kcat/KM. The observed behavior correspond to an interesting result
when compared to the behavior of the CMC values measured for
C12MIMBF4 on the studied BMIMBF4/water mixtures. Particularly the
shift of the peak catalytic efficiency towards lower surfactant concentra-
tions. From the data displayed in Table 3, it can be seen a progressive de-
crease on the CMC values of the surfactant, measured by changes on the
I/III band ratio from the hyperfine structure of the fluorescence spectra
of pyrene, probably associated to a “salting out” of the surfactant mole-
cules from the aqueous environment due to the presence of BMIMBF4.

The second question to be addressed rests on the disappearance of
the peak catalytic efficiency at BMIMBF4 concentrations beyond 10%
w/w. When the magnitude of the catalytic efficiency at the respective
CMC values, measured at each BMIMBF4/Water is compared to that
measured at surfactant concentrations past the CMC, interesting obser-
vations can be made regarding the data shown in Fig. 3. It shows a par-
ticular response of the post-CMC α-CT activity with the addition of
BMIMBF4. With the increase on the IL concentration, namely up to
20% w/w BMIMBF4, the decrease on α-CT activity post CMC is pre-
served, albeitwith an smaller decrease at the highest surfactant concen-
tration studied, in contrast to the major activity decrease observed at
the CMC in the mentioned IL/water compositions, reaching an almost
constant kcat/KM value past the CMC value of C12MIMBF4 in 20% w/w
BMIMBF4 in water. Interestingly, at 30% w/w BMIMBF4, the observed
trend leads to an important change on the catalytic efficiency vs. surfac-
tant concentration profiles, displaying a hyperbolic behavior, where the
value of kcat/KM at the CMC is now lower than those evaluated at high
surfactant concentrations, values that remain constant but are lower
than those observed at 20% in mass of BMIMBF4.

Specifically, the post-CMC results might be indicative that the pres-
ence of the ionic liquid has influence on a variety of levels on the behav-
ior of α-CT in surfactant-based microheterogeneous systems. From
surfactant concentrations from the CMC and onwards, it was
established that the partition of the substrate plays a relevant role on
the decrease of activity observed upon the apparition of micelles into
the system. The decrease of activity, even after correction of Kcat/KM
Table 3
Concentration of 1-dodecyl-3-methylimidazole tetrafluoroborate at the maximum value
of catalytic efficiency, compared with the critical micellar concentration (CMC) of the sur-
factants under consideration and the hydrodynamic diameter of the resulting micelles.

Solvent [C12MIM+BF4−] (mM)

At peak kcat/KM CMC (DLS) CMC (Pyrene)* Size (nm)

Water 13.1 ± 0.7 12.0 ± 0,5 12.8 ± 0,2 9.4 ± 0,8
5% BMIMBF4 12.5 ± 0,6 12.1 ± 1,1 11,4 ± 0,5 9.8 ± 0,3
10% BMIMBF4 11.3 ± 0,2 11.8 ± 0,4 10,8 ± 0,1 10.1 ± 0,5
20% BMIMBF4 NA 10.3 ± 1,0 9,5 ± 0,5 10.0 ± 0,8
30% BMIMBF4 NA 9.8 ± 0,5 9,1 ± 0,8 10.9 ± 0,7

NA = data not available; *More information on Fig. S3 on Appendix A.
to take into account the substrate partition, points towards a loss on
the efficiency of the enzyme to catalyze the hydrolysis of the free sub-
strate, even though the partition of the substrate towards water is im-
proved in the presence of the IL. However, the substrate partition does
not fully account for the differences observed at- and beyond the CMC.
The fact that the catalytic efficiency of α-CT readily decreases at the
CMC, but seem to be less affected by the presence of the IL, when
there is a large concentration of micelles, leads the possible explanation
to the theory that supports thepresence of unbound and bound forms of
the enzyme, and the shift in balance between these two forms due to
the increase in surfactant concentration and the presence of the IL.

First, as was previously discussed, the surfactant monomers induce
an important increase on kcat/KM up to the CMC. Under these condi-
tions, the presence of the IL affects the surfactant/enzyme interaction,
leading to a decrease on the maximum kcat/KM achieved, at this point,
only the behavior of the “free” enzyme is observed. Second, beyond
the CMC, substrate partition becomes relevant, leading to the important
decrease of activity observed (which is lessenedwhen kcat is calculated
considering the free substrate concentration), at the same time, α-CT
molecules begin to interact with the micellar aggregates, purportedly,
these enzyme molecules are less active than their free counterparts
(which still possess their “surfactant enhanced” activity), leading to
the observed decrease on activity even when the substrate partition is
accounted. At this stage, the role of the IL is either associated to:
i) changes in the way that the micelles are able to modify the activity
of the bound enzyme or ii) the inability of the IL to affect the micelle-
bound α-CT.

Regarding point i), it could be tempting to think that the increase on
the IL proportion might be able to modify the interfacial characteristics
of the micelles (particularly with the changes on hydrodynamic radii
observed in the presence of IL), with a direct impact on the activity of
the bound enzyme, which could lead to a preservation of the enhanced
activity or a further increase (which might be limited due to the parti-
tion behavior of the substrate), with the increase on the micellar con-
centration. However, the most likely explanation, according to the
presented data, correspond to ii), may be as follows: while the IL is
able to negatively influence the monomeric surfactant/free enzyme in-
teraction, relevant to the decrease of activity at the CMC (CMC value
also decreases with the addition of IL), it is unable to affect the enzyme
molecules in direct contact with the micelles. Further binding experi-
ments to evaluate the interaction between the enzyme and themicelles
are required to delve into this phenomenon.

Also in Table 3, the hydrodynamic radii of the C12MIM BF4 micelles,
determined by dynamic light scattering measurements, shows that
the topography and integrity of the micelles in BMIMBF4/water mix-
tures is quite comparable to those in pure water, with no significant
size changes that might indicate differences in shape or aggregation
state of the micelles, thereby reinforcing the fact that the decrease of
the maximum catalytic efficiency of α-CT, with comparable amounts
of surfactant, and the concomitant peak displacement towards lower
surfactant concentration, is related to the presence of fewer surfactant
molecules able to interact with the enzyme. A response probably due
to the early formation of C12MIMBF4 micelles as a consequence of the
addition of BMIMBF4.

The kinetics of the pre-stationary conditions of the catalytic mecha-
nismofα-CTwere also considered. In order to do this, themathematical
treatment proposedbyBender et al. [45]was used, enabling the study of
the individual steps of the kinetic mechanism (for more details, please
refer to Appendix A). In particular, the evaluation of the ratio k−1/k1,
commonly associated to the classical equilibrium constant (Ks) for the
formation of the enzyme/substrate complex, as well as k2, the rate con-
stant for the transformation of the substrate-enzyme complex into the
acyl-enzyme complex, as is considered in a three-step Michaelis-
Menten mechanism, as shown in Scheme 1.

Fig. 4 shows the variation of the aforementioned kinetic parameters
as a function of both surfactant concentration and IL content. At low
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surfactant concentrations, the variation observed for k−1/k1 (Fig. 4A),
show a decrease of the ratio with the surfactant concentration, further
supporting the influence of the surfactant over the formation of the
substrate-enzyme complex. The lessened influence of the surfactant
on k−1/k1 with the increase on BMIMBF4 content goes in the direction
of the diminished interaction between the enzyme and the surfactant.

The progression of both k2 and k3 rate constants with the addition of
surfactant show a bell-shaped profile for both parameters. The variation
of both rate constants shows an overall decrease over the range of
BMIMBF4 concentrations considered. It is interesting to note that k3
values, albeit smaller than k3, seems to have a considerable impact on
the decrease observed on KM, according to the relationship KM = (k
−1/k1)[k3/(k2 + k3)]. Therefore, the influence of the surfactant on the
observed k3 change, diminished by the addition of BMIMBF4, suggest
that the IL has direct influence over themechanismbywhich the surfac-
tant molecules increase (or decrease) the rate of the acyl-enzyme com-
plex formation, evidenced in the increased rate of release of PNP. Taking
into consideration that, in the absence of surfactant, k2 is not signifi-
cantly modified in the water/BMIMBF4 mixtures considered (up to
30%w/w BMIMBF4). These results might support the fact that the inter-
action of the enzymewith the IL may supersede its interaction with the
surfactant molecules, therefore inducing the loss of effectiveness of the
surfactant tomodify the enzyme acylation process. Hence, the relevance
of themodification of kcat, the rate limiting step of the reaction, is related
to the formation of the acylated enzyme as a consequence of the inter-
action between the “empty” enzyme molecules and the substrate,
which leads to the fast release of PNP observed at this stage, up to a
point in which all of the enzyme molecules are acylated. As a result, a
slow progressive PNP release follows on the stationary conditions,
where now the release of PNP is dependent of the deacylation of the en-
zyme molecules, and their ability to restart the catalytic cycle.

Based on the analysis of the pre-stationary kinetics condition, the
antagonizing effect between C12MIMBF4 and BMIMBF4, can be summa-
rized by two considerations: i) in aqueous solution, the influence of the
surfactant is greater in the later steps of the catalyticmechanism, than in
the earlier steps. This result may be traced to the change of k3 and k2 as
well as KM and k−1/k1with surfactant. ii) On the other hand, in the pres-
ence of BMIMBF4, the influence of the surfactantmolecules is affected by
the IL. This effect may be based on the values of the k2 and k3 rate
constants.

In order to evaluate the influence of the IL on the structure of the en-
zyme, we studied the thermal behavior of α-CT in the presence of
BMIMBF4, by monitoring the change on the intrinsic fluorescence of
the enzyme (associated to the presence of TRP residues on its amino
acid sequence) with the increase of temperature. Fig. 5A shows the de-
naturation profiles of α-CT at different BMIMBF4 weight percentages,
where, from the midpoint of the denaturation profiles, the enzyme
main transition temperature (Tm) can be determined. The obtained
profiles display a progressive shift of Tm towards higher values with
the increase of IL in the aqueous solution, ranging from a value of 48
°C in water, 52 °C at 30% w/w and up to 66 °C in pure BMIMBF4
(Table 4; Fig. 5B). The observed behavior of the enzyme Tm values indi-
cates a further stabilization of the enzyme structure due to its interac-
tion with the IL, [31,46–48] indicated by the increased amount of
energy required to achieve a given degree of denaturation of the protein
ensemble, as presented in Fig. 5A, where the fraction of denaturation is
+ ⇌ → ´ +

Scheme 1. Michaelis-Menten mechanism for the hydrolysis of PNTMA catalyzed by α-
chymotrypsin.
correlated with the IL content. Interestingly, the U-shaped profile ob-
tained from the derivative of the native fraction with the temperature
are preserved, irrespective of the BMIMBF4 content in the aqueous envi-
ronment, thereby suggesting that the denaturation pathway followed
by the enzyme is well preserved, irrespective of the potential interac-
tions (favorable/unfavorable) introduced by the IL.

Form the plot presented in Fig. 5C, the thermodynamic parameters
determined for the melting transition of α-CT (Table 3) reveal an
enthalpy-driven process, with an increase on the enthalpy of the pro-
cess with the addition of ionic liquid, with little to null variation in the
entropy of the process, whichmight be associated with an entropic sta-
bilization where the denaturation process of α-CT is coupled with an-
other process that we are not able to monitor with the performed
experiment (i.e entropy changes due to structural changes in other sec-
tor of the protein that does not influence the Trp fluorescence moni-
tored and/or entropy changes associated to the complexity of the
solvent due to the presence of the ionic liquid). The BMIMBF4 interac-
tion seems to be inducing a “stiffening” of the protein, which may
have direct relationshipwith thedecrease of the influence due to surfac-
tant molecules over the activity of the enzyme in the presence of
BMIMBF4. This observation may be traced to direct interactions of the
ionic liquidwith the protein/water interface or potential rearrangement
of the solvent cage surrounding the protein molecules, which leads to
changes in the exposure of polar/non polar regions of the protein.

The implications of the IL-induced stabilization of the enzyme struc-
ture and its influence over its interaction with the surfactants under
study, might be associated to an “acquired resistance” of the enzyme
to interact with the surfactant molecules, associated with a more com-
pact state of the globular structure of the enzyme, which might hinder
the incorporation of the surfactant to the hydrophobic pockets present
on the structure of the enzyme. Also, it isworth considering that the sur-
face interactions between BMIMBF4 and the ionizable side chains of the
protein, may lead to fewer sites of interaction between the enzyme and
the charged moiety of the surfactants. Based on these observations, it is
possible to address the lesser influence of the surfactants on the activity
ofα-CT to the BMIMBF4/enzyme interaction which renders the enzyme
less susceptible to the surfactants influence, particularly in the vicinity
of the critical micellar concentration.

Fig. 6 shows the variation of the wavelength of the fluorescence
maximaofα-CTwith temperature. Inwater there is a progressive, albeit
moderate, shift towards longer wavelength with the increase of tem-
perature in the 20–40 °C interval, thereby indicating the initial steps of
an overall exposure of the enzyme TRP residues to themore polar envi-
ronment provided by water. Beyond 50 °C, there is a considerable red
shift (˃10 nm) in a 5 °C temperature interval, probably associated with
an important loss of tertiary structure of the more labile segments of
the protein that bear TRP residues. Past 60 °C, the change on the maxi-
mum position leads to a constant value at 360 nm.

In the presence of BMIMBF4, there are particular differences and
similarities with the response observed in water. At 30% w/w BMIMBF4,
there is no significant change in the position and variation of the fluo-
rescence maxima up to 50 °C. Past 50 °C, the change in wavelength is
less steep than that observed in water, leading to a value of 356 nm
from 70 °C onward, indicating that at this IL composition, pointing to-
wards a lesser exposure of the TRP residues or/and that these residues
are now, fully exposed, but are subjected to a less polar environment
due to the addition of the IL to the aqueous environment. This change
is not evident when the protein is in a more compact conformation. In
pure BMIMBF4, the observed emission wavelength is overall lower
than their water counterparts. In addition, the change of the position
of the fluorescence band does displays a smoother variationwith the in-
crease of temperature, following a progressive red shift at temperatures
up to 70 °C, followedby an increased rate of change of thewavelength at
higher temperatures, leading to a maxima located at 347 nm at 90 °C.

The influence of the IL and its relevance on the interaction between
C12MIMBF4 andα-CT becomes patent when the enzyme fluorescence is



Fig. 4. Variation of the catalytic rate constants. A) k−1/k1 ratio; B) k3; C) k2, for theα-CT catalyzed hydrolysis of PNTMA, with the C12MIMBF4 surfactant concentration, inwater andwater/
BMIMBF4 mixtures (Data on Table S4 on Appendix A).

529C. Calderón et al. / Journal of Molecular Liquids 283 (2019) 522–531
registered as a function of the surfactant concentration in aqueous solu-
tion (Fig. 7). Inwater, the surfactantmolecules are able to induce amod-
erate change in themeasured fluorescence intensity ofα-CT, leading up
to a 30% decrease of fluorescence a the maximum C12MIMBF4 concen-
trations considered in the experiment (25 mM). When BMIMBF4 is
added to the aqueous media, from the results on Fig. 7, it is observed
that even at low percentages of BMIMBF4 (5% w/w) a decrease on the
change of the fluorescence intensity of α-CT is observed, with the
addition of similar amounts of surfactants. At 30%w/wBMIMBF4, the ef-
ficiency of the surfactant molecules to induce an equivalent change on
the fluorescence intensity of the protein is dramatically lessened by
the presence of the IL.

Taking into consideration that both, BMIMBF4 and C12MIMBF4, share
the imidazole moiety in their chemical structures, and that this group is
themost likely responsible for thefluorescence quenching observed,we
are positive that the behavior described in Fig. 7, can support the



Fig. 5. A: Denaturation curve of α-CT solutions represented as fraction of native protein
(calculated according Eq. (1)) as a function of temperature. Solvents: Water (●); Water/
30% BMIMBF4 (■); BMIMBF4 (▲) B: First derivative with respect to temperature of the
native fraction of α-CT in different solvents. Water (○); Water/30% BMIMBF4 (□);
BMIMBF4 (Δ). C: Free energy of denaturation vs temperature profiles. Water (●);
Water/30% BMIMBF4 (□); BMIMBF4 (▲) (Data on Tables S5–7 and S8–10 on Appendix A).

Fig. 6. Wavelength of the fluorescence maxima of α-CT as a function of temperature.
Water (●); Water/30% BMIMBF4 (■); BMIMBF4 (▲). (See Fig. S4 on Appendix A).
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hypothesis that the interaction C12MIMBF4/α-CT is affected by the ionic
liquid, hence the surfactant induced enzymatic superactivity is affected
in BMIMBF4/water mixtures.

The results herein presented, particularly regarding the prediction of
the influence of IL on the interaction between the enzyme/substrate and
surfactant/micelle open up interesting venues and potential research
lines devoted to try to establish the dependence of the described phe-
nomenawith the nature of both the cation and anion of the ionic liquid,
particularly taking into consideration the vast collection of IL series
known. If we only draw our attention to the enzyme/substrate pair,
the complexity of the interaction with the surfactants and the ionic liq-
uids, can lead us to believe that the overall phenomena might be con-
served (at least for hydrolytic enzymes such as α-CT) but the
magnitude of the influence of the ionic liquids might largely vary be-
tween different enzyme families.

4. Conclusions

1-alkyl-3-methylimidazole tetrafluoroborate derived surfactants
can increase the catalytic efficiency of α-chymotrypsin on the hydroly-
sis of p-nitrophenyl trimethylacetate. This effect is negatively affected
by the decrease on the surfactant's CMC and the partition of the sub-
strate between the micelles and the external media observed above
Table 4
Thermodynamic parameters for the thermal denaturation of α-CT, estimated at the ther-
mal transition temperature (Tm) in water and in the presence of BMIMBF4.

Solvent ΔHm (kJ/mol) ΔSm (kJ/mol K) ΔH/ΔS Tm

Water 14.8 ± 0.5 7.3 ± 0.7 2.0 48.0 ± 2.0
30% BMIMBF4 17.9 ± 0.8 6.5 ± 0.2 2.8 52.1 ± 1.5
Pure BMIMBF4 22.7 ± 1.0 5.4 ± 1.1 4.2 66.3 ± 0.8
the CMC. From the series of surfactants tested, C12MIMBF4 was the
more efficient one, regarding the increase of the catalytic efficiency of
α-chymotrypsin, both in water and water/BMIMBF4 mixtures, C14 and
C16 surfactants displayed solubility issues in the presence of the ionic
liquid.

In water/BMIMBF4 mixtures, the presence of the ionic liquid over-
rides the effect elicited by the surfactants on the activity of α-CT. This
phenomenon takes place, up to a different extent, below and at the
CMC, thereby modifying the bell shaped profile of the catalytic effi-
ciency vs. surfactant concentration plots. The loss of the surfactant mol-
ecules influence on the enzymatic activity due to the presence of
BMIMBF4 seems to be a complex process, primarily controlled by a de-
creased affinity between α-chymotrypsin and the surfactant molecules
and, to a larger extent, the appearance of an “acquired resistance” of the
enzyme to the influence of the surfactants, related to a more compact
and resilient conformation of the protein in the presence of BMIMBF4.
In addition, the influence of BMIMBF4 is not only limited to the surfac-
tant/enzyme interaction, but also it does modifies the partition of the
substrate between the aqueous media and the micellar environment,
increasing the aqueous concentration of substrate.

In the presence of micelles, enzyme/micelle interactions would lead
to a population of enzyme molecules abstracted from the influence of
the IL, where the overall influence of BMIMBF4 on the overall catalytic
Fig. 7. Variation of tryptophan intrinsic fluorescence upon the addition of C12MIMBF4 to
solutions of α-CT (10 μM) in water and water/ionic liquid mixtures. Water (●); water/
5% BMIMBF4 (■); water/10% BMIMBF4 (▲); water/30% BMIMBF4 (♦). (See data on
Table S11 on Appendix A).
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efficiency profiles is dependent on the fluctuation of themedia between
solution and a microheterogeneous biphasic system.
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