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a b s t r a c t

Aqueous two-phase systems (ATPS) formed with cholinium-based ionic liquid – ILs (or salts) are a novel,
low cost, and high efficient technique for the recovery of biomolecules. This study examines the forma-
tion of ATPS based on cholinium-based salts (cholinium chloride, cholinium bitartrate and cholinium
dihydrogencitrate) and tetrahydrofuran (THF) for the purification of lipase from Bacillus sp. ITP-001, pro-
duced by submerged fermentation. The optimum conditions for this purification were determined to be
40 wt% of THF and 30 wt% of cholinium bitartrate at 25 �C. A purification factor of 130.1 ± 11.7 fold, a
lipase yield of 90.0 ± 0.7% and a partition coefficient of enzyme for IL-rich phase (KE = 0.11 ± 0.01) and
protein contaminants for THF-rich phase (KP = 1.16 ± 0.1) were achieved.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Lipases are glycerol ester hydrolases (EC 3.1.1.3), and those
from microbial origin, occupy a place of prominence among biocat-
alysts in several sectors like in oleochemistry, organic synthesis,
detergent formulation, nutrition, biosensors, bioremediation,
among others [1–4]. Lipase preparations with a high degree of pur-
ity are used by the fine chemical industries, for example in the bio-
catalytic production of the pharmaceuticals and cosmetics [3,5].
The main problem with the production of high purity enzymes is
the purification process. In general it has a poor efficiency, causes
loss of enzyme activity, and requires high consumption of energy
and chemicals [6,7]. To overcome these limitations, a significant
effort has been made to develop novel techniques in order to
reduce the costs related to the purification [6,8].

Aqueous two-phase systems (ATPS) have been used for the sep-
aration and purification of a great number, of biological products as
amino-acids [9,10], proteins [11] and enzymes [8,12–16] as their
two phases having a rich water environment are favorable to the
preservation of activity of biomolecules. These systems form two
aqueous phases that coexist in equilibrium due to the dissolution,
at appropriate concentrations, of pairs of solutes in water [17].
ATPS formed of polymers (namely polymer–polymer, or
polymer–salt) are well-known for advantages, such as low interfa-
cial tension, good biocompatibility, fast and high phase separation
rates and low cost [8,12]. However, their performance is signifi-
cantly affected due to the small difference in polarity between
the coexisting phases [18]. Currently, the number of systems
capable of forming two aqueous phases is increasing and
the alternatives include the use of alcohol/salt [19–21], acetonitrile/
carbohydrates [22,23], polymers(polyvinyl alcohol – PVA)/dextran
[24] and other combinations including ionic liquids (ILs) [25,26].
The numerous combinations of cations and anions that form ILs
lead to a variety of physical properties, allowing the tailoring of
their polarities, and for this reason have been regarded as impor-
tant constituents of ATPS [27–29]. Although good results have been
achieved using ATPS formed by ILs for the extraction of amino
acids, proteins, enzymes, pharmaceuticals and phenolic com-
pounds [25,30,31], the use of these compounds may raise some
issues concerning their water stability, price, and biodegradability
[32–36]. Their toxicity has been shown to be (in some cases) at
least equivalent to those of common organic solvents. The ILs (such
as, [mim][PF6], [1-Bu-1-EtPH2][(EtO)2PO2]) revealed comparable
ecotoxicity towards freshwater algae and the freshwater inverte-
brate Daphnia magna to hydrocarbons such as toluene and xylene
[37].

To overcome these issues, the search for safer and cheaper ILs
for the formation of ATPS is still an imperative issue and in this
context, the cholinium-based ionic liquids are a good option. This
family is derived from quaternary ammonium salts described as
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Table 1
Chemical structure and abbreviation name of the cholinium-based ILs and THF
studied in this work.

Organic solvent Name (abbreviation)

Tetrahydrofuran (THF)

Cholinium
cation

Anion Name (abbreviation)

Cholinium chloride ([Ch]Cl)

Cholinium dihydrogencitrate
([Ch][DHCit])

Cholinium bitartrate ([Ch][Bit])
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important structures in living processes, used as precursors for the
synthesis of vitamins (e.g. vitamin B complexes and thiamine) and
enzymes that participate in the carbohydrate metabolism [38,39].
Recent works have reported the synthesis of novel
cholinium-based ILs with the cholinium cation combined with a
variety of different anions [40–43]. Besides the exceptional proper-
ties shared with the ionic liquids, such as, non-flammability and
negligible vapour pressure at ambient conditions, and high solva-
tion ability, the cholinium ILs also have low toxicity, excellent
biodegradability and can be produced at low cost since they can
be obtained from cheap raw materials [42–46]. The interest in
these compounds has increased in the past few years, with appli-
cations ranging from crosslinking agents for collagen based mate-
rials, solvents in the pre-treatment and dissolution of biomass, and
use as co-substrates for microorganisms in the degradation of dyes
[45–48]. Moreover, a number of works have described novel
cholinium-based ILs in which protein structure and the enzyme
function can be maintained or even increased [47,49]. This fact,
coupled with other advantages cited herein, motivated the applica-
tion of these ILs to the formation of alternative ATPS, which served
as a platform for the purification/separation of antibiotics [50,51]
and proteins [47].

Taking into account the ability of cholinium-based ILs to pro-
mote phase separation in ATPS, their low cost and the capacity to
maintain the activity of the target compounds, they will be here
explored combined with tetrahydrofuran. Tetrahydrofuran (THF)
is an organic solvent with excellent solvent power for numerous
organic substances, and employed for the extraction of compounds
from vegetables, including commercially important compounds
such as carotenoids [52,53]. The formation of aqueous two-phase
systems using THF and a biological buffer, 4-(2-hydroxyethyl)piper
azine-1-ethanesulfonic acid (HEPES), was first reported by Taha
et al. [54]. Moreover, THF + potassium phosphate buffer based
ATPS, was show to be effective for the purification of extracellular
lipase from Bacillus sp. ITP-001 [55].

This work focuses in the design of ATPS based on tetrahydrofu-
ran (THF) and cholinium-based ionic liquids (cholinium chloride,
cholinium bitartrate and cholinium dihydrogencitrate). Aiming at
exploring the applicability of those novel ATPS, the lipase from
Burkholderia cepacia (commercially obtained) is here used as a
model to evaluate the profile of the enzymatic partition and effi-
ciency of extraction, namely considering cholinium-based ILs with
different anions, overall system composition and temperature of
equilibrium. Subsequently, representative conditions are
employed with the objective of evaluating the possibility of apply-
ing these systems for the separation and purification of lipase from
Bacillus sp. ITP-001 produced by submerged fermentation.
2. Materials and methods

2.1. Materials

The organic solvent tetrahydrofuran (purity P99.9%), cholin-
ium chloride (purity >98%); cholinium dihydrogencitrate (purity
>98%); and cholinium bitartrate (purity >98%) were purchased
from Sigma–Aldrich. Their chemical structures are shown in
Table 1.

The lipase from Burkholderia cepacia – BCL (P30,000 U/g, pH
7.0, 50 �C – optimum pH and temperature) was also obtained from
Sigma–Aldrich, and the lipase from Bacillus sp. ITP-001 was
obtained by submerged fermentation, using MgSO4�7H2O (purity
P98%) obtained from Panreac, Triton X-100 purchased from
Fisher Scientific, and NaNO3 (purity P99.5%), yeast extract, pep-
tone, and starch purchased from Himedia. The ammonium sul-
phate (P.A.) was obtained from Synth (Brazil) and coconut oil
was purchased at a local market. The protein bovine serum albu-
min (BSA, purity P97%) was obtained from Merck.

2.2. Production of the lipase by Bacillus sp. ITP-001

2.2.1. Fermentation conditions
The lipase was obtained by the fermentation of a Bacillus sp.

ITP-001, isolated from an oil contaminated soil, stored at the
Instituto de Tecnologia e Pesquisa – ITP (Aracaju–Sergipe, Brazil).
The strain was cultivated in 500 mL erlenmeyer flasks containing
200 mL medium with the following composition (%, w/v):
KH2PO4 (0.1), MgSO4�7H2O (0.05), NaNO3 (0.3), yeast extract
(0.6), peptone (0.13), and starch (2.0) as the carbon source. The fer-
mentation conditions were: initial pH 7; incubation temperature
37 �C, and stirring speed 170 rpm. After 72 h of cultivation, coconut
oil (4%, w/v) and Triton X-100 (1%, w/v) were added as inductors as
described by Feitosa et al. [56].

2.2.2. Pre-purification steps
The pre-purification steps were performed according to the

methodology proposed by Barbosa et al. [8]. The fermented broth
was centrifuged at 3000 rpm for 30 min, so that bottom phase
was discharged (biomass) and the supernatant was used to deter-
mine the enzymatic activity and the total protein content. Protein
contaminants in the cell-free fermented broth were precipitated
using ammonium sulphate at 80% (w/v) saturation, the solution
was prepared at room temperature and the broth was subse-
quently centrifuged at 3000 rpm for 30 min, separating the aque-
ous solution and precipitate. The aqueous phase was dialyzed
using MD 25 (cut-off: 10,000–12,000 Da) against ultra-pure water
for 24 h at 4 �C. The dialyzed solution containing the enzyme was
then used to prepare the ATPS.

2.3. Binodal curves and tie-lines

The binodal curves were determined by the cloud-point titra-
tion method at 25 ± 1 �C and at atmospheric pressure. In a test
tube, a THF aqueous solution of known concentration was added,
and then a cholinium-based ILs solution of known mass fraction
was added dropwise until the mixture became turbid or cloudy;
then, a known mass of water was added to make the mixture clear
again. This procedure was repeated to obtain sufficient data for the
construction of a liquid–liquid equilibrium binodal curve. The
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systems composition were determined by the weight quantifica-
tion of all components added within an uncertainty of ±10�5 g.
The binodal curves data were correlated using the Merchuk equa-
tion [57].

½THF� ¼ A� exp ðB� ½IL�0:5Þ�
n

ðC � ½IL�3Þg ð1Þ

The determination of the tie-lines (TLs) was then accomplished
by solving the following system of four equations (Eqs. (2)–(5)) for
the four unknown values of [THF]T, [THF]B, [IL]T and [IL]B,

½THF� ¼ A exp ðB� ½IL�0:5T Þ�
n

ðC � ½IL�3TÞg ð2Þ

½THF� ¼ A exp ðB� ½IL�0:5B Þ�
n

ðC � ½IL�3BÞg ð3Þ

½THF�T ¼ ð½THF�M=aÞ � ðð1� aÞ=aÞ½THF�B ð4Þ

½IL�T ¼ ð½IL�M=aÞ � ðð1� aÞ=aÞ½IL�B ð5Þ

where the subscripts M, T and B denote, respectively, the initial
mixture, and the top and bottom phases. The value of a is the ratio
between the mass of the top phase and the total weight of the mix-
ture. The system solution results in the THF and cholinium-based
ILs concentration in the top and bottom phases, and thus, TLs can
be simply represented. It should be considered that for systems
composed of IL + THF, the bottom phase is the IL-rich phase
whereas the top phase corresponds to the THF-rich phase.

The tie line length (TLLs) were determined through the applica-
tion of Eq. (6), which uses the concentrations of THF and ILs in the
two phases.

TLL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½THF�T � ½THF�BÞ

2 þ ð½IL�T � ½IL�BÞ
2

q
ð6Þ

The location of the critical point of the ternary systems was esti-
mated by extrapolation from the TLs compositions applying
Eq. (7) [25].

½THF� ¼ f þ g½IL� ð7Þ

where f and g are fitting parameters.

2.4. Preparation of the ATPS

The biphasic systems were prepared in graduated centrifuge
tubes (15 mL) by weighing the appropriate amounts of THF
(25–50 wt%) and cholinium-based ILs (15–35 wt%). All systems
contained approximately 2 wt% of BCL (� 20 mg mL�1). For the
lipase from Bacillus sp. ITP-001 (produced by submerged fermenta-
tion), the THF and cholinium solutions were prepared with the dia-
lysate solution (where the lipolytic lipase from Bacillus sp. ITP-001
is concentrated). In Fig. 1, it is possible to see a representative
scheme of the different steps followed at work for lipase purification.

Each mixture was prepared gravimetrically within ±10�5 g, vig-
orously stirred and left to equilibrate for at least 12 h (a time per-
iod established in previous optimizing experiments) and at
25 ± (0.1) �C. After this treatment, the two phases became clear
and transparent and the interface was well defined. The phases
were carefully separated using a pipette for the top phase and a
syringe with a long needle for the bottom phase. The volumes
and weights were determined in graduated test tubes (the total
mass of the extraction systems prepared is 5.0 g).

The partition coefficient was defined as the protein concentra-
tion (KP) or enzyme activity (KE) in the top phase, divided by the
corresponding value in the bottom phase, as describe by Eqs. (8)
and (9).

KP ¼
CT

CB
ð8Þ
KE ¼
EAT

EAB
ð9Þ

where CT and CB are, respectively, the total protein concentration
(mg mL�1) in the top and bottom phases, and EAT and EAB are the
enzyme activity (U mL�1) of the top and bottom phases,
respectively.

In order to evaluate the purification process, the enzyme speci-
fic activity (SA, U mg�1 protein) was calculated using Eq. (10), the
volume ratio between volumes of top and bottom phases (Rv),
the contaminant protein recovered in the top phase (RPT, %), the
enzyme recovered in the bottom phase (REB, %), and the purifica-
tion factor (PF – fold) were calculated using Eqs. (11)–(13).

SA ¼ EA
C

ð10Þ
RPT ¼
100

1þ ð1=ðRV KPÞÞ
ð11Þ
REB ¼
100

1þ RV KE
ð12Þ
PF ¼ SA
SAi

ð13Þ

where C is the total protein concentration (mg mL�1). The purifica-
tion factor (PF) was calculated by the ratio between the SA in the top
or bottom phase and the initial specific activity (SAi).
2.5. Enzyme assay

Lipolytic activity was assayed using the modified oil emulsion
method proposed by Soares et al. [58]. The substrate was prepared
by mixing 50 mL of olive oil with 50 mL of Arabic gum solution (7%,
w/v). The reaction mixture containing 5 mL of the oil emulsion,
2 mL of 100 mM sodium phosphate buffer (pH 7) and enzyme
extract (1 mL) was incubated in a thermostated batch reactor for
5 min at 37 �C. A blank titration was done on a sample where the
enzyme was replaced with distilled water. The reaction was
stopped by the addition of approximately 0.33 g of sample to a
2 mL of acetone–ethanol–water solution (1:1:1). The liberated
fatty acids were titrated with 40 mM potassium hydroxide solution
in presence of phenolphthalein as indicator. One unit (U) of
enzyme activity was defined as the amount of enzyme that liber-
ated 1 lmol of free fatty acid per min (lmol min�1) under the
assay conditions (37 �C, pH 7, 120 rpm).
2.6. Protein assay

Total protein concentration was determined by Bradford’s
method [59], using a SHIMADZU UV-1700, Pharma-Spec
Spectrometer UV–Vis Spectrophotometer at 595 nm, and a calibra-
tion curve previously established for the standard protein bovine
serum albumin (BSA).
2.7. SDS–PAGE electrophoresis

Electrophoresis was performed with the Mini-PROTEAN II
System (BioRad, Brazil) using 12% resolving gels and 5% stacking
gels as described by Laemmli [60]. Proteins were visualized by
staining with silver stain procedure. Protein markers used were
trypsin inhibitor (21.5 kDa), carbonic anhydrase (31 kDa), ovalbu-
min (45 kDa), bovine albumin (66.2 kDa), and phosphorylase
(97.4 kDa) all purchased from BioRad (Brazil).



Fig. 1. Representative scheme of the different steps followed for the production, pre-purification, ATPS optimization and purification of the lipolytic enzyme, used in the
work.
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3. Results and discussion

3.1. Binodal curves and tie-lines

The ability of the various cholinium compounds to induce ATPS
formation in presence of THF was evaluated. Aqueous solutions of
each cholinium (from 20 wt% to 60 wt%) and of THF (from 80 wt%
to pure THF) were initially prepared and used for the determina-
tion of the binodal curves at 25 ± 1 �C and atmospheric pressure,
through the cloud point titration method [18], and the results are
shown in Fig. 2. The data of the binodal curves in mass fraction
units, as well as the respective regression parameters (A, B and
C) obtained by applying Eq. (1) [57], standard deviations (std)
and correlation coefficients (R2) are provided in Supporting
Information (Table A.1).

The phase diagrams provide information about (i) the concen-
tration of phase-forming components required to form two phases
(total mixture compositions above the binodal curve fall into the
biphasic regime, whereas mixture compositions below the solubil-
ity curve are homogeneous); (ii) the concentration of phase com-
ponents in the top and bottom phases; and (iii) the ratio of
phase volumes [25]. In addition, as shown in Fig. 3, the critical
points for the studied systems were also estimated by extrapola-
tion of the TLs compositions applying Eq. (3). In the critical point,
Fig. 2. Binodal curves for the ternary systems composed of [THF] + cholinium-
based ILs + water, at 25 ± 1 �C and atmospheric pressure. [Ch][Bit]; [Ch]Cl;

[Ch][DHCit].
where the two binodal nodes meet, the compositions of the two
coexisting phases become equal, and the biphasic system ceases
to exist [25]. The tie-line length (TLL) corresponds to the length
of each tie-line and indicates the difference in composition of the
two phases. The values of the TLLs are presented in Table A.2.

Of the ATPS studied, [Ch][Bit] showed the highest ability to
induce ATPS as shown in Fig. 2. The ability of the cholinium salts
to promote the formation of ATPS with THF follows the trend:
[Ch][Bit] > [Ch]Cl > [Ch][DHCit]. Considering that these ILs have
the same cation but different anions, the phase-forming ability of
these ILs must be determined by the nature of the anions. The abil-
ity to induce phase separation of these cholinium salts is deter-
mined by the capacity of the anion to form hydration complexes.
Anions with higher charge densities have a strong hydration capac-
ity than those with a lower charge density [61], leading to the
exclusion of the more ‘‘hydrophobic’’ compounds (THF in this case)
into a second liquid phase. The high polarity due to the charge of
the carboxylate groups in both [Ch][Bit] and [Ch][DHCit], and the
hydrogen bond acceptor ability of the chloride anion increases
their affinity for water inducing a salting-out effect in THF leading
to the formation of ATPS. Additionally, the ability of the [Ch][Bit] to
promote the phase separation is affected by the pH of the system
bottom phase (pH 3.8, Table A.3). In this system a portion of the
bitartrate ions are completely deprotonated (presenting divalent
charges), and therefore present a greater capacity to form two
phases, as seen in Fig. 2 (the speciation curves for [Ch][Bit] is
reported in Supporting Information, Fig. A.1).
3.2. Studies of partition of Burkholderia cepacia lipase

In order to optimize the purification process, lipase from
Burkholderia cepacia (BCL) was used. The initial mixture composi-
tions were selected so that the liquid–liquid systems could be
formed taking into account their phase diagrams. The volumetric
ratio (RV), pH, partition coefficients (KE), and enzyme recovery in
the bottom phase (REB) of BCL of the systems are presented in
Table A.3.

It should be remarked that for the systems based on [Ch][Bit],
[Ch][DHCit] and [Ch]Cl, the bottom phase is the IL-rich phase
whereas the top phase corresponds to the THF-rich phase. This pri-
mary selection step aimed at understanding the dependence of KE

and REB with the different cholinium-based ILs studied. The values



Fig. 3. Phase diagrams for ternary systems composed of THF + cholinium-based ILs + water, at 25 ± (0.1) �C and atmospheric pressure. d, experimental solubility data; ,
tie-line data; , tie-lines; , auxiliary curve data; , critical point by Eq. (3).
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of KE shown in Fig. 4 suggest that lipase preferentially migrates for
the IL-rich phase (KE always <0.41). This preference was also
observed by Li et al. [47] using proteins of different molecular
weights (lysozyme, papain, trypsin and BSA) in systems based on
cholinium-based ILs and the lipase partitions into the IL-rich phase
in the following order: [Ch][Bit] > [Ch][DHCit] > [Ch]Cl. This ten-
dency seems to be dominated by the hydrophobicity of the anions
since the highest values of REB were attained for systems composed
of the most hydrophobic ionic liquids, namely [Ch][Bit] and
[Ch][DHCit], reflected by their octanol–water partition coefficients
(logKow = �1.43 and �1.32, respectively, while for [Ch]Cl it is
�3.70) [62]). The pH values of the bottom phases range between
Fig. 4. Comparison of the enzyme recovery in the bottom phase data (%, REB

represented by the bars), and partition coefficient data (KE – represented by the
symbols) for lipase from Burkholderia cepcaia using different cholinium-based ILs
ATPS with THF. All ATPS are composed of 40 wt% THF and 25 wt% IL, at 25 ± (0.1) �C,
and atmospheric pressure.
3.5 and 4.5, and seem to have no significant influence on the pref-
erential migration of the lipase for the IL-rich phase (Table A.3).

Although we can say that the best REB of lipase was achieved
with [Ch][Bit], the concentrations of the phases, i.e. the tie line
length may also be optimized to maximize the extraction. In order
to infer the effect of the composition of the ATPS on the partition-
ing of lipase, several experiments were carried out with varying
concentrations of THF and [Ch][Bit] in the total mixture. In Fig. 5
are shown the effects caused by changing the concentration of
THF (Fig. 5(i)) and [Ch][Bit] (Fig. 5(ii)) in the recovery and the par-
tition coefficient of BCL, which is used as model for the further
implementation with the real system. In addition, the effect of
the THF solution on the lipolytic activity of lipase shows no delete-
rious effect when considering up to 18 h of incubation (Fig. 6).
Some other studies have also reported increased stability of lipases
in media containing organic solvents. Activity of lipase from
Streptomyces sp. CS133 was significantly increased in presence of
organic solvents, such as diethyl ether, dichloromethane and ben-
zene, while the relative activities were 123%, 129% and 161%,
respectively [63]. Lipase from Aspergillus carneus was also investi-
gated in various organic solvents, and it was found stable in
iso-octane, benzene, toluene and xylene [5].

For the first analysis, the concentration of [Ch][Bit] was fixed in
25 wt% and the concentration of THF ranged from 25 to 50 wt%. An
increase in the concentration of THF in the top phase (up to
40 wt%) enhances the migration of the enzyme to the bottom
phase (rich in IL) as seen in Fig. 5(i) when analyzing the partition
coefficients and REB for lipase in the IL-rich phase
(KE = 0.24 ± 0.05 to 0.07 ± 0.02 and REB = 91.2 ± 1.06% to
95.5 ± 0.75%, respectively for ATPS with 25 wt% and 40 wt% of
THF). At concentrations above 40 wt% of THF, the migration of
lipase appears to increase slightly for the top phase, this fact, cou-
pled with the increase in the volumetric proportions between the
phases (RV = 1.30), dramatically lowers the enzyme recovery of



Fig. 5. Enzyme recovery in the bottom phase (%, REB – represented by the bars) and
partition coefficients (KE – represented by the symbols) of lipase from Burkholderia
cepacia, for systems based in THF + [Ch][Bit] + water, at 25 ± (0.1) �C and atmo-
spheric pressure, as a function of concentration: (i), wt% THF + 25 wt% [Ch][Bit]; (ii)
40 wt% THF + wt% [Ch][Bit].
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the system with 50 wt% of THF (REB = 88.5 ± 0.7%). Clearly we can
observe that 40% of THF is the concentration limit at which we
have the best recovery of lipase in the bottom phase. The phenom-
ena of intermolecular interactions between THF and water are key
issues to understand these results. At low concentrations of THF
the hydrogen bond between the water-THF has little effect on
the water–water hydrogen bonded network. However, the addition
of THF in water reduces the strength of hydrogen bonding, the
tetrahedral structure of water breaks down, and a hydrogen bond
is formed between water and THF [64]. In this case, the increase
of the volumetric ratio between phases and the migration of
enzymes for THF-rich phase is expected.
Fig. 6. Effect of concentration of THF on the stability of lipase from Burkholderia
cepacia. The crude lipase feedstock was incubated at room temperature up to 24 h.
The relative activity was measured using a lipase assay. The lipase activity of
phosphate buffer (pH 7.0) was used as the control. The THF concentrations were
expressed as (wt%) [55].
Following the study of optimization, the concentration of [THF]
was fixed in 40 wt% and the concentration of [Ch][Bit] ranged from
15 to 35 wt% (Fig. 5(ii)). The increase of the IL concentration leads
to lower partition coefficients of lipase, that is, to a higher ability of
lipase to migrate for the IL-rich phase. In accordance, the recovery
of lipase increased from 79.08 ± 1.4% to 97.61 ± 0.5%, respectively
for ATPS with 15 wt% and 30 wt% of IL. Lipase was almost com-
pletely recovered in the IL-rich phase with the higher amount of
IL (30–35 wt% of IL). This is a result of the salting-in effect of the
IL over lipase which forces the biomolecule migration for the
salt-rich phase. The lipases, due its hydrophilic character tend to
partition away from the solvent-rich phase. This preference is
reported by several previous studies and corroborates our observa-
tions [8,12,31]. Data for the enzyme recovery (REB), partition coef-
ficients of enzyme (KE) and volumetric ratio (RV) for ATPS with
different compositions of THF and [Ch][Bit] in (wt%) are shown in
Table A.4.

The influence of temperature on the lipase extraction was also
studied using ATPS composed of THF at 40 wt% and [Ch][Bit] at
30 wt% (Fig. 7). The temperature of equilibrium was changed from
5 to 35 �C. An increase in temperature slightly favors the migration
of lipase for the IL-rich phase until the 25 �C. The thermodynamic
functions calculated for the transfer of lipase, namely the molar
Gibbs energy (DGo

m) the molar enthalpy (DHo
m) and the molar

entropy of transfer (DSo
m), Eqs. (14)–(16) were used.
ln KE ¼ �
DHo

m

R
� 1

T
þ DSo

m

R
ð14Þ
DGo
m ¼ DHo

m � TDSo
m ð15Þ
DGo
m ¼ �RTlnðKEÞ ð16Þ
The calculated value for DGo
m (�5.72 kJ/mol) is negative, reflecting

therefore the spontaneous and preferential partitioning of lipase
for the IL-rich phase (KE < 1). The migration process of lipase from
the THF-rich phase to the IL-rich phase is endothermic
(DHo

m = 76.82 kJ/mol) and mainly governed by entropic forces
(DSo

m = 287.7 J/mol K), since T � DSo
m > DHo

m.
In summary, the optimization tests using the lipase from BCL

indicate that improved partition coefficients and recovery are
obtained with ATPS composed of THF at 40 wt% and [Ch][Bit] at
30 wt%. Therefore, this cholinium-based IL was chosen, along with
the THF, to conduct the purification of lipase from the fermented
broth, which is described below.
Fig. 7. Effect of temperature on partition coefficient (KE) of lipase from Burkholderia
cepacia for the ATPS based on THF and [Ch][Bit].



Table 2
Purification factor, enzymatic activity, specific activity, and protein concentration at the end of each step of the production and pre-purification of lipase produced by Bacillus sp.
ITP-001.

Steps Process EA (U mL�1) C (mg mL�1) SA (U mg1) PF (fold)

Production Fermentation 6167.3 1.15 5365.7 –
Pre-purification Dialyse 6135.4 0.09 68,171.1 12.7 ± 0.2
Purification ATPS 64,483.3 0.09 726,548.4 136.8 ± 0.5

Fig. 8. SDS–PAGE analysis of purified lipase from Bacillus sp. ITP-001. The purity of
partitioned lipase was assessed by 12% acrylamide gel stained with silver nitrate
solution. The molecular weights of the standard protein marker ranged between
21.5 and 97.4 kDa. Lane P: protein molecular markers; Lane 1: fermented broth;
Lane 2: bottom phase obtained from the THF/[Ch][Bit]-based ATPS.
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3.3. Partition of lipase from Bacillus sp. ITP-001

3.3.1. Production and pre-purification of lipase
The process, from production to the pre-purification step of

extracellular lipase from Bacillus sp. ITP-001, considering the appli-
cation of the salt (NH4)2SO4 for the precipitation process of lipase,
followed by a dialysis step to remove low molecular weight com-
pounds, including inorganic salts of the precipitation process,
was previously described by our group (Fig. 1) [8]. Table 2 reports
the enzymatic activity (EA – U mL�1), total protein concentration
(C – mg mL�1), specific activity (SA – U mL�1) and purification factor
(PF – fold) in the fermented broth and dialyzed. The purification
factor of the dialysate was found to be 12.7 ± 0.2-fold, confirming
the values previously reported by our group at the stage of
pre-purification by dialysis [8,30,55].

3.3.2. Purification of lipase using ATPS
The extracellular lipase from Bacillus sp. ITP-001 was then puri-

fied pursuing the best conditions of composition and temperature
of the systems, previously optimized. The extraction systems were
prepared by adding 40 wt% of THF + 30 wt% of [Ch][Bit] + 30 wt% of
dialysate solution containing the lipolytic enzyme produced.

The proposed application of this ATPS revealed a great perfor-
mance in the purification of the lipolytic lipase produced from
Bacillus sp. ITP-001. The data suggest that the PF of the enzyme
was increased from 12.7 to 136.8 ± 0.5-fold, comparing the steps
of pre-purification (by use of dialysis) with the proposed purifica-
tion step (using ATPS). The increase of the purification factor
achieved by the use of the ATPS is related with the large selectivity
of the phases constituting the system, resulting mainly from the
removal of the contaminants which act as inhibitors [31]. In this
case, we can observe the increased recovery of the enzymes to
the bottom phase, the IL-rich phase (REB = 90.0 ± 0.7%), in opposi-
tion to the contaminating proteins which migrate for the
THF-rich phase (RPT = 54.5 ± 2.5%) by following the partition coeffi-
cients of the enzyme (KE = 0.11 ± 0.01) and protein contaminants
(KP = 1.16 ± 0.11). Previous studies from our group focused on the
purification of lipases, including lipase from Bacillus sp. ITP-001
using IL/salt ATPS with 25 wt% of [C8mim]Cl and 30 wt% of potas-
sium phosphate buffer (pH 7). Showed lower purification factors
than those here achieved (PF = 51 ± 2-fold) [30]. ATPS based in
THF with the of potassium phosphate buffer (pH 7) were also
tested and the results of purification (PF = 103.9 ± 0.9-fold) were
again below to those described in this work [55]. All of these stud-
ies were reported for the lipase purification from Bacillus sp.
ITP-001.

The highest purification factor of lipase from fermented broth
was achieved in ATPS with a composition of 40 wt% THF, 30 wt%
[Ch][Bit] at 25 �C. The purity of the partitioned lipase was assessed
with an SDS–PAGE [60]. The SDS–PAGE analysis is shown in Fig. 8.
The fermented broth contains multiple bands (Lane 1), which rep-
resent impurities present in the culture. In Lane 2, it is possible to
see the presence of the target enzyme with a molecular weight of
around 54 kDa (here abbreviated as Enz). The molecular weight of
microbial lipase from Bacillus sp. ITP-001 was previously found to
by 54 kDa [8,30]. The results from the electrophoresis show the
excellent purification ability of the THF/[Ch][Bit] based ATPS that
made possible the separation of the enzyme from the contaminant
compounds.
4. Conclusion

Cholinium-based ATPS were here successfully applied to the
purification of lipase produced by the bacterium Bacillus sp.
ITP-001, from a fermentation broth. For that purpose, novel ATPS
composed of tetrahydrofuran (THF) and three different
cholinium-based ionic liquids were studied. The phase-forming
ability of these ILs is determined by the nature of their anions.

The partition of lipase from Burkholderia cepacia (BCL) on these
ATPS was studied and the operating conditions optimized, to be
later applied to the purification using a real matrix. In the opti-
mization study it was observed the preferential migration of lipase
to the cholinium-rich phase, with the best partition being obtained
for the [Ch][Bit]. The partition could be manipulated by the use of
different tie line lengths to achieve the best extraction of the target
biomolecule. The best enzyme recovery was achieved using the
ATPS composed of 40 wt% of THF and 30 wt% of [Ch][Bit]
(REB = 90 ± 0.7%) at 25 �C in the bottom phase ([Ch][Bit] – rich
phase). After the optimization step, the best ATPS was applied to
the purification of lipase, produced by the bacterium Bacillus sp.
ITP-001 and a (PF = 136.8 ± 0.5) was achieved.
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