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Aqueous two-phase systems (ATPS) have been used in biomolecules separation and as an efficient alter-
native to traditional purification systems for lipases extraction. Here, we investigated the partitioning
and recovery of lipase derived from Leucosporidium scottii L117 using ATPS and aqueous two-phase micel-
lar systems (ATPMS). Thus, we evaluated three ATPS: (i) polyethylene glycol (PEG)/phosphate salts and
(ii) PEG/polyacrylic acid (NaPA) in different molecular weights (1500, 4000 and 8000 g/mol). (iii)
Triton X-114 (TX-114)/Mcllvaine buffer pH 7.0 in different conditions (2.0% (w/w) of TX-114 at 25.0
and 28.0 °C). The PEG/phosphate and PEG/NaPA systems resulted in a great loss of enzymatic activity;
thus these systems do not represent viable alternatives for these lipase extraction. The micellar systems
yielded the best results for lipase extraction with enzyme activity balances ranging between 84.7% and
113.05%. After optimizing the micellar system by experimental design of the partition coefficient of lipase
increased by 10.3-fold (0.75-7.76). Lipase preferentially partitioned into the micelle-rich phase with
Kiip =7.76, %RECgo: =93.85% and PF=1.2 at 25.03°C, 5.1 pH and 10.38% TX-114 and K, =4.77, %
RECgoc = 73.53% and PF = 1.97 at 28.00 °C, 4.5 pH and 8.0% TX-114, indicating that the ATPMS represents
an alternative to purification/extraction of lipase L. scottii L117. A crude lipase extract was also evaluated
to define the optimum pH and temperature. Lipase reached optimal activity at 40 °C, and remained stable
in pH values ranging from pH 3.0 to 8.0 and temperatures from 20.0 to 45.0 °C, with relative residual
lipase activity above 80% after 30 min of incubation.
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1. Introduction temperatures [5,6]. Moreover, lipases have a wide range of indus-

trial applications, for example, in beverage production, in fat con-

Lipases, or glycerol ester hydrolases (EC 3.1.1.3), form a group of
ubiquitous enzymes found in plants, animals and microorganisms.
Among the microorganisms, fungi secrete lipases into the fermen-
tation media, making the enzymes easier to isolate [1,2]. Specifi-
cally, the extraction of lipases from psychrophilic or
psychrotolerant fungi has drawn attention for its high activity at
low temperatures [3-5]. High enzymatic activity at low tempera-
tures represents a useful property for many biotechnology applica-
tions, including the production of detergents used in cold washing,
in agribusinesses, and fermentation processes that require low
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tents reduction from oil effluents, in food organoleptic properties
improvement, acting as catalysts for optically active molecules
synthesis, and in bioremediation technologies [3,6-8].

Conventional techniques for lipase extraction and purification
include ultrafiltration, ammonium sulfate precipitation, and
extraction with organic solvents such as cold ethanol and cold ace-
tone. Alternatively, chromatographic techniques such as affinity
chromatography, hydrophobic interaction chromatography and
ion exchange chromatography are widely employed [9]. These
methods have several shortcomings, including low scalability for
industrial, elevated costs, and unsatisfactory yield of the purified
product [10].

More recently, aqueous two-phase systems (ATPS) have
emerged as potential alternatives for the extraction of lipases
[11-15]. These liquid-liquid systems perform well in the
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extraction of biologically active molecules including enzymes and
other proteins, low-molecular weight compounds such as sec-
ondary metabolites and phytochemicals, in addition to cells, orga-
nelles, viruses and virus-like particles, with little loss of activity or
viability [11,16-21]. Moreover, these systems have advantages
compared to the aforementioned methods, including the possibil-
ity of large scale extractions, volume reduction, rapid separation
with little denaturation, low interfacial tension with rapid mass
transfer, and selective separation [16].

The ATPS includes different variations of aqueous systems. One
of them is the aqueous two-phase polymer systems (ATPPS)
formed when two hydrophilic compounds such as the polymers
polyethylene glycol (PEG), polypropylene glycol and dextran
(among others), and salts such as phosphates, sulfates and citrates
(among others) are mixed above a certain critical concentration
resulting in two immiscible phases [22]. ATPS can also be formed
with surfactant solutions [16]. In this case, systems are called
aqueous two-phase micellar systems (ATPMS), and phase separa-
tion results from an increase in temperature, changes in pH, surfac-
tant concentration and addition of salts [10]. Nonionic surfactants,
such as octylphenol ethoxylate, Triton™ X-114 (TX-114) and differ-
ent alkyl polyoxyethylene surfactants, display such temperature-
sensitive phase separation, and can form ATPMS [16,23].

Many parameters affect the performance of ATPS, including the
molecular weight and concentration of polymers, the type of sur-
factant used, pH, temperature, addition of inorganic salts, and
others. In addition, inherent characteristics of the target enzyme
also affect the system: size, composition dictated by the primary
structure, conformation dictated by the secondary, tertiary and
quaternary structures, the presence of electric charges, and
hydrophobicity [13,24,25]. Ooi et al. [10] evaluated the partition
of lipase derived from Burkholderia sp. ST8, a proteobacteria, with
nonionic surfactant Triton X-114 and Pluronic series (triblock
copolymer). These authors observed that the best systems was
with Pluronic L81 and not with TX-114.

Furthermore, most of studies of ATPS among microbial lipases
has been performed with bacterial lipases [10,12,13,24| and except
the lipase produced by Candida spp., few studies have approached
with yeast lipases. Therefore, each enzyme will have a better fit
with a particular extraction system, and with optimal parameters
within that system.

In this work we show that ATPS are an interesting alternative
for lipase purification/extraction from Leucosporidium scottii L117
originally isolated from Antarctic marine sediments. Few studies
address lipase partitioning in ATPS until the present moment,
moreover the extraction of a psychrophilic yeast lipase from an
Antarctic microorganism. This study also gather in a single work
a broad study of ATPS applicability in the extraction of this inter-
esting molecule, first reported in this study. Besides, our group car-
ried out a deep comparison between ATPPS and ATPMS regarding
parameters of the extraction of lipase, and optimized the ATPMS
parameters yielding the best results and evaluated the optimum
pH and temperature conditions of this biomolecule.

2. Material and methods
2.1. Materials

Nonionic surfactant octylphenol ethoxylate (TX-114) and 4-
morpholineethanesulfonic acid sodium buffer (MES), 3-morpho
lino-2-hydroxypropanesulfonic acid buffer (MOPSO), N-[Tris (hyd
roxymethyl)methyl]-3-aminopropanesulfonic acid buffer (TAPS)
and 3-(Cyclohexylamino)-1-propanesulfonic acid buffer (CAPS)
and polyacrylic acid (NaPA) 8000 g/mol (45% w/w) were purchased
from Sigma-Aldrich® (St. Louis, MO, USA). Polyethylene glycol

(PEG) polymers with molar mass 1500, 4000 and 8000 g/mol, were
purchased from Merck® (Hohenbrunn, Germany). All solutions
were prepared in Mcllvaine’s buffer, pH 7.0, consisting of
16.4 mM disodium phosphate and 1.82 mM citric acid in water
purified by a Millipore Milli-Q system (Bedford, MA, USA). The
glassware used was washed in 50:50 ethanol: 1 M sodium hydrox-
ide bath, followed by a 1 M nitric acid bath, rinsed copiously with
Milli-Q water and, finally, dried in the oven at 70 °C for 1 h. All
other reagents were of analytical grade and used as received.

2.2. Sampling and lipase production

The yeast L. scottii L117 used in this study for lipase production
was recovered from Antarctic marine sediment during an expedi-
tion to Antarctica in the Austral summer (2010) by the Brazilian
Antarctic Program team. This strain was chosen based in a study
by Duarte et al. [26] about taxonomic identification and bio-
prospection of enzymes by yeasts from Antarctic environment.
For lipase production, the L. scottii L117 was incubated in previ-
ously optimized lipase substrate medium containing 6 mL L' corn
steep liquor provided by Corn Products Mogi Guaci (Mogi Guacgq,
S3o Paulo, Brazil) and 40 mLL~! olive oil, pH 8.0, during 120 h at
20 °C under agitation in a rotary shaker (180 rpm). Cell suspension
aliquots containing 107 cells/mL were used to inoculate 50 mL of
the lipase medium in a 125 mL Erlenmeyer flask. Fermented sub-
strates were centrifuged at 16,000g for 10 min and the supernatant
phase was used as the lipase source.

Lipase activity tests were performed using p-nitrophenyl palmi-
tate (p-NPP) Sigma-Aldrich® (St. Louis, MO, USA) as substrate. The
reaction mixture for lipase quantification contained 3.8 mg of p-
NPP dissolved in 500 pL of dimethyl sulfoxide (DMSO) homoge-
nized in sodium phosphate buffer (0.05 M, pH 8.0 with Triton X-
100 [5 g/L]). The reaction mixture contained 100 pL of diluted
enzyme with 900 pL of substrate (40 °C for 1 min). The reaction
was stopped by heat shock at 90 °C for 1 min in water bath, fol-
lowed by the addition of 1 mL of saturated solution of sodium
tetraborate. Lipase activity was determined by reading absorbance
at 405 nm. One unit of enzyme activity (U) was defined as the
amount of enzyme capable of releasing 1 pumol of p-NPP per mL
per min of reaction. All assays were performed in triplicate.

Total protein concentration was determined by the bicin-
choninic acid (BCA) method using the Thermo Scientific Pierce
BCA Protein Kit (Life Technologies, Carlsbad, CA, EUA) and bovine
serum albumin (BSA) as the standard.

2.3. Partitioning in ATPPS and ATPMS

2.3.1. Partitioning in polyethylene glycol/sodium phosphate buffer
ATPPS

The PEG/sodium phosphate buffer extraction systems were pre-
pared from a stock solution of PEG (50% w/w) in sodium phosphate
buffer (pH 7.0), prepared with a mixture of monobasic and dibasic
sodium phosphate at a ratio of 1.087. All stock solutions were kept
at 4 °C. Assays were performed with PEG (20.0% w/w) of different
molecular weights and phosphate (20.0% w/w), namely: PEG
1500/phosphate, PEG 4000/phosphate and PEG 8000/phosphate
according with others studies with microbial lipase as Ooi et al.
[20], Barbosa et al. [13] and Padilha et al. [24].

In every test, the amount of enzyme extract added to the system
represented 20% w/w of the total system (10 g), and the enzyme
extract was the last component added. The systems were prepared
in 15 mL graduated tubes sealed with PARAFILM® and kept under
orbital agitation at 8 rpm (25 °C) for 1 h. The tubes were then kept
in a water bath at 25 °C until the system had reached equilibrium
with complete separation of the phases. The volume of the top and
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bottom phases were recorded and then recovered with disposable
syringes.

2.3.2. Partitioning in polyethylene glycol/polyacrylic acid ATPPS

We followed the same protocol described in Section 2.3.1 for
the preparation of PEG/NaPA systems, with PEG (20% w/w) of dif-
ferent molecular weights and substituting the sodium phosphate
buffer for NaPA at a concentration of 20% w/w. Tests were also per-
formed with PEG 1500/NaPA, PEG 4000/NaPA and PEG 8000/NaPA.
For the NaPA concentration was used phase diagrams presented by
Pereira et al. [27].

2.3.3. Partitioning in Triton X-114/Mcllvaine buffer ATPMS

The micellar systems consisted of 2.0% w/w nonionic surfactant
TX-114 under two temperature conditions, 25.0 and 28.0 °C as
described by Jozala et al. [28]. Reagents were added in the follow-
ing order: TX-114, followed by Mcllvaine buffer (pH 7.0) and crude
enzyme extract (20%). The tubes were sealed and homogenized for
1 h on an orbital shaker (8 rpm) and were then placed to rest in a
thermoregulated bath at 25.0 °C or 28.0 °C, until phase separation
(approximately 2 h).

2.4. Enzymatic stability in Triton X-114

After defining that the micellar system constituted the best lig-
uid-liquid extraction system, we performed a lipase stability test
in nonionic surfactant TX-114. Stability was further examinated
for this promising system, to define our workable parameters
range. Assays were performed in duplicate at two temperatures
(25.0 and 30.0°C) at different concentrations of TX-114 (2.0-
12.0% w/w) and pH 7.0. Residual lipase activity was measured
every 2 h, for a period of 16 h after phase separation, and expressed
as recovered lipase (%REC) in the top and bottom phases of the sys-
tem. Activity balance (%AByi,) and partition coefficient (Ky;p) were
also calculated.

2.5. Optimization of lipase partitioning in Triton X-114/Mcllvaine
buffer systems

After defining the best extraction time in the lipase stability
assay, we performed a central composite design (CCD 23) to opti-
mize extraction conditions. The results were analyzed by response
surface using the STATISTICA 7.0 software (STAT SOFT, INC. 1995)
[29]. Several factors affect enzymatic extraction by a micellar sys-
tem, specially extraction temperature, pH and concentration of the
micellar agent.

The independent variables evaluated were: pH (4.5-7.5), tem-
perature (23.0-33.0°C) and concentration of TX-114 (4.0-12.0%
w/w; Table 2). All variables were evaluated at levels designated
as —1.68 to +1.68 for the lower and upper points. The central point
allowed us to calculate the standard error. The limits of TX-114
were defined from the stability test in TX-114.

2.6. Effect of pH and temperature on lipase activity

Optimal pH was defined by testing the crude extract in different
50 mM buffers: glycine buffer/HCI (pH 2.0 and 3.0), sodium citrate
buffer (pH 4.0 and 5.0), 4-Morpholineethanesulfonic acid sodium
buffer (MES) (pH 6.0), 3-Morpholino-2-hydroxypropanesulfonic
acid buffer (MOPSO) (pH 7.0), N-[Tris (hydroxymethyl) methyl]-
3-aminopropanesulfonic acid buffer (TAPS) (pH 8.0 and 9.0) and
3-(Cyclohexylamino)-1-propanesulfonic acid buffer (CAPS) (pH
10.0 and 11.0). Optimal pH tests were performed at 25.0 °C.

After defining an optimal pH, we evaluated the effects of tem-
perature on lipase activity. Optimal temperature was defined by
testing enzyme activity between 5.0 and 65.0 °C at the previously

defined optimal pH. In addition to the univariate analysis, we per-
formed a central composite design (CCD 22) to evaluate the syner-
gistic effects of optimal pH and temperature on lipase activity. The
results were analyzed by same software according to Section 2.5.
The independent variables were evaluated at levels designated as
—1.41 to +1.41 for the lower and upper points and the values were:
pH (4.0-6.0) and temperature (30.0-50.0 °C).

2.7. Partitioning parameters

We assessed baseline enzymatic activity (Up) of the crude lipase
source immediately before extraction in the system. For the differ-
ent liquid-liquid extraction assays, the response variables were:

Utotaltop = Utop X Vtop (1)

Utotalbor = Ubot X Vot (2)

where Uyop and U are the units of enzymatic activity in top and
bottom phases per volume (U mL™!), respectively.
e Activity balance (%ABy;p):

%ABLip = [(Utotaltop + Utotalbot)/UO] x 100 (3)
e Enzyme recovered in bottom phase (%RECgot):

J0RECgot = (Urotaiot/Uo) x 100 (4)
e Enzyme recovered in the top phase (¥RECrp):

%RECTop = (Utotaltop/UO) x 100 (5)
e Partition coefficient (Kyp):

KLip _ 5totalbot (6)

totaltop

o Specific activity SA = (U/mg of protein):
UmL™" of lipase

A= 7)

" mgmL of protein

o Purification factor (PF) was calculated as specific activity of each
test per specific activity of the crude extract:
_ Specific activity of assay
"~ Specific activity of crude extract

)

For the selection of the best ATPS, we used, in each test, 2 mL of
a crude source of lipase with activity of 2.7 U mL™, totaling 5.4 U
per test.

3. Results
3.1. Lipase partitioning in ATPPS and ATPMS

We initially tested the partition of lipase in PEG/salt and PEG/
NaPA systems. In both systems, we measured lipase activity in
the top PEG-poor phase but could not detect activity at the bottom
phase. The top phase of PEG/salt systems had slightly higher values
of enzymatic activity compared to PEG/NaPA systems, regardless of
PEG molecular weight. Consequently, recovery (¥RECq,p) was also
greater in the PEG/salt systems (Table 1). Activity balances (%AB;p)
were low in both systems as a result of the lack of activity in the
bottom phases.

Next, we evaluated lipase partitions in ATPMS at two tempera-
tures: 25.0 and 28.0 °C. The values obtained for %RECt,, were
48.34 £ 1.13% (at 25.0°C) and 67.35 + 0.42% (at 28.0 °C), respec-
tively, and the values obtained for %RECg, were 36.3 + 1.2% (at
25.0°C) and 45.7 £0.5% (at 28.0 °C), respectively. Furthermore,
the %ABy;, obtained between 84% and 113% demonstrate that the
nonionic surfactant TX-114 does not denature L. scottii L117 lipase
(Table 1).

At 25 °C, Kyip was 0.75, higher than the 0.68 observed at 28.0 °C.
This result indicates that, at 25 °C and 7.0 pH, the enzyme has a
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Table 1

Lipase activity on top and bottom phases in three different ATPS (PEG/phosphate, PEG/NaPA and TX-114/buffer systems). Assays performed in duplicate.

Molecular weight (MW) of PEG Top phase

Bottom phase Activity balance (%AByip) Kiip

Volume (mL) Lipase activity (UmL™") Utotaitop (U) Volume (mL) Lipase activity (U mL™

! ) Urotalbot (U)

PEG/phosphate
1500 4.7 0.44 2.08 53 0 0 385121 0
4000 44 0.65 2.86 5.6 0 0 52.9+3.6 0
8000 4.2 0.57 2.39 5.8 0 0 442 +4.2 0
PEG/NaPA
1500 39 0.5 1.95 6.1 0 0 36.1+4.3 0
4000 7.3 0.29 2.11 2.7 0 0 39.0+4.9 0
8000 73 03 2.19 2.7 0 0 405+1.5 0
Triton X-114
T (°C)
25.0 7.9 0.33 2.61 2.1 0.93 1.96 84.7+23 0.75
28.0 8.1 0.45 3.63 1.9 1.30 2.47 113.05+0.9 0.68
Table 2
Matrix of the central composite design (CCD 23) used to investigate the influences of temperature (°C), pH and TX-114 concentration (%w/w) on micellar extraction of lipase L.
scottii L117.
Assays T (°C) pH TX-114 Ucotaitop Utotaibor ~ Recovered top  Recovered Activity Partition Specific activity por Purification
(Bw/[w) (%RECrop) bottom balance coefficient (U/mg of protein) factor (PF)
(%RECgor)" (%ABLip) (Kuip)
1 -1(25.03) -1(51) -1(5.62) 1275 2.631 23.62 48.73 72.35 2.06 1.22 1.17
2 1(30.97) -1(5.1) -1(5.62) 1.696 2.105 31.42 38.98 70.40 1.24 1.30 1.26
3 -1(25.03) 1(6.9) -1(5.62) 2322 0.728 43.01 13.49 56.50 0.31 0.82 0.79
4 1(30.97) 1(6.9) -1(5.62) 2.173 0.556 40.25 10.3 50.55 0.25 0.39 0.37
5 -1(25.03) -1(5.1) 1(1038) 0.652 5.067 12.08 93.85 105.93 7.76 1.24 1.20
6 1(30.97) -1(5.1) 1(1038) 0.521 3.402 9.64 63.01 72.65 6.53 1.25 1.21
7 -1(25.03) 1(6.9) 1(10.38) 2.067 3.566 38.29 66.05 104.35 1.72 0.79 0.76
8 1(30.97) 1(6.9) 1(10.38) 1.932 2.042 35.78 37.83 73.61 1.05 1.49 1.44
9 —1.68 (23.0) 0(6.0) 0(8.0) 1.06 3.976 19.63 73.63 93.27 3.75 1.67 1.61
10 1.68 (33.0) 0(6.0) 0 (8.0) 1.307 1.791 24.21 33.18 57.39 1.37 0.69 0.66
11 0(28.0) -1.68 0(8.0) 0.832 3.97 15.41 73.53 88.94 4.77 2.04 1.97
(4.5)
12 0(28.0) 1.68 (7.5) 0(8.0) 1.186 1.857 21.97 344 56.37 1.56 2.06 1.99
13 0(28.0) 0 (6.0) -1.68 2242 1.509 41.52 27.95 69.47 0.67 1.15 1.10
(4.0)
14 0(28.0) 0(6.0) 1.68 (12.0) 0.363 2.798 6.73 51.82 58.55 7.69 0.92 0.88
15 0(28.0) 0(6.0) 0(8.0) 1.166  2.765 21.6 51.22 72.82 2.37 1.56 1.50
16 0(28.0) 0 (6.0) 0(8.0) 1.233 2775 22.84 51.39 74.22 2.25 1.55 1.50
17 0(28.0) 0(6.0) 0(8.0) 1.196 2.71 22.16 50.19 72.34 2.26 1.60 1.55

2 In all assays the bottom phase was clear and transparent and the top phase was characterized by yellow color and turbid aspect.

slightly greater preference for the micelle-rich phase than at the
lower temperature.

3.2. Enzymatic stability in Triton X-114

After establishing that ATPMS constitute the best systems for
lipase extraction, we tested enzymatic stability, defined as %AB;p,
at two different temperatures, 25.0 and 30.0 °C, at different times
after phase separation (2, 4, 6, 8, 12 and 16 h), and different TX-
114 concentrations (2.0%, 4.0%, 6.0%, 8.0%, 10.0% and 12.0%). The
highest %AB;, value (99.60%) was reached at 25.0 °C, after 4 h in
10.0% of TX-114, whereas the lowest value of 38.3% was also
reached at 25.0 °C, after 2 h in 4.0% of TX-114. However, these val-
ues varied with time, and %AB;, tended to remain higher for longer
at a temperature of 30.0 °C. In general, even high concentrations of
TX-114, for the longer periods tested, at either temperature, did
not strongly denature lipase.

Kyip values were evaluated under the same conditions described
for %ABy;, partitioned to top and bottom phases depending on the
concentration of TX-114 and time of extraction. At 25.0 °C, Ky;, was
highest at TX-114 concentrations of 8.0% (2.2 at 4 h) and 10.0%
(10.6 at 2 h). On the other hand, K, values at 30.0 °C were lower
than those obtained at 25.0 °C. Again, the highest values coincided

with higher TX-114 concentrations of 8.0% (1.53 at 8 h) and 10.0%
(3.55 at 2 h). The lowest Ky, values at 25.0 and 30.0 °C were,
respectively, 0.40 at 2.0% after 16 h, and 0.33 at 4.0% after 6 h. In
these cases, enzymes preferentially partitioned into the micelle-
poor top phase, explaining the Ki;, < 1.0. Overall, with increasing
time, Ki;, tended to decrease, indicating that enzyme concentra-
tions increased in the top phase (Fig. 1B and E).

The %RECg,: at 25.0°C, between 2.0% and 8.0% of TX-114,
showed values ranging from 19.50% (4.0% at 2 h) to 58.10% (8.0%
at 4 h). Higher %RECg,: values were obtained at 10% surfactant,
varying between 43.80% (12 h) and 83.60% (4 h). In the range
between 4.0% and 8.0% of TX-114, %RECg,: values were relatively
higher at 30.0 than at 25.0 °C. In this range, %RECg, varied from
23.40% (6.0% at 12 h) to 58.80% (8.0% at 8 h). Again, at 10.0% TX-
114, %RECgo values were higher, ranging between 36.30% (6 h)
and 70.50% (2 h), but remained lower than the values obtained at
the same concentration of TX-114 at 25.0 °C (Fig. 1C and F).

3.3. Optimization of lipase partitioning in ATPMS

Based on %ABy;, results, we defined an optimal extraction time
of 6 h at 25.0 °C and established that lipase remains stable at high
concentrations of TX-114 (4.0-12.0%), we then optimized the vari-



AW.F. Duarte et al./Separation and Purification Technology 156 (2015) 215-225 219

ables: pH, TX-114 concentration and extraction temperature using
an experimental design. According to optimization results, assay 5
(Table 2) showed the best recovery on the bottom phase (93.85%),
a Kijp=7.76, and PF=1.2. Assay 11 also displayed good overall
results with %RECgo =73.53%, Kip=4.77 and PF=1.97. In all
assays bottom phase (micelle-rich) had a clear and transparent
aspect and top phase (micelle-poor) was characterized by a yellow
color, with turbid aspect (Fig. 2).

The three evaluated variables had statistically significant effects
(p <0.05) on %RECg,;, where TX-114 concentration had a positive
effect, and extraction temperature and pH had negative effects
(Supplementary material: Tables 4 and 5). Statistical significance
of the analyses was confirmed by F test (ANOVA). The F test value
of 25.65 for the regression was highly significant, i.e., higher than
the tabulated value of 3.41 (p <0.05), and the model fitted well
with the data (R?=85.5%). Thus, we assumed the equation of
model DOE [%RECgq =48.2088 — 10.2571 (Temperature °C)-
13.3852 (pH) + 13.8765 (TX-114)] had good predictive value and
used it to generate the response surface shown in Fig. 3. The opti-
mization of lipase extraction was confirmed at condition described
in assay 11 (Table 2) and showed in Fig. 2.

Based on the statistical results, when the response variable was
the Kijp, in addition to the three variables that were significant for
%RECg.t, the TX-114 concentration in quadratic form, as well as the
pH and TX-114 concentration, were statistically significant
(p <0.1; Supplementary material: Table 6). Similarly to what was
observed with the response variable %RECg, pH and temperature

(@)
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had negative effects and TX-114 concentration had a positive effect
on K. Statistical significance of the analyses (Supplementary
material: Table 7) was confirmed by F test (ANOVA). The F test
value of 33.78 for the regression was significant, i.e., greater than
the tabulated value of 2.45; and the model fitted well with the data
(R?>=93.89%). Thus, the equation of model DOE [Kiip =2.41091 -
0.49678 (temperature °C)-1.44041 (pH)+1.83173 (TX-114)
+0.4855 (TX-114)?> - 1.0975 (pH x TX-114)] had good predictive
value and used it to generate response surfaces shown in Fig. 4.

On the other hand, when we used the PF as the response vari-
able, the variable TX-114 concentration in quadratic form was sta-
tistically significant (p < 0.1), but the regression coefficient was low
R?*=64.0% A similar result was observed when the variable
response was %AByp, on which temperature, pH and TX-114 con-
centration had statistically significant effects in linear form
(p <0.05), albeit with a low regression coefficient (R?=57.83%).
Both variables responded positively to TX-114 concentration and
negatively to pH and temperature (Fig. 5).

3.4. Effects of pH and temperature on lipase activity

We identified optimal pH and temperature for the lipase activ-
ity of L. scottii L117. The enzyme had acid lipase characteristics,
displaying optimal activity levels at pH 5.0, with relative activities
of 50.1 + 6.36% and 86.46 + 4.9% at pH 4.0 and 6.0, respectively. In
spite of the psychrotrophic nature of L. scottii L117, the lipase iso-
lated from it remains active between 5.0 °C and 65.0 °C, reaching
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Fig. 1. Activity balance (%ABy;p), lipase recovered from bottom phase (%RECgo) and partition coefficient (K;,) of lipase extracted from L. scottii L117 in ATPMS with increasing
concentrations of TX-114 (colored lines corresponds on different concentrations of TX-114) at 25.0 °C (a-c) and at 30.0 °C (d-f). The X axis represents time after phase
separation (2-16 h). Assays at 25 °C with TX-114 12.0% and at 30.0 °C and TX-114% 2.0% did not show phase separation. At time 0 h, %ABy;, was 100% and RECg, (%) was 0%.
Experimental conditions: at 25 and 30.0 °C, 7.0 pH and 2.0-12% TX-114. Top phase (micelle-poor) and bottom phase (micelle-rich).
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Top phase

(micelle-poor)

Bottom phase

(micelle-rich)

Fig. 2. Characterization of the ATPMS system including a micelle-rich phase with
clear and transparent aspect, and a micelle-poor phase with yellow color and turbid
aspect. Assay performed in validation condition. Experimental conditions: at
28.0°C, 4.5 pH and 8% of TX-114. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

an optimal activity level at 40 °C (Fig. 6). The L. scottii L117 lipase
remained stable in the pH range from 3.0 to 8.0 and temperature
range from 20.0 °C to 45.0 °C, with relative residual lipase activity
above 80% after 30 min.

The synergistic effects of optimal temperature and pH values for
lipase activity were determined by experimental design. According
to the CCD 22, the highest lipase activity would be reached at
47.1°C and pH 5.71 (2.88 UmL™! assay 4, Table 3). Both pH and
temperature had statistically significant effects (p < 0.05). The sta-
tistical significance of the analysis of optimal pH and temperature
was confirmed by F test (ANOVA). The F value of 11.71 for the
regression test was significant, i.e., greater than the tabulated F
value of 4.12, and the model presented a good fit with the data
(R? = 87.0%, Supplementary material: Table 8). Thus, we assumed
the had good predictive value and used it to generate the contour
plots and response surfaces shown in Fig. 7.

4. Discussion

Previous studies have evaluated lipase extraction utilizing dif-
ferent ATPS including PEG/salts [14,20,24,25], PEG/salts and
imidazolium-based on ionic liquids as adjuvants [15], copolymer
ethylene oxide-propylene oxide (EOPO) and potassium phosphate
[12], ionic liquids and inorganic salts [30], and nonionic surfactants
[10].

Lipase activity was evaluated in both phases in each ATPS sys-
tem. Both ATPPS tested yielded lower %AByi,, and we could only
measure activity in the PEG-poor phase (Table 1). In the bottom
phase, the enzyme may have been inactivated, which precludes
the use of ATPPS for this specific lipase extraction in the conditions
employed (20.0% w/w of PEG 1500, 4000 and 8000 and 20.0% w/w
NaPA, 20.0% w/w phosphate salt, pH 7.0). Previous work showed

that lipase from Bacillus sp. ITP-001 extracted with PEG/phosphate
partitioned into the salt-rich phase, the results showed the best
purification factor (201.53-fold) with PEG 8000 and potassium
phosphate (20/18%) with 6% of NaCl at pH 6.0 [13].

The solubility of biomolecules is an important factor that should
be taken into account, this effect in the salt-rich phase decreases
with an increase in salt concentration, which results in increased
partitioning of biomolecules to the PEG-rich phase by salting out
effect [13]. Nonetheless, the volume exclusion effect at high PEG
molecular weights was stronger than the salting out effect, in this
study, and thus the enzyme remained partitioned more strongly to
the salt-rich phase [13]. A similar pattern was observed by Khayati
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Fig. 3. Response surfaces for lipase recovered from the bottom phase (%RECgy).
Variables: (a) temperature vs. pH; (b) TX-114 vs. pH; and (c) pH vs. temperature.
Experimental condition: temperature 23-33 °C, 4.5-7.5 pH and 4.0-12% of TX-114.
Top phase (micelle-poor) and bottom phase (micelle-rich).
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Fig. 6. Activity and stability of lipase derived from L. scottii L117 under different pH
values (a) and temperatures (b). The pH assays were conducted at 25°C with
50 mM buffers: glycine buffer/HCl (pH 2.0 and 3.0), sodium citrate (pH 4.0 and 5.0),
MES buffer (pH 6.0), MOPSO buffer (pH 7.0), TAPS buffer (pH 8.0 and 9.0) and CAPS
buffer (pH 10.0 and 11.0). The temperature assays were conducted with sodium
citrate buffer (pH 5.0). Assays were performed in triplicate.

and Alizadeh [14] in which study evaluated the partitioning of
lipase from Rhodotorula glutinis in PEG/oxalate potassium and
observed that the partition coefficient of lipase to top phase
(PEG-rich) decreases 50% as the PEG molecular weight increases
from PEG 4000 to PEG 8000. Therefore, in polymeric system with
PEG, excluded volume effect seems to have a important role in
lipase partition.

The %ABy;p, of L. scottii L117 lipase ranged between 84.7% and
113% at 25.0 and 28.0 °C in preliminary assays with the micellar
system. An %ABy;, loss of 15% is considered acceptable in ATPS
purification processes [31], therefore, we proceeded with our
assessments using the nonionic surfactant TX-114 system for L.
scottii L117 lipase extraction. The high 113.0% value may be related

Table 3

Matrix of the central composite design (CCD 22) used to determine the ideal
temperature and pH for lipase acitivity.

Assays T (°C) pH Lipase activity (U mL™")
1 ~1(32.9) ~1(4.29) 1.858
2 1(47.1) ~1(4.29) 2.003
3 ~1(329) 1(5.71) 1.694
4 1(47.1) 1(5.71) 2.887
5 ~1.41 (30.0) 0(5.0) 1.054
6 1.41 (50.0) 0(5.0) 2.067
7 0 (40.0) ~1.41 (4.0) 2,039
8 0 (40.0) 1.41 (6.0) 1.994
9 0 (40.0) 0(5.0) 2.468

10 0 (40.0) 0(5.0) 2.564

11 0 (40.0) 0(5.0) 2531

12 0 (40.0) 0(5.0) 2.564

to a decrease in lipase inhibitor concentrations. In the preliminary
assay, lipase partitioned to the top phase with 2.6 and 3.6 U mL™!
at 25.0 and 28.0 °C, respectively, and bottom phase with 1.96 and
2.47UmL™" at 25.0 and 28.0 °C, respectively, both at pH 7. The
micelle-poor phase showed a turbid aspect, while the micelle-
rich phase was clear and free of compounds typically present in
acetone and ethanol precipitation, which would hamper the appli-
cation of classical chromatographic systems. We, thus, optimized
the micellar system for greater lipase recovery from the micelle-
rich phase and partition coefficient (Ky;,) increased by 10.3-fold
(0.75-7.76).

Lipases have many hydrophobic residues that possibly influ-
ence partition to the more hydrophobic phase in ATPS [10,32].
Lipases produced by prokaryote preferentially partitioned to the
micelle-rich phase because of it hydrophobicity. This affinity may
be a reflection of hydrophobic interaction between micelle core
and hydrophobic lipase surface [10]. In ATPMS, when the surfac-
tant reaches a critical micelle concentration (CMC), micelles form
in the aqueous solution following different geometric organiza-
tions such as lamellar, spherical, cubical, and planar [10,16,31],
and polymeric system arrange themselves with different exclusion
volume effect characteristics among system conditions and types.
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Fig. 7. Contour (a) and response surface (b) of pH versus temperature for lipase
activity of L. scottii L117.
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Therefore, polymeric and micellar system present different avail-
able volume to molecules partition. As discuss above, polymeric
system exclusion volume effects are important in lipase partition-
ing in these systems [13,14]. In our results, exclusion volume effect
seems to have a minor effect when compared with hydrophobicity
interaction between micelles and lipases in ATPMS. Yeast lipases
usually have molecular weight ranging between ~33 and ~65 kD
[1], however lipase produced by Candida utilis showed 90-
110 kDa [33] and Kluyveromyces lactis showed 160-250 kDa [34].
Therefore, it is important to determine experimentally the best
system for each molecule, since size and aminoacid composition
varies. In general, ATPS and ATPMS suit biological samples because
each phase contains 60-90% water, providing a mild environment
for active molecules [11,16,23], and in our results ATPMS pre-
sented the best system.

In order to further characterize the application of this ATPMS,
we tested enzymatic stability at two different temperatures (25.0
and 30.0 °C), with different extraction times (2, 4, 6, 8, 12 and
16 h), different TX-114 concentrations (2.0%, 4.0%, 6.0%, 8.0%,
10.0% and 12.0% w/w) and different response variables were eval-
uated: %AByp, Kiijp and %ZRECg. The %ABy;;, after 6 h at 25.0 °C was
stable especially at higher TX-114 concentrations (Fig. 1). How-
ever, these values varied with time, and %AB;, tended to remain
higher for longer at a temperature of 30.0 °C. The lipase remained
fairly stable, even at high TX-114 concentrations, for longer peri-
ods, and at the highest temperature tested.

After optimizing the system for pH, temperature and TX-114
concentration, the best extraction conditions were at low pH and
temperature values and higher TX-114 concentration. Increases
in pH had a negative effect on the partition of lipase (p < 0.05),
i.e., the lower pH values correlated with better extraction. In fact,
the best condition was at the lowest pH limit (4.5) in assay 11 of
the first experimental design, which displayed an %ABy, of
88.94%, Kyip of 4.77, specific activity of 2.04 U/mg and PF of 1.97
(Table 2). A different pattern was observed when pH was decreased
from 9.0 to 6.0 reducing lipase yield from 92.16% to 36.22% and PF
from 1.85 to 0.86 for lipase produced by Aspergillus niger with a
PEG/phosphate system [35]. This reduction may result from low
lipase stability at lower pH levels. In addition, this enzyme had
alkaline lipase characteristics and had an optimal pH range for
activity between 7.0 and 9.0. During ATPS extraction, the pH can
affect the charge of chemical groups present on amino acids side
chains, modifying the net global charge of proteins. The number
of charged groups on the protein molecule surface varies with
pH, which results in modifications in protein structure and its
intercalations with polymers and micelles [16,31].

Temperature also inversely correlated with L. scottii L117 lipase
extraction, and the best assays were performed at 25.0 and 28.0 °C
(Table 2). Phase separation is induced by a shift in temperature and
nonionic surfactant concentration, therefore the TX-114 system
displays such temperature-sensitive phase separation, and can
form cloud point extraction systems in specific combinations of
these parameters. TX-114 has a relatively low clouding point at
approximately 22.0 °C, and separates into the micelle-rich deter-
gent phase and micelle-poor aqueous phase at temperatures above
this clouding point [16].

TX-114 concentration positively correlated with %ABy;,, SRECgoc
and Kijp. Similar result was observed by Ooi et al. [10] who evalu-
ated the extraction of lipase produced by Burkholderia sp. ST8 with
TX-114 and several members of the pluronic series (triblock
copolymers L31, L61, L81 and L121), ranging between 5% and
20% (w/w). The pluronic L81 displayed optimal partition efficiency
for the recovery of lipase from the micellar phase of the ATPMS
when compared to the other surfactant agents. In ATPMS consist-
ing of the highest L81 concentration and 0.5% (w/w) of KCl, lipase
preferentially separated to the micelle-rich phase and purification

increased by 7.2-fold. The lipase was recovered in bottom phase
with the yield of 89% and partition coefficient of 0.34.

On the other hand, hydrophilic proteins (alkaline protease, lyso-
zyme, pyruvated decarboxylase, bovine serum albumin) exhibited
poor partitioning into the detergent-rich phase with K-values near
1.0 in a C14-based system [36]. Nonionic surfactants have been
used to solubilize proteins that are membrane-associated without
loss of their biological activity. During solubilization, the nonionic
surfactant replaces most lipid molecules in contact with the
hydrophobic domain of the amphiphilic protein and leads to the
formation of a soluble protein-surfactant mixed micelle [16].

The difference between the physicochemical environments in
the micelle-rich and in the micelle-poor phases forms the basis
for an effective separation and makes ATPMS a convenient and
potentially useful method for the separation, purification and con-
centration of biomaterials [31]. According to our results, the micel-
lar system was the most suitable method for lipase extraction
produced by L. scottii L117. Nevertheless, improvements may be
achieved by studying other parameter in APTMS extraction of this
lipase, such as the use of varying salts in the formulation. Early
members of the Hofmeister series could lead to a greater salting
out effect increasing partitioning of lipase to micellar rich phase,
increasing solvent surface tension [37,38]. Interestingly, APTMS
can be applied in extractive fermentation, and was indeed used
before presenting interesting results (4.2-fold concentration and
1.3-fold in purification factor) [39], a similar approach can be used,
using the results obtained so far to guide these next step.

Other methods can be used for the purification of lipases, such
as reverse micellar extraction, with interest results (15-fold purifi-
cation, 80% recovery and 2.5-fold concentration), nevertheless this
approach uses large volumes os organic solvents which would
require reutilization or waste treatment [40]. Another possible
method is ionic liquids extraction, which is a new approach, but
still need more studies to demonstrate its applicability. Currently,
there are few studies in this area, although lipase extraction was
evaluated, but from a commercial source [40]. A traditional
method used is precipitation, which gives a high average yield
~85%, have interesting characteristics as ATPMS, easily scalable,
low interference of non-protein materials. Nevertheless, as ATPMS,
it must be used in early purification steps follow by chromato-
graphic steps [41]. Chromatographic steps, on other hand, require
crude separation steps in order to remove non-protein contami-
nants, but generate high purification folds per step, although yield
generally are low [41].

A crude lipase extract was evaluated to define the optimum pH
and temperature, and yielded results consistent with an acid lipase
(optimum pH 5.0). Yeasts usually express alkaline lipases [1,42],
although Candida viswanathii does express a lipase with an opti-
mum pH of 3.5 and stability in acidic conditions after 24 h [43].

Although L. scottii L117 was isolated from Antarctic marine sed-
iments, its lipase reached optimal activity at 40 °C. The lipase
remained stable in pH values ranging from pH 3.0 to 8.0 and tem-
peratures from 20.0 to 45.0 °C, with relative residual lipase activity
above 80% after 30 min of incubation. These results have important
consequences for the potential uses of this enzyme. Other lipases
produced by Antartic microorganisms also displayed high optimal
temperatures, in particular the thermostable lipase B (CalB) pro-
duced by Pseudozyma antarctica [44]. Lipase produced by Bacillus
pumillus isolated from Antarctic soil samples had optimal activity
temperature of 40 °C [45].

5. Conclusion

Purification of lipase from unclarified cultures of L. scottii L117
was more efficient with an ATPMS. Lipase preferentially parti-
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tioned into the micelle-rich phase (Kyp=7.76 and 4.77, %
RECg,: = 93.85% and 73.53% and PF = 1.2 and 1.97), indicating that
the ATPMS represents an alternative to purification/extraction of
lipase L. scottii L117.

To maximize enzyme recovery, we recommend shorter parti-
tion times, which in addition to yielding higher Ki;p, generate lower
operation costs. Interestingly, values of %ABy,, Kiip and %RECge¢
obtained at 25 °C were relatively higher than at 30 °C, indicating
that partitions can be performed at room temperature. Altogether,
our results point to a highly recommended system for the purifica-
tion of lipase from L. scottii L117, and with potential to be adapted
for other labile biomolecules. The simplicity of ATPMS in the
extraction/purification of lipase from unclarified broth produced
by L. scotti L117 is differential in this approach.
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