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ARTICLE INFO ABSTRACT
Article history: Ionic liquids (ILs) have evolved as a new type of non-aqueous solvents for biocatalysis, mainly due to
Received 16 July 2012 their unique and tunable physical properties. A number of recent review papers have described a variety
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of enzymatic reactions conducted in IL solutions, on the other hand, to improve the enzyme’s activity
and stability in ILs; major methods being explored include the enzyme immobilization (on solid sup-
port, sol-gel, etc.), protic ionic liquids used as an additive process. The immobilization of the lipase
from Burkholderia cepacia by the sol-gel technique using protic ionic liquids (PIL) as additives to protect

ﬁ?::gms" against inactivation of the lipase due to release of alcohol and shrinkage of the gel during the sol-gel
Immobilization process was investigated in this study. The influence of various factors such as the length of the alkyl
Sol-gel chain of protic ionic liquids (monoethanolamine-based) and a concentration range between 0.5 and 3.0%
Protic ionic liquids (w/v) were evaluated. The resulting hydrophobic matrices and immobilized lipases were characterised

with regard to specific surface area, adsorption-desorption isotherms, pore volume (V,,) and size (dp)
according to nitrogen adsorption and scanning electron microscopy (SEM), physico-chemical properties
(thermogravimetric — TG, differential scanning calorimetry — DSC and Fourier transform infrared spec-
troscopy - FTIR) and the potential for ethyl ester and emulsifier production. The total activity yields (Y,)
for matrices of immobilized lipase employing protic ionic liquids as additives always resulted in higher
values compared with the sample absent the protic ionic liquids, which represents 35-fold increase in
recovery of enzymatic activity using the more hydrophobic protic ionic liquids. Compared with arrays of
the immobilized biocatalyst without additive, in general, the immobilized biocatalyst in the presence of
protic ionic liquids showed increased values of surface area (143-245m? g-') and pore size (19-38 A).
Immobilization with protic ionic liquids also favoured reduced mass loss according to TG curves (always
less than 42.9%) when compared to the immobilized matrix without protic ionic liquids (45.1%), except
for the sample containing 3.0% protic ionic liquids (46.5%), verified by thermogravimetric analysis. Ionic
liquids containing a more hydrophobic alkyl group in the cationic moiety were beneficial for recovery of
the activity of the immobilized lipase. The physico-chemical characterization confirmed the presence of
the enzyme and its immobilized derivatives obtained in this study by identifying the presence of amino
groups, and profiling enthalpy changes of mass loss.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction as esterification, transesterification and hydrolysis [1-5]. Among
them, the lipase from Burkholderia cepacia is distinguished by its

Lipase (EC 3.1.1.3) is an important enzyme with a wide vari- ability to carry out organic synthesis, a feature of great inter-
ety of applications in the food, fine chemical and pharmaceutical est to industry [6]. The economy of biocatalytic processes can

industries due to the multiplicity of reactions it catalyses, such be improved by improving the reuse and/or the enzyme itself,
may improve performance of the enzyme under optimal condi-

tions of reaction process (e.g., temperatures of alkalinity, acidity,
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in immobilized forms, involving a variety of both support materials
and immobilization methods [6,9].

Compared to chemical methods to immobilize enzymes,
physico-chemical methods, especially sol-gel encapsulation, mak-
ing it a powerful tool for improving the properties of biomolecules
immobilized for use as biosensors or biocatalysts [10,11]. A very
large number of biomolecules have been immobilized by sol-gel
techniques, and generally give better enzymatic activity and sta-
bility; however, there are also some disadvantages in the process
of sol-gel immobilization [12]. One is shrinkage of the gel during
the process of condensation and drying, which can cause denatur-
ation of the enzyme. In addition, the slow diffusion of molecules of
substrate for the enzyme within the sol-gel matrix hinders the cat-
alytic activity of the immobilized enzyme in materials with a pore
diameter smaller than 20 A [13].

One way to overcome these drawbacks could be the use of
additives to stabilize enzymes and assist in gel formation within
arrays. Recently the use of aprotic ionic liquids as additives in the
immobilization process has been reported, which could increase
the activity and stability of immobilized enzymes by altering the
hydration shell of the enzyme and reducing shrinkage of the gel
[14]. They can also affect the physical properties of the gel by par-
ticipating in condensation reactions with free silanol groups [14].

Studies of various additives such as ionic liquids (ILs) have
recently been suggested as agents that can stabilize enzymes, pro-
tecting the hydration shell around the enzyme and/or causing
conformational changes leading to permanent activation of the
enzyme [15]. Lee et al. [16] reported that the process of immobiliz-
ing the Candida rugosa lipase using the sol-gel technique showed
high stability and increased enzyme activity, about 10 times over
that of the lipase in free form. The positive influence of the use of
aprotic ionic liquids was also reported by Zarcula et al. [17] using
[Cgmim][BF4] in the process of immobilizing the lipase from Pseu-
domonas fluorescens in hybrid sol-gel matrices as an additive; the
results obtained with the immobilized biocatalyst showed total
income generally exceeding 100%. The use of aprotic ionic liquids
is also reported as additive on the activity and regioselectivity of
Rhizomucor miehei lipase immobilized, showing that the affinity of
the enzyme for the substrate increased in the presence of ILs more
hydrophobic [18]. In fact, aprotic ionic liquids based on cations pri-
marily in imidazolium and pyridinium showed satisfactory results
in the immobilization of enzymes; however, the use of ionic lig-
uids still has high costs of synthesis, which hinders the industrial
application and can be toxic to enzyme [17,19].

Alvarez et al. [20] report that the ionic liquids obtained from
amines, organic and inorganic acids, the so-called protic ionic lig-
uids (PIL), feature low cost and simplicity of synthesis, favouring
different applications including industrial applications. Moreover,
the protic ionic liquids (PILs) have been demonstrated to be
biocompatible with lipases, showing high activity and enantiose-
lectivity in these media [21].

Potential applications have been identified for the use of PIL with
proteins, such as dissolving hydrophobic ligands (e.g., ferrocene), to
incorporate them into a protein crystal, improving the solubility of
some proteins and improving monodispersity of proteins, as a pre-
cipitating agent and as an additive [22]. In particular, the potential
of ionic liquids leads to implementing them as additives in the pro-
cess of sol-gel immobilization, for the purpose of protecting against
inactivation of enzymes due to release alcohol and shrinking of the
gel during the encapsulation process.

This study aimed to immobilize the B. cepacia lipase in
hydrophobic matrices obtained by a sol-gel technique in the pres-
ence of various protic ionic liquid alkyl chains with different C;, C3,
C4 and Cs, in addition to varying the content of a particular ionic
liquid additive - Cs (0.5-3.0%, w/v), which has hitherto not been
reported, with physico-chemical properties of ammonium-based,

assessing the total yield of recovered activity, potential production
of ethyl esters and emulsifiers, and physical-chemical properties
of the immobilized derivatives.

2. Experimental
2.1. Materials and reagents

Lipase from B. cepacia (Amano Lipase) was purchased from SIGMA - ALDRICH
(Japan). The silane precursor tetraethoxysilane (TEOS) was supplied by Across
Organic (NJ, USA) and used without further purification. Ethanol (minimum 99%
pure), ammonia (minimum 28% pure), hydrochloric acid (minimum 36% pure) and
gum Arabic were obtained from Synth (Sdo Paulo, Brazil). Water was purified by
reverse osmosis and deionized through a Milli-Q four-cartridge organic-free water
purification system. The protic ionic liquids used are shown in Table 1. Other chem-
icals were of analytical grade and used as received.

2.2. Encapsulation of lipase from B. cepacia in sol-gel matrices

A methodology previously established by Patent PI0306829-3 [23] was used,
and is briefly described as follows: 30 mL of TEOS was dissolved in 36 mL of abso-
lute ethanol under an inert nitrogen atmosphere. To this, 0.22 mL of hydrochloric
acid was dissolved in 5 mL of slowly added ultra-pure water, and the mixture was
agitated (200 rpm) for 90 min at 35°C. Lipase from B. cepacia (870.71 U) was dis-
solved in a solution of 10 ml of water, to which were simultaneously and separately
added 1% (w/v) of the protic ionic liquids Cy, C3, C4 and Cs. As PIL-Cs has proven
to be the best additive (see Section 3.1), we also evaluated the effect of varying the
amount of the additive added (0.5-3.0% w/v). 1.0 mL of ammonium hydroxide dis-
solved in 6.0 mL of ethanol (hydrolysis solution) were added to the sol-gel reaction,
and the mixture was kept under static conditions for 24 h to complete polyconden-
sation. The bulk gel was then washed with heptane and acetone and dried under
vacuum at room temperature for 72 h. For comparison purposes, the encapsulated
lipase (EN) from B. cepacia was prepared similarly in the absence of IL (EN-AIL), and
pure silica sol-gel (PS) was prepared in the absence of the enzyme or additives. The
sol-gel matrix immobilized lipases were designated: EN-C,, EN-C3, EN-C4, EN-C5
and EN-C5-0.5, EN-C5-1.0, EN-C5-2.0, EN-C5-3.0.

2.3. Enzymatic activity

Enzymatic activities of the free and immobilized lipase samples were assayed by
the olive oil emulsion method according to a modification used by Soares et al. [24].
The substrate was prepared by mixing 50 mL of olive oil with 50 mL of gum Arabic
solution (7% w/v). The reaction mixture containing 5 mL of the oil emulsion, 4 mL
of sodium phosphate buffer (0.1 M, pH 7.0) and either free (1.0 mL, 0.1 mgmL-') or
immobilized (250 mg) lipase was incubated in a thermostated batch reactor for
either 5 min (free lipase) or 10 min (immobilized lipase) at 37 °C. A blank titration
was done using a sample in which the enzyme was replaced with distilled water.
The reaction was stopped by the addition of 2 mL of acetone-ethanol-water solution
(1:1:1). The liberated fatty acids were titrated with potassium hydroxide solution
(0.04 M) in the presence of phenolphthalein as an indicator. All reactions were car-
ried out in triplicate. One unit (U) of enzyme activity was defined as the amount
of enzyme that liberated 1 wmol of free fatty acid per min (wmol min~') under the
assay conditions (37°C, pH 7.0, 80 rpm).

Analyses of hydrolytic activities were carried out on the lipase loading solution
and bioencapsulated preparations to determine the total activity recovery yield, Y,
(%), according to Eq. (1):

U,
Y, = UZ x 100 (1)
where Us is the total enzyme activity recovered on the support and U, is the enzyme
units offered for immobilization.

2.4. Ethyl esters and emulsifier production

Transesterification reactions catalysed by the lipase from B. cepacia were
performed under the conditions proposed by Noureddini et al. [10]. The transesteri-
fication reactions were carried out in batch reactors, submerged in a thermostatic
bath to keep each mixture at constant temperature and under agitation. The reac-
tion was initiated by mixing soybean oil and ethyl alcohol (ratio 1:15.2), 0.075g
water, and lastly the free or immobilized B. cepacia (EN-AIL or EN-Cs), as PIL-Cs
proved to be the most potent additive (see Section 3.1). The equivalent of 38.3 U of
enzyme were added to each sample. Aliquots were removed at different time inter-
vals and analysed by a GC gas chromatograph equipped with a CARBOVAX (30 m x
0.25mm x 0.25 wm) column. Column temperature was initially kept at 140°C for
1 min, increased to 180°C at a rate of 4°C per minute, maintained for 2 min, then
increased to 230°C at a rate of 10°C per minute, where it was maintained for a fur-
ther 10 min. The temperatures of the injector and detector were set to 250 °C. Ethyl
ester conversion (%) was defined as the observed amount of product divided by the
theoretical yield if all the soybean oil was converted.
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