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a  b  s  t  r  a  c  t

Here  we  report the  stereoselective  hydrolysis  of racemic  esters  catalyzed  by  Candida  rugosa  lipase  (CRL)
and Rhizopus  oryzae  lipase  (ROL)  immobilized  on  octyl-sepharose  via  physical  adsorption.  Hydrophobic
immobilization  caused  to  almost  six  fold hyperactivation  with  229.2  and  81.3  U/mg  enzyme  for  immo-
bilized  CRL  and ROL,  respectively  (13.2  and  48.75  U/mg  for corresponding  free  enzyme).  Based  on the
preliminary  results,  CRL  was  chosen  for further  investigation.  The  performance  and  yield  of the reaction
were  evaluated  as a function  of the  critical  reaction  parameters  such  as temperature,  enzyme  to  substrate
ratio  and  organic  co-solvent.  An  increase  in  the  temperature  resulted  to  decrease  in  enantioselectivity
of  hydrolysis  reaction.  The  hydrolysis  reactions  were  carried  out  in  presence  of  two  organic  solvents;
n-hexane  and  isooctane.  Generally  n-hexane  was  a better  co-solvent  compared  to  isooctane.  High  enan-
tioselective  hydrolysis  of  the  racemic  esters  (yielding  S(+)  ibuprofen;  ee ≥  95%)  can  be achieved  using
R,S)-ibuprofen the  immobilized  CRL.  Among  various  esters  the  kinetic  resolution  of  ibuprofen  butyl  ester  yielded  the
best  results  (E value  70 and  74;  conversion  14.6 and  8.9 in  n-hexane  and  isooctane,  respectively).  The
immobilized  derivatives  were  re-used  in  four  cycles  and  showed  little  decrease  in enantiomeric  excess
of (S)-ibuprofen.  96.7  eep and conversion  14.6  in first  cycle  reached  to 90.5  eep and  conversion  11.3  in  the
forth  cycle.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Lipases (triacylglycerol hydrolases, EC 3.1.1.3) have the natu-
al catalytic function of hydrolysis of triglycerides with subsequent
elease of free fatty acids. They are also most commonly used
nzymes in organic synthesis in various reactions such as esterifi-
ation, transesterification and aminolysis [1]. Therefore, lipases are
owadays extensively studied for their potential industrial appli-
ations. In this point of view, they are mainly used as biological
atalysts to manufacture other products (such as food ingredients)
nd by their application in making fine chemicals [2]. Furthermore,
ecause of high enantioselectivity of lipases, lipase catalyzed reso-

ution of racemate drugs (i.e. ibuprofen) is increasingly used among
ll methods such as asymmetric synthesis [3].
Ibuprofen as a non-steroidal anti-inflammatory drug (NSAID) is
nown as one of the most commercially successful and important
lasses of analgesic anti-inflammatory drugs used in the treatment

∗ Corresponding author.
E-mail address: z habibi@sbu.ac.ir (Z. Habibi).

ttp://dx.doi.org/10.1016/j.molcatb.2014.03.005
381-1177/© 2014 Elsevier B.V. All rights reserved.
of headache, rheumatoid arthritis, cephalgia and muscular strain
[4]. All profens have a stereogenic centers which is the carbon bear-
ing carboxyl group. The (S)-enantiomer of ibuprofen has the desired
therapeutic effect (160 times more active than its (R)-enantiomer)
in the in vitro inhibition of prostaglandin synthesis, while the (R)-
ibuprofen is inactive and can cause side effects affecting to the
gastrointestinal tract, normal lipids metabolism and membrane
function [5,6].

In spite of interesting performance of lipases, their applica-
tion in industrial level is limited most importantly because of
their prohibitive cost and requires in many instances, recovery and
reuse of the enzyme to make an economically feasible process [7].
Therefore, there is a great interest in methods trying to develop
useful biocatalysts for industrial applications by improvement of
their catalytic properties such as activity, stability and recycling
capacity. Such improvements can be carried out by immobiliza-
tion of lipases on insoluble supports which enabling easy control

of the reaction, avoiding contamination of the product by enzymes,
permitting their reuse over many reaction cycles and simplify-
ing the overall design and performance control of the bioreactors
[8,9].

dx.doi.org/10.1016/j.molcatb.2014.03.005
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcatb.2014.03.005&domain=pdf
mailto:z_habibi@sbu.ac.ir
dx.doi.org/10.1016/j.molcatb.2014.03.005
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Considering this requirement as an opportunity, many
esearchers have tried to convert this requirement into a powerful
ool to greatly improve enzyme performance [10–14]. For exam-
le multipoint covalent immobilization of a monomeric enzyme
esulted to generate a favorable environments surrounding the
nzyme thus improving its stability [15]. Also multimeric enzymes
ave been stabilized by immobilizing all enzyme subunits, thus
reventing subunit dissociation [16]. In both cases, immobilization

s compatible with other strategies (i.e. chemical modification) to
ield a more stable biocatalyst [17].

Among all immobilization types, physical adsorption of lipases
n hydrophobic supports in low ionic strength is an efficient and
imple method for immobilization due to particular physicochem-
cal character of these enzymes [18]. A characteristic feature of
ipases is their activation in the presence of hydrophobic interfaces
19]. This lipase activation at interfaces was first reported by Sarda
nd Desnuelle [20] and now through X-ray structural studies of a
umber of lipases, it is recognized as a common feature [21–29].
ipases present a specific catalytic mechanism of action, existing in
wo structural forms, the closed one; where a polypeptide chain
lid or flat) isolates the active center from the medium and the
pen form; where this lid moves and the active center is exposed
30,31]. In the hydrophobic interfaces important conformational
hanges take place yielding the open structure of lipases result-
ng in a significant increase in activity. In this way, lipases seem
o become strongly adsorbed to hydrophobic interfaces through a
arge hydrophobic surface which surrounds the internal face of the
id [23]. The complexity of the interfacial activation mechanisms of
ipases may  cause some difficulties in understanding and control-
ing the behavior of lipases in organic synthesis at both laboratory
nd industrial scales. However this mechanism could also be used
s a ‘tool’ to develop a simple method for lipase immobilization
32].

Among different types of lipases, Candida rugosa lipase (CRL)
hizopus oryzae lipase (ROL) and Rhizomucor miehei lipase (RML)
ave been used frequently in biotransformation [33,34]. The molec-
lar sizes of CRL, ROL and RML  are 57, 32 and 31.6 kDa, respectively
26,35]. RML  is probably the most used lipase obtained from fungi,
ven being used as a model for the determination of the struc-
ure of some other lipases due to the deep knowledge of its three
imensional structure [36]. It is commercially available enzyme in
oth soluble and immobilized form with very high activity and
ood stability under diverse conditions (anhydrous organic sol-
ents, supercritical fluids, etc.) [37]. Among these lipases, ROL is a
igh cost lipase which needs to bring the cost down for its industrial
pplications. In this case, improving the lipase performance using
mmobilization techniques and increasing the expression level of
OL can be the powerful ways to lower operating costs of the
nzyme [38].

In our previous work we have reported immobilization of
. miehei lipase (RML) via different protocols such as physical
dsorption and covalent attachment to catalyze hydrolysis of var-
ous ibuprofen esters. The results showed that RML immobilized
n octyl-sepharose had high activity and selectivity and butyl
ster was the most interesting ester for carrying out hydrolysis
39].

The aim of the present investigation is development of an enzy-
atic method for the production of the S-enantiomer of ibuprofen.

or this purpose CRL and ROL were immobilized on octyl-sepharose
ia physical adsorption and their application was examined in
wo distinct reactions; (1) esterification of (R,S)-ibuprofen by n-
ropanol in presence of two ionic liquid and isooctane and (2)

esolution of various (R,S)-ibuprofen esters by hydrolysis. The opti-
ization of hydrolysis reaction was performed regarding to the

mount and activity of the immobilized lipase. Enantioselectivity
f reused immobilized lipases has also been studied.
lysis B: Enzymatic 104 (2014) 87–94

2. Materials and methods

2.1. Materials

Ibuprofen was  extracted from the readily marketed tablets
according to literature procedure [40]. p-Nitrophenyl butyrate

(p-NPB), Octyl-sepharose TM,  molecular sieves (4 ´̊A,  4–8 mesh), (S)-
(+)-Ibuprofen (purity 99%), Lipase from C. rugosa and lipase from
R. oryzae were obtained from Sigma (Steinhiem, Germany). Other
reagents and solvents were of analytical or HPLC grade.

2.2. Immobilization of the lipases on octyl-sepharose

One gram of o ctyl-sepharose was  suspended in 10 mL  of enzyme
solution of ROL, and CRL (0.5 mg/ml) in 10 mM sodium phosphate
buffer at pH 7.0, and the mixture was shaken at 25 ◦C and 250 rpm
for 3 h. Thereafter, the immobilized enzyme was washed with dis-
tilled water 20 mL  (three times) and stored at 4 ◦C. Suspension
sample and the supernatants were withdrawn periodically, and the
hydrolytic activity was  measured using p-NPB as substrate.

2.3. Synthesis

2.3.1. General method for the chemical synthesis of ibuprofen
esters (1–5)

To a solution of 0.1 mol  of the racemic acid in 100 ml  toluene,
0.5 mol  of corresponding alcohol (methanol, ethanol, propanol,
n-butanol and iso-butanol) was added followed by few drops of
sulphuric acid (98%) [41]. The mixture was stirred under reflux
over night and the solvent was evaporated under vacuum and the
residue was  neutralized with 10% sodium hydrogen carbonate. The
ester was extracted twice with 50 ml  chloroform and then dried
over anhydrous sodium sulphate. After filtration, the solvent was
evaporated under vacuum to afford the racemic ibuprofen esters.

2.3.1.1. Ibuprofen methyl ester (1). Pale yellowish oil (100%): 1H
NMR  (CDCl3) ı 7.1–7.3 (dd, 4H, aromatic), 3.7 (q, 1H, CHCH3), 3.6
(s, 3H, OCH3), 2.4 (d, 2H, CH2CH(CH3)2), 1.9 (m,  1H, CH(CH3)2), 1.5
(d, 3H, CHCH3), 0.9 (d, 6H, CH(CH3)2).

2.3.1.2. Ibuprofen ethyl ester (2). Pale yellowish oil (100%): 1H NMR
(CDCl3) ı 7.1–7.2 (dd, 4H, aromatic), 4.1 (q, 2H, OCH2 CH3), 3.7 (q,
1H, CHCH3), 2.4 (d, 2H, CH2CH(CH3)2), 1.8 (m, 1H, CH(CH3)2), 1.5
(d, 3H, CHCH3), 1.2 (t, 3H, OCH2CH3), 0.9 (d, 6H, CH(CH3)2).

2.3.1.3. Ibuprofen propyl ester (3). Pale yellowish oil (100%): 1H
NMR  (CDCl3) ı 7.1–7.2 (dd, 4H, aromatic), 4.0 (q, 2H, OCH2 CH3), 3.7
(q, 1H, CHCH3), 2.5 (d, 2H, CH2CH(CH3)2), 1.8 (m,  1H, CH(CH3)2), 1.6
(m,  2H, OCH2CH2CH3), 1.5 (d, 3H, CHCH3), 0.9 (t, 3H, OCH2CH2CH3),
0.8 (d, 6H, CH(CH3)2).

2.3.1.4. Ibuprofen butyl ester (4). Pale yellowish oil (100%): 1H NMR
(CDCl3) ı 7.1–7.3 (dd, 4H, aromatic), 4.0 (t, 2H, OCH2CH2CH2CH3),
3.7 (q, 1H, CHCH3), 2.4 (d, 2H, CH2CH(CH3)2), 1.8 (m,  1H,
CH(CH3)2), 1.5 (m,  2H, OCH2CH2CH2CH3), 1.4 (d, 3H, CHCH3),
0.9 (m,  2H, OCH2CH2CH2CH3), 0.8 (d, 6H, CH(CH3)2), 0.8 (t, 3H,
OCH2CH2CH2CH3).

2.3.1.5. Ibuprofen isobutyl ester (5). Pale yellowish oil (100%): 1H

NMR (CDCl3) ı 7.1–7.3 (dd, 4H, aromatic), 3.9 (t, 2H, OCH2
CH(CH3)2), 3.7 (q, 1H, CHCH3), 2.4 (d, 2H, CH2CH(CH3)2), 1.9 (m, 1H,
CH(CH3)2), 1.5 (m,  2H, OCH2 CH(CH3)2 and CH2CH(CH3)2), 1.4 (d,
1H, 3H, CHCH3), 0.9 (d, 6H, CH(CH3)2), 0.8 (d, 6H, OCH2 CH(CH3)2).
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Table 1
Immobilization of the lipases on octyl-sepharose.a

Enzyme derivative Immobilization
yieldb (%)

Activityc (U/g
support)

Specific activityd

(U/mg enzyme)

Free enzyme ROL – – 13.2
Free  enzyme RMLe – – 2.01
Free enzyme CRL – – 48.75

Octyl-RML >98 2.8 13.6
Octyl-ROL >98 16.5 81.3
Octyl-CRL >98 46.7 229.2

a Immobilizations were performed as described in Section 2.
b The activity was measured at 25 ◦C toward a solution of p-nitrophenyl butyrate

(4  ml  in 16 ml  of 100 mM phosphate buffer pH 7). The activity is expressed as U/g of
support. U = �mol  of substrate hydrolysed per minute.

the enantioselective esterification of racemic ibuprofen with 1-
propanol in isooctane and two  ionic liquids [BMIM]BF4, [BMIM]PF6.
In Table 2 the results obtained during 120 h of reaction are
presented. Conversion degrees increase in two ILs compared to

Table 2
Enzymatic parameters of the lipase-catalyzed enantioselective esterification.

Isooctane [BMIM]BF4 [BMIM]PF6

ca ees
b Eb ca ees

b Eb ca ees
b Eb

Octyl-CRL 15.5 1.06 1.13 27.1 3.43 1.24 31.0 3.47 1.21
Octyl-ROL 9.5 1.21 1.27 20.4 1.00 1.09 21.1 2.40 1.22
Octyl-RMLc 11.6 1.36 1.24 23.1 1.95 1.16 28.2 3.34 1.22
M. Yousefi et al. / Journal of Molecula

.3.2. General procedures for enantioselective esterification of
buprofen

In a 15 ml  reaction vial, the appropriate racemic acid
0.05 mmol) and n-propanol (0.15 mmol), were dissolved in

 ml  organic solvent (isooctane) or ionic liquids ([BMIM]BF4 or
BMIM]PF6) in presence of molecular sieves (Scheme 1). The mix-
ure was stirred and heated at 40 ◦C. Thereafter, 50 �L of the
amples were withdrawn and injected at zero time (control). The
mmobilized enzymes (20 mg)  were added and 50 �L sample of the
upernatant was withdrawn and directly injected to GC without
ilution or workup at several time intervals.

.3.3. General procedure for enzymatic hydrolysis of ibuprofen
sters

The hydrolysis of racemic esters was carried out as follows: in
 15 ml  reaction vial, the appropriate racemic ester (0.02 �mol)
as dissolved in 2 ml  organic solvent (n-hexane or isooctane) fol-

owed by addition of 2 ml  of 0.1 M sodium phosphate buffer, pH
.0 (Scheme 2). The reaction mixture was stirred at 30, 40, 50
nd 60 ◦C and then 50 �L sample of the organic solvent aliquot
as withdrawn and injected at zero time (control). The immobi-

ized derivatives (10 and 20 mg)  were added to the reaction vessel
nd the reaction mixture was shaken at 100 rpm for 72 h. 50 �L of
he organic solvent aliquot was withdrawn directly at several time
ntervals from the organic layer. The samples used directly without
ilution for GC analysis. The amount of ibuprofen (the conversion
egree) formed during the reaction and the enantiomeric excess of
he (S)-enantiomer was determined by GC.

.4. Analysis

.4.1. Enzymatic activity assay
The activities of the soluble lipase and its immobilized prepa-

ations were analyzed spectrophotometrically measuring the
ncrement in absorbance at 348 nm (∈ = 5150 M−1 cm−1). The
ncrease in absorbance produced by the release of p-nitrophenol
pNP) in the hydrolysis of 0.4 mM pNPB in 25 mM sodium phosphate
uffer at pH 7.0 and 25 ◦C. To initialize the reaction, 0.05–0.2 ml  of
he lipase solution (blank or supernatant) or suspension was added
o 2.5 ml  of substrate solution under magnetic stirring [38].

.4.2. Chromatographic analysis
Gas chromatography was performed using a Thermoquest-

innigan (USA) gas chromatograph equipped with flame
onization detector (FID) and a HP-CHIRAL-20B column
30 m × 0.32 mm × 0.25 �m).  Injector temperature was 260 ◦C
nd the detector was 300 ◦C; oven temperature was maintained
t 178 ◦C. Carrier gas was helium with a flow rate of 0.7 ml/min.
S)-(+)-Ibuprofen (purity 99%) at above condition had retention
ime 12.8 min  and retention time of (R)-(+)-Ibuprofen in racemic

ixture was 13.5 min. An external standard method was  employed
o quantify the amount of ester and the remaining acid [42].

.4.3. Enantioselectivity-value (E-value) measurements
The value of enantioselectivity (E-value) was calculated from

he enantiomeric excess of the substrate (ees) and the conversion
egree (c) according to the equation described by Chen et al. [42].

 = ees (1)

ees + eep

 = ln[(1 − c)(1 − ees)]
ln[(1 − c)(1 + ees)]

(2)
c The specific activity is expressed in U/g of support.
d The activity is expressed in U/mg enzyme.
e Rhizomucor miehei lipase.

3. Result and discussion

3.1. Immobilization on octyl-sepharose

From the comparison of the specific activities, it seems that the
enzymes immobilized on octyl-sepharose derivatives are hyper-
activated. This over activation can be attributed to the fixation of
the open structure of the enzyme on the hydrophobic surface of
the support [43]. As can be seen in Table 1, excellent immobi-
lization yield was achieved in each case. The immobilization on
octyl-sepharose afforded the derivatives with a high specific activ-
ity (seven-fold higher than that of the free enzyme) which is same
as Guisan’s group report. They reported immobilization of different
lipases by interfacial activation on four different hydrophobic sup-
ports (hexyl- and butyl-toyopearl and butyl- and octyl-agarose).
The results showed that different supports resulted in different
activity, ranging from a seven fold hyperactivation to almost fully
inactive biocatalysts. Octyl-agarose was  the most specific support
on the lipase adsorption [44].

3.2. Lipase catalyzed enantioselective esterification of ibuprofen

Solvent selection for enzymatic reactions is of great importance
due to the inherent ability of solvents to deactivate enzymes, as
is the case with hydrophilic solvents. The use of ionic liquids to
replace organic solvents in enzymatic processes has recently gained
much attention [45]. There have been many reports of enzymatic
catalysis in ionic liquids and also the effect of ionic liquid media
on the enantioselectivities of these transformations [46–49]. Good
activities and in many cases, improved enantioselectivities were
observed compared with the same reaction in organic solvents [50].

The immobilized lipases were tested for their ability to catalyze
a The lipase activity was defined as the conversion of ibuprofen after five days.
b E was calculated as Eq. (2); where c is substrate conversion and ees is enan-

tiomeric excess of the remaining substrates.
c The date for octyl-RML has been reported in our previous paper and only given

for  comparison [35].
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racemic ibuprofen (S

Scheme 1. Lipase-catalyzed enantios

sooctane but the enantioselectivities are almost the same for both
olvents implying that ionic liquid does not improve enantiose-
ectivity of lipases immobilized on octyl-sepharose. No further
nvestigations were carried out because of poor conversions and
nantioselectivities during the reaction in all solvents.

.3. Enantioselectivity of lipases immobilized on octyl-sepharose
oward different ibuprofen esters

As mentioned above, due to the poor results for enzymatic
sterification of ibuprofen, various racemic ibuprofen esters were
ynthesized (1–5) chemically and lipase-catalyzed enantioselec-
ive hydrolysis was carried out as a model reaction to investigate
he performance of these biocatalysts. In order to obtain the cor-
esponding S-ibuprofen in optically pure form, ibuprofen butyl
ster was selected for further investigation to find the higher con-
ersion and enantioselectivity. Moreover regarding to the high
nantioselectivity of octyl-CRL (Table 3), it was subjected to further
nvestigation in hydrolysis reaction.

.4. Lipase-catalyzed enantioselective hydrolysis of ibuprofen
sters

In fact, lipases are capable of catalyzing the hydrolysis of both of
he enantiomers of their substrates, but at different rates [51]. The
ifference in the enantioselectivity values between various esters
eflects the individual susceptibility of the substrates to undergo
ifferent conformational changes and interfacial binding efficiency
ith the enzyme [52]. In this regard racemic methyl, ethyl, propyl,

utyl and iso-butyl ibuprofen esters were synthesized chemically
o study the effect of alkyl chain on reaction parameters such as
onversion and enantioselectivity. Since the synthesized racemic
sters are insoluble in water, the reactions were performed in a
iphasic system containing of sodium phosphate buffer (100 mM)
H 7.0/organic solvent (1:1). Despite that generally interfacial acti-
ation occurs before lipases take part in biochemical reactions [53],
ome of the reported lipase-catalyzed hydrolysis reactions were
arried out in aqueous phase. In a previous report, the ester was sus-
ended (if solid) or emulsified (if oil) in the aqueous phase (buffer)
orming an interface by which activation of the lipase occurs [54].
owever production of water insoluble product may  cause inhibi-

ion of the enzyme. Therefore to increase the conversion and reduce
he reaction time, co-solvent was added in the system. The sub-
trate dissolved in the co-solvent led to increase in the interfacial
rea available for the reaction. Organic solvents which were used

n reactions included isooctane (log P 4.5) and n-hexane (log P 3.5).
og P is a quantitative measure of solvent polarity. In general, bio-
atalytic processes in organic solvents having log P < 2 are low and
n polar solvents with log P between 2 and 4 are moderate [55]. The

OR

O

Lipase

Phosphate buffer/organic solvent

racemic ibuprofen esters

Scheme 2. Lipase-catalyzed enantiosele
rofen propyl ester (R)-ibuprofen

e esterification of racemic ibuprofen.

hydrolysis reaction in various amounts of immobilized enzymes
(5, 10 and 20 mg)  in four temperatures 30, 40, 50 and 60 ◦C was
carried out. As the conversion and enantioselectivity values were
low at 30 ◦C and 60 ◦C, the corresponding results are not reported.
It seems that the immobilized preparations lose their activities at
60 ◦C. Analysis of results was  performed using GC equipped with
the HP-CHIRAL-20B column. The results for kinetic resolution of
five ibuprofen esters (1–5) are shown in Tables 4–8 and some of GC
chromatograms are shown in Figs. 1 and 2.

3.4.1. Ibuprofen methyl ester
As can be seen in Table 4, for ibuprofen methyl ester the E-values

in n-hexane are higher than isooctane, all enantioselectivities have
remarkable decrease at 50 ◦C compared to 40 ◦C most probably
because of decrease in enzyme activity. The highest conversion at
30 ◦C was  achieved for 20 mg  of the immobilized enzyme (conver-
sion 10.2%, E 55.5). Increasing the operating temperature may  lead
to increase in solubility of the substrates which causes to simple
diffusion of substrate to immobilized enzyme where the reaction
takes place. However, further increase in temperature up to 50 ◦C
resulted in enzyme deactivation thereby decreasing the kinetic res-
olution of the substrate. There is a certain temperature range for
lipase at which the conformation of the enzyme is optimal [56].

The highest enantioselectivity for hydrolysis of ibuprofen
methyl ester was observed at 40 ◦C by using 5 mg of the immobi-
lized enzyme in n-hexane with eeP 96.3%, c 6.4 and E value of 56.1.
By increasing the amount of enzyme (20 mg)  conversion improves
to 47.1% with slight decrease in E value. This shows that the lipase
enantioselectivity is influenced by the amount of immobilized
enzyme. By considering both conversion and enantioselectivity the
best condition is obtained by using 20 mg  of octyl-sepharose at
40 ◦C. The highest optical purity of the product in isooctane was
observed at 40 ◦C and 20 mg  of octyl-CRL which gave 93.3% of enan-
tiomeric excess, conversion 38.9% and E 38.9 (Table 4).

3.4.2. Ibuprofen ethyl ester
In ethyl ester hydrolysis generally E values are lower than for

methyl ester and by increasing the immobilized enzyme, the con-
version of hydrolysis reaction is also increased. It can be concluded
from Table 5 that the hydrolysis of this substrate in 50 ◦C resulted in
decreasing enantiopreferences compared to 40 ◦C but enantioselec-
tivities in 50 ◦C are higher than 30 ◦C. As for methyl ester n-hexane
is a better co-solvent than isooctane. By considering all parame-
ters such as conversion degree the best condition in n-hexane is

achieved by 20 mg  of octyl-CRL which gives conversion 45.1% and
E value 32.1. 92.3% (eeP) of enantioselectivity was observed for 5 mg
of the immobilized enzyme at 40 ◦C with conversion 8.1% and 27.3
E value.

OH

O

(S)-ibuprofen

OR

O

(R)-ibuprofen ester

+

ctive hydrolysis of racemic esters.
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Table  3
Enzymatic parameters of the lipase-catalyzed enantioselective hydrolysis for different preparations of immobilized lipases.a

n-Hexane/phosphate buffer pH 7 (1:1) Isooctane/phosphate buffer pH 7 (1:1)

c ees eep E c ees eep E

Octyl-CRL 15.12 16.87 94.70 43.41 8.93 9.30 94.84 41.46
Octyl-ROL 3.76 0.10 2.66 1.05 0.97 0.51 5.15 1.10
Octyl-RMLb 77.12 96.85 28.73 6.18 9.73 8.12 75.33 7.69

a Experimental condition: temperature 40 ◦C; reaction time 72 h, 0.02 �mol  ibuprofen butyl ester in biphasic system containing 2 ml  organic solvent/2 ml  phosphate buffer;
10  mg immobilized enzyme.

b Rhizomucor miehei lipase.

Table 4
Hydrolysis of ibuprofen methyl ester by octyl-CRL.a

Enzyme (mg) − temperature (◦C) n-Hexane Isooctane

c ees eep E c ees eep E

5–30 6.4 4.9 71.8 6.39 4.9 2.9 56.9 3.7
5–40  6.4 6.6 96.3 56.1 9.8 9.7 89.4 19.7
5–50  9.4 9.7 93.4 32.3 22.1 24.2 85.5 16.2

10–30 7.7 6.0 71.94 6.50 8.3 7.9 87.6 16.4
10–40  35.3 51.2 93.7 51.8 41.2 58.9 84.3 21.3
10–50  40.9 60.7 87.7 28.5 24.7 28.8 87.8 20.5
20–30  10.2 11.09 97.7 55.5 9.7 8.27 76.8 8.2
20–40  47.1 80.6 90.6 50.1 38.9 30.0 93.3 38.9
20–50  48.0 74.6 80.8 20.9 37.4 50.0 83.9 18.8

a Experimental condition: reaction time 72 h, 0.02 �mol ibuprofen methyl ester in biphasic system containing 2 ml  organic solvent/2 ml sodium phosphate buffer at pH
7.0

Table 5
Hydrolysis of ibuprofen ethyl ester by octyl-CRL.a

Enzyme (mg) − temperature (◦C) n-Hexane Isooctane

c ees eep E c ees eep E

5–30 3.6 3.5 94.4 36.3 2.5 0.9 37.0 2.2
5–40  12.7 13.6 93.5 32.7 8.1 8.1 92.3 27.3
5–50  11.7 12.1 91.9 26.8 7.2 6.7 86.1 14.3

10–30 6.9 6.6 88.3 17.2 6.2 6.4 90.6 21.5
10–40  24.3 30.0 93.3 38.9 19.3 21.6 90.2 23.9
10–50  20.9 24.6 93.0 25.1 17.8 18.5 85.4 15.2
20–30  7.5 5.8 71.3 6.3 8.2 7.9 87.6 16.3
20–40  45.1 71.9 87.4 32.1 21.6 24.2 87.9 19.8

.3 

biphas

3

e
f
b
b
h
o
r

T
H

20–50  41.9 60.0 83

a Experimental condition: reaction time 72 h, 0.02 �mol  ibuprofen ethyl ester in 

.4.3. Ibuprofen propyl ester
As in the case of octyl-RML in our previous report [38]. The low-

st enantiopreferences among all examined esters were observed
or ibuprofen propyl ester (2.1–8.8). From results in Table 6 it can
e concluded that the highest conversion, eeP and E in n-hexane

elongs to 20 mg  of immobilized CRL at 40 ◦C. Also in isooctane
ighest reaction parameters were afforded at 40 ◦C and 20 mg
f enzyme. Similar to two previous ibuprofen esters n-hexane
esulted in better performance of enzyme and enantioselectivities

able 6
ydrolysis of ibuprofen propyl ester by octyl-CRL.a

Enzyme (mg) − temperature (◦C) n-Hexane 

c ees eep

5–30 1.3 0.56 40.4 

5–40  15.2 13.4 75.0 

5–50  15.8 9.0 48.1 

10–30  8.9 7.6 77.8 

10–40  29.1 26.5 64.5 

10–50  25.6 13.4 39.0 

20–30  9.6 5.8 54.5 

20–40  35.2 38.8 71.5 

20–50  43.8 48.0 61.6 

a Experimental condition: reaction time 72 h, 0.02 �mol  ibuprofen propyl ester in bipha
20.1 33.0 41.5 84.2 17.5

ic system containing 2 ml organic solvent/2 ml  sodium phosphate buffer at pH 7.0.

were decreased in 50 ◦C likely due to starting denaturation process
of enzyme. Like two  previous esters two  important parameters,
conversion (1.3–13.4%) and enantioselectivity (1.2–8.6) are very
low at 30 ◦C.
3.4.4. Ibuprofen butyl ester
There are some reports that butyl ester is among the best esters

in hydrolysis reactions [38,41,57,58]. In this investigation also butyl
ester showed higher optical purity in terms of the desired pure

Isooctane

E c ees eep E

2.4 1.1 0.103 9.0 1.2
7.9 8.3 4.4 48.5 3.0
3.1 11.6 4.5 34.5 2.1
8.6 9.7 8.2 76.8 8.2
5.9 8.0 3.7 42.5 2.5
2.6 11.7 4.4 32.3 2.0
3.6 13.4 6.3 40.6 2.5
8.6 31.7 33.8 72.8 8.8
6.7 35.0 24.9 46.3 3.4

sic system containing 2 ml  organic solvent/2 ml sodium phosphate buffer at pH 7.0.
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Table  7
Hydrolysis of ibuprofen butyl ester by octyl-CRL.a

Enzyme (mg) − temperature (◦C) n-Hexane Isooctane

c ees eep E c ees eep E

5–30 5.2 5.2 94.2 35.5 4.9 4.9 95.9 50.4
5–40  8.4 8.9 96.7 64.7 6.8 7.1 96.8 65.6
5–50  10.3 11.2 96.5 63.2 8.9 9.5 97.1 74.3

10–30 6.6 6.6 90.5 21.9 8.1 9.9 77.2 8.6
10–40  21.6 26.2 95.0 50.4 13.6 15.0 95.4 49.7
10–50  14.6 16.5 96.7 70.4 14.2 15.7 95.6 52.1
20–30  8.1 8.2 93.3 31.5 11.4 9.9 77.2 8.6
20–40  30.5 35.8 81.8 14.2 26.5 29.8 82.6 14.0
20–50  31.7 41.7 90.0 28.7 39.5 54.9 84.1 20.0

a Experimental condition: reaction time 72 h, 0.02 �mol  ibuprofen butyl ester in biphasic system containing 2 ml organic solvent/2 ml sodium phosphate buffer at pH 7.0.

Table 8
Hydrolysis of ibuprofen isobutyl ester by octyl-CRL.a

Enzyme (mg) − temperature (◦C) n-Hexane Isooctane

c ees eep E c ees eep E

5–30 5.6 0.42 75.0 7.02 5.3 4.9 87.6 16.0
5–40  6.5 5.7 81.3 10.3 8.6 3.7 90.9 20.0
5–50  7.9 7.04 82.0 10.9 7.3 7.0 89.8 19.9

10–30  7.6 7.4 89.5 19.4 7.7 7.2 86.8 15.2
10–40  36.0 46.2 82.1 16.0 13.7 15.2 95.7 53.0
10–50  14.7 14.6 84.9 14.0 10.7 11.3 94.9 43.0
20–30  6.8 6.6 90.5 21.4 4.8 4.7 92.2 25.9
20–40 22.0 23.8 71.3 7.5 1.4 1.2 84.4 11.9
20–50  27.2 29.4 78.7 11.1 4.5 3.9 83.9 11.9

 in bip
7

p
c
i
a
t

i
v
o

a Experimental condition: reaction time 72 h, 0.02 �mol  ibuprofen isobutyl ester
.0.

roduct (eeP) and the remaining less reactive substrate (eeS). In
ontrast to other esters, 10 ◦C increase in temperature resulted in
mprovement of conversion and enantioselectivities (Table 7). Rel-
tively high operating temperatures may  reduce the viscosity of
he substrate phase and thus assist the substrate diffusion [59,60].
The hydrolysis of ibuprofen butyl ester in isooctane with 5 mg  of
mmobilized enzyme at 50 ◦C gives the highest E-value 74.3, con-
ersion 8.9% and 97.1% eeP. The same results obtained with 10 mg
f immobilized enzyme at 50 ◦C in n-hexane with E-value 70.4,

Fig. 1. GC chromatograms of (R,S-ibup
hasic system containing 2 ml organic solvent/2 ml sodium phosphate buffer at pH

conversion 14.6% and 96.7% eeP. By considering the obtained results
it can be concluded that the ester group of butyl-ibuprofen ester
may  fit in more specific way  within the molecular recognition site
than that possessed by other esters.
3.4.5. Ibuprofen isobutyl ester
Enantioselectivities for isobutyl ibuprofen ester as for butyl ester

in n-hexane are higher than isooctane. Acceptable results were

rofen) (a) and (S)-ibuprofen (b).
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Fig. 2. GC chromatograms of some reactions (ibuprofen moiety). (a) Hydrolysis of
butyl ester in isooctane (5 mg  enzyme; 40 ◦C), conversion 6.8; eep 96.8; E 65.68;
(b) hydrolysis of butyl ester in n-hexane (10 mg  enzyme; 50 ◦C), conversion 14.6;
eep 96.7; E 70.4; (c) hydrolysis of methyl ester in n-hexane (10 mg  enzyme; 50 ◦C),
c
e
n

o
h

3
r

e
b
r
(
t
T
d

Fig. 3. Effect of repeated use of immobilized CRL onto octyl-sepharose on the enan-

[
[
[

onversion 24.7; eep 87.8; E 20.4; (d) hydrolysis of propyl ester in n-hexane (10 mg
nzyme; 40 ◦C), conversion 29.1; eep 64.5; E 5.9; (e) hydrolysis of propyl ester in
-hexane (20 mg  enzyme; 50 ◦C), conversion 43.8; eep 61.6; E 6.7.

btained for 10 mg  of immobilized enzyme at 40 ◦C for both n-
exane and isooctane which yielded 16.0 and 53.0 E-values.

.5. Reuse of immobilized lipase in the kinetic resolution of
acemic ibuprofen esters

The reusability of the immobilized lipase is very important from
conomic point of view. In order to test the efficiency of immo-
ilized CRL, after each run (72 h) the immobilized derivative was
ecovered by filtration and after that washed by n-hexane 5 mL

three times). Then it was re-used with new substrate mixture con-
aining ibuprofen butyl ester and octyl-CRL in n-hexane (50 ◦C).
he reaction was repeated up to four cycles with the same enzyme
erivative to determine the enantioselectivity of the esterification

[

[
[

tioselectivity of the hydrolysis of (R,S)-ibuprofen butyl ester. Reaction conditions:
(R,S)-ibuprofen butyl ester (0.02 �mol), immobilized CRL (10 mg), n-hexane(2 ml),
sodium phosphate buffer, pH 7.0, 100 mM (2 ml), temp. 50 ◦C, after 72 h.

reaction (Fig. 3). During the four cycles of the kinetic resolution
of ibuprofen butyl ester little changes of the enantioselectivity of
the reaction (expressed as enantiomeric excess of product) were
observed.

4. Conclusion

In this study the immobilized preparations of CRL and ROL
on octyl-sepharose were used in the kinetic resolution of (R,S)-
ibuprofen by enantioselective hydrolysis of its racemic esters. CRL
immobilized on the octyl-sepharose support demonstrated high
catalytic activity and allowed to obtain products of (S)-ibuprofen
with high enantioselectivity. Among various esters, ibuprofen butyl
ester had the best results regarding conversion degree, enan-
tiomeric excess of products (eeP > 95%) and enantioselectivity (E
value 70 and74; conversion 14.6 and 8.9 in n-hexane and isooctane,
respectively). It is clear from the results that the (S)-ester conver-
sion and E values reported in the present investigation are very
promising for kinetic resolution of racemic esters catalyzed by C.
rugosa immobilized on octyl-sepharose.

Acknowledgment

This work was  supported by the Research Council of Shahid
Beheshti University Tehran, Iran for which the authors are thankful.

References

[1] A. Sánchez, F. Valero, J. Lafuente, C. Solà, Enzyme Microb. Technol. 27 (2000)
157–166.

[2] F. Hasan, A.A. Shah, A. Hameed, Enzyme Microb. Technol. 39 (2006) 235–251.
[3] J.Y. Xin, S.B. Li, Y. Xu, L.L. Wang, Biotechnol. Bioeng. 68 (2000) 78–83.
[4] T. Siódmiak, M.  Ziegler-Borowska, M.P. Marszałł, J. Mol. Catal. B: Enzym. 94

(2013) 7–14.
[5] Y. Liu, F. Wang, T. Tan, J. Mol. Catal. B: Enzym. 56 (2009) 126–130.
[6] D. Chávez-Flores, J.M. Salvador, Biotechnol. J. 4 (2009) 1222–1224.
[7] C. Mateo, J.M. Palomo, G. Fernandez-Lorente, J.M. Guisan, R. Fernandez-

Lafuente, Enzyme Microb. Technol. 40 (2007) 1451–1463.
[8] O. Barbosa, R. Torres, C. Ortiz, Á. Berenguer-Murcia, R.C. Rodrigues, R.

Fernandez-Lafuente, Biomacromolecules 14 (2013) 2433–2462.
[9] R.C. Rodrigues, C. Ortiz, Á. Berenguer-Murcia, R. Torres, R. Fernández-Lafuente,

Chem. Soc. Rev. 42 (2013) 6290–6307.
10] M.L. Verma, C.J. Barrow, M.  Puri, Appl. Microbiol. Biotechnol. 97 (2013) 23–39.
11] E.T. Hwang, M.B. Gu, Eng. Life Sci. 13 (2013) 49–61.
12] C. Garcia-Galan, Á. Berenguer-Murcia, R. Fernandez-Lafuente, R.C. Rodrigues,
Adv. Synth. Catal. 353 (2011) 2885–2904.
13] K. Hernandez, R. Fernandez-Lafuente, Enzyme Microb. Technol. 48 (2011)

107–122.
14] R.A. Sheldon, Adv. Synth. Catal. 349 (2007) 1289–1307.
15] P.V. Iyer, L. Ananthanarayan, Process Biochem. 43 (2008) 1019–1032.

http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0075


9 r Cata

[
[

[

[

[
[

[

[

[
[
[

[
[

[
[

[
[

[

[
[

[

[
[
[
[
[

[

[

[

[

[
[
[

[
[

[

[
[
[
[
[

[
[58] F. Monot, E. Paccard, F. Borzeix, M.  Bardin, J.-P. Vandecasteele, Appl. Microbiol.

Biotechnol. 39 (1993) 483–486.
4 M. Yousefi et al. / Journal of Molecula

16] R. Fernandez-Lafuente, Enzyme Microb. Technol. 45 (2009) 405–418.
17] R.C. Rodrigues, Á. Berenguer-Murcia, R. Fernandez-Lafuente, Adv. Synth. Catal.

353  (2011) 2216–2238.
18] A.G. Cunha, G. Fernández-Lorente, M.L. Gutarra, J.V. Bevilaqua, R.V. Almeida,

L.M. Paiva, R. Fernández-Lafuente, J.M. Guisán, D.M. Freire, Appl. Biochem.
Biotechnol. 156 (2009) 133–145.

19] A. Bastida, P. Sabuquillo, P. Armisen, R. Fernández-Lafuente, J. Huguet, J.M.
Guisan, Biotechnol. Bioeng. 58 (1998) 486–493.

20] L. Sarda, P. Desnuelle, Biochim. Biophys. Acta 30 (1958) 513–521.
21] U. Bornscheuer, O.-W. Reif, R. Lausch, R. Freitag, T. Scheper, F.N. Kolisis, U.

Menge, Biochim. Biophys. Acta: Gen. Subjects 1201 (1994) 55–60.
22] L. Brady, A.M. Brzozowski, Z.S. Derewenda, E. Dodson, G. Dodson, S. Tolley,

J.P. Turkenburg, L. Christiansen, B. Huge-Jensen, L. Norskov, Nature (1990)
767–770.

23] A. Brzozowski, U. Derewenda, Z. Derewenda, G. Dodson, D. Lawson, J. Turken-
burg, F. Bjorkling, B. Huge-Jensen, S. Patkar, L. Thim, Nature 351 (1991)
491–494.

24] Z.S. Derewenda, U. Derewenda, G.G. Dodson, J. Mol. Biol. 227 (1992) 818–839.
25] Z.S. Derewenda, Nat. Struct. Biol. 2 (1995) 347.
26] P. Grochulski, Y. Li, J. Schrag, F. Bouthillier, P. Smith, D. Harrison, B. Rubin, M.

Cygler, J. Biol. Chem. 268 (1993) 12843–12847.
27] A. Louwrier, G.J. Drtina, A.M. Klibanov, Biotechnol. Bioeng. 50 (1996) 1–5.
28] M. Noble, A. Cleasby, L. Johnson, M.  Egmond, L. Frenken, FEBS Lett. 331 (1993)

123–128.
29] F. Winkler, A. d’Arcy, W.  Hunziker, Nature 343 (1990) 771–774.
30] G. Fernández-Lorente, L. Betancor, A.V. Carrascosa, J.M. Guisán, J. Am.  Oil Chem.

Soc. 88 (2011) 1173–1178.
31] R.D. Schmid, R. Verger, Angew. Chem. Int. Ed. 37 (1998) 1608–1633.
32] R. Fernandez-Lafuente, P. Armisén, P. Sabuquillo, G. Fernández-Lorente, J.M.

Guisán, Chem. Phys. Lipids 93 (1998) 185–197.
33] P. Domínguez de María, J.M. Sánchez-Montero, J.V. Sinisterra, A.R. Alcántara,

Biotechnol. Adv. 24 (2006) 180–196.

34] K.P. Dhake, D.D. Thakare, B.M. Bhanage, Flav. Frag. J. 28 (2013) 71–83.
35] H. Gustafsson, E.M. Johansson, A. Barrabino, M. Odén, K. Holmberg, Colloids

Surf. B: Biointerfaces 100 (2012) 22–30.
36] A.R. Alcántara, I.E. de Fuentes, J.V. Sinisterra, Chem. Phys. Lipids 93 (1998)

169–184.

[
[

lysis B: Enzymatic 104 (2014) 87–94

37] R.C. Rodrigues, R. Fernandez-Lafuente, J. Mol. Catal. B: Enzym. 64 (2010) 1–22.
38] X.-W. Yu, C. Sha, Y.-L. Guo, R. Xiao, Y. Xu, Biotechnol. Biofuels 6 (2013) 29.
39] Z. Habibi, M.  Mohammadi, M.  Yousefi, Process Biochem. 48 (2013) 669–676.
40] M.B. Lakin, T.H. Shockley, E.G. Zey, US Patents 5,300,301 (1994).
41] A. Ghanem, M.N. Aboul-Enein, A. El-Azzouny, M.F. El-Behairy, J. Chromatogr. A

1217 (2010) 1063–1074.
42] C.S. Chen, S.H. Wu,  G. Girdaukas, C.J. Sih, J. Am.  Chem. Soc. 109 (1987)

2812–2817.
43] I. Nieto, S. Rocchietti, D. Ubiali, G. Speranza, C.F. Morelli, I.E. Fuentes, A.R. Alcan-

tara, M.  Terreni, Enzyme Microb. Technol. 37 (2005) 514–520.
44] G. Fernandez-Lafuente, Z. Cabrera, C. Godoy, R. Fernandez-Lafuente, J.M.

Palomo, J.M. Guisan, Process Biochem. 43 (2008) 1061–1067.
45] J.L. Kaar, A.M. Jesionowski, J.A. Berberich, R. Moulton, A.J. Russell, J. Am.  Chem.

Soc. 125 (2003) 4125–4131.
46] T. Itoh, E. Akasaki, K. Kudo, S. Shirakami, Chem. Lett. 30 (2001) 262–263.
47] S. Park, R.J. Kazlauskas, Curr. Opin. Biotechnol. 14 (2003) 432–437.
48] R. Madeira Lau, F. Van Rantwijk, K. Seddon, R. Sheldon, Org. Lett. 2 (2000)

4189–4191.
49] S.J. Nara, J.R. Harjani, M.M.  Salunkhe, Tetrahedron Lett. 43 (2002) 2979–2982.
50] R.A. Sheldon, R.M. Lau, M.J. Sorgedrager, F. van Rantwijk, K.R. Seddon, Green

Chem. 4 (2002) 147–151.
51] S. Ransac, E. Rogalska, Y. Gargouri, A. Deveer, F. Paltauf, G. De Haas, R. Verger,

J.  Biol. Chem. 265 (1990) 20263–20270.
52] E. Rogalska, S. Ransac, R. Verger, J. Biol. Chem. 268 (1993) 792–794.
53] A. Ghanem, Tetrahedron 63 (2007) 1721–1754.
54] G. Caron, R.J. Kazlauskas, Tetrahedron: Asym. 4 (1993) 1995–2000.
55] C. Laane, S. Boeren, K. Vos, C. Veeger, Biotechnol. Bioeng. 30 (1987) 81–87.
56] W.S. Long, P.C. Kow, A.H. Kamaruddin, S. Bhatia, Process Biochem. 40 (2005)

2417–2425.
57] J. Moreno, J. Sinisterra, J. Mol. Catal. A: Chem. 98 (1995) 171–184.
59] W.S. Long, A. Kamaruddin, S. Bhatia, J. Membr. Sci. 247 (2005) 185–200.
60] E. Drioli, L. Giorno, Biocatalytic Membrane Reactors: Applications in Biotech-

nology and the Pharmaceutical Industry, CRC Press, London, 1999.

http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0205
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0210
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0215
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0220
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0225
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0230
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0235
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0235
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0235
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0235
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0235
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0235
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0235
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0235
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0235
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0235
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0235
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0235
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0240
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0245
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0245
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0245
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0245
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0245
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0245
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0245
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0245
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0245
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0245
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0245
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0245
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0245
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0250
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0255
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0260
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0265
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0265
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0265
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0265
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0265
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0265
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0265
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0265
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0270
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0270
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0270
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0270
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0270
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0270
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0270
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0270
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0270
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0270
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0270
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0275
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0280
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0285
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0290
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0295
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300
http://refhub.elsevier.com/S1381-1177(14)00070-8/sbref0300

	Enantioselective resolution of racemic ibuprofen esters using different lipases immobilized on octyl sepharose
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Immobilization of the lipases on octyl-sepharose
	2.3 Synthesis
	2.3.1 General method for the chemical synthesis of ibuprofen esters (1–5)
	2.3.1.1 Ibuprofen methyl ester (1)
	2.3.1.2 Ibuprofen ethyl ester (2)
	2.3.1.3 Ibuprofen propyl ester (3)
	2.3.1.4 Ibuprofen butyl ester (4)
	2.3.1.5 Ibuprofen isobutyl ester (5)

	2.3.2 General procedures for enantioselective esterification of ibuprofen
	2.3.3 General procedure for enzymatic hydrolysis of ibuprofen esters

	2.4 Analysis
	2.4.1 Enzymatic activity assay
	2.4.2 Chromatographic analysis
	2.4.3 Enantioselectivity-value (E-value) measurements


	3 Result and discussion
	3.1 Immobilization on octyl-sepharose
	3.2 Lipase catalyzed enantioselective esterification of ibuprofen
	3.3 Enantioselectivity of lipases immobilized on octyl-sepharose toward different ibuprofen esters
	3.4 Lipase-catalyzed enantioselective hydrolysis of ibuprofen esters
	3.4.1 Ibuprofen methyl ester
	3.4.2 Ibuprofen ethyl ester
	3.4.3 Ibuprofen propyl ester
	3.4.4 Ibuprofen butyl ester
	3.4.5 Ibuprofen isobutyl ester

	3.5 Reuse of immobilized lipase in the kinetic resolution of racemic ibuprofen esters

	4 Conclusion
	Acknowledgment
	References


