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We  disclosed  a useful  procedure  for the  immobilization  of  a  lipase  from  Burkholderia  cepacia  based  on
its encapsulation  into  vaterite  calcium  carbonate  microcapsule.  The  immobilized  enzyme  had  an  ade-
quate  activity  for  the hydrolysis  of  4-nitrophenyl  acetate,  which  was  preserved  over  2  years  in storage  at
4 ◦C. The  enantioselective  esterification  of  (±)-1-phenylethanol  with  vinyl  acetate  using  the immobilized
lipase  smoothly  progressed  to afford  the corresponding  optically  active  compounds,  where  the  enzyme
was  easily  recovered  for reuse.  Although  the hydrolysis  of (±)-2-acetoxyhexyl  tosylate  in  aqueous  solu-
tion  was  catalyzed  by  the  enzyme,  the  phase  transition  of calcium  carbonate  from  vaterite  to  poorly
nzymatic esterification
nzymatic hydrolysis
mmobilization of lipase
aterite

porous  calcite  during  the reaction  prevented  the access  of  the  reactant  to  the  active  site  of  the  lipase,
resulting  in  the  significant  decrease  of  the  activity  of  the  recovered  enzyme.  However,  the  treatment  of
the immobilized  enzyme  with  zinc  chloride  solution  inhibited  the  phase  transition  under  the reaction
conditions.  The  enzyme  after  the  zinc  treatment  was  recyclable  for the hydrolysis  of  the  substrate  without
significant  decrease  of the  reactivity  even  after  the  uses  in aqueous  media.

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

In our previous studies, we have reported on the enzy-
atic enantioselective hydrolysis of racemic 1,2-diol monotosylate

erivatives with lipase PS (from Burkholderia cepacia, Amano
nzyme Inc.; Scheme 1) [1–4]. Since the molecular length of the

 substituent group does not affect the enantioselelctivity and the
ram-scale reactions smoothly proceeded, this method is appli-
able to the practical preparations of the various optically active
,2-diol monotosylates. However, the enzymes used in the previ-
us reactions were seriously wasted after the reactions, although
he amount of the enzyme used (75 mg)  was much lower than that
f the substrate (ca. 300 mg,  1 mmol) [1–3]. Then, we  are now focus-
ng on the improvements that enable the recovery and recycling of

he enzyme in order to establish the more effective and environ-

entally benign procedures.

∗ Corresponding author. Tel.: +81 72 751 9525; fax: +81 72 751 9628.
∗∗ Corresponding author. Tel.: +81 42 591 7360; fax: +81 72 751 7419.

E-mail addresses: m-fujiwara@aist.go.jp (M.  Fujiwara),
kazu@chem.meisei-u.ac.jp (K. Matsumoto).

ttp://dx.doi.org/10.1016/j.molcatb.2014.08.009
381-1177/© 2014 Elsevier B.V. All rights reserved.
Immobilization of enzymes is a typical and important technol-
ogy for easy treatment, recovery and recycling of biocatalysts in
practical reaction processes [5–7]. In particular, the immobiliza-
tion of lipases, which are utilized not only to obtain optically active
molecules in fine chemistry as mentioned above but also to produce
various organic compounds such as agrochemical, pharmaceutical,
food, biodiesel fuel and so on, in industrial chemistry, has significant
advantages for achieving environmentally benign production and
reducing their process costs [8–11]. Therefore, a number of stud-
ies for the immobilization of lipases have been developed. Among
these procedures, the entrapment within a polymer lattice and the
physical adsorption onto support materials are the representative
techniques so far. Especially, in the latter case, some lipases immo-
bilized onto diatomaceous earth and ceramics as the inorganic
support matrices are easily obtained from commercial sources, and
those immobilized lipases are useful for increasing the reactivity of
transesterification in organic solvents and for easy recycling of the
enzymes from organic solvents. However, the immobilized lipases
by the physical adsorption are not suitable for the hydrolytic reac-

tions in aqueous media, because the leaching of the lipases from the
support matrices can easily occur under the reaction conditions to
result in the decisive loss of the hydrolytic activity in the recovered
materials.

dx.doi.org/10.1016/j.molcatb.2014.08.009
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcatb.2014.08.009&domain=pdf
mailto:m-fujiwara@aist.go.jp
mailto:mkazu@chem.meisei-u.ac.jp
dx.doi.org/10.1016/j.molcatb.2014.08.009
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cheme 1. Enantioselective hydrolysis of 1,2-diol monotosylate derivatives using
ipase PS.

Calcium carbonate is a well-known biocompatible and
nvironmentally-friendly material appropriate for an inorganic
upport matrix of enzyme immobilization, and some encapsulation
echniques of proteins and enzymes have been studied [12–19].
ince calcium carbonate materials are generally non-porous to
e unsuitable for the adsorption and inclusion of proteins, the
dditional components and processes such as carboxymethyl cel-
ulose [15], silane coupling reagent [16], layer-by-layer techniques
17,18] and gold nanoparticles [19] are often required for immobi-
izing enzymes. Recently, porous calcium carbonate materials are
repared and utilized for the fixation of various molecules and pro-
eins, where fine nanoparticles of calcium carbonate in amorphous
20] or calcite [21] are used. Lipases are also immobilized onto
alcium carbonate related materials [22–25], and an immobilized
ipase from Rhizopus oryzae onto calcium carbonate by adsorption

as an active and stable catalyst, which could be used repeatedly
n n-hexane solution [22]. However, a lipase-immobilized calcium
arbonate material is reported to be difficult to recover in the case
f olive oil hydrolysis in the presence of considerable amount of
ater [24], despite lipases are very useful for the reactions even

n aqueous solutions. Thus, the further improvements of the lipase
mmobilization into calcium carbonate are desired especially for
he utilization in aqueous solutions.

We  have also studied the preparations and the applications of
alcium carbonate materials prepared by using water/oil/water
mulsion (interfacial reaction method) [26]. These calcium car-
onate materials (microcapsules) are spherical and hollow, and its
rystalline form is a metastable vaterite phase [27,28]. Recently,
e found a simple and effective procedure of the protein encap-

ulation that the phase transformation of the vaterite calcium
arbonate microcapsule to stable calcite phase in aqueous solutions
ith dissolved proteins achieved the inclusion of a wide variety

f proteins into calcite calcium carbonate [29,30]. In this paper,
e wish to report our successful approaches to immobilize lipase

S into vaterite calcium carbonate microcapsule using the phase
ransformation technique for the enzymatic enantioselective trans-
sterification of racemic 1-phenylethanol (1) in organic media and
he hydrolysis of racemic 2-acetoxyhexyl tosylate (2) in aqueous

edia. Furthermore, for improving the recyclability of the catalyst
n the reaction of aqueous solutions, the treatment of calcium car-
onate with zinc chloride to maintain the calcium carbonate in the
aterite crystalline phase was also described.

. Experimental

.1. Materials

The chemicals and proteins employed here are commercial
vailable and listed as follows. (NH4)2CO3, CaCl2·2H2O, and 0.05 M
ris–HCl buffer (pH 7.6), 1 M Tris–HCl buffer (pH 7.0), (±)-
-phenylethanol (1) and 4-nitrophenyl acetate were obtained
rom Wako Pure Chemical Industries. Tween 85, vinyl acetate

monomer) and n-hexane were purchased from Kanto Chemi-
al Co. Inc. Lipase PS from B. cepacia (534641) and lipase PS-IM
immobilized on diatomaceous earth, 709603) were obtained from
igma–Aldrich Co. LLC. A substrate (±)-2-acetoxyhexyl tosylate (2)
lysis B: Enzymatic 109 (2014) 94–100 95

was synthesized by the procedure mentioned in our previous paper
[3]. E. Merck Kieselgel 60 F254 Art.5715 was  used for analytical
TLC. Preparative TLC was performed on E. Merck Kieselgel 60 F254
Art.5744. Column chromatography was performed with Silica Gel
60N (63–210 �m,  Kanto Chemical Co. Inc.). All other solvents were
also obtained from commercially sources and were used without
further purification.

2.2. Preparation of vaterite calcium carbonate microcapsule
(�Cap)

Vaterite calcium carbonate microcapsules (�Cap) were pre-
pared by a described method in our recent papers [28,29]. A
typical procedure is as follows: an aqueous solution (32 mL) of
9.23 g (96 mmol) of (NH4)2CO3 was mixed with a n-hexane solution
(48 mL)  of 1.0 g of Tween 85, and the resulting solution was  emulsi-
fied with 8000 rpm for 1 min  using a homogenizer (IKA-T25 digital
ULTRA-TURRAX) with shaft generator S25N-25 F to form water/oil
(W/O) emulsion. This W/O  emulsion was  poured into another aque-
ous solution (640 mL)  of 28.2 g (192 mmol) of CaCl2·H2O in one
portion at 30 ◦C. The final solution was stirred for 300 rpm at the
same temperature for 5 min, and the white precipitate yielded was
filtered, and washed with 1 L of deionized water twice and with
100 mL  of methanol. Finally, the power samples were dried at 80 ◦C
for 12 h.

2.3. Encapsulation of lipase PS into �Cap

This process is generally analogous to reported one [29]. To a
solution of lipase PS (1.0 g; 0.2 g per gram of �Cap, 2630 units for the
enzymatic activity) in Tris–HCl buffer (pH 7.0 or 7.6, 200 mL)  was
added 5 g of �Cap. The resulting solution with �Cap solid was stood
at room temperature for 4 days. This solid was  filtered, washed with
enough amounts of fresh deionized water, and dried at room tem-
perature for a few days (4.3 g; 731 units). The crystal phase and
the morphology of these calcium carbonate materials (lipase PS
�Cap) were analyzed by XRD measurement and SEM observation,
respectively. The presence of the enzyme in these calcium carbon-
ate materials was ascertained by diffuse reflection UV  spectroscopic
analysis. For the enzymatic activity, see Section 2.6.

2.4. Zinc chloride treatment of �Cap encapsulating lipase PS

To a solution of zinc chloride (0.46 g) in 1 M Tris–HCl buffer (pH
7.0, 96 mL)  was  added 2.4 g (408 units) of �Cap encapsulating lipase
PS (lipase PS �Cap). After leaving the solution to stand for 1 day,
the solid samples were filtered, washed with enough amounts of
fresh deionized water, and dried at room temperature for a few
days (1.7 g; 68 units).

2.5. Characterization of materials

X-ray diffraction patterns were recorded using Mac  Sci-
ence MXP3V diffraction meter with Ni filtered Cu K� radiation
(� = 0.15406 nm). Scanning electron microscopy (SEM) images
were measured using JEOL JSM-6390 microscope apparatus.
For SEM observation, gold was  deposited on the each sam-
ple using an ion sputtering device (JEOL JFC-1500). Powder UV

spectrum measurement was carried out using JASCO V-550 spec-
trometer with an integrating sphere for diffuse reflectance UV
spectroscopy. Kubelka–Munk functions were plotted against the
wavelength.
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.6. Catalytic tests of enzymes by hydrolysis of 4-nitorophenyl
cetate

Hydrolytic activities of enzymes were performed by measur-
ng the increase of 4-nitrophenol produced by the hydrolysis of
-nitrophenyl acetate. To a 50 mL-Erlenmyer flask containing 0.1 M
ris–HCl buffer (pH 7.0, 10 mL)  were added a 2 M acetone solution
f 4-nitrophenyl acetate (100 �L). In the case of commercially avail-
ble lipase PS, a 100 �L-portion of the enzyme solution in 0.1 M
ris–HCl buffer (pH 7.0, 5.0 mg  particle in 1 mL  buffer) was added
o the mixture, and the solution was shaken with 100 min−1 at
5 ◦C. On the other hand, in the case of the immobilized lipase PS
Cap, 5.0 mg  of the enzyme and 100 �L of 0.1 M Tris–HCl buffer

pH 7.0) were added, and the reaction was carried out in the
ame way as mentioned above. After 4, 8, and 12 min, a 50 �L-
ortion of the mixture was added to a cuvette containing 0.1 M
ris–HCl buffer (pH 7.0, 950 �L), and the absorbance at 405 nm
as immediately measured by a Shimadzu PharmaSpec UV-1700

UV/Vis spectrophotometer). One unit of hydrolytic activity was
efined as the amount of enzyme necessary to release 1 mmol  of
-nitrophenol per minute under the reaction conditions.

.7. Determination of protein content

The amount of protein immobilized was determined by sub-
racting the amount of protein in supernatant of the immobilization
uspension from the total amount of protein offered for immobi-
ization. Protein assay was performed by the Bradford method using
ovine serum albumin (BSA) as the standard [31].

.8. Immobilization efficiency

Immobilization yield (%) and expressed yield (%) were calculated
sing the following equations [32]:

mmobilization yield (%) = Total protein offered − Protein in the su
Total protein 

xpressed yield (%) = Actual activity of the derivative
Expected activity considering the immobiliz

.9. Typical procedure for the enantioselective esterification of
±)-1-phenylethanol (1) with lipase PS in organic media

To a 20-mL recovery flask were added 122 mg  (1.00 mmol, sub.
onc. 250 mM)  of (±)-1 and 4.0 mL  of vinyl acetate. After the addi-
ion of lipase PS �Cap (200 mg,  34 U), the mixture was stirred for
4 h at 30 ◦C. The mixture was filtered through a filter paper, and
he recovered enzyme was washed with ethyl acetate. Evaporation
nder reduced pressure and purification by column chromatog-
aphy on silica gel (n-hexane/ethyl acetate = 4/1) afforded (S)-1
49 mg,  40%, 98% ee) and (R)-1-phenylethyl acetate (3, 60 mg,
6%, 99.0% ee). The spectral data were in full agreement with
hose of commercial sources. The ees of the resulting (S)-1 and
R)-3 were determined by GC analysis, and the absolute con-
guration of 1 was confirmed by comparing the retention time
ith that in our previous paper [33]. GC conditions: column, CP-
yclodextrin-B-236-M19 (Chrompack), 0.25 mm × 50 m;  injection,
40 ◦C; detection, 140 ◦C; oven, 120 ◦C; carrier gas, He; head pres-
ure, 2.4 kg/cm2; retention time, 1: 14.5 (R) and 14.7 (S) min, 3:
4.7 (S) and 15.2 (R) min. The reaction conversions and E val-
es in Tables 2–4 were calculated using ees/(ees + eep) and using
n[(1 − conv.)(1 − ees)]/ln[(1 − conv.)(1 + ees)], respectively [34].
On the other hand, the recovered lipase PS �Cap (156 mg)  was

ried under reduced pressure, and was examined for the next run.
he reuse of the recovered enzyme was performed on the basis of
lysis B: Enzymatic 109 (2014) 94–100

atant of the immobilization
ed

×  100

zyme
× 100

keeping the mass ratio of catalyst/substrate in the first run. The
esterification of (±)-1 using lipase PS-IM (40 U, 20 mg)  was carried
out by means of the same procedure.

2.10. Typical procedure for the enantioselective hydrolysis of
(±)-2-acetoxyhexyl tosylate (2) with lipase PS in aqueous media

To a 200-mL Erlenmeyer flask containing 126 mg  (0.400 mmol;
sub. conc., 10 mM)  of (±)-2 was  added 4 mL  of diisopropyl ether and
36 mL  of 0.1 M Tris–HCl buffer (pH 7.6). To the mixture was  added
600 mg  (24 U) of lipase PS �Cap treated with zinc chloride solution,
and the solution was incubated for 24 h at 30 ◦C. Centrifugation of
the mixture with 8500 rpm for 5 min  gave a supernatant and pre-
cipitate. After re-suspension of the precipitate in 0.1 M Tris–HCl
buffer (pH 7.6), the mixture was  subjected to the next centrifuga-
tion. The products were extracted from the combined supernatant
with ethyl acetate (×3), washed with brine, and dried over Na2SO4.
Evaporation and purification by column chromatography on sil-
ica gel (n-hexane/ethyl acetate = 3/1) afforded (S)-2 (80 mg,  64%,
46% ee) and (R)-2-hydroxyhexyl tosylate (4, 31 mg,  28%, 99.7% ee).
The spectral data were in full agreement with those reported [1,3].
The ees of the resulting (S)-2 and (R)-4 were determined by HPLC
analysis, and the absolute configurations were also confirmed by
comparing the retention times with those reported [1,3]. HPLC
conditions: column, CHIRALCEL AD-H (Daicel Chemical Industries,
Ltd.); eluent, n-hexane/2-propanol = 90/10; flow rate, 0.5 mL/min;
254 nm;  temperature, 25 ◦C; retention time, 2: 18 (S) and 19.5 (R)
min, 4: 32 (R) and 43 (S) min.

On the other hand, the recovered lipase PS �Cap (540 mg)
as the precipitate was  dried under reduced pressure, and was
examined for the next run. The reuse of the recovered enzyme
was performed on the basis of keeping the mass ratio of cata-
lyst/substrate in the first run. The hydrolyses of (±)-2 using lipase

PS-IM (60 U, 30 mg)  and lipase PS �Cap (50 U, 300 mg)  were carried
out by means of the same procedure, while in the case of lipase
PS-IM the enzyme was  recovered by filtration with a filter paper.

3. Results and discussion

3.1. Encapsulation of lipase into calcium carbonate microcapsule
(�Cap) and its catalytic activity

The immobilization of lipase into calcium carbonate was carried
out by the analogous process to the phase transformation method
we reported before [29]. A calcium carbonate microcapsule (�Cap)
was immersed in a Tris–HCl buffer solution dissolving lipase PS. The
recovered solid was washed thoroughly with deionized water and
dried. The encapsulation of lipase in this sample (lipase PS �Cap)
was ascertained by a diffuse reflectance UV spectroscopic analysis.
As shown in Fig. 1, a typical UV absorption of lipase at about 280 nm
in wavelength was  observed in the lipase PS �Cap, while no absorp-
tion around 280 nm was found in the �Cap before the encapsulation
treatment (not shown here) [29]. Since the lipase PS �Cap sample
was thoroughly washed with water, the immobilized lipase in �Cap

must be strongly incorporated into the calcium carbonate matrix.
Fig. 2 shows the X-ray diffraction patterns of two calcium carbon-
ate samples, the original �Cap and the lipase PS �Cap. The XRD
pattern of the original �Cap shows a typical vaterite one, and the
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Fig. 1. Diffuse reflectance UV spectrum of lipase-immobilized calcium carbonate
(lipase PS �Cap).
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Table 1
Catalytic activity of the enzymes for the hydrolysis of 4-nitrophenyl acetate.a.

Entry Enzyme Hydrolytic activity (U/mg particle)

1 Lipase PS 2.63
2 Lipase PS-IM 2.00
3  Lipase PS �Cap 0.17
4b Lipase PS �Cap 0.21

enantioselectivities of the lipase PS-IM, and it could be reused after
the first run. The transesterification using the lipase PS �Cap also
Fig. 2. X-ray diffraction patterns of �Cap and lipase PS �Cap.

attern of the lipase PS �Cap is approximately identical to that of
he �Cap. These results illustrated that the crystalline phase of the
ipase PS �Cap was still metastable vaterite and no phase transition
ccurred. Therefore, the lipase enzyme was successfully included

nto vaterite calcium carbonate even when the phase transition did
ot progressed. From the SEM images shown in Fig. 3, no significant

Fig. 3. SEM images of (A) �Cap
a Conditions: 4-nitrophenyl acetate (20 mM)  and lipases in 0.1 M Tris–HCl buffer
(pH  7.0) were shaken at 25 ◦C.

b After storage for 2 years at 4 ◦C.

change of the morphology of these samples were found between
the �Cap (Fig. 3A) and the lipase PS �Cap (Fig. 3B).

Next, we  examined to confirm the catalytic activity of the lipase
PS �Cap and the efficiency of the encapsulation process by com-
parison of the hydrolytic ability with the original lipase PS and
the commercially available lipase PS-IM immobilized by physi-
cal adsorption on diatomaceous earth. At first, the hydrolysis of
4-nitrophenyl acetate was examined, and the results are summa-
rized in Table 1. From the results shown in Table 1, we  definitely
confirmed that the newly immobilized lipase PS �Cap had the
hydrolytic activity for 4-nitrophenyl acetate (0.17 U/mg particle,
entry 3). The immobilization yield and expressed activity were
49.0% and 56.7%, respectively. The immobilization did not affect
the stability of the original enzyme, which is essentially highly sta-
ble, and the hydrolytic ability of lipase PS �Cap could be preserved
even after storage for 2 years at 4 ◦C (0.21 U/mg particle, entry 4).
The residual lipase PS in the supernatant of the immobilization sus-
pension (1376 U) can be reused in the further encapsulation process
to not be wasted as claimed in our previous paper [29].

3.2. Enantioselective transesterification of (±)-1-phenylethanol
(1) with lipase PS �Cap

We next evaluated the enantioselectivity of the lipase PS
�Cap by the examination of transesterification of (±)-1 using
vinyl acetate for 24 h at 30 ◦C as the representative reaction in
organic media (Table 2). The same reaction with the lipase PS-
IM was  also attempted in order to compare the reactivity and the
enantioselelctivity between them. Entries 1 and 2 showed good
proceeded with excellent enantioselectivities to afford optically
active compounds (S)-1 and (R)-3 with high ee (entries 3–5). It was

 and (B) lipase PS �Cap.
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Table 2
Enantioselective esterification of (±)-1-phenylethanol (1) using lipase PS.

.

Entry Lipase PS Run Alcohol 1 Acetate 3 Conv. E value

Yield (%) ee (%) Yield (%) ee (%)

1 IM (40 U) 1st 40 99.6 36 98 0.50 >200
2  2nd 34 99.1 37 99.3 0.50 >200

3 �Cap  (34 U) 1st 40 98 36 99.0 0.50 >200
4  2nd 39 93 39 99.4 0.48 >200
5  3rd 41 69 28 99.5 0.41 >200

Table 3
Enantioselective hydrolysis of (±)-2-acetoxyhexyl tosylate (2) using lipase PS.

.

Entry Lipase PS Run Acetate 2 Alcohol 4 Conv. E value

Yield (%) ee (%) Yield (%) ee (%)

1 IM (60 U) 1st 48 74 34 99.0 0.43 >200
2  2nd 83 6 6 95 0.06 41
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solution and by their recrystallization to calcite [35]. In the case of
the enzymatic reaction in aqueous media, this phase transition was
also accompanied in the aqueous solution (Table 3), while no dis-
solution of calcium carbonate inhibited the phase transition in the
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(A)
3 �Cap  (50 U) 1st 50 

4  2nd 58 

5  3rd 82 

lso confirmed that the lipase PS �Cap was reusable in essentially
he same way as that with the lipase PS-IM.

.3. Enantioselective hydrolysis of (±)-2-acetoxyhexyl tosylate
2) with lipase PS �Cap

We  next focused on the hydrolysis of (±)-2 with the lipase PS
Cap in aqueous media according to the essential plan of this study.
he reactions were carried out in 0.1 M Tris–HCl buffer (pH 7.6) con-
aining 10% diisopropyl ether for 24 h at 30 ◦C, and the results were
ummarized in Table 3. In the case of the lipase PS-IM, the first reac-
ion proceeded with a good reactivity and enantioselectivity (entry
). However, the recovery of the enzyme was difficult by centrifuga-
ion, because the small particles of diatomaceous earth as support
ould not precipitate completely. Therefore, the filtration of the
nzyme material that was more time-consuming than centrifuga-
ion was required and the recovered ratio was low (ca. 50%). As
xpected, the decrease of the enzymatic activity took place by the
eaching of the hydrophilic lipase PS, and the second reaction using
he recovered material scarcely proceeded (entry 2). On the other
and, the lipase PS �Cap also catalyzed the enantioselective hydrol-
sis of (±)-2 to give (S)-2 and (R)-4 (entry 3). It is noteworthy that
he immobilized enzyme was easily precipitated to be recovered by
entrifugation. Furthermore, the second reaction using the recov-
red material moderately proceeded (conv. 0.29; entry 4) unlike
hat in the case of the lipase PS-IM. Thus, the recyclability of the
ipase PS �Cap was ascertained. However, the enzymatic reactivity
ignificantly decreased in the following third reaction (entry 5).

The UV absorption of lipase around 280 nm in wavelength was
till observed in the spectrum of the lipase PS �Cap after the three
imes use, where the enzymatic activity was poor. This observation

ndicated that the leaching of lipase from �Cap was not respon-
ible for the crucial decrease of the enzymatic ability in the third
ound use of the lipase PS �Cap. Fig. 4 illustrated the variation of
he XRD pattern with the recycling use of the lipase PS �Cap. The
34 99.0 0.40 >200
26 98 0.29 146

6 97 0.08 71

main peak of calcite at 29.4 in 2 theta degree increased remarkably
after the first use and the phase transition from vaterite to calcite
was completed in the lipase PS �Cap after the three times use. It
seems that the poor porosity of the calcite crystal (specific surface
area less than 1 m2/g [28,29]) definitively prevented the access of
the reactants to the enzymatic site of lipase in the lipase PS �Cap
in the case of the third reaction. The phase transition of calcium
carbonate from vaterite to calcite is generally progressed by the
dissolutions of Ca2+ and CO3

2− ions of vaterite into the aqueous
2 theta / degree  (Cu-K )

Fig. 4. The variation of the XRD pattern with the recycling use of lipase PS �Cap;
(A)  lipase PS �Cap before the first reaction, (B) after the first reaction, (C) after the
third reaction.
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Table 4
Enantioselective hydrolysis of (±)-2 using lipase PS �Cap treated with zinc chloride
solution.a

Entry Run Acetate 2 Alcohol 4 Conv. E value

Yield (%) ee (%) Yield (%) ee (%)

1 1st 64 46 28 99.7 0.32 >200
2  2nd 69 37 27 99.0 0.27 >200
3  3rd 70 31 24 98 0.24 134
4  4th 69 34 24 99.5 0.25 >200
ris–HCl buffer solution with zinc chloride (A), in 1 M Tris–HCl buffer solution with
inc chloride and the following one in 1 M Tris–HCl buffer solution without zinc
hloride (B), and in 1 M Tris–HCl buffer solution without zinc chloride (C).

ase of the reactions in organic media (Table 2). The calcite crystal
ormed in the sample after the first reaction might accelerate the
hase transition because the calcite particle served seed crystals. It

s presumable that the complete phase transition to calcite conclu-
ively prevented the enzyme reaction of the lipase PS �Cap by the
oor accessibility of the reactants after the three times use.

.4. Zinc treatment of lipase PS �Cap and the reactivity with the
nzyme in aqueous phase

The preservation of vaterite crystalline structure of the lipase PS
Cap during the catalytic reaction in aqueous media is expected

o maintain the enzymatic activity of the lipase and to create a
eusable immobilized lipase catalyst employable even in aqueous
olution. It is reported that the treatment of calcium carbonate with
inc chloride suppresses the phase transition of vaterite by the iso-
orphic substitution from calcium to zinc [36]. Then, we  examined

he modification of the lipase PS �Cap by the zinc treatment for
reventing the phase transition. At the beginning, the �Cap (no

nclusion of lipase) in vaterite phase was soaked for 7 days in the
 M Tris–HCl buffer solution with zinc chloride. The variations of
RD pattern of the resulting calcium carbonate materials are shown

n Fig. 5. In the XRD pattern of this sample, the peaks of vaterite
ere still strong and the weak calcite peak at 29.4 in 2 theta degree
as found even after the soaking (Fig. 5, line A) to indicate that

he phase transition scarcely progressed. This zinc treated sample
as further soaked in another 1 M Tris–HCl buffer solution without

inc chloride for 7 days. The XRD pattern of the resulting sample
as approximately the same as the sample before this treatment

Fig. 5, line B), revealing that the zinc treatment inhibited the phase
ransition even in aqueous solution containing no zinc ion. On the
ther hand, when the �Cap without the zinc treatment was added
o the buffer solution without zinc chloride, the complete phase
ransition to calcite was observed (Fig. 5, line C). Thus, it is ascer-
ained that the treatment of zinc chloride efficiently prevented the
hase transition of vaterite to calcite. Then, the lipase PS �Cap was
oaked for 1 day in the zinc chloride solution. The XRD pattern
f this sample was approximately similar to the original lipase PS
Cap. In addition, no phase transition of this zinc-treated lipase

S �Cap occurred even after the soaking to 1 M Tris–HCl buffer
olution (without zinc chloride).

Finally, we demonstrated the hydrolysis of (±)-2 using the lipase
S �Cap treated with zinc chloride solution (Table 4). As expected,

[

5  5th 89 17 19 98 0.15 117

a In the 1st reaction, 24 units of the enzyme was used.

the reactions from the first to the forth run enantioselectively pro-
ceeded without noticeable decrease of the conversion. Although the
conversion of the fifth run was approximately half of that of the first
run, the enantioselectivities of the enzyme sufficiently remained
in the recycle process. Thus, we  finally found that the zinc-treated
lipase PS �Cap was a recyclable immobilized lipase catalyst even in
aqueous solution, although further improvements are still required.

4. Conclusions

In summary, we  have easily prepared a new type of an immobi-
lized lipase based on encapsulation into vaterite calcium carbonate
microcapsule. It was  found that the immobilized enzyme (lipase PS
�Cap) was  useful both for enantioselective transesterification of 1
in organic media and for enantioselective hydrolysis of 2 even in
aqueous media. This new material, the lipase PS �Cap, was  recy-
clable for the reactions both in organic media and aqueous media,
different from the lipase PS-IM. In these reactions, the lipase PS
�Cap also indicated the high stability against the use of organic
solvents such as ethyl acetate and diisopropyl ether. However,
the phase transition of vaterite to calcite inhibited the interaction
between the lipase and the reactant, and finally deactivated it after
three times use. This deactivation was substantially overcome by
the treatment of the lipase PS �Cap with zinc chloride solution
for preventing the phase transition by the isomorphic substitu-
tion from calcium to zinc. We  finally accomplished the reuse of
the immobilized lipase for the hydrolysis of 2 in aqueous media.
Our immobilization procedure has the advantages not only for
facile preparation but also for an easy recovery and convenient
recycling even in aqueous media. Lipase PS is one of the represen-
tative enzymes, which can hydrolyze various kinds of compounds
[37–39], and our methods described here are also potentially useful
for the many hydrolytic reactions already reported.

Acknowledgement

We  thank Collaborative Research Center (Meisei University) for
the analyses of organic compounds.

References

[1] Y. Shimada, H. Sato, S. Minowa, K. Matsumoto, Synlett (2008) 367–370.
[2] Y. Shimada, H. Sato, S. Mochizuki, K. Matsumoto, Synlett (2008) 2981–2984.
[3] Y. Shimada, K. Usuda, H. Okabe, T. Suzuki, K. Matsumoto, Tetrahedron: Asym-

metry 20 (2009) 2802–2808.
[4] K. Matsumoto, K. Usuda, H. Okabe, M.  Hashimoto, Y. Shimada, Tetrahedron:

Asymmetry 24 (2013) 108–115.
[5] R.A. Sheldon, S. van Pelt, Chem. Soc. Rev. 42 (2013) 6223–6235.
[6] R.C. Rodrigues, C. Ortiz, A. Berenguer-Murcia, R. Torres, R. Fernandez-Lafuente,

Chem. Soc. Rev. 42 (2013) 6290–6307.
[7] D.N. Tran, K.J. Balkus, ACS Catal. 1 (2011) 956–968.
[8] J. Brabcova, M.  Filice, M. Gutarra, J.M. Palomo, Curr. Bioact. Compd. 9 (2013)
113–136.
[9] R. DiCosimo, J. McAuliffe, A.J. Poulose, G. Bohlmann, Chem. Soc. Rev. 42 (2013)

6437–6474.
10] X. Fan, X. Niehus, G. Sandoval, Methods in Molecular Biology, Springer, New

York, 2012, pp. 471–483.

http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0005
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0010
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0015
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0020
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0025
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0030
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0035
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0040
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0045
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0050


1 r Cata

[
[

[

[
[
[
[
[

[

[

[
[

[

[

[
[

[
[

[

[

[
[

[

[

[

[

[
Weinheim, 1999.

[38] K. Faber, Biotransformations in Organic Chemistry, 5th ed., Springer-Verlag,
00 M. Fujiwara et al. / Journal of Molecula

11] J.M. Palomo, Curr. Bioact. Compd. 4 (2008) 126–138.
12] S. Biradar, P. Ravichandran, R. Gopikrishnan, V. Goornavar, J.C. Hall, V. Ramesh,

S.  Baluchamy, R.B. Jeffers, G.T. Ramesh, J. Nanosci. Nanotechnol. 11 (2011)
6868–6874.

13] Y.-H. Won, H.S. Jang, D.-W. Chung, L.A. Stanciu, J. Mater. Chem. 20 (2010)
7728–7733.

14] Y. Wang, A.D. Price, F. Caruso, J. Mater. Chem. 19 (2009) 6451–6464.
15] Z. Lu, J. Zhang, Y. Ma,  S. Song, W.  Gu, Mater. Sci. Eng. C 32 (2012) 1982–1987.
16] S. Demir, S.B. Gök, M.V. Kahraman, Starch–Stärke 64 (2012) 3–9.
17] W.-Y. Cai, L.-D. Feng, S.-H. Liu, J.-J. Zhu, Adv. Funct. Mater. 18 (2008) 3127–3136.
18] C.-Y. Wang, C.-Y. He, Z. Tong, X.-X. Liu, B.Y. Ren, F. Zeng, Int. J. Pharm. 308 (2006)

160–167.
19] W.-Y. Cai, Q. Xu, X.-N. Zhao, J.-J. Zhu, H.-Y. Chen, Chem. Mater. 18 (2006)

279–284.
20] D.V. Volodkin, N.I. Larionova, G.B. Sukhorukov, Biomacromolecules 5 (2004)

1962–1972.
21] D. Shan, M.  Zhu, H. Xue, S. Cosnier, Biosens. Bioelectron. 22 (2007) 1612–1617.
22] H. Ghamgui, M.  Karra-Chaâbouni, Y. Gargouri, Enzyme Microb. Technol. 35

(2004) 355–363.
23] H. Ghamgui, N. Miled, M.  Karra-Chaâbouni, Y. Gargouri, Biochem. Eng. J. 37

(2007) 34–41.

24] V. Minovska, E. Winkelhausen, S. Kuzmanova, J. Serb. Chem. Soc. 70 (2005)

609–624.
25] N. Sawangpanya, C. Muangchim, M.  Phisalaphong, Sci. J. UBU 1 (2) (2010) 46–51.
26] M.  Fujiwara, K. Shiokawa, Y. Tanaka, Y. Nakahara, Chem. Mater. 16 (2004)

5420–5426.

[

lysis B: Enzymatic 109 (2014) 94–100

27] Y. Nakahara, M.  Mizuguchi, K. Miyata, J. Colloid Interface Sci. 68 (1979) 401–407.
28] M.  Fujiwara, K. Shiokawa, K. Morigaki, Y. Zhu, Y. Nakahara, Chem. Eng. J. 137

(2008) 14–22.
29] M.  Fujiwara, K. Shiokawa, M.  Araki, N. Ashitaka, K. Morigaki, T. Kubota, Y. Naka-

hara, Cryst. Growth Des. 10 (2010) 4030–4037.
30] M.  Fujiwara, K. Shiokawa, T. Kubota, K. Morigaki, Adv. Powder Technol. 25

(2014) 1147–1154.
31] M.M.  Bradford, Anal. Biochem. 72 (1976) 248–254.
32] T.N. Nwagu, H. Aoyagi, B.N. Okolo, S. Yoshida, J. Mol. Catal. B: Enzym. 78 (2012)

1–8.
33] M.  Okudomi, K. Ageishi, T. Yamada, N. Chihara, T. Nakagawa, K. Mizuochi, K.

Matsumoto, Tetrahedron 66 (2010) 8060–8067.
34] C.–S. Chen, Y. Fujimoto, G. Girdaukas, C.J. Sih, J. Am. Chem. Soc. 104 (1982)

7294–7299.
35] T. Ogino, T. Suzuki, K. Sawada, Geochim. Cosmochim. Acta 51 (1987)

2757–2767.
36] K. Nakamae, S. Nishiyama, S. Tahara, Y. Fujimura, J. Yamashiro, A. Urano, T.

Matsumoto, J. Adhes. Soc. Jpn. 22 (1986) 573–579.
37] U.T. Bornscheuer, R.J. Kazlauskas, Hydrolases in Organic Synthesis, Wiley-VCH,
Berlin, 2004.
39] K. Drauz, H. Gröger, O. May  (Eds.), Enzyme Catalysis in Organic Synthesis, 3rd

ed.,  Wiley-VCH, Weinheim, 2012.

http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0055
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0060
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0065
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0070
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0075
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0080
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0085
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0090
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0095
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0100
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0105
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0110
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0115
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0120
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0125
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0130
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0135
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0140
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0145
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0150
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0155
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0160
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0165
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0170
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0175
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0180
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0185
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0190
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195
http://refhub.elsevier.com/S1381-1177(14)00231-8/sbref0195

	Immobilization of lipase from Burkholderia cepacia into calcium carbonate microcapsule and its use for enzymatic reactions...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of vaterite calcium carbonate microcapsule (μCap)
	2.3 Encapsulation of lipase PS into μCap
	2.4 Zinc chloride treatment of μCap encapsulating lipase PS
	2.5 Characterization of materials
	2.6 Catalytic tests of enzymes by hydrolysis of 4-nitorophenyl acetate
	2.7 Determination of protein content
	2.8 Immobilization efficiency
	2.9 Typical procedure for the enantioselective esterification of (±)-1-phenylethanol (1) with lipase PS in organic media
	2.10 Typical procedure for the enantioselective hydrolysis of (±)-2-acetoxyhexyl tosylate (2) with lipase PS in aqueous media

	3 Results and discussion
	3.1 Encapsulation of lipase into calcium carbonate microcapsule (μCap) and its catalytic activity
	3.2 Enantioselective transesterification of (±)-1-phenylethanol (1) with lipase PS μCap
	3.3 Enantioselective hydrolysis of (±)-2-acetoxyhexyl tosylate (2) with lipase PS μCap
	3.4 Zinc treatment of lipase PS μCap and the reactivity with the enzyme in aqueous phase

	4 Conclusions
	Acknowledgement
	References


