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The  enzyme  aminoacylase  was used  to produce  l-theanine  from  its  derivative  N-acetyl-dl-theanine.
For  stabilization  purposes  the aminoacylase  was  immobilized  on  polyvinyl  alcohol-based  nanofibrous
membranes  generated  by electrospinning.  The  immobilized  aminoacylase  exhibited  better  resistance
to  changes  in  temperature  and  pH  than  the  free  enzyme  with  optimal  conditions  being  pH 8 and  52 ◦C.
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Under  these  conditions,  Km values  were  two  to three  times  higher  than  those  of  the  free  enzyme  (3.6  mM).
Thermostability  was also  significantly  improved;  the  activity  of  the  immobilized  enzyme  was  retained
at  approximately  70%  after  6  days  at 52 ◦C. These  results  indicate  potential  applications  of nanofibrous-
immobilized  aminoacylase  for  industrial  production  of  pure  l-theanine.

© 2015  Published  by  Elsevier  B.V.
. Introduction

The secondary metabolite theanine is a free amino acid that is
ound in tea leaves and has a broad range of biological activities
rom the reduction of blood pressure [1] to neuroprotection [2]. Like

ost amino acids, it is chiral with d/l enantiomers. Although nat-
ral theanine exists predominantly in the l-form, small amounts
f d-theanine are detected in various tea products [3,4]. Sur-
risingly, five out of six commercial products marketed as pure
-theanine were actually found to be racemic mixtures [5]. Because
-theanine inhibits l-theanine absorption, racemic mixtures dras-
ically decrease theanine’s pharmacological benefits [6]. Although
here are several methods for producing theanine [7–10], chemical
ynthesis is the dominant method for industrial-scale production
hich generates racemic mixtures that require l-enantiomer sep-

ration. Thus, there is a need for production of pure l-theanine for
utraceuticals.

Enzymatic resolution of d/l-amino acids has been shown to be
n effective approach to produce pure enantiomers [11–13]. For
xample, the enzyme aminoacylase (N-acyl-l-amino acid amino-

ydrolase, EC3.5.1.14) has been used to resolve some amino acid
nantiomers, such as alanine [14], methionine [15], and phenylala-
ine [16] from their N-acyl derivatives. Pure l-theanine was also

∗ Corresponding author. Tel.: +86 21 65981051; fax: +86 21 65981041.
E-mail address: liping01@tongji.edu.cn (P. Li).

ttp://dx.doi.org/10.1016/j.molcatb.2015.03.003
381-1177/© 2015 Published by Elsevier B.V.
produced with the lysate of the aminoacylase-producing fungi Cun-
nighamella echinulata 9980, without purifying the enzyme [17]. Due
to previous successes of the enzymatic resolution, here, we also use
purified aminoacylase for the resolution of d- and l-theanine.

In industrial conditions, free enzymes are frequently not sta-
ble or reusable because of high temperatures, extreme pH values,
and solvent toxicity. In contrast, enzyme immobilization enhances
enzyme activity, specificity, stability, and reusability [18]. Because
of their large surface area, high porosity and pore connectivity,
nanofibrous membranes have several advantages as support mate-
rials for enzyme immobilization, allowing relatively high enzyme
loading, low hindrance for mass transfer and high catalytic effi-
ciency [19]. Nanofibrous membranes formed with the synthetic
polymer polyvinyl alcohol (PVA) are non-toxic, water soluble, and
have been used for cell and enzyme immobilization [9,20–22].
While PVA possesses a large number of hydroxyl groups that could
provide a biocompatible microenvironment for the enzyme, PVA
in an aqueous environment swells substantially leading to partial
or complete loss of the morphological structure of the nanofi-
brous membranes. To reduce the swelling, PVA membranes were
cross-linked with different chemical agents like glutaraldehyde
[23]. Cross-linking of glutaraldehyde with gelatin nanofibers could
also improve membrane’s thermostability and mechanical prop-

erties [24]. In addition, genipin and polyethylene glycol diglycidyl
ether as crosslinking agents were also used in nanofibrous mem-
brane fabrication to enhance properties of membrane scaffold and
immobilized enzymes [25,26].
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Due to the advantages of nanofibrous membranes, here we
nvestigated the properties and activities of aminoacylases on PVA
anofibrous memberanes. After optimizing the immobilization
rocedure we moved forward to test and optimize aminoacylase
eparation d- and l-theanine. This procedure will have much util-
ty in the industrial processes of not only theanine enantiomers but
ther chiral amino acids.

. Materials and methods

.1. Materials

PVA (with a degree of polymerization of 1750 ± 50) was pur-
hased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
hina). Aminoacylase (ACY, EC3.5.1.14) and d/l-theanine were
urchased from Shanghai Hanhong Chemical Co., Ltd. Standard
-theanine was provided by Tokyo Kasei Kogyo Co., Ltd. Glutaralde-
yde (GA) (50%, AR) was obtained from Shanghai Aibi Chemical Co.,
td. Genipin (GP) (MW  = 226.23, 98% by high-pressure liquid chro-
atography) was purchased from Linchuan Zhixin Bio-Technology

o., Ltd. Polyethylene glycol diglycidyl ether (PGDE) was supplied
y Yifu Chemical Materials Co., Ltd.

.2. Preparation of PVA/aminoacylase nanofibrous membranes by
lectrospinning

PVA (0.7 g) was dissolved in 8.33 mL  deionized water at 95 ◦C
ver a period of 2 h, followed by stirring with 0.3 g aminoacylase at
5 ◦C to form a homogeneous solution. Then, a crosslinker (GA, GP,
r PGDE) was dropped into the solution at a final concentration of
.5%, 0.5%, or 2% (v/v), respectively. For electrospinning, the mixture
as transferred into a 20-mL syringe equipped with a metal nee-
le that was connected to a high-voltage power supply (GDW-A;
eijing Institute of High Voltage Electrical and Mechanical Tech-
ology, Inc., China). A syringe pump was used to control the flow
ate at 0.8 mL/h, and electrospinning was performed at 15 kV at a
istance of 12 cm between the needle tip and the collector. The
embranes were collected for 4 h and then dried overnight at 4 ◦C

nder vacuum.
The morphologies of the PVA/aminoacylase nanofibrous mem-

ranes were characterized with scanning electron microscopy
SEM, XL-30; Philips, Eindhoven, Netherlands) and Fourier trans-
orm infrared spectroscopy (Nicolet 5700, Thermo Fisher Scientific,
SA).

.3. Activity assay of free and immobilized aminoacylase

Aminoacylase activity was measured by determining the pro-
uction of l-theanine from N-acetyl-d/l-theanine via the ninhydrin
olorimetric method described by Rosen [27], with slight modi-
cations. To resolve theanine enantiomers, a reaction mixture of
-acetyl-d/l-theanine (0.02 M,  pH 7) and aminoacylase solution

5 mg/mL) was incubated at 52 ◦C for 30 min. The chromogenic
eaction was initiated by addition of 0.2 mL  acetate buffer (2 M,
H 5.4) and 0.2 mL  ninhydrin solution (1%, w/v) to a 0.2 mL  resolu-
ion mixture. This mixture was heated in boiling water for 15 min,
ollowed by cooling to room temperature. Afterwards, 0.2 mL  was

ixed with 3 mL  60% ethanol for the colorimetric measurement at
70 nm.  A standard calibration curve was used to determine the
minoacylase activity. One activity unit (U) of aminoacylase was
efined as the amount of enzyme required to generate 1 �mol  of

-theanine per minute. The retention of aminoacylase activity was
efined as the ratio of the activity of the immobilized enzyme to
hat of the same amount of free enzyme. All activity assays were
erformed in triplicate.
s B: Enzymatic 116 (2015) 24–28 25

2.4. Effect of temperature and pH on aminoacylase activity

The effect of temperature on the activities of free and immo-
bilized aminoacylase was  examined for the range of 29–72 ◦C at
pH 7. The effect of pH was  tested over the range pH 5–9 at
52 ◦C.

2.5. Stability of immobilized aminoacylase

The thermostability of free and immobilized aminoacylase
was determined by measuring the residual enzyme activity, as
described above, every other day during storage in phosphate
buffer (0.1 M,  pH 7) at 52 ◦C.

The free and immobilized aminoacylase were stored in phos-
phate buffer (0.1 M,  pH 7) at 25 ◦C and 4 ◦C for 6 d and 30 d,
respectively. The residual enzyme activities were measured at dif-
ferent time intervals.

The reusability of immobilized aminoacylase was studied by
measuring the residual enzyme activities repeatedly for 5 times.
After each reaction, the enzyme was washed with fresh phosphate
buffer (0.1 M,  pH 7) and the retention activity was  performed under
optimal conditions.

3. Results and discussion

3.1. Characterization of nanofibrous membranes

In order to characterize the PVA electrospun nanofibrous
membranes with and without aminoacylase (ACY), SEM images
were taken (Fig. 1). The nanofibrous membranes have a uniform
morphology with an average diameter of ∼200 nm (Fig. 1a). The
average diameter of the nanofibers increased to ∼300 nm when
aminoacylase (ACY) was  added (Fig. 1b). This is probably because
the PVA/ACY mixture becomes viscous after the formation of
intermolecular hydrogen bonds between PVA hydroxyl groups
and ACY amino groups. From Fig. 1c–e, it is clear that crosslinkers
caused the formation of nonuniform nanofibers with different
diameters.

FTIR spectra for nanofibrous membranes of pure PVA, PVA/ACY,
and PVA/ACY/crosslinkers were acquired to characterize the immo-
bilization of aminoacylase on the membranes (Fig. 2). Pure PVA
exhibited a wide band from 3100 to 3600 cm−1 that was assigned
to O–H stretching and intermolecular hydrogen bonds [28]. All
immobilized ACY membranes exhibited a new peak at 1652 cm−1,
indicating O C–NH bonds formed between the enzyme and PVA
[20]. Thus, ACY was  immobilized on the PVA membranes via chem-
ical bonding.

3.2. Effect of temperature and pH on aminoacylase activity

Fig. 3 shows the aminoacylase activity over the temperature
range of 29–72 ◦C and pH 5–9. Under optimal conditions (42 ◦C
and pH 7) enzyme activity retention was maintained at 100%. With
immobilization, the ACY activity retention decreased to 49.2–70.5%
relative to that of free ACY at 42 ◦C, most likely due to activity
loss during the immobilization process. When the temperature was
increased to 52 ◦C, the free ACY activity decreased to 90% of that at
42 ◦C. In contrast, all immobilized ACYs had their highest activi-
ties at 52 ◦C. Thus, the optimal temperature shifted from 42 ◦C for
free ACY to 52 ◦C for immobilized ACY, suggesting that immobilized
enzymes could remain in a stable conformation and remain robust
at high temperatures.
For free ACY, pH 7 was optimal, whereas pH 8 was opti-
mal  for the immobilized ACYs, with 52.9–77.8% activity retention.
Thus, the immobilized enzyme required a higher pH for opti-
mal  activity than that of the free enzyme. This is most likely
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ig. 1. SEM images of nanofibrous membrane. (a) 7.5% (w/w) PVA, (b) PVA/ACY (7
70:30)  mixture with 2% (v/v) PGDE as a crosslinker, (e) PVA/ACY (70:30) mixture c
ecause of the altered microenvironment between the immo-
ilized enzyme and the solution. In addition, the immobilized
nzyme exhibited less sensitivity to changes in pH than did free
CY.

ig. 2. FT-IR spectra of (a) pure PVA nanofibrous membrane, (b) PVA/ACY nanofi-
rous membrane, (c) PVA/ACY nanofibrous membrane with GA as a crosslinker, (d)
VA/ACY nanofibrous membrane with PGDE as a crosslinker, (e) PVA/ACY nanofi-
rous membrane with GP as a crosslinker.
 mixture, (c) PVA/ACY (70:30) mixture crosslinked by 0.5% (v/v) GA, (d) PVA/ACY
nked by 0.5% (v/v) GP.

3.3. Activity of immobilized aminoacylase

Enzymatic activities of free and immobilized aminoacylases for
the resolution of d- and l-theanine under optimal conditions are
shown in Table 1. To improve the retention of enzyme activity
during electrospinning, three crosslinkers GA, GP, and PGDE were
added separately to form the PVA/ACY nanofibrous membranes.
The activity retention varied, with residual values over the range of
52.9–77.8%. Overall, the Km values of the immobilized aminoacy-
lases were two to three times higher than that of the free enzyme
(3.6 mM).  With immobilization, the Km values of enzymes usually
increase, as reported previously [29,30], indicating a decrease of
affinity between the immobilized enzyme and the substrate after
immobilization. This may  be caused by structural changes of immo-
bilized aminoacylase that provide less accessibility of the substrate
to the active catalytic site.

3.4. Stability of immobilized aminoacylase

Thermostability of immobilized ACY at the optimal reaction
temperature of 52 ◦C was  investigated. As shown in Fig. 4, the

activity of free ACY decreased sharply compared with that of the
immobilized ACY. The free ACY lost ∼70% of its activity over 2 days
and only 10% of the activity was  left after 6 days in storage. How-
ever, the immobilized enzyme retained a relatively high activity,
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Table  1
Activity of free and immobilized ACY under optimal reaction conditions.

Sample Temperature (◦C) pH Specific activity (U g−1 protein) Activity retention (%) Km (mM)

Free ACY 42 7.0 127.7 100 3.6
PVA  + ACY + GA 52 8.0 67.6 52.9 10.7
PVA  + ACY + GP 52 8.0 99.4 77.8 6.4
PVA  + ACY + PGDE 52 8.0 91.8 71.9 7.2

F
a

w
t
c
v
a
i

Fig. 5. Storage stability of free and immobilized aminoacylase at 25 ◦C.
ig. 3. Effect of temperature (a) and pH (b) on free and immobilized aminoacylase
ctivity.

ith a final value of ∼70%, over 6 days at 52 ◦C. The enhanced
hermostability of immobilized ACY probably occurs because of
ovalent bonding between the enzyme and the supports that pre-

ent conformational alteration and denaturation of the enzyme
t high temperatures. This effect has also been shown for other
mmobilized enzymes [31,32].

Fig. 4. Thermostability of free and immobilized aminoacylase.
Fig. 6. Reusability of immobilized aminoacylase.

Fig. 5 shows the storage stability of immobilized ACY under 25 ◦C
for 6 days. Clearly, immobilized ACYs remained much higher resid-
ual activities of ∼70% after 6 days than the free ACY activity dropped
significantly to ∼30%. This result indicated that the storage stabil-
ity of immobilized ACY was better than that of free enzyme, which
might be attributed to the immobilization of enzyme to a matrix.
While after 30 days of storage at 4 ◦C, immobilized and free ACY
could keep about 90% and 82% of their original activities, respec-
tively.

The reusability of immobilized ACY was  examined and the result
indicated that all immobilized ACYs retained over 50% of their
initial activities after five reuses (Fig. 6). This reusability is an advan-
tage for the continuous use of the immobilized enzyme in industry
applications.

4. Conclusions
In this study, the enzyme aminoacylase was immobilized
onto PVA nanofibrous membranes that were produced via elec-
trospinning. For the immobilized enzyme, the optimal reaction
temperature was 52 ◦C and the optimal pH was 8. Additionally, the
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mmobilized aminoacylase was relatively less sensitive to changes
n temperature and pH than the free enzyme. Under these opti-

al  conditions, the Km values of the immobilized aminoacylases
ncreased by a factor of two to three times that for the free
nzyme (3.6 mM),  while a high residual activity could be main-
ained longer (up to 6 days) than that of the free aminoacylase.
n conclusion, robust aminoacylase immobilized on nanofibrous

embranes has potential applications in the production of pure
-theanine.

cknowledgments

This work was supported by the National Natural Science
oundation of China (no. 21476176; no. 21276198) and the Sci-
nce and Technology Commission of Shanghai Municipality (no.
2dz1909403).

eferences

[1] H. Yokogoshi, Y. Kato, Y.M. Sagesaka, T. Takiharamatsuura, T. Kakuda, N.
Takeuchi, Biosci. Biotechnol. Biochem. 59 (1995) 615–618.

[2] T. Kakuda, Pharmacol. Res. 64 (2011) 162–168.
[3] K.H. EkborgOtt, A. Taylor, D.W. Armstrong, J. Agric. Food Chem. 45 (1997)

353–363.
[4] Y. Zhao, P. Li, L. Ge, Y. Wang, T. Mo,  X. Zeng, X. Wang, Food Chem. 134 (2012)

1761–1766.

[5] M.J. Desai, D.W. Armstrong, Rapid Commun. Mass Spectrom. 18 (2004)

251–256.
[6] M.J. Desai, M.S. Gill, W.H. Hsu, D.W. Armstrong, Chirality 17 (2005) 154–162.
[7] S. Yamamoto, M.  Wakayama, T. Tachiki, Biosci. Biotechnol. Biochem. 69 (2005)

784–789.

[

[

s B: Enzymatic 116 (2015) 24–28

[8] J. Li, P. Li, F. Liu, LWT-Food Sci. Technol. 41 (2008) 883–889.
[9] B. Liu, P. Li, C.L. Zhang, Y. Wang, Y.S. Zhao, Process Biochem. 45 (2010)

1330–1333.
10] H.J. Zhang, W.G. Zhang, Z.Y. Wang, Y.P. Zhan, L.S. Xu, J.Z. Liu, Q. Liu, Q.C. Jiao,

Biotechnol. Bioprochem. Eng. 18 (2013) 358–364.
11] T. Miyazawa, Amino Acids 16 (1999) 191–213.
12] M.  Wakayama, K. Yoshimune, Y. Hirose, M.  Moriguchi, J. Mol. Catal. B: Enzym.

23  (2003) 71–85.
13] S. Singh, B.K. Gogoi, R.L. Bezbaruah, Curr. Microbiol. 63 (2011) 94–99.
14] H.J. Wang, J.H. Bai, D.S. Liu, T. Zhang, H.M. Zhou, Appl. Biochem. Biotechnol. 76

(1999) 183–191.
15] M.I. Youshko, L.M. van Langen, R.A. Sheldon, V.K. Svedas, Tetrahedron-

Asymmetry 15 (2004) 1933–1936.
16] H. Groger, H. Trauthwein, S. Buchholz, K. Drauz, C. Sacherer, S. Godfrin, H.

Werner, Org. Biomol. Chem. 2 (2004) 1977–1978.
17] J.Y. Li, L.Y. Guo, S.Y. Qian, Z.L. Li, Q.C. Jiao, Electronic J. Biol. 2 (2006) 15–18.
18] D. Brady, J. Jordaan, Biotechnol. Lett. 31 (2009) 1639–1650.
19] Z.G. Wang, L.S. Wan, Z.M. Liu, X.J. Huang, Z.K. Xu, J. Mol. Catal. B: Enzym. 56

(2009) 189–195.
20] L.L. Wu,  X.Y. Yuan, J. Sheng, J. Membr. Sci. 250 (2005) 167–173.
21] J. Kumar, S.F. D’Souza, Talanta 75 (2008) 183–188.
22] C.S. Pundir, B.S. Singh, J. Narang, Clin. Biochem. 43 (2010) 467–472.
23] C.K. Yeom, K.H. Lee, J. Membr. Sci. 109 (1996) 257–265.
24] Y.Z. Zhang, J. Venugopal, Z.M. Huang, C.T. Lim, S. Ramakrishna, Polymer 47

(2006) 2911–2917.
25] W.  Wang, Y. Jiang, L. Zhou, J. Gao, Appl. Biochem. Biotechnol. 164 (2011)

561–572.
26] R. Liu, X. Xu, X. Zhuang, B. Cheng, Carbohydr. Polym. 101 (2014) 1116–1121.
27] H. Rosen, Arch. Biochem. Biophys. 67 (1957) 10–15.
28] B. Liu, L. Ge, C. Zhang, Y. Zhao, P. Li, J. Sci. Food Agric. 92 (2012) 2274–2280.
29] S.F. Li, Y.H. Fan, R.F. Hu,  W.T. Wu,  J. Mol. Catal. B: Enzym. 72 (2011) 40–45.
30] Q. Feng, B. Tang, Q. Wei, D. Hou, S. Bi, A. Wei, Int. J. Mol. Sci. 13 (2012)
12734–12746.
31] X.J. Huang, P.C. Chen, F. Huang, Y. Ou, M.R. Chen, Z.K. Xu, J. Mol. Catal. B: Enzym.

70  (2011) 95–100.
32] Y. Li, J. Quan, C. Branford-White, G.R. Williams, J.X. Wu,  L.M. Zhu, J. Mol. Catal.

B:  Enzym. 76 (2012) 15–22.

http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0165
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0170
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0175
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0180
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0185
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0190
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0195
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0200
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0205
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0210
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0215
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0220
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0225
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0230
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0235
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0240
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0245
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0250
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0250
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0250
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0250
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0250
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0250
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0250
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0250
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0250
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0250
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0250
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0255
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0260
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0265
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0270
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0275
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0280
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0285
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0290
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0295
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0295
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0295
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0295
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0295
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0295
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0295
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0295
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0295
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0295
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0300
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0305
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0310
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0315
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320
http://refhub.elsevier.com/S1381-1177(15)00060-0/sbref0320

	Immobilization of aminoacylase on electrospun nanofibrous membrane for the resolution of dl-theanine
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of PVA/aminoacylase nanofibrous membranes by electrospinning
	2.3 Activity assay of free and immobilized aminoacylase
	2.4 Effect of temperature and pH on aminoacylase activity
	2.5 Stability of immobilized aminoacylase

	3 Results and discussion
	3.1 Characterization of nanofibrous membranes
	3.2 Effect of temperature and pH on aminoacylase activity
	3.3 Activity of immobilized aminoacylase
	3.4 Stability of immobilized aminoacylase

	4 Conclusions
	Acknowledgments
	References


