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a  b  s  t  r  a  c  t

In order  to find  a suitable  reaction  system  for the  enzymatic  resolution  of (R, S)-2-octanol,  the  effects  of
the  molecular  structure  of  the  solvent  on the  enantioselectivity  (E)  and  enzymatic  activity  of  Yarrowia
lipolytica  lipase  (YLL)  immobilized  onto  magnetic  nanoparticles  were  systematically  analyzed.  Both  the
E and  enzymatic  activity  of  the  reaction  in  an  acyclic,  structurally  linear  solvent  were  higher  than
those  in  the  corresponding  branched  chain  solvent  or  cyclic  solvent.  In a mixed  solvent  system  with
acetone  and  carbon  tetrachloride  (v/v =  3:7),  the  immobilized  YLL  exhibited  high  enantioselectivity,
eywords:
arrowia lipolytica lipase
esolution
-Octanol

activity,  and  reusability.  The  thermodynamic  analysis  showed  that  the  enantiomer  discrimination  was
enthalpy-driven  at  all temperatures  tested.  These  results  present  new  opportunities  and  challenges  for
understanding  and  intensifying  the  enzymatic  resolution  process  of (R,  S)-2-octanol  by  designing  suitable
solvent  system.
nantioselectivity
agnetite

. Introduction

Biocatalysts used for industrial synthetic chemistry are on the
erge of significant growth, especially for the synthesis of chiral
ompounds [1]. Biocatalysts are receiving increasing attention as

 promising alternative to conventional catalysts due to several
dvantages including high catalytic efficiency, high enantioselec-
ivity, low environmental impact, and mild reaction conditions
2,3].

Lipases are of significant interest because of their high stabil-
ty in organic solvents, and the selection of the reaction medium
or a lipase-catalyzed reaction is important because the selectiv-
ty of a lipase is strongly affected by the reaction medium [4].
he solvent-dependent activity and selectivity of a lipase varies
reatly from one solvent to another due to their intrinsic physi-
al properties [5], and the prediction of these effects is difficult.
herefore, it is necessary to systematically screen solvents for their
tility for lipase-catalyzed reactions. Changes in the solvent have
een reported to result in a reversal of enantiopreference [6,7]
nd in changes in substrate specificity [8,9]. Solvent engineering
o improve enzyme enantioselectivity for targeted reactions is effi-

ient because it reduces the time and resource-consuming process
f screening and/or protein engineering of the biocatalyst [10–12].

∗ Corresponding author. Tel.: +86 10 82622280; fax: +86 10 82622280.
E-mail address: czliu@home.ipe.ac.cn (C.-Z. Liu).

381-1177/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.molcatb.2013.12.011
© 2013 Elsevier B.V. All rights reserved.

In order to improve operational stability and product recov-
ery without lipase contamination, lipase was immobilized onto
magnetic Fe3O4 nanoparticles, and the immobilized lipase was
easily recycled using a magnet [13–15]. Thus far, there have been
few reports related to the applications of magnetically immobi-
lized lipases for the resolution of chiral compounds, especially of
chiral secondary alcohols. The objective of the current work was
to understand and screen suitable solvent systems in order to
improve the resolution of (R, S)-2-octanol catalyzed by Yarrowia
lipolytica lipase immobilized onto magnetic nanoparticles.

2. Materials and methods

2.1. Materials

Yarrowia lipolytica lipase (YLL) was purchased from Beijing
CTA New Century Biotechnology Co., Ltd. (Beijing, China). (R)-
2-octanol, (S)-2-octanol, (R, S)-2-octanol and vinyl acetate were
purchased from Sigma–Aldrich (Sigma–Aldrich, Shanghai, China).
(R)-2-octanol acetate and (S)-2-octanol acetate were synthesized
according to a previously reported method [16]. Other analyti-
cal grade organic solvents were purchased from Beijing Chemical
Reagents Company (Beijing, China).
2.2. Preparation of magnetite-immobilized YLL

Magnetic Fe3O4 nanoparticles were synthesized using the
chemical precipitation method [17]. 1.98 g of FeCl2·4H2O and 5.4 g

dx.doi.org/10.1016/j.molcatb.2013.12.011
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcatb.2013.12.011&domain=pdf
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eCl3·6H2O were dissolved in 200 mL  of distilled water with vigor-
us stirring under a nitrogen atmosphere. The solution was  heated
o 80 ◦C, 25 mL  NH4OH (25 wt.%) was quickly added, and the reac-
ion was incubated with stirring at 80 ◦C for 30 min. The synthesized
e3O4 particles were collected, washed five times with distilled
ater, dispersed in distilled water, and stored for further use.

YLL powder (1 g) was suspended in 20 mL  of 50 mM phosphate
uffer (pH 8.0) at 25 ◦C by stirring for 30 min, and the insolu-
le impurities were removed by centrifugation (Sigma, 4–16 K,
.07 × 104 g, 10 min). The magnetic nanoparticles (1 g) were added
o the supernatant, and the mixture was incubated at 20 ◦C with
haking at 150 rpm. After 4 h stirring, 1 mL  of ice-cold acetone was
lowly added. The final mixture was stirred for another 20 min,
nd the magnetite-immobilized YYL were separated using a mag-
et. The immobilized YLL was washed three times with phosphate
uffer (pH 8.0, 50 mM)  and lyophilized for 48 h. The immobilized
LL was stored at 4 ◦C before use. The amount of protein was deter-
ined using the Bradford assay with BSA as the standard [18], and

he amount of protein bound to the magnetic nanoparticles was
alculated [19].

The immobilization efficiency and activity recovery were esti-
ated using Eqs. (1) and (2), respectively. The specific activity of

he lipase was assayed using the p-nitrophenol method [20].

 (%) = Protein content of immobized lipase
Total protein content of loading lipase

× 100% (1)

here, � is the immobilization efficiency.

 (%) = Specific activity of immobilized lip
Specific activity of the same amount of free lipase as that

here, � is the recovery of enzyme activity.
The immobilization efficiency and activity recovery of YYL were

0% and 90%, respectively.

.3. Enzymatic resolution of (R, S)-2-octanol

.3.1. Solvent selection
The enzymatic reaction was carried out in a 25 mL  conical

ask capped with a stopper and stirred at 150 rpm, 30 ◦C, with a
xed water activity. The reaction mixture contained 10 mL  solvent,

 mmol  (R, S)-2-octanol, 2 mmol  vinyl acetate, and 10 mg  enzyme
protein). Prior to initiating the reaction, the solvent, vinyl acetate,
nd the immobilized lipase were equilibrated separately with a salt
ydrate pair (Na2SO4·10H2O/Na2SO4) at the reaction temperature.
he water activity of the reaction system was maintained at the
alue of 0.83. The initial activity was used as the enzyme activity.

.3.2. Reusability
After each batch reaction, the enzyme was recovered by cen-

rifugation (for the free lipase) or magnetic separation (for the
mmobilized lipase) and washed three times with fresh solvent.
he collected enzyme was  then re-used for the next batch under
he same conditions. The residual activity and enantioselectivity of
he recycled enzyme were compared with those of the first batch.

All experiments were carried out in triplicate.

.4. Analysis

The (R, S)-2-octanol and product were analyzed by gas chro-
atography (GC) using the external standard method. The linear

oncentration range is 1 × 10−3 to 1 × 10−1 mol/L. The GC7890
Agilent, USA) was equipped with an FID detector and a column

40 m × 0.25 mm × 0.12 �m,  G-TA Capillary Column, Astech, USA).
itrogen was used as the carrier gas at a flow rate of 40 mL/min. The

plit ratio was 20:1, and the injection volume was 1 �L. The injec-
or, detector, and oven temperatures were set at 200 ◦C, 250 ◦C,
sis B: Enzymatic 101 (2014) 23– 27

obilized on magnetite
× 100% (2)

and 110 ◦C, respectively. The enantiomeric excess (ee) of the (R,
S)-2-octanol acetate was  determined by the peak areas of the two
isomers using Eq. (3). The extent of conversion (c) of (R, S)-2-octanol
was determined by the decrease of (R, S)-2-octanol. The enantiose-
lectivity (E) was calculated using Eq. (4) according to the reported
method [21].

eep (%) = R  − S

R + S
× 100% (3)

where eep is the ee of the product, R is the concentration of the
(R)-enantiomer, and S is the concentration of the (S)-enantiomer.

E = ln[1 − c(1 + eep)]
ln[1 − c(1 − eep)]

(4)

where c is the extent of the conversion of (R, S)-2-octanol.

2.5. Thermodynamic analysis

In a specific enantioselective enzyme-catalyzed reaction, the
enantioselectivity, E, was  defined as the ratio between the
specificity constants for the enantiomers [21], related to the
difference in activation free energy between the enantiomers
as �R–S�G# = −RT ln E = �R–S�H# − T�R–S�S#. The enthalpic and
entropic component of the E was calculated using Eq. (5) [22].

ln E = −�R−S�H#

R
· 1

T
+ �R−S�S#

R
(5)

where �R–S�G#, �R–S�H#, and �R–S�S# were the differences in
activation free energy, activation enthalpy, and activation entropy
between the reactions converting the two enantiomers, respec-
tively. R was the molar gas constant, 8.31 J/(mol K), and T was the
Kelvin temperature, K. Therefore, a thermodynamic analysis of E
was conducted by studying the temperature dependence of E.

3. Results and discussion

3.1. Enzymatic resolution of (R, S)-2-octanol in solvents

The solvents were divided into two  groups, cyclic and acyclic,
and each group demonstrated different effects on the E and enzy-
matic activity of the magnetite-immobilized YLL. In contrast with
lipase PSL which exhibited higher E values in the transesterifica-
tion of 1-nitro-2-propanol [23] and sulcatol [24] with vinyl acetate
in the cyclic solvents, YLL exhibited lower E values and moder-
ate enzymatic activities in these solvents (Table 1). In the cyclic
solvents, the log P and molecular size of the solvents showed no
obvious effects on the E and enzymatic activity of the immobilized
YLL, which were mainly dependent on the structure of the cyclic
solvent.

In the acyclic solvents (Table 2), the E and enzymatic activity
of the immobilized YLL were related to the log P and the molecu-
lar size of the acyclic solvent. The enzyme activity and the E were
completely absent in dimethyl sulfoxide with a very low log P value
of −1.49. When the log P of the acyclic solvent was in the range of
−0.33 to 1.9, the E was  relatively high, and the enzyme activity
increased with the increasing molecular size of the acyclic solvent.
When the log P of the acyclic solvent was  in the range of 2.6–4.5,

the E was moderate, and the enzymatic activity decreased with the
increasing molecular size (Vm, molar volume used to characterize
the molecular size) of the acyclic solvent. The solvent molecule can
interact with enzyme and penetrate into the hydrophobic core of
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Table 1
Enzymatic activity and enantioselectivity of the magnetite-immobilized YLL for the resolution of (R, S)-2-octanol in various cyclic solvents.

Solvent Log Pa Vm
b (L/mol) Enzymatic activity (�mol/g/min) E

1,4-Dioxane −1.10 0.085 16.9 ± 0.1 38 ± 1
Tetrahydrofuran 0.49 0.081 16.9 ± 0.1 38 ± 2
2-Methyltetrahydrofuran 0.99 0.101 17.7 ± 0.1 39 ± 1
Nitrobenzene 1.85 0.102 17.8 ± 0.1 41 ± 1
Benzene  2.0 0.089 17.1 ± 0.1 39 ± 1
Anisole  2.11 0.109 17.7 ± 0.1 42 ± 2
Toluene  2.50 0.107 17.9 ± 0.1 39 ± 1
Chlorobenzene 2.84 0.102 17.8 ± 0.1 40 ± 0.5
Cyclohexane 3.20 0.108 17.2 ± 0.1 41 ± 0.5
Cycloheptane 4.00 0.121 17.5 ± 0.1 40 ± 1
Diphenyl ether 4.20 0.158 16.9 ± 0.1 39 ± 1
Cyclooctane 4.45 0.134 17.5 ± 0.1 42 ± 1
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a The values were taken from Ref. [4] or calculated using the Kirkwood theory (J.
b The molar volume of the solvent, Vm (L/mol), was calculated according to the foll

f  the solvent, respectively.

he enzyme to result in a site-specific interaction [4,24,25]. The
nteraction between the cyclic solvent and the YLL were weaker
han those between the acyclic solvent and the YLL because the

olecular structure of the cyclic solvents resulted in greater steric
indrance in comparison with that of the acyclic solvents.

In addition, the magnetite-immobilized YLL exhibits a low
nzymatic activity and enantioselectivity in acyclic solvents
ontaining branched chain(s), such as 2,2-dimethylbutane, 2,4-
imethylpentane, and 2,2,4-trimethypetane which are the isomers
f hexane, heptane, and octane, respectively (Table 2). These results
urther confirmed that the enzymatic activity and enantioselectiv-
ty of the immobilized YLL were strongly affected by the solvent
tructure.

The interaction sites and force between the acyclic hydrophilic
olvent (log P ≤ 1.9) and the immobilized YLL were different from
hose between the acyclic hydrophobic solvent (log P ≥ 2.6) and the
mmobilized YLL, and this difference led to the decrease of enzy-

atic activity when the molecular size of the acyclic hydrophilic
olvent increased. Among the acyclic hydrophilic solvents tested,
imethyl sulfoxide interacted more strongly with the immobilized
LL compared to other acyclic solvents. It was considered that the
imethyl sulfoxide induced a drastic change in the conformation
f the YLL that was completely inactivated. A previous report [26]
ndicated that a hydrophilic solvent can inactivate the enzyme
y stripping the essential water from the enzyme. In our study,
owever, the enzymatic reactions were conducted at a fixed water
ctivity (the most convenient parameter for correlating enzymatic

ctivity in a non-aqueous media [27,28]). This largely eliminated
olvent effects due to differences in water partitioning [29] and
ndicated that the effect of the solvent on the lipase arose from
he solvent itself. The enzymatic activity of the immobilized YLL

able 2
nzymatic activity and enantioselectivity of the magnetite-immobilized YLL for the resol

Solvent Log P V

Without branched chain(s) Dimethyl sulfoxide −1.49 0
Acetonitrile −0.33 0
Acetone −0.23 0
Butanone 0.29 0
Ethyl acetatea 0.68 0
Isopropyl ether 1.90 0
Carbon tetrachloride 2.60 0
Hexane 3.50 0
Heptane 4.00 0
Octane 4.50 0

With  branched chain(s) 2,2-Dimethylbutane 3.00 0
2,4-Dimethylpentane 3.40 0
2,2,4-Trimethypetane 3.80 0

a The reaction of ethyl acetate reacting with 2-octanol was not significantly detected.
kwood, J Chem. Phys. 2 (1934) 351–361).
 equation: Vm = MW/1000 d, where d and MW are the density and molecular weight

increased as the Vm increased because the number of solvent
molecules effectively interacting with the YLL decreased. As a
result, the immobilized YLL was  released from the adverse effects
of the acyclic hydrophilic organic solvent. Acetone and acetonitrile
can interact with lipase via intramolecular hydrogen bonds, which
play an important role in the native structure of the lipase [30]. The
structure of YLL is disrupted by the formation of intermolecular
hydrogen bonds, such as (YLL) N H. . .O C(CH3)2 (acetone) and
(YLL) N H. . .N C CH3 (acetonitrile), which lead to severe dis-
tortions in its conformation. R-2-octanol and S-2-octanol were not
able to correctly bind to the deformed active site, which resulted in
the significant decrease in the reactivity of S-2-octanol. Therefore,
the E of YLL in acetone and acetonitrile was  high.

Enzymatic activity and E of an enzyme are crucial factors in the
enzymatic process and influence its potential applications. In a typ-
ical enzymatic process, the reaction time is less than 24 h, and the
ee of the product or substrate obtained is not less than 99% [31].
This requires that the enzyme exhibits both a high activity and a
high E during the catalytic process. To identify a reaction medium in
which YLL exhibited a relatively high activity and E for the resolu-
tion of (R, S)-2-octanol, the effect of a mixture of acetone and carbon
tetrachloride on the immobilized YLL performance was  investi-
gated (Table 3). As the percentage of carbon tetrachloride in the
mixed reaction increased, the E value decreased significantly while
the reaction rate was  significantly enhanced. This suggested that
each component of the mixed solvent interacted with the YLL and
thereby influenced the conformation, activity, and E of the enzyme

[32]. Based on these results, a mixed solvent system composed of
30% acetone and 70% carbon tetrachloride was  recommended for
the resolution of (R, S)-2-octanol by the magnetite-immobilized
YLL.

ution of (R, S)-2-octanol in various acyclic solvents.

m (L/mol) Enzymatic activity (�mol/g/min) E

.071 – –

.052 3.90 ± 0.1 659 ± 8

.074 6.20 ± 0.2 2.10 × 103 ± 11

.09 7.60 ± 0.2 216 ± 5

.098 8.20 ± 0.2 185 ± 6

.142 37.5 ± 0.1 89 ± 5

.0967 50.3 ± 0.2 78 ± 2

.131 38.2 ± 0.1 87 ± 2

.147 35.8 ± 0.1 95 ± 3

.163 32.5 ± 0.2 97 ± 3

.133 29.5 ± 0.1 67 ± 1

.150 25.4 ± 0.1 76 ± 1

.165 22.2 ± 0.1 81 ± 2
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Table  3
Effect of the acetone and carbon tetrachloride mixture on the resolution of (R, S)-2-octanol catalyzed by the magnetite-immobilized YLL.

Volume ratioa (%, v/v) Reaction time (h) Conversion (%) eep (%) E

Acetone Carbon tetrachloride

90 10 36 19.5 ± 0.1 99.8 ± 0.001 1.69 × 103 ± 8
80  20 36 25.8 ± 0.1 99.7 ± 0.002 1.12 × 103 ± 7
70  30 36 29.9 ± 0.1 99.7 ± 0.001 949 ± 1
60  40 36 34.5 ± 0.1 99.6 ± 0.001 867 ± 0.2
50  50 24 39.5 ± 0.1 99.5 ± 0.002 799 ± 6
40  60 24 42.6 ± 0.1 99.4 ± 0.001 777 ± 2
30  70 24 45.1 ± 0.1 99.3 ± 0.001 694 ± 3
20  80 24 46.7 ± 0.2 98.2 ± 0.001 299 ± 3
10  90 24 48.3 ± 0.1 95.2 ± 0.001 121 ± 1

a The total volume of the mixture is 10 mL.

Table 4
Thermodynamic components of the E for the resolution of (R, S)-2-octanol in various reaction systems by the magnetite-immobilized YLL.

Reaction system E (298 K) �R–S�G (298 K) (kJ/mol) �R–S�H (kJ/mol) �R–S�S (J/mol) Tr
a (K)

Acetone 2.37 × 103 −19.3 −20.8 −4.92 4.22 × 103

Acetone (30%) + carbon
tetrachloride (70%)

768 −16.5 −18.5 −6.81 2.17 × 103

Carbon tetrachloride 99 −11.4 −17.4 −21.6 808

��G was  calculated at 298 K using the mean of E. ��H and ��S values were determined from the straight line of ln E vs. 1/T. T was in the range of 293–313 K.
a Tr was  defined as the racemic temperature, and Tr = ��H/��S.
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ig. 1. Reusability of the free and magnetite-immobilized YLL. Reaction medium:
cetone and carbon tetrachloride (v/v = 3:7), 10 mL.  Residual activity: � magnetite-
mmobilized, © free; residual enantioselectivity: � magnetite-immobilized, • free.

.2. Reusability of the magnetite-immobilized YLL

Reusability of the immobilized enzyme is an important property
or its applications [33]. Therefore, the reusability of the magnetite-
mmobilized YLL in the repeated batch resolution of (R, S)-2-octanol

as studied. As shown in Fig. 1, the operational stability of YLL
as significantly improved after being immobilized on magnetite.

his was in agreement with sol–gel immobilized Candida antartica
ipase B used to resolve 2-octanol [34]. The free Candida antar-
ica lipase B lost 15% of its activity after the first reuse, while
he sol–gel immobilized Candida antartica lipase B maintained its
atalytic activity during reuse. The free YLL lost its enzymatic activ-
ty and enantioselectivity entirely after four batches, whereas the

agnetite-immobilized YLL retained 90% of its initial enantioselec-
ivity and approximately 80% of its initial activity after five cycles.
ogether, these results indicated that the magnetite-immobilized
LL had potent reusability in the kinetic resolution of (R, S)-2-
ctanol.
.3. Thermodynamic analysis

Thermodynamic analysis was conducted to study the effects of
ubstrate, reaction medium, and lipase type on the temperature
Fig. 2. Effect of temperature on enantioselectivity of the magnetite-immobilized
YLL. � Acetone + carbon tetrachloride, © acetone, � carbon tetrachloride.

dependence of E in lipase-catalyzed kinetic resolutions [35–37]. In
order to evaluate the effects of the reaction medium on the E of
the immobilized YLL, the resolution of (R, S)-2-octanol with vinyl
acetate as the acyl donor in the selected reaction medium was
thermodynamically analyzed.

As shown in Fig. 2, the E of YLL decreased as the temperature
increased. Linear relationships were identified between ln E and T−1

in various reaction systems, from which �R–S�H and �R–S�S were
estimated. The difference in �R–S�G  for the transient states of R-
and S-reacting enantiomers can be separated into the differences in
�R–S�H  and �R–S�S. It can then be clearly visualized whether the
enantiomer discrimination is either enthalpy- or entropy-driven
[37]. As shown in Table 4, −�R–S�H was greater than −T�R–S�S
at 298 K. This indicated that the enantiomer discrimination was
enthalpy-driven at this temperature. The increase of −�R–S�H
from 17.4 kJ/mol in carbon tetrachloride to 20.8 kJ/mol in acetone
indicated that acetone was favorable for enhancing the interactions
between the fast-reacting (R)-2-octanol at the transition state and
YLL residues to lower the enthalpy. In addition, the racemic tem-
perature (Tr), was  above 313 K, the maximum in the experimental
temperature range for all the reaction systems tested, and the E of

YLL decreased with the increase in temperature. If the experimen-
tal temperature is above the Tr, the enantioelectivity changes to the
entropically preferred enantiomer, and the enantioselectivity will
increase with the increase in temperature [5].
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. Conclusion

The solvent structure was found to be the key factor gov-
rning the performance of the resolution of (R, S)-2-octanol by
arrowia lipolytica lipase immobilized onto magnetic nanopar-
icles. A suitable acyclic structurally linear solvent resulted in
ufficient enantioselectivity or enzymatic activity of the immobi-
ized YLL for this resolution. A mixed solvent system with acetone
nd carbon tetrachloride was developed for enhancing both the
nantioselectivity and the enzymatic activity, and the thermody-
amic analysis demonstrated that the enantiomer discrimination
as enthalpy-driven at the temperatures tested.
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