RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 6 RSC Advances

Entry for the Table of Contents

The lipase-incorporated nanoflower was prepared and used for the resolution of

(R,S)-2-pentanol with vinyl acetate as acyl donor in n-hexane.
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The lipase-incorporated nanoflower was prepared and used for resolution of (R,S)-2-pentanol with vinyl acetate as acyl donor in organic
solvents. SEM images indicated that the lipase-incorporated nanoflower had high surface area which was favourable for the mass transfer.
The FTIR spectrum identified the presence of the lipase in the nanoflower. The lipase-incorporated nanoflower could display its
maximum enzyme activity (22.5 pmol h™ mg™) and good enantioselectivity (E value, 47.3) under the optimal reaction conditions (in
cyclohexane at 60 °C and water activity of 0.10). After ten continuous batches, the nanoflower remained 98.7% of initial enzyme activity
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and 95.6% of initial enantioselectivity.

Introduction

(S)-2-pentanol is a chiral intermediate for synthesizing several
potential anti-Alzheimer’s drugs that can suppress the formation
and the release of B-amyloid peptide.! So far, many reports have
focused on the preparation of (S)-2-pentanol with high
enantiopurity. For instance, Iborra’ group has reported that lipase
B from Candida antarctica can present high enantioselectivity in
the kinetic resolution of (R,S)-2-pentanol in the ionic liquid
[Bmim][NTf,].2 Villora and Wang had also successfully carried
out the enantioselective transesterification of (R,S)-2-pentanol
catalyzed by lipase.** All these reports have used vinyl esters as
acyl donor because the vinyl alcohol would be released from the
vinyl esters during the transesterification and convert to
acetaldehyde that make the reaction irreversible.”® However, the
generated acetaldehyde might attack the g-amino of the lysine in
the lipase to form Schiff’s bases and decrease the enzyme
activity.® Moreover, free lipase tended to aggregate together in
the presence of a small amount of water in organic media that
might also impair the enzyme performance. It’s known that
enzyme immobilization is one of the most efficient strategies for
solving these problems.”'?

In 2012, Zare and his co-workers prepared a new hybrid
organic-inorganic nanomaterial which consisted of copper
phosphate and various enzymes.'* Such hybrid organic-inorganic
nanomaterial was formed via the coordination between Cu®" and
the nitrogen atoms of the amide groups in the enzymes. Because
the shape of the hybrid organic-inorganic nanomaterial looked
like a flower in nature, this hybrid nonmaterial was named
nanoflower. The nanoflower has large surface-to-volume ratio,
which is likely to have important applications in immobilization.
In the present study, lipase-incorporated nanoflower was prepared
for boosting the performance of lipase from B. subtilis (BSL2) in
resolution of (R,S)-2-pentanol (Scheme 1) and the reaction
conditions had been optimized. Furthermore, the reusability of
the BSL2-incorporated nanoflower had also been studied.
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Scheme 1: Resolution of (R S)-2-pentanol catalyzed by BSL2-
incorporated nanoflower using vinyl acetate as acyl donor.
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Experiment
Materials

Bacillus subtilis lipase (BSL2, 24 kDa) was prepared in our
laboratory.'*'* (R,S)-2-pentanol and vinyl acetate were purchased
from Sigma-Aldrich-Fluka Chemical Co (St. Louis, MO, USA)
and were of the highest purity available. KBr (spectral grade) was
obtained from BDH Co. (Poole, UK). All other chemicals and
reagents were of analytical grade. All aqueous solutions were
prepared with Milli-Q water.

Preparation of BSL2

The B. subtilis strain BSL2 was constructed by Dr. Ma J. S. in
our laboratory.'® A culture medium (LB), comprising of 1.0%
tryptone, 0.5% yeast extract and 1.0% sodium chloride (NaCl)
(pH 7.0 before sterilization and pH 6.8 after sterilization) was
prepared and dispensed in shake flasks (100 ml and 5 1,
respectively). The preculture of B. subtilis strain BSL2 was made
by shaking the cells in LB supplemented with 30 mg/l kanamycin
and incubating the flask at 30 °C on a rotary shaker. The 28 h old
preculture thus produced was inoculated (1%, v/v) into 1 1 of LB
with 30 mg/l kanamycin, and fermentation was carried out at 500
rpm keeping at a constant temperature of 30 °C for 28-30 h. The
culture was thereafter centrifuged to collect the cells. The cell
pellet was washed twice with 30 mmol/l phosphate buffer (pH 7.0)
and the wet cell mass (5.8 g) was thus obtained. The wet cell
mass was crushed by sonication and the supernatant was obtained
by centrifugation at 12,000 rpm for 30 min at 4 °C. The crude
enzyme was partially purified by ammonium sulfate fractionation
procedure. The ammonium sulfate precipitation was dialyzed in
30 mmol/l phosphate buffer (pH 7.0) to remove the excess salt.

This journal is © The Royal Society of Chemistry [year]
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The enzyme was used after lyophilization.
Preparation of BSL2-incorporated nanoflower

The synthesis of BSL2-incorporated nanoflower was carried out
according to the previous work with a slight modification."® At
first, 60 ml of BSL2 solution (1 mg/ml) was added to 3 1 of PBS
solution (50 mmol/l, pH 7.4), followed by the addition of 20 ml
of CuSO,; solution (120 mmol/l). Then, the mixture was
incubated at 25 °C for three days. The blue product could be
found at the bottom of the flash. Finally, the blue product was
collected by centrifugation (12,000 rpm for 20 min) and washed
by deionized water for three times. The protein concentration in
the supernatant was quantified using the Branford protein assay
with BSA as a standard.'” As a result, the immobilization yield of
protein was determined. Since no protein in the pooled
supernatant and washing solutions was detected, the
immobilization yield of BSL2 was nearly 100%.

Characterization of BSL2-incorporated nanoflower

The morphologies of the samples were observed by a JSM-6700F
electron microscope (JEOL, Japan) with an acceleration voltage
of 30 kV. The FTIR spectrums of the samples were surveyed
using Nicolet 5700 FTIR spectrometer with a resolution of 4 cm™
through KBr method.

Resolution of (R,S)-2-pentanol
incorporated nanoflower

catalyzed by BSL2-

The reaction system containing (R,S)-2-pentanol (1 mmol), vinyl
acetate (2.5 mmol), cyclohexane (5 ml), water activity (a,~=0.10)
and BSL2-incorporated nanoflower (10 mg) was incubated at
60 °C.

Water activity (aw) control

The water activity was controlled by Tian’s method.'® All
reaction mixtures underwent the dry treatment in a vacuum of 1
mmHg for 12 h. Then, all reaction mixtures with a given water
activity (a,) were obtained by adding a given amount of water.
Then, equilibration was implemented at room temperature for 24
h in a sealed vial. Water activity (a,) was determined by
Hygrolab Humidity Detector (Rotronic, Switzerland).

Reusability

BSL2-incorporated nanoflower was used for successive batches.
After each cycle, reaction mixture was centrifuged at 12,000 rpm
for 20 min. The obtained precipitate was washed with
cyclohexane for three times to remove any residual substrate or
product and then kept overnight in a vacuum oven for a complete
drying. Dried nanoflower was used at next cycle. The enzyme
activity and the E value of the samples were measured as
described below.

Determination of enantiomeric excess and E value

GC analysis was carried out using an Agilent 6890N instrument
equipped with flame ionization detector (FID) and an HP-chiral
(30 m x 0.25 mm) chiral capillary column. The injector and the
detector were kept at 250 °C, and the column temperature was
programmed to maintain 65 °C for 40 min. Nitrogen was
employed as the carrier gas with a constant flow rate (1.8 ml min
". The split flow was 40 ml min'. The enzyme activity (umol h™'

75 structure of the nanoflower.

mg') was defined as the amount of 2-pentanol acetate produced

ss per hour per milligram of the immobilized enzyme. The E value

was calculated at a certain conversion (c, %) through the
following equation.'’

o/ S—R]
ee (%) = ST R] x100 (1)
E value E:M (2)

In[(l—c)(1+ee,)]

¢ where S and R represent the concentrations of the (S)-2-pentanol

and (R)-2-pentanol, respectively.

Results and discussion
SEM
The SEM images showed that a large number of BSL2-

65 incorporated nanoflowers could be successfully prepared (Fig. 1A

and inset of Fig. 1A). All samples exhibited flower-shape with a
diameter of 4-5 um (Fig. 1B and Fig. 1C) and the morphology of
nanoflower directed by BSL2 was similar to the shape of dahlia
in nature (Inset of Fig. 1C) that possessed dozens of separate

70 petals with high surface (Fig. 1C). It could also be found from Fig.

1D that there is no formation of nanoflower in the absence of
BSL2. Therefore, it is believed that BSL2 acts as not only the
capping agents to modulate the growth of the nanoflower but also

the biotemplate to direct the formation of the hierarchical
20

Fig. 1 SEM of the samples in the presence or absence of BSL2. A-C and
inset of A: BSL2-incorporated nanoflowers with different enlargement
factors. Inset of C: The image of dahlia in nature. D: Cu;(PO,4),.3H,0

s0 matrices without BSL2.

FTIR

The FTIR spectrums of the Cu;(PO,4),.3H,0 matrices without
BSL2, BSL2 and BSL2-incorporated nanoflower were shown in
Fig. 2. The peaks at 1053 cm™ and 556 cm™' are assigned to the

ss vibrations of PO,> (curve 1 and curve 3 in Fig. 2).%' The peaks at

1658 cm™ and 1536 cm’ are ascribed to the vibrations of the
amide I and II bands of BSL2 (curve 2 and curve 3 in Fig. 2).%
The amide I band at 1658 cm™ is mainly attributed to the
contribution of C=O stretching vibrations of the amide groups in

9 BSL2. The amide II at 1536 cm™ derives mainly from in-plane

NH bending vibration and CN stretching vibration in BSL2.%
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These results verified the presence of BSL2 in the nanoflower.
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resolution always is a compromise between the enzyme activity

35 and the enantioselectivity. In this study, 60 °C was chosen as the

optimal reaction temperature for the following experiments.

24+

Enzyme activity (umol h' mg™)

Fig. 2 The FTIR spectrum of Cu3(PO,),.3H,0 matrices without BSL2
(curve 1), BSL2 (curve 2) and BSL2-incorporated nanoflower (curve 3)

s The effect of organic solvent

The prepared nanoflower was used as bioreactor to catalyze the
resolution of (R,S)-2-pentanol. Generally speaking, the solvent
has a profound effect on the enzyme performance in non-aqueous
enzymology.>*?* A survey involving seven solvents with
10 different log P was implemented in this work to determine the
optimal reaction medium for resolution of (R,S)-2-pentanol. The
results shown in Table 1 indicated that the best enzyme activity ¢
and the £ value of BSL2-incorporated nanoflower were obtained

when cyclohexane was used as the solvent.

15 Table 1 The effect of organic solvent on BSL2-incorporated nanoflower
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Fig. 3 The effect of temperature on the enzyme activity (ll) and the £

o

The effect of water activity (a,,)

value (@) of BSL2-incorporated nanoflower. Reaction conditions: (R,S)-
40 2-pentanol (1 mmol), vinyl acetate (2.5 mmol), cyclohexane (5 ml), water
activity (a,~0.10) and BSL2-incorporated nanoflower (10 mg) at different
temperatures (35-70 °C).

To clarify the influence of water activity on the performance of
BSL2-incorporated nanoflower, the enzyme activity and the £
value of BSL2 in the nanoflower were measured at different

water activities (0.02-0.50). As shown in Fig. 4, the enzyme

Enzyme activity

activity exhibited a bell-shaped curve and the maximum value
was obtained at a,, 0.10. Furthermore, it could also be found that

so the E value of BSL2-incorporated nanoflower kept almost
constant at various water activities (0.02-0.50), which was in

31-32

ﬁ\i

m Enzyme activity
® Evalue

—3

150

120

30

log P 0 Evalue Stereoselectivity
(umol h” mg™)
n-Hexane 3.50 209+1.0 455+3.0 R
Cyclohexane  3.20 22.5+£0.8 473+£3.0 R
Toluene 2.50 19.0+ 1.0 39.4+28 R
Acetone -0.23 147+1.0 37.5+£3.0 R 1]
Acetonitrile  -0.33 83+0.4 27.6+£2.8 R
DMF -1.00 53+04 17.4+2.6 R 2 204
1,4-Dioxane -1.10 23+0.2 8.0+£0.5 R g
=
“ Reaction conditions: (R,S)-2-pentanol (1 mmol), vinyl acetate (2.5 = 167
mmol), water activity (a,~0.10), BSL2-incorporated nanoflower (10 mg) é 124
and different organic mediums (5 ml) at 60 °C. =
2
The effect of temperature § %
g
20 It’s known that the temperature can influence the catalytic g 4
efficiency of the used enzyme.”’ In this study, the effect of = 0
temperature on the performance of BSL2-incorporated 0.0

nanoflower in resolution was investigated in the range of 35-
70 °C. As shown in Fig. 3, the enzyme activity of BSL2 in the
»s nanoflower increased with the increasing temperature ranging
from 35 °C to 60 °C, and then decreasing with the further
increase of temperature (60-70 °C). The maximum enzyme
activity was observed at 60 °C. As for the enantioselectivity, the
E value of BSL2-incorporated nanoflower gradually decreased
30 with the increasing temperature. It could be found that low
temperature (<60 °C) could increase the enantioselectivity owing
to the enthalpic control, but decrease the enzyme activity.”*% So,
the choice of optimal temperature in an enzymatic kinetic

55

Reusability

T T
0.1 0.2 0.3 0.4 0.5
Water activity

aneA g

agreement with our previous reports.” ** The highest enzyme
activity at the optimal water activity (a,, 0.10) might be due to
the lubricant effect of water molecules.

Fig. 4 The effect of water activity on the enzyme activity () and the £
value (@) of BSL2-incorporated nanoflower. Reaction conditions: (R,S)-
2-pentanol (I mmol), vinyl acetate (2.5 mmol), cyclohexane (5 ml) and
BSL2-incorporated nanoflower (10 mg) at 60 °C at different water
60 activities (a,, 0.02-0.50).

In practical application, the reusability of the enzyme is of
considerable importance and the immobilization can facilitate the
enzyme recovery.”>** For checking the parameter, BSL2-
es incorporated nanoflower was implemented in five continuous

This journal is © The Royal Society of Chemistry [year]
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batches for resolution of (R,S)-2-pentanol under the optimal
reaction conditions. After ten cycles, BSL2 in the nanoflower
maintained 98.7% of initial enzyme activity and 95.6% of initial
E value (Table 2). The loss of the enzyme activity and

s enantioselectivity of BSL2-incorporated nanoflower was almost
negligible. The results indicated that BSL2 couldn’t escape from
the nanoflower and exhibited an excellent reusability.

Table 2 Reusability of BSL2-incorporated nanoflower *

Enzyme activity

Batch 04 E value
(umolh™ mg™)
1 22.5+0.8 473£3.0
2 22.5+0.9 472+2.7
3 224+0.8 47.0£25
4 224+0.6 46.8£3.1
5 224+09 46.1£29
6 22.3+0.7 45.8+3.0
7 22.3+0.8 45.7+£2.6
8 223+09 455+£29
9 222+0.6 453+£2.7
10 222+0.8 452+3.0

“ Reaction conditions: (R,S)-2-pentanol (1 mmol), vinyl acetate (2.5
10 mmol), cyclohexane (5 ml), water activity (a,~0.10) and BSL2-
incorporated nanoflower (10 mg) at 60 °C.

Resolution of other chiral alcohols

The BSL2-incorporated nanoflower had also been used for
resolution of several other chiral alcohols. All the reactions were

15 under their optimal reaction conditions which were listed below
the Table 3. It could be found that all the reactions could be
carried out with satisfied results and the nanoflower exhibited
better enzyme performance than the free enzyme. The improved
performance of the BSL2-incorporated nanoflower probably

20 arises from the following conjectures: (I) Nanoflower protects
BSL2 from the attack of acetaldehyde. (II) The aggregations
between BSL2 molecules are well inhibited after being entrapped
into the nanoflower.

Table 3 Resolution of other chiral alcohols catalyzed by BSL2-
25 incorporated nanoflower

Enzyme activity

RN E value
Substrates (pmolh” mg”)

Free BSL2 Nanoflower Free BSL2 Nanoflower
2-Pentanol a 126 +£0.7 225+0.8 33.9+29 473+30
2-Octanol b 21.7+03 358+05 724+27 83.8+32

Glycidol © 425404 78707 304+26 415+27
I_Phenylethanol d 2.1.+£0.3 33+0.5 17.6 £3.1 322+25
2-Methyl-1-
e 152+0.7 389+0.8 21.5+27 256+29
butanol

“ Reaction conditions: (R,S)-2-pentanol (1 mmol), vinyl acetate (2.5
mmol), cyclohexane (5 ml), water activity (a,~0.10) and BSL2-
incorporated nanoflower (10 mg) / free BSL2 (2 mg) at 60 °C.

?Reaction conditions: (R,S)-2-octanol (0.5 mmol), vinyl acetate (1 mmol),
30 n-hexane (5 ml), water activity (a,~0.45) and BSL2-incorporated
nanoflower (10 mg) / free BSL2 (2 mg) at 50 °C.

93
S

70

75

80

85

90

¢ Reaction conditions: (R,S)-glycidol (5 mmol), vinyl butyrate (15 mmol),
1,2-dichloroethane (5 ml), water activity (a,,=0.33) and BSL2-
incorporated nanoflower (10 mg) / free BSL2 (2 mg) at 40 °C.

“ Reaction conditions: (R,S)-1-phenylethanol (0.5 mmol), vinyl butyrate
(1 mmol), cyclohexane (5 ml), water activity (a,,=0.53) and BSL2-
incorporated nanoflower (10 mg) / free BSL2 (2 mg) at 60 °C.

“Reaction conditions: (R,S)-2-methyl-1-butanol (1 mmol), vinyl acetate (4
mmol), cyclohexane (5 ml), water activity (a, =0.51) and BSL2-
incorporated nanoflower (10 mg) / free BSL2 (2 mg) at 45 °C.

Conclusion

In present work, the lipase-incorporated nanoflower was prepared
and successfully used for resolution of (R,S)-2-pentanol with
vinyl acetate as acyl donor in cyclohexane (a,, 0.10) at 60 °C.
Our results indicated that the lipase-incorporated nanoflower
could present excellent enzyme activity and enantioselectivity in
the reaction. Furthermore, the new flower-like nanobioreactor
exhibited excellent reusability. In future, more work about the
nanoflower will be done to clarify its formation mechanism and
widen its application in various fields.
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