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A lipase from Pseudomonas cepacia was immobilized onto single walled carbon nanotubes (SWNTSs) in two different
ways in each of two solvent systems (buffer and ionic liquid). The most efficient immobilization was achieved in ionic
liquid (1-butyl-3-methylimidazolium tetrafluoroborate, BMIM-BF,). In this procedure, carbon nanotubes were first
functionalized noncovalently with 1-pyrenebutyric acid N-hydroxysuccinimide ester and then subject to the coupling
reaction with the lipase in ionic liquid. The resulting immobilized enzyme displayed the highest activity in the transesteri-
fication of 1-phenylethyl alcohol in the presence of vinyl acetate in toluene.
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Introduction

Transformations based on enzymatic catalysis provides a use-
ful component of methodology in organic synthesis."” A wide
range of enzymes have been utilized as the catalysts in organic
synthesis. Among them, hydrolytic enzymes such as lipases and
esterases have been most frequently employed as a result of their
broad substrate specificity and good enantioselectivity. These
enzymes have been particularly useful in the synthesis of opti-
cally active alcohols, acids, and esters.’ They, however, have
still a common limitation that they normally display low activity
and stability in organic media.* In connection with our recent
studies on the enzymo-metallic dynamic kinetic resolution of
racemic substrates,”” we became interested in developing en-
zymes with better activity or/and stability in organic solvent. As
one of our efforts toward this end, we herein wish to report the
immobilization of a lipase on single walled carbon nanotubes
in ionic liquid leading to a nanobiocatalyst with significantly
enhanced activity in organic solvent.

Single walled carbon nanotubes (SWNTs) are molecular wir-
es that exhibit interesting structural, mechanical, electrical, and
electrochemical properties.® They are increasingly attracting
attention as the nano-scale materials for potential biological
applications.g'16 A useful type of applications is illustrated by
their use as nano-scale supporters for immobilizing enzyme
leading to biosensors and nanobiocatalysts. Carbon nanotubes,
particularly single walled carbon nanotubes, have a large surface
area, thus enabling the high loading of enzymes and lowering
diffusional resistance. Recent studies have demonstrated that
the enzymes onto carbon nanotubes could show the enhanced
activity and stability relative to the solution counterparts.”’18

The immobilization of enzymes onto carbon nanotubes has
been normally performed in aqueous media such as buffer. How-
ever, the inherent insolubility of carbon nanotubes in buffer,
resulting from the intrinsic van der Waals forces of SWNTs,""?’
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often makes the immobilization inefficient. We envisaged that
this limitation would be overcome by performing the immo-
bilization in room-temperature ionic liquids (RTILs), in which
carbon nanotubes becomes better soluble or dispersable®*
compared to aqueous media. In addition, RTILs are compatible
with enzymes as demonstrated by many recent studies on enzy-
matic catalysis in ionic liquids.”*

Experimental

Immobilization of lipase on SWNTs. The immobilization of
lipase on the functionalized SWNTs in ionic liquid is described
as a representative procedure. To SWNTs (6 mg) suspended in
BMIM-BF, (6 mL) were added 1-pyrenebutyric acid N-hy-
droxysuccinimide ester (1, 60 mg) in DMF (12 mL). The result-
ing solution was stirred at room temperature for 12 hours, fol-
lowed by the addition of methanol (30 mL) to precipitate the
functionalized SWNTs (2). The precipitate was washed three
times with pure methanol (50 mL) to remove excess reagents.
After dried under vacuum, the functionalized SWNTs (5§ mg)
were suspended in BMIM-BF4 (5 mL), followed by the addition
of Pseudomonas cepacia lipase®® (54 mg of proteins in 10 mL of
20 mM phosphate buffer, pH 7.2). The heterogeneous mixture
was stirred at room temperature for 24 hours and then filtered
on a polycarbonate membrane (0.1 pm, Whatman). The solid
was washed with phosphate buffer (25 mL x 2) and then dried
under vacuum to give the final products (3, 5 mg).

Measuring the activities of native and immobilized lipases.
The enzymatic activities were measured as the initial rates in
the transesterication of 1-phenethyl alcohol. Assay-scale reac-
tions were performed with 1-phenethyl alcohol (36 pL, 0.3
mmol), enzyme preparation (1 mg), and vinyl acetate (83 pL,
0.9 mmol) in toluene (3 mL). The heterogeneous mixture was
shaken at 200 rpm and 25 °C. The reaction progress was fol-
lowed by periodical HPLC analysis using chiral columns with
the following conditions: Chiralcel OD, hexane/2-propanol
98/2, flow rate 1.0 mL/min, UV 217 nm for 1-phenylethyl al-
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Scheme 1. Immobilization of PCL onto SWNTSs via PBA ester

cohol; Whelk O1, hexane/2-propanol 98/2, flow rate 0.5 mL/
min, UV 217 nm for 1-phenylethyl acetate. The conversions
were calculated by the following equation, C = eey/(ees + eep).

Preparative-scale transesterication of 1-phenethyl alcohol.
A preparative scale reaction was performed with 1-phenethyl
alcohol (72 pL, 0.6 mmol), SWNT-immolized lipase (2 mg),
and vinyl acetate (166 uL, 1.8 mmol) in toluene (3 mL). The
heterogeneous mixture was shaken at 200 rpm and 25 °C for 8
hours. The reaction mixture was then filtered to remove enzym-
es, concentrated, and finally subjected to silica gel chromato-
graphy to provide acetylated product (40 mg, 0.24 mmol, 40%,
>99%ee) with recovered substrate (40.5 mg, 0.33 mmol, 55%,
76%ee).

Characterization of lipase immobilized on SWNTs. The syn-
chrotron radiation source at the Pohang Accelerator Laboratory
(photoemission electron microscopy beamLine, 4B1) was utiliz-
ed for X-ray photoelectron spectroscopic (XPS) analysis. The
photon energy was selected to give the optimized photoemission
intensity and/or resolution. Binding energies were calibrated
against the Au(4f) emission at E, = 86 eV. The TGA data was
collected using TG/DT analyzer (model : EXSTAR 6000, Seiko
instruments, Japan) by heating 10 °C/min to 800 °C under nitrog-
en atmosphere. TEM examinations were performed by Hitachi-
7600 (100 kV). For the TEM measurements, one drop of the
sample suspended in toluene or methanol was placed on a carbon
coating micro grid and examined after drying under vacuum.

Results and Discussion

The immobilization was explored with a lipase from Pseu-
domonas cepacia (PCL)26 and SWNTs produced by the chemi-
cal vapor deposition (CVD) method.”””® The enzyme immobili-
zations were carried out in two ways in each of two solvent
systems (buffer and ionic liquid): (a) by simple adsorption on
neat SWNTs and (b) by chemical bonding with functionalized
SWNTs. The former was done simply by mixing an enzyme
solution with neat SWNTs in buffer (20 mM phosphate, pH 7.2)
or ionic liquid (1-butyl-3-methylimidazolium tetrafluoroborate,
BMIM-BF,). The latter was done in two steps. SWNTs were first
functionalized by the reaction with 1-pyrenebutyric acid (PBA)
N-hydroxysuccinimide ester 1’ in an ionic liquid-DMF mixture
at room temperature. The functionalized SWNTs 2 were then
coupled with the lipase in buffer (20 mM phosphate, pH 7.2) or
ionic liquid (BMIM-BF,) to yield the enzyme-nanotube con-
jugates 3 (Scheme 1).

The activities of native and immobilized lipases were examin-
ed with the transesterification of 1-phenylethyl alcohol in the
presence of vinyl acetate in tolune (Scheme 2). Each reaction

buffer or ionic liquid
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Scheme 2. Lipase-catalyzed transesterification of 1-phenylethyl alco-
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Figure 1. Activities of lipases: (A) native, (B) immobilized by simple
adsorption in buffer, (C) immobilized by chemical reaction in buffer,
(D) immobilized by simple adsorption in ionic liquid, and (E) immo-
bilized by chemical reaction in ionic liquid.

was performed at 200 rpm at 25 °C with a solution containing 1-
phenylethyl alcohol (0.3 mmol), enzyme preparation (1 mg), and
vinyl acetate (3 equiv) in toluene (3 mL), followed by periodical
HPLC analysis using a chiral column. The enzymatic activity
(umoles per hour per mg of enzyme preparation) in each reaction
was determined as an initial rate based on conversion %.
The results from the activity measurements are presented in
Figure 1 for comparison between five different types of lipases:
A (native), B (immobilized by physical adsorption in buffer),
C (immobilized by chemical reaction in buffer), D (immobilized
by physical adsorption in ionic liquid), and E (immobilized by
chemical reaction in ionic liquid). The enzymatic activities are
090,1.90,2.2U,5.5Uand 39 U, respectively, for A-E. These
data clearly indicate that the immobilizations in the presence
of ionic liquid were more efficient than those in buffer and the
former took place more efficiently by noncovalent bonding via
an anchoring reagent 1 than by simple physical adsorption.
To show the synthetic application of the most active immo-
bilized lipase E as the practical catalyst, we performed a pre-
parative scale transesterification of 1-phenylethyl alcohol (0.6
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Figure 2. TEM images of lipase immobilized on SWNTs. Scale bar =
100 nm (a) and 20 nm (b).

mmol) with E (2 mg) according to Scheme 2. The reaction pro-
ceeded smoothly to afford the acetylated product of high optical
purity (> 99%ee, 40% isolated yield) with the recovery of un-
reacted substrate (76%ee, 55% isolated yield). The results thus
indicate that the immobilized lipase E is catalytically intact with
high enatioselectivity (E => 200).

The immobilized lipase E was characterized with several an-
alytical techniques. X-ray photoelectron spectroscopy (XPS)
analysis disclosed a peak at 400.6 eV corresponding to nitrogens
in the amide bonds of proteins, indicating the existence of en-
zymes on carbon nanotubes. Thermal gravimetric analysis re-
vealed that the lipase-nanotube conjugate E lost 42% of total
weight but its precusor 2 lost 15%. These data suggest that the
amount of enzyme on carbon nanotubes could reach approxi-
mately 30% of the total weight. Finally, the transmission elec-
tron microscopy (TEM) analysis gave clear images of single en-
zymes of approximately 5 nm present on carbon nanotubes
(Fig. 2).

The enzymes normally exist as aggregates in organic solvents
such as toluene and #-butyl methyl ether because they are insolu-
ble in organic media. The aggregated enzymes thus become
catalytically less efficient in organic solvents. The enzymes im-
mobilized on SWNTSs however exist as separate single molecul-
es (Figure 2) and display high activities relative to their native
counterpart (Figure 1). Accordingly, it is thought that the deag-
gregation of enzymes by their immobilization on SWNTs with
a large surface area is a useful approach for enhancing their
performance in organic media. We believe that the further im-
provements of this approach could lead to the discovery of bio-
catalysts highly active in organic media.

Conclusion

We explored the immobilizations of a lipase from Pseudo-
monas cepacia on SWNTs under several different conditions.
The kinetic, synthetic, and characterization studies have reveal-
ed that the enzyme immobilization took place more efficiently
in case using a room temperature ionic liquid as the medium
for the better dispersion of carbon nanotubes, and the resultant
immobilized enzyme displayed a good performance in a syn-
thetic reaction. The immobilization procedure is simple and
straightforward. It thus provides a practical route to nanobio-
catalysts for synthetic applications. We believe that this pro-
cedure should be applicable to other enzymes.
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