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Abstract

Development and Application of Immobilized
Lipase Assembled with lonic Liquid on

Poly(acrylic acid) Beads

Sewon Yeo
School of Chemical and Biological Engineering
The Graduate School

Seoul National University

Immobilized enzymes have attracted much attention due to the characteristics
of operational stability, enhanced activity, and reusability as well as simple
separation. Most of commercial lipases are immobilized form and are used to
convert fatty acids to fatty acid alkyl esters (FES) via an environment-friendly
process. Immobilization of enzymes on resin beads has been utilized as a

common tool in biological studies as well as bio-industrial field.



However, factors controlling the stability of enzyme on resin beads have not
been fully explored. So, esterification reactions are designed to evaluate how
the stability of Candida antarctica lipase B (CALB) depends on the
hydrophilic/hydrophobic properties with or without ionic liquids (ILS) on
poly(acrylic acid) (PA) beads, because the ILs can provide a tunable
microenvironment to the lipase. The catalytic activities of the immobilized
lipases were compared under several factors such as bead properties,
immobilization methods, loading levels of ILs, chain lengths of alkyl group
on ILs, and solvents.

From these results, we found that the IL-grafted PA beads which contained
more hydrophilic properties (octyl group) showed better catalytic performance
than hydrophobic ones (dodecyl group). The use of tert-butanol as a solvent
was a pivotal factor to maintain the activity of the immobilized lipase.
Surprisingly, the single type immobilized lipase, PA-Cglm-Lipase, (Cglm
loading level, 1.2 mmol/g) showed the best catalytic performance (95% yield)
at 50 °C even though the network type immobilized lipase was expected to
show the best performance. The single type immobilized lipase can be reused
with slightly loss of activity.

In conclusion, octyl group provided positive influence to the lipase activity on

IL-grafted PA beads without blocking the hydrophobic active site of lipase.
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Chapter 1. Introduction

1.1 General Introduction of Lipase

1.1.1 Progress of Enzyme Catalysts

Bio-catalysis has been attracted because many industrial processes have been
replaced by cost-effective and environment-friendly ones. The advantages of
enzymes in chemical processes are less production of waste, energy efficiency
and no requirement of protection/activation steps of the functional groups.!
Enzymatic processes have been utilized in industry to produce specific
product.? Therefore, various valuable and sustainable chemical products are
derived by enzymes from renewable resources with economic and
environmental benign chemical processes. For example, enantioselective
arylpropionate by arylmalonate decarboxylase-catalyzed reaction have been
used in manufacturing anti-inflammatory drug.® Polyol esters based on
vegetable oils and animal fats by lipase-catalyzed reaction have been used in
the lubricant technology,* due to renewable and environmentally friendly

properties of the natural triglycerides.”



1.1.2 Properties of Free Lipase

Lipase-catalyzed transesterification/esterification reactions have been utilized
to obtain enantio-pure and value-added compounds in the food,
pharmaceutical and fine chemical industries.® Among the lipases, Candida
antarctica lipase B (CALB) gives high selectivity and is relatively stable
compared to other lipases.

However, due to the high cost of enzyme, reusability and stability of lipase
under the chemical processes are the most concerned factors. Generally, the
catalytic efficiency is decreased by high concentration of the alcohol
substrates and  inhibited by  hydrophobic  products  because
transesterification/esterification reactions with alcohols are carried out under

the bi-phasic systems.”®

Transesterifacation

o OH
MeOH )j\ A H\
J\ NaOH R” OMe
OH OH
Trlglycerlde Fatty Acid Methyl Ester Glycerol
(FAME)
Esterification
(o} (o}
JJ\ MeOH - /U\ + Hy0
R” Non H280s  r“Some
Fatty Acid FAME

Figure 1. Transesterification and esterification reactions.



1.1.3 Industrially Valuable Ester Compounds

Fatty acid alcohol esters (FES) as a biodiesel are considered to be valuable
chemicals as clean renewable fuels,>® lubricant,*> food,""** and
pharmaceutical materials.>*®* They are produced by the transesterification of
vegetable oils and animal fats, or the esterification of fatty acids with alcohols.
The synthetic processes are commonly performed with basic or acidic
catalysts. When using the basic catalysts, a certain amount of water is
produced, which lead to the saponification reaction. This major drawback of
conventional industrial processes can be overcome by enzymatic reaction with
lipases. Therefore, lipase-catalyzed esterification reactions are one of the

significant biochemical processes.* Moreover, specific alkyl esters can be

synthesized and glycerol as a by-product can be recovered easily.’



1.2 Enzyme Immobilization

1.2.1 Strategies for Enzyme Immobilization

Enzyme immobilization is a pivotal step for practical application of enzyme in
terms of green and sustainable chemical process. Enzyme as a biocatalyst is
usually used under mild conditions such as moderate temperature, pressure
and pH in aqueous media. Enzymes require more environmentally friendly
conditions that give high rates and selectivity. Conversely, the necessity of
relatively mild reaction condition is pointed out as the limitation. In this
regard, the immobilization of enzyme can improve its stability and reusability,
especially, in organic solvents compared to the free enzyme. Also, it gives the
additional advantages of reduction of product contamination by enzyme
residues.

The methods of enzyme immobilization can be classified in three ways,
binding to a solid support,™ entrapment™® and cross-linking."” First, binding to
a solid support is proceeded by physical adsorption or ionic and covalent
bonding. Among these, physical adsorption gives a relatively weak binding
force between solid support and enzyme so that it has a leaching problem.
lonic and covalent bondings are stronger than physical adsorption and could

prevent the problem. However, during the process of covalent binding,



enzyme deactivation can be occurred. Second, entrapment method fixes the
enzyme into porous matrixes such as polymer, silica sol-gel and hollow fiber.
The covalent bonding after entrapment is generally used because leakage can
occur under only physical entrapment. Third, cross-linking method is
conducted with glutaraldehyde to interconnect the enzymes.'® Cross-linked
enzyme has the advantages of highly concentrated loading on the support with
high thermostability.*

Novozyme 435 is a commercially available lipase B from Candida Antarctica
(CALB) physically adsorbed on a macroporous acrylic resin. Because of non-
covalent bonding, enzyme leaching can be generated by substrates or products
with surfactant-like properties.’® In this regard, development of efficient

enzyme immobilization methods are still challengeing.

@; = enzyme

€

Bindingto a carrier Entrapment Cross-Linking

Figure 2. Three methods of enzyme immobilization.?



1.2.2 Role of Polymer Supports in Lipases Immobilization

Like the Novozyme 435, polymeric beads are commonly used as a support in
enzyme immobilization. They have advantages in easy controlling chemical
and physical properties. Several methods of lipase immobilization have been
known with polymer beads having capability of controlling their size, porosity,
and surface properties.”**# Among them, controlling surface properties of
the beads is a crucial factor for obtaining maximum activity of the
immobilizaed lipase. In this regard, the recent paper which showed the effect
of ionic liquid (IL) on the surface properties of polymeric substrate has
encouraged us to study on the IL grafting.’

Poly(acrylic acid) (PA) beads are highly hydrophilic and can offer a desirable
microenvironment to lipase by controlling hydrophilic/hydrophobic nature by
covalent attachment of alkyl imidazolium groups. It is important that the PA
beads can be solvated in a hydrophobic environment because esterification
reaction is proceeded in a hydrophobic condition.” Consequently, the

modification of PA beads with IL is inevitably required.



1.2.3 Polymer Grafting using lonic Liquids for Enzyme

Immobilization

Grafting polymer beads with ILs is one of the methods for modulating
polymer properties. ILs are used in bio-catalytic process for biodiesel
production and enhance the stability of lipase.”®> Compared to organic solvents,
ILs are more hydrophilic, and have good dissolution capacity and high
thermal stability. Their properties are easily controlled by changing cations,
anions and alkyl chain length, and these can be applied to polymeric beads.**
These properties of ILs can be also applied to a soluble polymer.?

The polymer grafting with ILs can be used to change the physical property of
immobilized enzyme, especially the lipases. Long alkyl chain in ILs offers a
flexible mobility to enzyme than short alkyl chain. In this way, the physical
property of polymer supports can be controlled by considering the advantages
and disadvantages of ILs.” Also, these properties can be changed to obtain an

optimal enzyme activity.



1.3 Research objectives

In this thesis, the catalytic activity of immobilized lipase was enhanced by
grafting with ILs. The hydrophilic/hydrophobic properties of PA beads are
controlled for giving desirable microenvironment to lipase. To achieve these,
PA beads having two loading levels of IL moieties were prepared and their
physical properties were compared. After that, the remaining carboxylic acid
groups were covalently bonded with CALB using EDC/NHS coupling method.
This allows us to compare the activities of various immobilized lipases
depending on the amounts of ILs. Additionally, through the glutaraldehyde
treatments, lipase was cross-linked to overcome the enzyme leaching problem
that can occur in a reusability test. In this method, the amounts of lipase
bound to the support can be optimized depending on the properties of support.
The activities of immobilized lipase (single type or network type) were
compared through hydrolysis and esterification reaction. p-Nitrophenyl
butyrate was used to measure the hydrolytic activity of the immobilized
lipapes. Oleic acid and four kinds of alcohols were used to measure the
esterification activity. The reaction was operated under the solvent-free,

relatively low temperature.



Chapter 2. Experiments

2.1 General

2.1.1 Materials

Poly(acrylic acid) (PA) beads were obtained from Samsong Polymer Co.
(Korea). 1-(3-Aminopropyl)imidazole, 1-butanol, 1-chlorooctane, N,N -
diisopropylcarbodiimide (DIC), N-(3-dimethylaminopropyl)-N-ethylcarbo-
diimide hydrochloride (EDC), glutaraldehyde (GA), n-heptane, methanol
(MeOH, HPLC grade), Novozyme 435 (immobilized lipase from Candida
antarctica), and oleic acid were purchased from Sigma-Aldrich. Di-tert-butyl
dicarbonate (Boc anhydride) and 1-chlorododecane were purchased from
Tokyo Chemical Industry. N-Hydroxysuccinimide (NHS) was purchased from
Fluka. Cyclohexane, 1,2-dichloroethane (DCE) and propylene glycol (PG)
were purchased from Junsei Chemical Co. Candida antarctica lipase B
(powder form) was obtained from Genofocus Inc. (Korea). 1-
Hydroxybenzotriazole hydrate anhydrous (HOBt) was obtained from Bead
Tech Inc. (Korea). tert-Butanol, dichloromethane (DCM), diethyl ether, NN -
dimethylformamide (DMF), dimethylsulfoxide (DMSO), ethyl acetate (EA),

n-hexane, magnesium sulfate (MgSO,), methanol (MeOH), 1-propanol,

9



sodium bicarbonate (NaHCO3), tetrahydrofuran (THF) and trifluoroacetic acid
(TFA) were purchased from Daejung Chemicals Co. (Korea). All reagents

were used without any further purification.

10



2.1.2 Instruments

ATR FT-IR spectrophotometer (Nicolet 6700, Thermo Scientific), '"H NMR
spectrometer (JNM-LA300, JEOL), UV-Visible spectrophotometer (Optizen
2120UV , Mecasys), elemental analysis (CHNS-932, Leco), field-emission
scanning electronic microscopy (FE-SEM, Helios 650) equipped with an
energy dispersive spectrometer (EDS), and GC instrument (GC-6500 series,
Younglin) equipped with a flame ionization detector (FID) and a DB-5
capillary column (30m x 0.320mm, 0.25um) were used for characterization

and analysis.
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2.2 Modification of Poly(acrylic acid) Beads

2.2.1 Preparation of lonic Liquid-grafted Poly(acrylic acid) Beads

N-Boc-1-(3-aminopropyl)imidazole

1-(3-Aminopropyl)imidazole (4.8 mL, 40 mmol) in a round bottom flask was
dissolved in THF (100 mL). A NaHCO; (8.4 g, 100 mmol) aqueous solution
(100 mL) was added to 1-(3-aminopropyl)imidazole solution. Then, Boc
anhydride (12 mL, 52 mmol) dissolved in THF (50 mL) was added dropwise
to the 1-(3-aminopropyl)imidazole solution under magnetic stirring at 0 °C.
After stirring for 4h at room temperature, the progress of the reaction was
checked with thin layer chromatography (TLC). The mixture was evaporated
in vacuo. The residue mixture was dissolved in EA and extracted with water.
Then, the organic phase was dried over MgSQO,4and evaporated in vacuo (7.6 g,
yield : 85%). *H NMR (400 MHz, dg-DMSO, TMS) : § (ppm) = 7.6 (s, 1H),
7.2 (s, 1H), 7.0 (t, 1H), 6.9 (s, 1H), 4.0 (t, 2H), 2.9 (g, 2H), 1.8 (quin, 2H), 1.4

(s, 9H) (see the appendix).

1-Octyl- and 1-Dodecyl-(3-aminopropyl)imidazolium Chloride
N-Boc-1-(3-Aminopropyl)imidazole (7.6 g, 34 mmol) was dissolved in DCE

(100 mL) and stirred at 80 °C. A solution of 1-chlorooctane or 1-

12



chlorododecane (1.3 equiv., 7.5 mL) was added dropwise under magnetic
stirring. After stirring for 64 h, the progress of the reaction was checked with
TLC. The mixture was evaporated in vacuo. The residue mixture was
dissolved in MC and extracted with diethyl ether by centrifuging.
Centrifugation was conducted five times, and the organic phase was dried in
vacuo (8.0 g, vyield : 63%). N-boc-1-Octyl-3-aminopropylimidazolium
chloride. *H NMR (400 MHz, dg-DMSO, TMS) : & (ppm) = 9.4 (s, 1H), 7.9 (d,
3H), 7.0 (t, 1H), 4.6 (t, 2H), 4.2 (t, 2H), 4.1 (t, 2H), 3.4 (s, 6H), 2.9 (g, 3H),
19 (g, 3H), 1.4 (s, 13H). N-boc-1-Dodecyl-3-aminopropylimidazolium
chloride. *H NMR (400 MHz, dg-DMSO, TMS) : & (ppm) = 9.3 (s, 1H), 7.9 (d,
3H), 7.0 (t, 1H), 4.6 (t, 3H), 4.2 (t, 3H), 4.1 (t, 2H), 3.4 (s, 10H), 2.9 (g, 3H),
1.9 (q, 3H), 1.4 (s, 15H) (see the appendix).

The Boc group was removed by treating with TFA/CH,CI, (10% v/v) solution
for 2 h. After stirring for 2 h, the product was checked with TLC. The mixture
was evaporated in vacuo. The residue mixture was dissolved in MeOH and
extracted with hexane by centrifuging. Centrifugation was conducted five
times, and the organic phase was dried in vacuo (4.2 g, yield : 73%). 1-Octyl-
3-aminopropylimidazolium chloride. '"H NMR (400 MHz, de-DMSO, TMS) :
§ (ppm) = 9.4 (s, 2H), 7.9 (q, 3H), 4.7 (t, 4H), 4.4 (t, 5H), 4.1 (t, 4H), 2.8 (q,
5H), 2.1 (g, 5H). 1-Dodecyl-3-aminopropylimidazolium chloride. '"H NMR

(400 MHz, ds-DMSO, TMS) : & (ppm) = 9.3 (s, 2H), 7.9 (g, 6H), 4.6 (t, 5H),
13



4.3 (t, 6H), 4.1 (t, 5H), 2.8 (q, 6H), 2.1 (g, 6H) (see the appendix).

1-Octyl- and 1-Dodecyl-3-propylimidazolium Chloride (IL) Grafted
Poly(acrylic acid) Beads

Acid-treated PA beads (2 g, 4 mmol/g) and DMF (120 mL) were added into a
3-neck round bottom flask equipped with reflux condenser and stirred for 20
min at 80 °C. Then, HOBt (2 equiv., 2.1 g) and DIC (2 equiv., 2.4 g) were
added to the solution. After stirring for 2 h, activated PA beads were washed
with DMF. Activated PA beads and DMF were put again in a 3-neck round
bottom flask equipped with reflux condenser. A solution of the 1-octyl- or 1-
dodecyl-3-aminopropylimidazolium chloride (1 equiv., 2.1 g) was added
dropwise at 80 °C. After stirring for overnight, the product was washed with
DMF, de-ionized water, and MeOH and dried in vacuo.

Preparation steps of IL-grafted PA beads and enzyme immobilization were

shown in Scheme 1.

14



. 2%HQ DIC, Ionic liquid n= 1 :octyl chloride
) ONa’ —_— \ EE——

n =2 :dodecyl chloride
\_,57 DMF
OH

o o

: \\)/(on

Poly(acrylic acid) (PA)

‘ “Single type lipase™
Lipase,
25mM PBS

o
buffer (pH 7.4) | /\/\N/\,.f"
_—
EDC/NHS - L/ +\/\‘).T\/\
S ¥

n = 1; PA-Cglm (loading level = 1.2, 1.6 mmol/g)
n=2; PA-C,Im (loading level = 1.2, 1.8 mmol/g)

n =1 ; PA-Cglm-Lipase (loading level = 1.2, 1.6 mmol/g)
n =2 ; PA-C,Im-Lipase (loading level = 1.2, 1.8 mmol/g)

1) Glutaraldehyde,
Lipase
PN
2) Tris-HCI buffer
(pH 8.0)

PA-CgIm-CLipase or PA-C,,Im-CLipase
“Network type lipase™

Scheme 1. Preparation of ionic liquid-grafted PA beads and enzyme
immobilization.
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2.2.2 Immobilization of Candida Antarctica Lipase B on lonic

Liquid-grafted Poly(acrylic acid) Beads

Single Type Immobilized Lipase

Candida antarctica lipase B was immabilized on poly(acrylic acid)-grafted
with 1-octyl-3-aminopropylimidazolium chloride (PA-Cglm) or 1-dodecyl-3-
aminopropylimidazolium chloride (PA-Cy,Im). Pre-activated PA-Cglm or PA-
Cy2lm were prepared by addition of EDC (1.2 equiv. of carboxylic acid on PA
beads) and NHS (1.2 equiv. of carboxylic acid on PA beads) into PA beads in
25 mM phosphate buffer (pH 7.4). The activation reaction was performed for
6 h at room temperature. After shaking for 6 h, the pre-activated PA-Cglm or
PA-C1,Im were filtered and washed with phosphate buffer (25 mM, pH 7.4).
Then, the CALB solution (50 % w/w PA bead, 10 mL of phosphate buffer (25
mM), pH 7.4) was added and stirred for 20 h at room temperature. After this,
immobilized lipase (PA-Cglm-Lipase or PA-Ci,Im-Lipase) was centrifugated
and the concentration CALB in the supernatant solution was calculated by
BCA protein assay. After determining the CALB concentration, PA-Cglm-
Lipase or PA-Cy;Im-Lipase were filtered and washed with 25 mM phosphate

buffer (pH 7.4), and lyophilized.

16



Network Type Immobilized Lipase

PA-Cglm-Lipase or PA-CpIm-Lipase (1 g) were crosslinked with 1%
glutaraldehyde solution (10 mL of pH 7.4 25 mM phosphate buffer) for 2 h at
room temperature. After shaking for 2 h, the glutaraldehyde treated PA-Cglm-
Lipase or PA-Ci,Im-Lipase were filtered and washed with 25 mM phosphate
buffer (pH 7.4). Then, the CALB solution (50 % w/w PA bead, 10 mL of pH
7.4 25 mM phosphate buffer) was added and stirred for 20 h at room
temperature. After filtration and lyophilization, network type immobilized
lipase, cross-linked PA-Cglm-Lipase or PA-CyIm-Lipase (PA-Cglm-CLipase
or PA-C;,Im-CLipase) was prepared. Two types of lipase immobilization were

shown in Scheme 2.

(a) Single type lipase immobilization

Lipase, =)
25mM PBS buffer (pH 7.4) ' ; )
PA-IL - & 8
EDC coupling o >
|-

PA-CsIm-Lipase
or PA-Cj:Im-Lipase

(b) Network tvpe lipase immobilization

o - . w. . v
Lipase, 1) Glutaraldehy de, e X Y
25mM PBS buffer (pH 7.4) 'S ) Lipase £ ‘/ y ‘J"-
PA-IL - g e Bt o
EDC coupling « 2) TrisHCl buffer pH8.0)  * “Cai L
= N
.(I

PA-CsIm-CLipase
or PA-C2Im-CLipase

Scheme 2. Two types of lipase immobilization.
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2.3 Enzyme Activity Test

2.3.1 Hydrolysis of p-Nitrophenyl Butyrate

Immobilized lipase (10 mg) was dispersed in 990 pL phosphate buffer (25

mM, pH 7.4) and shaken for 5 min at 35 °C. Then, 10 pL p-nitrophenyl

butyrate (20 mM in the final solution) was added to the mixture and shaken

for 10 min at 35 °C. After 10 min of shaking, the reaction mixture was

centrifugated for 30 s. The 50 pL of supernatant was diluted with 20-folds of

phosphate buffer (25 mM, pH 7.4) and UV absorbance at 410 nm was

measured by an UV-Visible spectrophotometer.

\H/\/ Catalyst OH Ho
Phosphate + W
buffer O,N o

Scheme 3. Hydrolysis of p-nitrophenyl butyrate by immobilized lipase on the
IL-grafted PA beads.
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2.3.2 Esterification of Fatty Acids

Fatty acid, alcohol, and immobilized lipase (50 mg) were mixed in a reaction

tube. The esterification was carried out for 18 h at 50 °C. After the reaction,

fatty acid ester was produced on upper phase. Then, fatty acid ester (100 uL)

was analyzed by gas chromatography. The immobilized lipase in lower phase
was recovered by washing with 25 mM phosphate buffer (pH 7.4), methanol,
and then lyophilized. The recovered immobilized lipase was reused by the

same way as before.

o

H3C(H2C)6H2CW_OH

Immobilized o

—pllpase /—\/\/\/\)J\— _R
HsC(H,C)eHaC o

Scheme 4. Esterification of oleic acid with various alcohols by immobilized
lipase on the IL-grafted PA beads.

+ R—OH
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Chapter 3. Results and Discussion

3.1 Preparation and Characterization of Poly(acrylic

acid)-supported Lipase

Two types of ILs (Cglm or Ciplm) were coupled on the PA beads by
HOBU/DIC coupling method respectively. After ILs were coupled to PA beads,
the loading level of IL groups were determined by nitrogen analysis (1.2 and
1.6 mmol for Cglm/g PA beads; 1.2 and 1.8 mmol for Cy,lm/g PA beads). The
existence of IL groups was confirmed by field emission scanning electron
microscopy (FE-SEM) equipped with an energy dispersive spectrometer
(EDS). It was confirmed that the IL groups were coupled to PA beads and the
morphology of the beads was not changed as shown in Figure 3. The IL
groups coupled to PA beads were confirmed by ATR FT-IR analysis. The
carbamate and quaternary imidazolium bands of IL-grafted PA beads appeared

at about 1160 and 1660 cm™ as shown in Figure 4.
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Figure 3. Characterization of ionic liquid-grafted PA beads by FE-SEM
analysis (a) PA (salt form), (b) PA, (c) PA-Cglm (1.2 mmol/g), (d) PA-C;Im
(1.8 mmol/g). EDS data of () PA-Cglm (1.2 mmol/g) and (f) PA-Cy,Im (1.8

mmol/g).
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Figure 4. ATR FT-IR spectra of the PA beads (black), PA-Cglm beads (1.2

mmol/g, red) and PA-C,Im beads (1.8 mmol/g, blue).
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The swelling properties of PA beads have a tendency to become hydrophobic
one when the beads are changed to IL-grafted PA beads. To figure out
hydrophilic/hydrophobic properties of PA and IL-grafted PA beads, the
swelling properties in various solvents were screened (Table 1). We confirmed
from the swelling properties that the high swelling of IL-grafted PA beads was
observed in the solvent having high polarity index. However, except PA-
Cy2Im beads of 1.2 mmol/g loading, it did not follow our expectation because
IL-grafted PA beads presented only a charged hydrophobic property at the

bead surface that is not much swollen in the tested solvents.
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Table 1. Swelling Properties of the PA Beads and IL-grafted PA Beads in

Various Solvents

Loading level of

\Vol/Mass (mL/g beads)

SUPPOIt S . i liquid (mmol/

onic liquid (mmol/g) \\mter DMSO DMF MeOH  THE  DCM
PA? - 22 26 26 24 8 6
1.2 32 6 4 32 2 4

PA-Cglm®
1.6 10 10 6 10 32 6
1.2 36 32 22 12 32 6

PA'ClzlmC
1.8 32 32 4 4 2 4

%PA : poly(acrylic acid) beads, "PA-Cglm : 1-octyl-3-propylimidazolium chloride-
grafted poly(acrylic acid) beads, °PA-CyIm
chloride-grafted poly(acrylic acid) beads
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3.2 Catalytic Activities of the IL-grafted PA Beads

3.2.1 Hydrolysis of p-Nitrophenyl Butyrate

The activity of immobilized lipases was measured by hydrolysis of p-
nitrophenyl butyrate, which was followed by the absorbance of p-nitrophenol
at 410 nm as shown Figure 5. Table 2 showed the activity results of eight
types of the immobilized lipase. The immobilized lipases of the network type
showed better hydrolytic performance (Min. 47.5 % in activity), compared to
the immobilized lipase of the single type (Min. 26.0 % in activity). The
immobilized lipases containing Ci,Im group showed better activity (74.4 %)
than those of Cglm group. From these results, we found that the hydrolytic

performance was increased as the loading amount of lipase was increased.

Calibration curve

04
y = 0.3169x + 0.0534
0.3 RZ = 0.9993
402
<
0.1

0 02 04 0.6 0.8 1 12

C (mM)

Figure 5. Calibration curve of p-nitrophenol measured at 410 nm.
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Table 2. Hydrolytic Activity of Immobilized Lipases

Y\/ Catalyst® o HO
+ \H/\/
pH 7.4 buffer O,N o

p-Nitrophenyl butyrate p-Nitrophenol
Catalyst IL-rrI;cg)iae(tjilgsgolsvlf,i\%Zads (P /rﬁ;t:)\;igéads)
(mmol/g)

None B N-A

Free lipase - 72.7°
PA-Cslm e N-A
PA-Cy,Im e N-A
PA-Cglm-Lipase 12 gég
PA-Cy,Im-Lipase 12 ?gz
PA-Cglm-ClLipase 1?3 2?2
PA-Cy,Im-CLipase }2 gg:g

®Reaction conditions : catalyst (10 mg), p-hitrophenyl butyrate (0.2 mM), phosphate
buffer (25 mM, pH 7.4), 35 °C, 10 min. U (Unit) : One unit of enzyme activity was
defined as the amount of enzyme which catalyzed the production of 1 umol p-
nitrophenol per minute. “Activity of free lipase was confirmed by U/mg of protein.
Determined by UV-Vis spectroscopy at 410 nm.
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3.2.2 Esterification Activity of Immobilized Lipases

The esterification of oleic acid with alcohols by immobilized lipases was
evaluated in various organic solvents. Hexane, heptane and cyclohexane were
selected as the solvent because they were known to give good activity in
lipase catalyzed esterification.”® tert-Butanol as a co-solvent has been used
because it dissolves both alcohol and oleic acid, and improved the yield of
biodiesel production by lipase.”” Moreover, tert-butanol does not react with
oleic acid by lipase. Among these solvent systems, hexane/tert-butanol and
tert-butanol showed the best performance (47 % yield) compared to other
hydrophobic solvents, such as heptane and cyclohexane as shown in Table 3.

According to this result, tert-butanol was selected as the solvent.
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Table 3. Esterification Activity of Immobilized Lipase in Various Solvents

. . Catalyst I
Oleic acid + n-Butanol _— H3C(HZC)5H2CF\MOM
Solvent
Loading level of i °
C atalysta IL-moieties on PA beads Solvent vields
(mmol/g) )
Hexane 47
Heptane 45
PA-Cglm-Lipase 12
Cyclohexane 25
tert-Butanol 47

®Reaction conditions : catalyst (50 mg), oleic acid (0.1 mmol), n-butanol (1 mmol),
solvent : tert-butanol (co-solvent) = 8:1, 50 °C, 18 h. "Determined by GC analysis.
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Esterification of oleic acid with n-butanol, as a control, was chosen to study
the catalytic activities of immobilized lipases. Immobilized lipase without the
IL moieties (PA-Lipase) showed low activity of esterification, and gave 17 %
yield (Table 4). From this, IL moieties proved to be an important factor as a
stabilizer of lipase in organic solvent.

PA-Cglm-Lipase (1.2) showed relatively higher performance (47 % after 18 h)
in the esterification than PA-Ci,Im-Lipase catalysts. This observation can be
explained by the previous report that enzymatic activity was decreased as the
alkyl chain length of ILs was increased.” The similar tendency was observed
by our immobilized lipase with relatively hydrophilic anions (CI, BF,).
However, the activity of immobilized lipase was increased as the alkyl chain
length of ILs was increased when the immobilized lipase contained
hydrophobic anions (PFs, NTf,).?"? Interestingly, immobilized lipase in
network types gave negative effect on the activity probably because crowded
lipase molecules led to diffusion limitation and difficulty accessibility of
substrate.®?° Based on the results, the PA-Cglm-Lipase (1.2) was selected as
an optimal catalyst and used in esterification reactions with four kinds of

alcohols.
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Table 4. Esterification Activity of Immobilized Lipase on the IL-grafted PA
Beads

o]

Catalyst
Oleic acid + n-Butanol ——» nguzc)auzc/:\/\/\/\)J\OM

Tert-butanol

Loading level of

Catalyst® IL-moieties on PA beads Yields® (%)
(mmol/g)

None - 2
1.2 7
PA-Cglm 16 3
1.2 4
PA-Clzlm 18 3
PA-Lipase - 17
1.2 47
PA-Cglm-Lipase 1.6 37
2.2 28
. 1.2 29
PA-Ci;Im-Lipase 18 97
. 1.2 16
PA-Cglm-CLipase 16 36
. 1.2 10
PA-C.;Im-CLipase 18 8

®Reaction conditions: catalyst (50 mg), oleic acid (0.1 mmol), n-butanol (1 mmol),
tert-butanol (400 uL), 50 °C, 18 h. "Determined by GC analysis.
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With four different kinds of alcohols, the yield of methyl oleate was the
highest (95 %) as shown in Table 5. Furthermore, when propylene glycol was
used as an alcohol substrate our immobilized lipase gave diester in 80 % yield.
The high yield might be due to the fact that tert-butanol gives an effective
miscibility to all the reactants of alcohol, oleic acid, and immobilized lipase.
Also, ILs afford stable microenvironments and protect the immobilized lipase

from direct influence of high temperature.
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Table 5. Esterification of Oleic Acid with Various Alcohols by Immobilized
Lipase
o

Catalyst
Oleicacid + Alcohol ——» Hsc(Hzc)stcFMo/R

Tert-butanol

Loading level of

a = C (0,
Catalyst oniclianid el Alcohol Yields® (%)
Methanol” 95
1-Propanol 85
PA-Cglm-
. 1.2
Lipase
1-Butanol 81
Propylene glycol 80

®Reaction conditions : catalyst (50 mg), oleic acid (0.1 mmol), alcohol (1 mmol), tert-
butanol (400 L), 50 °C, 63 h. 2.5 mmol was used. “Determined by GC analysis.
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3.2.3 Reusability of Immobilized Lipase

To evaluate the reusability the recovered immobilized lipase was reused
several times for the same esterification reaction. Under the same conditions,
the yield of ester was slightly decreased from 81 % to 62 % in second cycle,
and much more decreased in third cycle (52 % in Table 6). One of the reasons
for the decreased activity is assumed to be that lipase might be deactivated by
the alcohols during esterification and lose the binding activity to the substrates.
Based on these results, we concluded that immobilized lipase containing IL
moieties should be improved further to increase the resistance against organic

solvents and thermal stability.

Table 6. Reusability Result of Immobilized Lipase in Esterification

Catalyst it
Oleic acid + n-Butanol ——» HSC(HZC)SHZCFMOM

Tert-butanol

Yield® (%)
Catalyst®
1st an 3rd
PA-Cglm-Lipase (1.2) 81 62 52

*Reaction conditions : catalyst (50 mg), oleic acid (0.1 mmol), n-butanol (1 mmol),
tert-butanol (400 pL), 50 °C, 63h. *Determined by GC analysis.
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Conclusion

Eight types of IL-grafted PA beads were prepared and used for immobilization
of lipase. The activity of immobilized lipase was confirmed by the hydrolysis
of p-nitrophenyl butyrate. Efficiency of esterification reactions were
compared according to the loading level and alkyl chain length of ILs. From
the results, we confirmed that the IL moieties are essential to accelerate the
lipase-catalyzed reaction when CALB was immobilized on PA beads.
Compared to the immobilized lipase without IL moieties, the catalytic activity
of the PA-Cglm-Lipase was turned out to be the most effective in esterification
reactions. These observations are in good agreement with previous results
from other groups. In addition, tert-butanol as a solvent was a pivotal factor to
maintain the activity of the lipase. These results demonstrate that the
relatively hydrophilic supports can provide positive influence to the activity of
lipase without blocking its hydrophobic active site. Our catalysts showed a
good performance in the esterification of four kinds of alcohols without using

nonpolar solvents and gave a reusable advantage suitable as industrial catalyst.
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Figure A.1. "H NMR data of N-boc-1-(3-aminopropyl)imidazole.
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Figure A.2. '"H NMR data of (a) 1-octyl-3-aminopropylimidazolium chloride,
and (b) 1-dodecyl-3-aminopropylimidazolium chloride.
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Figure A.2. "H NMR data of (a) 1-octyl-3-aminopropylimidazolium chloride,
and (b) 1-dodecyl-3-aminopropylimidazolium chloride.
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