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ABSTRACT: A purified alkaline thermotolerant bacterial
lipase of Bacillus coagulans MTCC-6375 was efficiently im-
mobilized onto poly(N-AEAAm-co-AAc-cI-MBAm)-hydro-
gel at pH 8.5 and at temperature 55°C in 16 h. The hydro-
gel-bound matrix possessed 1.04 U/g (matrix) lipase activ-
ity with a specific activity of 1.8 U/mg of protein. The
immobilized lipase resulted in formation of 52.5 mM of
ethyl propionate (52% conversion) at 55°C in 9 h in n-no-
nane. Ethanol and propionic acid when used in a ratio of
300 : 100 mM, respectively, in n-nonane along with 10 mg
of hydrogel-bound lipase resulted in optimal synthesis of

ethyl propionate (82.5 mM). Addition of molecular sieves
(3 A, 0.7 g/reaction volume) further enhanced the conver-
sion rate to 82.4% resulting in 83.5 mM of ethyl propio-
nate. Incubation temperature below or above 55°C had a
marked effect on the synthesis of ethyl propionate. How-
ever, esterification performed in n-heptane at 65°C resulted
in 87.5 mM of ethyl propionate with a conversation rate of
89.3%. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 105:
1437-1443, 2007

Key words: hydrogels; lipase; esterification

INTRODUCTION

Enzyme immobilization has emerged as a promising
tool to enhance the stability and efficiency of
enzymes. In nonaqueous solvents, enzymes can cata-
lyze reactions that are difficult or impossible to carry
out in water, become more stable and can exhibit
altered selec:tivity.1 Lipases (E.C. 3.1.1.3) have been
successfully immobilized on a variety of matrices for
performing esterification and trans-esterification reac-
tions in organic solvents. For the last few years, there
has been an increasing interest in the use of enzymes
for the biosynthesis of molecules in organic media.”™*
The lipases tend to retain their catalytic potential as
hydrolases or esterases in aqueous or organic media.
However, the behavior of enzymes in organic phase
is different from that in the aqueous phase. Most pro-
teins are poorly soluble in organic solvents, and it is
often necessary to immobilize enzyme onto a suitable
porous matrix that provides an increased interfacial
surface area, easy separation of catalyst, and reuse of
immobilized enzyme. From an industrial point of
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view, immobilized lipases offer economic incentives
of enhanced thermal and chemical stability, ease of
handling, easy recovery, and reuse relative to nonim-
mobilized forms.”” There is paucity of literature on
use of lipase of B. coagulans in organic synthesis. The
newer enzymes including lipase(s) sourced from ther-
motolerant or thermophilic microorganisms have in-
herent advantage to work at enhanced temperatures;
which also enable greater solubility of the reactants or
products.

An appropriate solvent is always necessary to sol-
ublize the substrates, and to partition the substrates
and products in different phases.® Immobilization
also increases enzyme’s thermal s’rability.9 Moreover,
the solvent might be necessary in case of cosoluble
substrates (liquid or solids and liquids), for ester syn-
thesis or trans-esterification.®”'%"'> Polarity of the sol-
vent phase exerts a great influence on water solubili-
zation and distortion of H-bonds.'® Water activity
associated with dehydrated/immobilized enzyme
plays several roles in enzyme structure and func-
tions."” The enzyme sometimes may be inactive in
dehydrated systems.'® Moreover, production of acidic
or basic species, or direct addition of exchangers,
such as zeolites'”? or salt hydrates®' can affect the
performance of biocatalyst in organic solvents. The
impact of such species may be particularly important
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when using forms of enzymes where buffer salts are
present in relatively low concentrations, as is the case
of immobilized preparations.”” Thus, it is essential to
study the effect of various physical factors as well as
solvents to perform the desired esterification.

Use of hydrogels as supports for enzyme immobi-
lization has attracted the attention of scientists and
technologists worldwide.”** Acrylic acid (AAc) and
N-aminoethyl acrylamide (N-AEAAm) based poly-
mer absorbs water and are strongly hydrophilic. The
balance of polymer-polymer and polymer-solvent
interaction determines the solubility of a polymer in
a solvent. In the present study, authors have eval-
uated the effect of various parameters on the forma-
tion of ethyl propionate using a strongly hydrophilic
poly(N-AEAAm-co-AAc-cI-MBAm)-hydrogel-immo-
bilized purified lipase of a moderately thermotoler-
ant Bacillus coagulans MTCC-6375. Ethyl propionate
is used to manufacture various propionates, which
are used in the reduction of pharmaceuticals, anti-
fungal agents, agrochemicals, plasticizers, rubber
chemicals, dyes, etc. This ester possesses fruity rum
odor and is used in perfumery and fragrances.

EXPERIMENTAL
Chemicals

N,N-methylene bisacrylamide (MBAm), N-amino
ethyl acrylamide (N-AEAAm), ammonium per sul-
fate (APS), acrylic acid (AAc), 2-propanol, various n-
alkanes (Merck, Germany), and p-nitrophenyl palmi-
tate (p-NPP, Lancaster Synthesis, England) were pur-
chased and used as received.

Microorganism and lipase

The Bacillus coagulans MTCC-6375 was obtained from
Department of Biotechnology, Himachal Pradesh Uni-
versity, Summer Hill, Shimla (India). The purified
lipase of Bacillus coagulans MTCC-6375 was used for
immobilization on poly(N-AEAAm-co-AAc-c-MBAm)-
hydrogel. One unit of lipase was the amount of
enzyme that produced one micromole of p-nitrophe-
nol per minute by hydrolysis of p-NPP at 45°C (55°C
in case of immobilized enzyme) under assay condi-
tions. The lipase sourced from B. coagulans MTCC-
6375 was purified by ammonium sulfate precipita-
tion/dialysis, DEAE-cellulose anion exchange and
hydrophobic interaction (Octyl-Sepharose) chroma-
tography to obtain a highly homogeneous protein.

Hydrophobic column chromatography

The prepacked Octyl-Sepharose column (V; = 5 cm?)
was equilibrated with 5 mL of elution-buffer (50 mM
sodium phosphate, pH 7.2) at a flow rate of 1.0 mL/
min followed by washing with 10 mL of start-buffer
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(50 mM sodium phosphate, 1.0M ammonium sulfate,
pH 7.2). Crude lipase (2.4 mg protein) was loaded
on the column. The column was developed with elu-
tion-buffer (50 mM sodium phosphate, pH 7.2). The
eluted fractions (2 mL) were assayed both for lipase
activity as well as their protein content.” Fractions
showing lipase activity under a peak were pooled (6
mL). The column was regenerated with 5 mL of dis-
tilled water followed by 5 mL of start-buffer.

Synthesis of hydrogel network

Poly(N-AEAAm-co-AAc-cI-MBAm) hydrogel was pre-
pared by copolymerizing AAc (0.138M) and N-
AEAAm (0.138M) in distilled water (20 mL) and APS
(200 mg) was used as an initiator. The reactants were
vigorously stirred and allowed to stand for 30 min at
25°C. The polymerization was achieved by warming
the mixture at 60°C for 2 h in water bath. The poly-
mer was washed thrice with excess of warm distilled
water (60°C) to remove unreacted compounds. The
polymer was dried in a vacuum oven at 30°C to get a
constant weight. Ten grams of dried polymer was sus-
pended in 20 mL of water along with AAc (0.138M), a
crosslinker MBAm (400 mg), and APS (200 mg). The
suspension was mixed and warmed at 60°C for 1 h to
obtain a crosslinked network. The unreacted compo-
nents were removed by extensive washing with dis-
tilled water and methanol. Thereafter, the network
was completely dried in vacuum oven to obtain a xe-
rogel. The xerogel was wused subsequently for
immobilization of the lipase of B. coagulans MTCC-
6375. The xerogel had an S, (swelling capacity in
water) value of 250 in distilled water.

Assay of hydrolytic activity

The hydrolytic activity of free or immobilized lipase
was assayed by a standard colorimetric method using
p-NPP as a substrate.® Stock solution (20 mM) of p-
NPP was prepared in 2-propanol. The reaction mix-
ture comprised of 75 pL of p-NPP stock solution and
5 pL of free or 10 mg of immobilized matrix. The final
volume of this reaction mixture was made to 3 mL
with 0.056M Tris buffer, pH 7.5 for free and 8.5 for
bound lipase. The test tubes were incubated for
10 min at 55°C under continuous shaking in water-
bath-incubator. Appropriate control with a heat-inac-
tivated enzyme (5 min in boiling water bath) was
included with each assay. The absorbance of p-nitro-
phenol released was measured at A419. The unknown
concentration of p-nitrophenol released was deter-
mined from a reference curve of p-nitrophenol (2-
50 pg/mL final concentrations in 0.05M Tris buffer,
pH 7.5 for free enzyme and pH 8.5 for immobilized
enzyme assay). Each of the assays was performed in
duplicate and mean values were presented. Specific
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activity was expressed as pmole(s) of the p-nitrophe-
nol released per min by 1 mg of protein.

Effect of protein concentration on
immobilization of lipase

Concentration of total protein (as lipase) in the coupling
buffer (0.05M Tris, pH 8.5) was varied between 0.25 and
2.0 mg/mL so as to determine the optimal concentration
of protein for a fixed amount of matrix (10 mg).

Optimization of parameters for synthesis
of ethyl propionate

The effect of various factors such as reaction time,
relative molar concentration of reactants, addition of
molecular sieve, reaction temperature and C-chain
length of the solvent (alkanes) on the rate of synthe-
sis of ethyl propionate was consecutively evaluated.

Area under the peak of ester formed at limiting concentration of reactant(s)

Analysis of ethyl propionate by GLC

The GLC (Michro-9100, Netel Chromatographs, India)
was programmed for oven temperature 75-200°C,
ramp rate 20°C/min, FID temperature 220°C, injector
temperature 210°C and holding time of 2 min at
200°C. The assay of ethyl propionate using 2 pL sam-
ple was performed on a 300 cm x 0.32 mm ID,
bonded phase-fused silica BP624 moderately polar
SGE capillary column using N, as a carrier gas (flow
rate 30 mL/min). A reference profile was prepared by
using 2 pL of varying concentrations of ethyl propio-
nate (50-500 mM) prepared in n-nonane or n-heptane.
The curve was plotted between the molar concentra-
tion (in mM) of ethyl propionate and the correspond-
ing area under the peak (retention time 0.77 min). The
percent conversion achieved during the esterification
reaction was determined as given below.

Conversion =

x 100

Reference area under the peak of same ester at similar concentration

Effect of incubation time on synthesis of ethyl
propionate by free and immobilized lipase

The reaction mixture (1.5 mL) contained 10 mg of
hydrogel-bound lipase, 100 mM each of ethanol and
propionic acid in n-nonane in a Teflon-stoppered glass
vial (5 mL capacity). The reaction mixture was incu-
bated at 65°C in a water-bath-incubator shaker (160
rpm) for 15 h. The solvent phase (2 pL) was sampled
in duplicate at an interval of 3 h and subjected to anal-
ysis by GLC for the formation of ethyl propionate.

Effect of molar concentration of reactants on ethyl
propionate synthesis

The effect of molar ratio of ethanol and propionic
acid on synthesis of ethyl propionate was deter-
mined by keeping the concentration of one of the
reactants (ethanol or propionic acid) at 100 mM and
varying the concentration of other reactant (100-400
mM) in a reaction volume of 1.5 mL in n-nonane.
The esterification was carried out by using 10 mg of
matrix-bound lipase at 55°C in Teflon stoppered-
glass vials for 9 h under continuous shaking. The
ethyl propionate formed in each of the combinations
of the reactants was determined by GLC.

Effect of addition of molecular sieves on synthesis
of ethyl propionate

Molecular sieves of 3 A were used to study their
effect on the synthesis of ethyl propionate by immo-

bilized lipase. To the above reaction mixture pre-
pared in n-nonane, varying amount (100-900 mg) of
molecular sieves was added. The esterification was
carried out in duplicate by adding 10 mg of immobi-
lized lipase at 55°C for 9 h. Ethyl propionate synthe-
sized in each case was determined.

Effect of solvents varying in C-chain length
on esterification

In the reaction mixture (1.5 mL) n-nonane that was
initially employed as a solvent phase was replaced
with n-alkane of varying C-chain length, i.e., n-pen-
tane, n-hexane, n-heptane, and n-octane. The immo-
bilized lipase (10 mg) was added to the above-men-
tioned reaction mixture to perform the esterification.
The reaction was carried out for 9 h at 55°C.

Effect of reaction temperature on esterification

The reaction mixture (1.5 mL) containing ethanol
and propionic acid (300 : 100 mM) in n-heptane and
10 mg of bound lipase was incubated at each of the
selected temperature (35-75°C) in a water bath incu-
bator-shaker (160 rpm) for 9 h in Teflon-lined stop-
pered glass-vials. The amount of ester produced was
determined by GLC.

RESULTS

The lipase protein in the harvested broth (0.27 U, 8.2
mg of protein/mL) was optimally precipitated at
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1440
55 4
50 4

;\; 45

c 40 4

]

-§ 35 4

o 30

g

S5 25

o

m 20 4
15
10 T T T T T T T T T 1

0 0.5 1 1.5 2 25
Total protein (mg/ml)

Figure 1 Effect of protein concentration on immobilization.

60% (w/v) ammonium sulfate saturation. The pre-
cipitates were reconstituted in a minimum volume
of 0.05M Tris buffer, pH 8.5 and were extensively
dialyzed against the same buffer. The dialyzed
enzyme showed an activity of 3.39 U/mL, specific
activity of 0.67 U/mg. The anion exchange chroma-
tography of lipase on DEAE-cellulose column
resulted in two peaks (results not shown). The frac-
tions showing lipase activity were pooled (5.52 U/
mL, protein 3.2 mg/mlL, specific activity 1.73 U/mg)
and subjected to freeze drying by lyophilization. The
DEAE-anion exchange chromatography resulted in
~ 75.3-fold concentration of lipase. Hydrophobic
interaction (Octyl-Sepharose) chromatography was
performed to obtain a highly homogeneous protein
possessing specific activity of 1.98 U/mg and 76.4-
fold purification. The purified lipase showed the
presence of a distinct band of ~ 103 kDa on 10%
SDS-PAGE (result not shown). The efficient binding
of the protein onto the hydrogel was obtained at
1.0 mg/mL concentration with respect to 10 mg of
hydrogel matrix (Fig. 1).

Protein binding efficiency and hydrolytic activity
of the hydrogel

The purified lipase of B. coagulans MTCC-6375 was
optimally immobilized/bound on to a strongly
hydrophilic poly(N-AEAAm-co-AAc-cI-MBAm)-hydro-
gel that retained 52% (~1.01 U/g matrix) of the total
protein used for immobilization (Fig. 1). The hydro-
gel-bound matrix possessed 145 U/g (of matrix)
lipase activity with a specific activity of 18 U/mg
protein.

Effect of incubation time on synthesis
of ethyl propionate

The kinetics of immobilized-lipase catalyzed the syn-
thesis of ethyl propionate that was studied for 15 h
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at 55°C in n-nonane under continuous shaking (Fig.
2). The synthesis of ethyl propionate increased with
increase in the reaction time till 9 h and remained
more or less static thereafter. At 9 h, 52.5 mM of
ethyl propionate was produced with a conversion
rate of 52%. Thus in the subsequent esterification
reactions, a reaction time of 9 h at 55°C for poly
(N-AEAAm-co-AAc-cI-MBAm)-hydrogel immobilized-
lipase was considered optimum for the synthesis of
ethyl propionate.

Effect of molar ratio of reactants on synthesis of
ethyl propionate

When esterification was performed in by varying the
molar ratio of the reactants, an increase in molar ra-
tio of ethanol to propionic acid from 1 : 1 to 3 : 1
resulted in 80% conversion of reactants into ethyl
propionate (82.5 mM) in 9 h at 55°C. However,
when concentration of ethanol was fixed at 100 mM,
an increase in the molar ratio of propionic acid from
100 to 400 mM drastically decreased the formation
of ethyl propionate (Fig. 3).

Effect of molecular sieves on synthesis
of ethyl propionate

Addition of molecular sieves to the reaction mixture
markedly enhanced the amount of ethyl propionate
synthesized by poly(N-AEAAm-co-AAc-cl-MBAm)-
hydrogel bound biocatalyst (Fig. 4). Approximately,
83.5 mM of ethyl propionate was synthesized (con-
version rate of 82.4%) in 9 h in n-nonane at 55°C
when 0.7 g of molecular sieves were added into the
reaction mixture (1.5 mL). Any further increase in
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Figure 2 Kinetics of formation of ethyl propionate by im-
mobilized lipase.
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the concentration of molecular sieves had a declining
effect on the ester formation.

Effect of C-chain length of solvent (alkane) on
synthesis of ethyl propionate

The concentration of ethyl propionate synthesized by
employing immobilized lipase in the presence of
alkanes of relatively shorter or longer C-chain length
than n-heptane tend to decrease the amount of ethyl
propionate produced (Fig. 5). Thus use of n-heptane
was considered in the subsequent reaction.

Effect of reaction temperature on esterification

The esterification was optimally (87.3 mM ethyl pro-
pionate) achieved representing a 89.3% conversion at
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Figure 4 Effect of concentration of molecular sieves on
esterification.
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Figure 5 Effect of organic solvent on esterification.

65°C in the presence of 0.7 g of molecular sieve in
n-heptane (Fig. 6).

DISCUSSION

A variety of fatty acid esters are now being pro-
duced commercially using immobilized lipase in
nonaqueous solvents.>*”'%?7% Compared to con-
ventional chemical synthesis from alcohols and car-
boxylic acids using mineral acids as a catalyst, the
use of lipases as biocatalysts to produce these high
value-added fatty acid esters in organic media offers
significant advantages.”’* These include use of any
hydrophobic substrate, higher selectivity, milder
processing conditions, and ease of product isolation
and enzyme reuse.”'*'>® In the present study, a
hydrophilic poly(N-AEAAm-co-AAc-cI-MBAm)-hydro-
gel efficiently immobilized onto a purified alkaline
lipase form a thermotolerant B. coagulans MTCC-
6375. The hydrogel exhibited a very high swelling in
aqueous phase. The immobilized lipase was subse-
quently used to study the effect of various physical
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Figure 6 Effect of reaction temperature on formation of
ethyl propionate.
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parameters on the synthesis of ethyl propionate in a
relatively inert solvent system (n-alkane). Various
features of reaction selectivity of lipases are modu-
lated by exogenous factors, such as type of organic
solvent, choice of cosubstrates/reactants, water activ-
ity, pH, temperature, and immobilization.*®

There is paucity of literature on properties of lipase
of B. coagulans and its potential application(s) in or-
ganic solvents for performing esterification reactions.
The lipase sourced from B. coagulans has been found
to be stable in many organic solvents, including vari-
ous alcohols, alkanes and common solvents.®” The
immobilized lipase efficiently catalyzed the esterifica-
tion of ethanol and propionic acid into ethyl propio-
nate in 9 h at 65°C under optimized conditions. Tem-
perature has an important effect on the physical state
of substrate dispersion also. Higher temperature leads
to liquefaction that makes substrate more diffusible
and easily acceptable to enzyme.*® Moreover, in the
present study, B. coagulans MTCC-6375 lipase bound
to a hydrophilic hydrogel exhibited a good thermotol-
erance at 65°C than the free lipase that possessed an
optimum temperature of 45°C° for hydrolysis of p-
NPP. It appeared that chemical characteristics of
poly(N-AEAAm-co-AAc-c-MBAm) network exerted
greater influence on immobilized-lipase activity and
selectivity, by virtue of support-matrix effects directly
on enzyme conformation or microenvironment, dif-
ferences in substrate diffusion rates or physiochemi-
cal interaction directly with substrate or products.’”**
In a previous study, lipase immobilized onto poly(2-
hydroxyethyl methacrylate-co-methyl methacrylate)-
matrix gave a higher yield for both hydrolysis and
esterification activity as compared to other poly-
mers.”> Novozyme-435 immobilized on an acrylic
resin when used for synthesis of isopropyl laurate
exhibited its maximum activity at 60°C.>° At higher
temperature (>65°C), thermal deactivation of the
enzyme became more pronounced thus affecting the
conversion of reactants into ester. Lipozyme-IM that
is another important enzyme for esterification showed
optimal synthesis of oleic acid esters at 50°C.>”

The esterification of ethanol and propionic acid by
immobilized lipase from B. coagulans MTCC-6375
was enhanced when molar concentration of the
hydrophobic reactant, i.e., ethanol was increased
from 1:1 to 3 : 1 (ethanol : propionic acid) in the
reaction mixture. On other hand, an increase in the
molar concentration in favor of propionic acid
brought about a decrease in the amount of ethyl pro-
pionate synthesized. The copolymer moiety N-
AEAAm, a constituent of the porous hydrogel-net-
work bears one highly basic amino group, which
might have interacted with the amino acid residues
at the active site of the enzyme.

Esterification is generally a water-limited reaction
because the equilibrium catalyzed by hydrolytic
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enzymes is in favor of hydrolysis.***’ The esterifica-
tion of ethanol and propionic acid by hydrogel-im-
mobilized lipase of B. coagulans MTCC-6375 in the
absence of a water scavenger/molecular sieve exhib-
ited ~ 80% esterification. However, addition of mo-
lecular sieves further enhanced the rate of esterifica-
tion to 83.5%. Activated molecular sieves or salt
hydrates can be added to the system to remove the
water produced by the reaction.” Thus, presence of
molecular sieves in the reaction mixture invariably
prevented the inhibitory effects of accumulation of
water (as an end-product) on the esterification reac-
tion between propionic acid and ethanol. It appeared
that an increase in the concentration of the molecular
sieve provided a corresponding increase in the phy-
sically active-surface area that readily absorbed water.
Such an improvement in the rate of esterification has
been previously reported for the esterification of lauric
acid and geraniol,*' synthesis of isopropyl laurate,™
formation of ethyl acetate,'* and ethyl laurate'® in the
presence of molecular sieves.

The choice of an appropriate solvent system that
keeps the reactants dissolved, did not react with the
enzyme, matrix/support or any of the reactants, and
also did not readily evaporate at the temperature of
catalysis is very important in achieving efficient
esterification. In the present study, the use of n-hep-
tane (log P value = 3.5) with a C-chain length
shorter than n-nonane further enhanced the rate of
esterification. In general, as the log P value of an n-
alkane increased corresponding to an increase in the
C-chain length of the alkanes (log P value for n-pen-
tane, n-hexane, n—heptane, n-octane, and n-nonane is
3, 3.5, 4, 4.5, and 5, respectively), the hydrophobicity
of the alkanes also increased in that order. Thus, n-
heptane that was less hydrophobic than #-nonane
appeared to be more suitable to synthesize ethyl pro-
pionate employing hydrophilic poly(N-AEAAm-co-
AAc-cI-MBAm)-hydrogel bound lipase of B. coagu-
lans MTCC-6375.

The present study concluded that poly(N-AEAAm-co-
AAc-c-MBAm)-hydrogel-immobilized-lipase of B. coagu-
lans MTCC-6375 efficiently esterified ethanol and
propionic acid into ethyl propionate at a temperature
of 65°C in a short period of 9 h in n-heptane. More-
over, addition of moleculars sieve while employing a
highly hydrophilic poly(N-AEAAm-co-AAc-cl-MBAm)-
matrix was essential to achieve maximum/efficient
rate of esterification.
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