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Abstract

The epoxy group containing poly(glycidyl methacrylate-co-methylmethacrylate) poly(GMA–MMA) beads were prepared by suspension poly-
merisation and the beads surface were grafted with polyethylenimine (PEI). The PEI-grafted beads were then used for invertase immobilization
via adsorption. The immobilization of enzyme onto the poly(GMA–MMA)–PEI beads from aqueous solutions containing different amounts of
invertase at different pH was investigated in a batch system. The maximum invertase immobilization capacity of the poly(GMA–MMA)–PEI beads
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as about 52 mg/g. It was shown that the relative activity of immobilized invertase was higher then that of the free enzyme over broad
emperature ranges. The Michaelis constant (Km) and the maximum rate of reaction (Vmax) were calculated from the Lineweaver–Burk plot. T

m andVmax values of the immobilized invertase were larger than those of the free enzyme. The immobilized enzyme had a long-stora
only 6% activity decrease in 2 months) when the immobilized enzyme preparation was dried and stored at 4◦C while under wet condition 43%
ctivity decrease was observed in the same period. After inactivation of enzyme, the poly(GMA–MMA)–PEI beads can be easily regen
eloaded with the enzyme for repeated use.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Many methods of immobilization have been tried, ranging
rom covalent attachment to adsorption or physical entrapment
1–7]. Among the various immobilization techniques avail-
ble, adsorption may have a higher commercial potential than
ther methods because the adsorption process is simpler, less
xpensive, retains a high catalytic activity, and most impor-
antly the support could be repeatedly reused after inactivation
f the immobilized enzyme[5–10]. A number of methods for
eversible immobilization of enzymes have been reported in the
iteratures[2,11,12]. However, the adsorption is generally not
ery strong and some of the adsorbed enzyme is desorbed dur-
ng washing and operation. For this reason, reversible enzyme
mmobilization via adsorption requires a strong hydrophobic or
onic interaction between the enzyme and support[13–17]. Des-
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orption of enzymes from the polyethylenimine coated sup
was found to require the use of denaturing conditions (u
low pH and high ionic strength), but this desorption would
necessary after inactivation of the enzyme upon use[16–21].

In this study, poly(GMA–MMA) beads were synthesiz
from the monomers glycidyl methacrylate and methylmetha
late and cross-linked with ethyleneglycol dimethacrylate.
epoxy groups of poly(GMA–MMA) beads were used for atta
ment of PEI. The polycationic amino groups of the PEI
used for the reversible immobilization of invertase. The in
tase is a carboxylic group rich acidic protein. Therefore,
enzyme “invertase” was selected as a negatively charged
tein to evaluate its immobilization on support coated with
opposite charged polymer. The immobilization of invertase
ionic adsorption onto the poly(GMA–MMA)–PEI beads fro
aqueous solutions containing different amounts of enzym
different pH was investigated in a batch system. The optim
pH and temperature for the free and immobilized enzyme
well as operational stability in a continuous system, were in
tigated.
381-1177/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2005.12.006
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2. Experimental

2.1. Materials

Invertase (�-fructofuranosidase, EC 3.2.1.26, Grade VII from
baker’s yeast), glucose oxidase (GOD, EC 1.1.3.4. Type II
from Aspergillus niger), peroxidase (POD, EC 1.11.1.7, Type II
from horseradish), bovine serum albumin (BSA),o-dianisidine
dihydrochloride, sucrose, glucose, polyethylenimine (PEI),
polyvinyl alcohol (PVA),�,�′-azoisobisbutyronitrile (AIBN),
bovine serum albumin (BSA) were obtained from Sigma Chem.
Co. Glycidyl methacrylate (GMA), methylmethacrylate (MMA)
and ethyleneglycoldimethacrylate (EGDMA) were obtained
from Fluka AG (Switzerland). The monomers GMA and MMA
were distilled under reduced pressure in the presence of hydro-
quinone and stored at 4◦C until use. All other chemicals were
of analytical grade and were purchased from Merck AG (Darm-
stadt, Germany).

2.2. Preparation of poly(GMA–MMA) beads

Poly(GMA–MMA) beads were prepared via suspension
polymerisation. The aqueous continuous phase was comprised
of 0.2 M NaCl. The organic phase contained GMA (7.5 ml),
MMA (10 ml), EGDMA (7.5 ml; cross-linker) and isopropyl
alcohol (15 ml, containing 5.0% polyvinyl alcohol as stabilizer)
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acetate (25 ml, 50 mM, pH 4.0–5.5) or phosphate buffer (25 ml,
50 mM, pH 6.0–7.0). The initial concentration of invertase was
1.0 mg/ml in each buffer solution and poly(GMA–MMA)–PEI
beads (0.3 g) was used. In the second set experiments, the ini-
tial concentration of invertase was changed between 0.25 and
2.00 mg/ml in the immobilisation medium. In this case, inver-
tase was dissolved in acetate buffer (25 ml, 50 mM, and pH 5.5)
and PEI-grafted poly(GMA–MMA) beads (0.3 g) were added.
The immobilization experiment was conducted for 2 h at 20◦C
while continuous stirring. At the end of this period, the enzyme-
immobilized beads were removed from the enzyme solution.
The amount of protein in the enzyme preparations and the wash
solution were determined by spectrofluorimetry (excitation at
280 nm and emission at 340 nm) using a (Jasco, Model FP 750,
Tokyo, Japan) spectrofluorimeter. A calibration curve was pre-
pared from crystalline invertase as a standard (0.02–0.2 mg/ml)
and was used in the calculation of enzyme concentration.

2.5. Activity assays of free and immobilized invertase

The activities of both free and immobilised enzyme were
determined as described previously[7,9]. The activity–pH pro-
files of the free and immobilized invertase were studied in
acetate buffer (50 mM) in the pH range 4.0–5.5 and in phos-
phate buffer (50 mM) in the range pH 6.0–8.0. The effect of
temperature on the free and immobilized invertase was stud-
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olymerisation reactor was placed in a water-bath and hea
5◦C. The reactor was then equipped with a mechanical st
itrogen inlet and reflux condenser. The polymerisation mix
as placed into a dropping funnel and was introduced drop

nto the reactor in about 10 min during stirring at 200 rpm un
nitrogen atmosphere. The polymerisation reaction was m

ained at 75◦C for 2.0 h and then at 85◦C for 2.0 h. After the
eaction, the beads were filtered under suction and washe
istilled water and ethanol. The product was dried in a u
acuum oven. The beads were sieved and 50–150�m size of
raction was used in further reactions.

.3. Grafting of poly(GMA–MMA) beads with
olyethylenimine

Functional epoxy group carrying poly(GMA–MMA) bea
10 g) were equilibrated in phosphate buffer (50 mM, pH
or 2 h, and transferred to the same fresh medium conta
EI (1.0% (v/v)). Grafting of PEI on the poly(GMA–MMA
eads surface was carried out at 65◦C for 5 h, while con

inuously stirring the reaction medium. After this period,
oly(GMA–MMA)–PEI beads were removed from the reac
edium and washed with 1.0 M NaCl and then phosphate b

0.1 M, pH 7.0).

.4. Immobilization of invertase onto PEI-grafted
oly(GMA–MMA) beads

Immobilization of invertase on the poly(GMA–MMA)–P
ia adsorption was studied at various pH values, in e
o
,
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ed in acetate (50 mM, pH 5.5) and phosphate buffer (50
H 6.0), respectively. The immobilised invertase activity

erminated by decantation of the reaction mixture into ano
lass. The results of dependence of pH, temperature and s
re presented in a normalized form with the highest valu
ach set being assigned the value of 100% activity. The a

ties of the free and the immobilized invertase were expre
n �mol glucose/min/mg of enzyme and�mol glucose/min/m
nzyme-immobilized invertase on the poly(GMA–MMA)–P
eads, respectively.

Sucrose hydrolysis performance of the free and immobi
nzyme preparations was determined by measuring the gl
ontent of the medium according to a method described
iously [22] using an UV–vis spectrophotometer (Shimad
odel 1601, Tokyo, Japan), at 525 nm.

.6. Determination of the kinetic constants

Km andVmax values of the free enzyme were determined
easuring initial rates of the reaction with sucrose (30–300

n acetate buffer (50 mM, pH 5.5) at 35◦C. Km andVmax were
alculated from the data obtained after 5 min.

.7. Storage stability measurements of free and
mmobilized enzymes

The storage stability of invertase immobilized poly(GM
MA)–PEI beads was tested in both dry and

tates. For the wet state storage, the enzyme-immob
oly(GMA–MMA)–PEI beads were stored in phosphate bu
olution at 4◦C. For dry storage, the enzyme-beads were le
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dry in vacuum desiccators for 24 h at 4◦C under reduced pres-
sure, and then stored in a sealed bottle at the same temperature.
The activities of the immobilized invertase were determined for
both storage conditions as described above for a storage period
of up to 2 months. The residual activity was defined as the frac-
tion of total activity recovered after immobilization of invertase
on the poly(GMA–MMA)–PEI beads compared with the same
quantity of free enzyme.

2.8. Reusability of poly(GMA–MMA) beads

In order to determine the reusability of the poly(GMA–
MMA)–PEI beads for repeated enzyme immobilization, adsorp-
tion and desorption cycle of invertase was repeated six times
by using the same poly(GMA–MMA)–PEI beads. Enzyme des-
orption were performed in a KSCN solution (1.0 M, pH 8.0,
1.0 ml). The enzyme adsorbed beads were placed in the des-
orption medium while stirring at 100 rpm at 25◦C for 3 h. The
beads were removed from desorption medium washed several
times with acetate buffer (50 mM, pH 5.5) and were then reused
in the enzyme immobilization.

2.9. Characterization of poly(GMA–MMA)

2.9.1. Determination of the epoxy groups content
A–

M as
d n
w A

1.0 g beads was transferred in 50 ml pyridine–HCl solution
and refluxed for 20 min. After cooling down the solution, the
amount of available epoxy groups was determined by titration
of pyridine–HCl solution with 0.1 M NaOH.

2.9.2. Determination of the free amino groups content
The content of amino groups in the final poly(GMA–MMA)–

PEI support, i.e. those that remained free in PEI after its covalent
bonding to poly(GMA–MMA), was determined by potentio-
metric titration. For that 1 g poly(GMA–MMA)–PEI beads was
transferred in HCl solution (0.1 M, 20 ml) and it was then incu-
bated in a shaking water-bath at 35◦C for 6 h. After this reaction
period, the final HCl concentration in the solution was deter-
mined by a potentiometric titration with 0.05 M NaOH solution.

2.9.3. Scanning electron microscopy
The dried poly(GMA–MMA) beads were coated with gold

under reduced pressure and their scanning electron micrographs
were obtained using a JEOL (Model JSM 5600, Japan) scanning
electron microscope.

2.9.4. Surface area measurement
The surface area of the poly(GMA–MMA)–PEI beads sam-

ple was measured with a surface area apparatus (BET method).

2
)

b 4 h,
s ess
The available epoxy groups content of the poly(GM
MA) beads was determined by pyridine–HCl method
escribed previously[23]. Briefly, the pyridine–HCl solutio
as prepared by mixing 16 ml HCl with 984 ml pyridine.
Fig. 1. The representative che
.9.5. Determination of the water content
The poly(GMA–MMA) and PEI-grafted poly(GMA–MMA

eads were allowed to soak in distilled water for 2
wollen beads (∼1 g) were weighed after removing the exc
mical structure of the support.
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water, dried in vacuum oven at 60◦C for 24 h until constant
weight.

3. Results and discussion

3.1. Properties of poly(GMA–MMA) beads

The representative chemical structure of polycationic poly-
mer (i.e. PEI)-grafted poly(GMA–MMA) is presented in
Fig. 1. The amount of epoxy groups available in the initial
poly(GMA–MMA) was determined to be 1.44 mmol/g beads.
Epoxy group carrying supports are able to form covalent link-
ages with different side chain groups (amino, thiol, phenolic
ones) on the macromolecule structure under suitable experimen-
tal conditions (e.g. pH 7.0)[8]. The polyethylenimine polymer
was linked to the acrylic backbone by an amide bond formed by
the reaction of the –NH2 with the epoxy group of GMA. The
free amino groups content of the poly(GMA–MMA)–PEI beads
were determined by potentiometric titration and the amounts of
free amino groups on the polyethylenimine-grafted beads were
found to be 1.69× 10−3 mmol/g beads.

The water content of the poly(GMA–MMA) and PEI-grafted
poly(GMA–MMA) beads were determined as 34% and 41%,
respectively. These are moderate swelling degrees and suit-
able to use as column packing material for application of
immobilized enzyme in a continuous flow system. Scanning
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Fig. 2. SEM micrographs of poly(GMA–MMA) beads: (A) magnification
300×; (B) cross section magnification 850×.

about 1.0 unit to less acidic pH values of the pI value of inver-
tase. At this pH, invertase is negatively charged. On the other
hand, the pKa value of the amino groups of PEI is about 7.1 and
it has positive charge at pH 5.5. The maximum adsorption at pH

Fig. 3. Effect of pH on invertase immobilization via adsorption on the
poly(GMA–MMA)–PEI beads. The immobilization of invertase on the beads at
various pH values was studied under the following conditions: initial concen-
tration of enzyme 1.0 mg/ml; temperature 20◦C.
lectron microscopy (SEM) micrographs presented inFig. 2A
nd B. The SEM micrographs show that the beads ha
orous surface structure. The porous surface properties
oly(GMA–MMA) beads would favour higher immobilizatio
apacity for the enzyme due to increase in the surface area
urface area of the poly(GMA–MMA) beads was measure
ET method and was found to be 11.4 m2/g beads. The surfa
roperties of the poly(GMA–MMA) beads would favour hig

mmobilization capacity for PEI and the enzyme due to incr
n the surface area.

.2. Immobilization of invertase onto PEI-grafted
oly(GMA–MMA) beads

In order to maximize the immobilized invertase onto P
rafted poly(GMA–MMA) beads; medium pH and init
nzyme concentration were changed for each individual s
atch immobilization experiments. Although insignificant,
mount of enzyme desorbed into the washing solution was
ccounted for the calculation of immobilization efficiency

nvertase on the poly(GMA–MMA)–PEI beads. The amoun
mmobilized invertase on the poly(GMA–MMA)–PEI bead
xpressed as the weight of immobilized protein per gram b
mg/g).

The maximum invertase immobilization was obtained a
.5 about 52 mg/g beads (Fig. 3). Significantly lower invertas

mmobilization was observed for the poly(GMA–MMA)–P
eads in the other studied pH regions. Invertase is an a
rotein with a pI value of 4.5 and it contains large number
ydroxyl, carboxyl and amino groups. In the present study
aximum adsorption was observed at pH 5.5, and was s
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Fig. 4. Effect of initial invertase concentration on the enzyme loading on the
poly(GMA–MMA)–PEI beads. The experimental conditions are: pH 5.5; initial
concentration of enzyme varied between 0.25 and 2.0 mg/ml; temperature 20◦C.

5.5 could result from preferential interaction between invertase
and grafted cationic PEI molecules. Additional interactions may
result from hydrogen bonding and ion-exchange effects, the lat-
ter was caused between the amino groups of the PEI and the
carboxylic acid side-chains of the enzyme molecules.

As seen inFig. 4, an increase in protein concentration in
the medium led to an increase in immobilization efficiency but
this levelled off at an invertase concentration of 1.0 mg/ml. As
presented inFig. 4 with increasing enzyme concentration in
solution, the amount of invertase adsorbed per unit area by
poly(GMA–MMA)–PEI beads increases almost linearly up to
1.0 mg/ml. It becomes constant when the enzyme concentration
is greater than 1.0 mg/ml. This could be explained by satura-
tion of interacting groups of the grafted PEI molecules with the
adsorbed invertase molecules, which achieve maximum immo-
bilization capacity.

3.3. Biochemical properties of free and immobilized
invertase

When a biocatalyst is immobilized, kinetic parametersKm
and Vmax undergo variations with respect to the correspond-
ing parameters of the free form, revealing an affinity change
for the substrate. These variations are attributed to several fac-
tors such as protein conformational changes induced by th
s fac
t g th
m truc
t rtan
t tha
a atio
c ed i
F n
c al-

Fig. 5. The substrate saturation curves of free and immobilized invertase at
different sucrose concentrations.

culated from reciprocal plot of the data (Lineweaver–Burk plot).
These were, therefore, determined in this study as well. For the
free enzyme,Km was found to be 17 mM, whereasVmax value
was calculated as 148 U/mg proteins. Kinetic constants of the
immobilized invertase were also determined in the batch system
(Table 1). The apparentKm value was found to be 29 mM for
the adsorbed invertase on the poly(GMA–MMA)–PEI beads.
TheVmax value of immobilized enzyme was estimated from the
data as 97 U/mg adsorbed protein onto poly(GMA–MMA)–PEI
beads. As expected, theKm andVmax values were significantly
affected after immobilization on to the PEI-grafted beads. The
reason for the difference inKm values between the free and
the immobilized invertase could be due to extensive interaction
of ionic groups of invertase with the PEI molecules or large
areas of contact between individual enzymes and the support
surface causing deformation on the enzyme conformation. A
comparison with the results obtained by Bayramoğlu et al.[7]
for the covalently immobilised invertase on the surface of the
poly(2-hydroxyethyl methacrylate–glycidyl methacrylate) film,
the Km value of the immobilized enzyme was increased from
14 to 38 mM compared to the free form. The decrease inVmax
value as a result of immobilization should be related with the
increase inKm value, since an increase in theKm value leads a
decrease in the affinity of the enzyme for its substrate[7,24–27].
Furthermore, the immobilization of the enzyme also occurred
inside the porous space of the beads, so increasing mass trans-
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.4. Effect of pH and temperature on the catalytic activity

The change in optimum pH depends on the charge o
nzyme and/or of the water insoluble matrix. This chang
seful in understanding the structure–function relationsh
nzyme and to compare the activity of free and immobil
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Enzyme loading (mg enzyme/g beads) Recovered activi

– 100
52 66
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Fig. 6. pH profiles of the free and immobilized invertase preparations.

enzyme as a function of pH. The effect of pH on the activity
of the free and immobilized invertase preparations for sucrose
hydrolysis is presented inFig. 6. The pH value for optimum
activity for the free invertase was found to be at 5.5. On the
other hand, the optimal pH for the immobilized invertase was
extended between pH 5.5 and 6.0. This extension is possibly due
to the secondary interactions (i.e. ionic and polar interactions,
hydrogen binding) between the enzyme and the PEI incorporated
matrix. Furthermore, the pH profiles of the immobilized inver-
tase display significantly improved stability on both sides of the
optimum pH value, in comparison to that of the free form, which
means that the immobilization method preserved the enzym
activity in a wider pH range. These results could probably be
attributed to the stabilization of invertase molecules resulting
from multipoint ionic complex formation with the grafted PEI
molecules[17].

As seen inFig. 7, the activity of the free invertase is strongly
dependent on temperature, with the optimum temperature bein
observed at about 35◦C. The optimum reaction temperature for
immobilized invertase was between 35 and 40◦C, and the tem-
perature profiles of the immobilized invertase were broader than
that of the free counterpart. The increase in optimum tempera
ture for the immobilised enzyme is probably a consequence o
enhanced thermal stability. One of the main reasons for enzym
immobilization is the anticipated increase in its stability to vari-

F tions

ous deactivating force due to restricted conformational mobility
of the molecules following immobilization[17,26–28].

The results for the temperature range from 20◦C to opti-
mum temperatures are also used for the calculation of activation
energy (from Arrhenius plots). The plots for both the enzymes
were linear and the calculated values of activation energy were
about 17.75 and 13.47 kcal/mol for the free and immobilised
invertase, respectively. The lower value of activation energy
obtained for the immobilised invertase could be resulted from the
internal diffusion limitation of the substrate “sucrose” into the
porous space of the support-enzyme system. Similar results were
reported previously[29–32]. For example, Sharp et al. reported
that �-galactosidase immobilised onto porous cellulose sheets
had a smaller activation energy than that of the free enzyme,
and their system was slightly limited by the internal diffusion
[29]. Kitano et al.[30], Ramachandran and Perlmutter[31] and
Bille et al.[32] reported that the activation energy for the immo-
bilised enzyme was lower than that of the free enzyme because
the internal diffusion of the substrate into the enzyme-carrier
system was rate-limiting step. In contrast, cases where enzyme
activation energy increased after immobilisation have also been
reported[32,33].

It should be noted that the pH and temperature profiles
(Figs. 6 and 7) of the free invertase are different from those
reported in our previous studies[7,9]. The enzyme “invertase”
was commercially obtained from chemical company at different
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esults could be slightly different for the numerical data and
H and temperature profiles for the enzyme ‘invertase’.

.5. Repeated loading of poly(GMA–MMA) beads with the
nzyme

The adsorption capacity of the support was not changed
ng successive repeated loading of invertase on poly(G

MA)–PEI beads. Enzyme activity of the preparations did
ignificantly change during the adsorption–desorption cy
lost above its original capacity about 7% ends of the six u
his result showed that the PEI-grafted poly(GMA–MM
eads can be repeatedly used in enzyme immobilization
ut significant detectable losses in its initial adsorption capa
he result also indicate that KSCN is a suitable desorption a

or the PEI-grafted poly(GMA–MMA)–PEI beads and allo
epeated use of the poly(GMA–MMA)–PEI beads in this st

.6. Storage stability of the invertase preparations

In general, if an enzyme is in solution, it is not stable du
torage, and the activity is gradually reduced. The free an
mmobilized invertase preparations were stored in both dry
et states. In dry storage condition, only a 6% decrease in

ty was detected during a 2-month storage period (Fig. 8). Under
he wet storage conditions, the activity loss of the immobil
nvertase was about 43% in the same storage period. Th
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Fig. 8. Storage stabilities of the free and immobilized invertase under wet and
dry conditions.

enzyme lost all its activity within third week. Thus, the immo-
bilized invertase exhibits higher storage stability than that of the
free form (Fig. 8). The higher stability of the immobilized inver-
tase could be attributed to the prevention of thermal denaturation
as a result of multipoint attachment of invertase molecules on the
PEI-grafted poly(GMA–MMA) beads. As previously reported
hydrogel carrier such as carboxymethylcellulose, and poly(2-
hydroxyethyl methacrylate) provides a protective microenvi-
ronment for enzymes and yield higher stabilities[17,34]. On
the basis of these observations, PEI-grafted poly(GMA–MMA)
beads support should provide a stabilization effect, minimiz-
ing possible distortion effects imposed from aqueous medium
on the conformational structure of the immobilized enzyme.
The generated multipoint ionic interactions between enzyme
and PEI-grafted poly(GMA–MMA) beads should also convey
a higher conformational stability to the immobilized enzyme.
Thus, the PEI-grafted poly(GMA–MMA) beads and the immo-
bilization method provides higher shelf life compared to that of
its free enzyme.

4. Conclusion

The poly(GMA–MMA) beads were prepared form GMA
and MMA monomers in the presence of an initiator AIBN
via suspension polymerisation. The polyethylenimine polymer
was grafted on the beads as a cationic polymer ligand. The
d han
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m ctiv-
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f ase
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c ith
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r rent
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p such
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t od
fi tion

under mild experimental conditions; (iii) the poly(GMA–MMA)
beads has high compatibility with grafted PEI molecules for
biomolecules and also has high enzyme binding capacity due
to the large number of polycationic binding sites on the beads
surface; the desired amount of epoxy and amino groups can
be created on the beads surface by changing the monomer
ratio in the initial polymerisation mixture; (iv) in addition, the
reusability of the poly(GMA–MMA)–PEI beads support may
provide economic advantages for large-scale biotechnological
application. A high storage stability obtained with the immo-
bilized invertase indicates that the stability of invertase was
increased upon immobilization on the poly(GMA–MMA)–PEI
beads.
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[7] G. Bayramŏglu, S. Akg̈ol, A. Bulut, A. Denizli, M.Y. Arıca, Biochem

Eng. J. 14 (2003) 117–126.
[8] S. Prashanth, V.H. Mulimani, Process Biochem. 40 (2005) 1199–1
[9] S. Akgöl, Y. Kacar, A. Denizli, M.Y. Arıca, Food Chem. 74 (200

281–288.
10] S. Phadtare, V.P. Vinod, P.P. Wadgaonkar, M. Rao, M. Sastry, Lan

20 (2004) 3717–3723.
11] H.T. Deng, Z.K. Xu, Z.M. Liu, J. Wu, P. Ye, Enzyme Microb. Techn

35 (2004) 437–443.
12] E. Horozova, N. Dimcheva, Cent. Eur. J. Chem. 2 (2004) 627–63
13] S. Phadtare, S. Vyas, D.V. Palaskar, A. Lachke, P.G. Shukla, S. Siv

M. Sastry, Biotechnol. Prog. 20 (2004) 1840–1846.
14] S.S. Tukel, O. lptekin, Process Biochem. 39 (2004) 2149–2155.
15] S. Phadtare, V. D’Britto, A. Pundle, A. Prabhune, M. Sastry, Biotech

Prog. 20 (2004) 156–161.
16] G. Sanjay, S. Sugunan, Catal. Commun. 6 (2005) 525–530.
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