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bstract

Magnetic bead was prepared from the monomers glycidylmethacrylate (GMA) and methylmethacrylate (MMA) via suspension copolymerization
n the presence of ferric ions. The magnetic beads were characterized with scanning electron microscope (SEM), FT-IR and ESR spectrophotometers.
he beads were sieved and 100–150 �m size of fraction was used in enzyme immobilization. The specific surface area of the magnetic beads was
easured by the BET method and was found to be 16.2 m2/g beads. The reactive character of the epoxy groups allowed the attachment of the

mino groups during thermal precipitation reaction. The resulting magnetic beads were used for the covalent immobilization of Candida rugosa
ipase via glutaraldehyde activation and glutaraldehyde was also acted a 5-carbon spacer arm. The maximum lipase immobilization on magnetic
oly(GMA–MMA) was 23.4 mg g−1. The activity yield of the lipase immobilized on the spacer-arm attached magnetic beads was up to 81%.
inetic analysis shows that the dependence of lipolytic activity of both free and immobilized lipase on trybutyrin substrate concentration can
e described by Michaelis-Menten model with good agreement. The estimated Michaelis constants (Km) for the free and immobilized lipase are
.6 and 12.3 mM, respectively. The Vmax values of free and immobilized enzymes were calculated as 984 and 773 U/mg enzymes, respectively.

◦
mployment of immobilization seemed to result in an increase in Km and a decrease in Vmax. Optimal operational temperature was 5 C higher for
mmobilized enzyme than that of the free counterpart. Thermal and storage stabilities were found to be increase with immobilization.

2008 Elsevier B.V. All rights reserved.
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. Introduction

A number of methods for immobilization of enzymes have
een reported in the literatures such as adsorption onto an
nsoluble material, and covalent linking to an insoluble carrier
1–7]. There are many factors affecting the activity recovery
nd reusability of enzymes in immobilization process. Some
f the most important factors are the choice of a support and
he selection of an immobilization strategy [5,8–12]. A variety
f support materials have been used for lipase immobilization
13–18]. After immobilization of lipase, changes were observed
n enzyme activity, optimum pH, affinity to substrate and stabil-
ty [14–16]. The extent of these changes depended on the source

f enzyme, the type of support and the method of immobiliza-
ion.

∗ Corresponding author. Tel.: +90 532 357 2477; fax: +90 318 357 2461.
E-mail address: yakuparica@tnn.net (M.Y. Arıca).
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ic beads

Several kinds of magnetic particles are produced from vari-
us polymers with different functional groups. These magnetic
articles have wide range of applications in the immobiliza-
ion of cells and enzymes [19–22], bio-separation systems [19]
mmunoassays [21], biosensors and so on [23]. Permanent mag-
etization could cause the particle to aggregate even if the
upports have been removed from the magnetic field. To solve
his problem, super-paramagnetic particles have to be devel-
ped. Fe3O4 is one of the super-paramagnetic materials and
t is commonly used in the biotechnological and biomedical
reas [10,19]. Besides the merits of other supports, magnetic
nes can be more easily recovered from the reaction medium,
ultivation media and waste from food or fermentation indus-
ries [19,20]. In the magnetic separation techniques, there is no
eed for expensive liquid chromatography systems, centrifuges,
lters or other equipment. The separation process can be also car-

ied out in crude sample containing suspended solid materials
19–22]. As a result of the magnetic properties of the adsor-
ents, they can be selectively removed from the medium under
he applied magnetic force.

mailto:yakuparica@tnn.net
dx.doi.org/10.1016/j.molcatb.2008.01.012
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Lipases (E.C. 3.1.1.3) from different sources are currently
sed in various biochemical reactions including triacylglyc-
rols hydrolysis, esterification between fatty acid and alcohol,
nd other enzymatic reactions [10,14]. The rising interest in
ipase mainly lies on its wide industrial applications, including
etergent formulation, oils/fats degradation, pharmaceuticals
ynthesis, and cosmetics production [24]. Lipases display a
eculiar mechanism of action, “interfacial activation” [25].
ipases may exist in two different forms. One of them, where the
ctive centre of the lipase is secluded from the reaction medium
y a polypeptide chain called “lid”, is considered to be inactive
closed form). The other one, presenting the lid displaced and
he active centre exposed to the reaction medium, is considered
o be active (open form) [25,26].

In this study, magnetic poly(GMA–MMA) beads were syn-
hesized from the monomers glycidylmethacrylate and methyl-

ethacrylate and cross-linked with ethyleneglycol dimethacry-
ate. The epoxy groups of the magnetic poly(GMA–MMA)
eads were converted into amino groups in the presence of
mmonia during thermal precipitation iron oxide crystal in
he bead structures. The magnetic supports were characterized
ith scanning electron microscopy (SEM), FT-IR spectroscopy

nd a vibrating sample magnetometer (VSM). The resulting
agnetic beads were used for the covalent immobilization

f Candida rugosa lipase after activation with glutaraldehyde
27,28]. The immobilization of lipase via covalent attachment
nto the magnetic poly(GMA–MMA) beads from solutions con-
aining different amounts of enzyme was investigated in a batch
ystem. The factors affecting the activity recovery and properties
f the immobilized lipase were investigated.

. Experimental

.1. Materials

Lipase (from Candida rugosa, lyophilised powder) was sup-
lied by the Sigma Chemical Co. (St. Louis, MO, USA) and used
s received. Glycidylmethacrylate (GMA), methylmethacrylate
MMA) and ethyleneglycoldimethacrylate (EGDMA) and �,�′-
zoisobisbutyronitrile (AIBN) were obtained from Fluka AG
Switzerland), and the monomers distilled under reduced pres-
ure in the presence of hydroquinone and stored at 4 ◦C until use.
lutaraldhyde, polyvinyl alcohol (PVA; MW: 50,000), tribu-

yrin, gum Arabic and sodium cholate were obtained from Sigma
hem. Co. All other chemicals were of analytical grade and were
urchased from Merck AG (Darmstadt, Germany). The water
sed in the present work was purified using a Barnstead system
Dubuque, IA, USA).

.2. Preparation of magnetic poly(GMA–MMA) beads

The magnetic poly(GMA–MMA) beads were prepared via
uspension polymerization. The organic phase contained GMA

7.5 ml), MMA (7.5 ml), EGDMA (7.5 ml; as cross-linker)
nd 5.0% polyvinyl alcohol (20 ml, as stabilizer) were mixed
ogether with 0.2 g of AIBN as initiator in 20 ml of toluene.
he aqueous dispersion medium comprised from FeCl3 solu-
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ion (0.3 M, 400 ml) which was used as a precursor for the
hermal iron-oxide precipitation in the beads. The polymeriza-
ion reactor was equipped with a mechanical stirrer, nitrogen
nlet and reflux condenser. The polymerization reaction was

aintained at 70 ◦C for 2.0 h and then at 80 ◦C for 1.0 h.
fter the reaction, the resultant beads were filtered and washed
ith distilled water and ethanol. For the thermal magnetiza-

ion of the beads, 5.0 g FeCl2 was dissolved in purified water
100 ml) and then was transferred into a reaction vessel contain-
ng ferric-poly(GMA–MMA) beads (15 g) in NH3·H2O (50 ml,
5%, w/v). The thermal precipitation reaction was carried out
nder nitrogen atmosphere and at three different temperatures
i.e., at 40, 50 and 90 ◦C for 2 h). After reaction, the mag-
etic poly(GMA–MMA) beads were washed in ethanol solution
50%; 250 ml), and then with purified water. The magnetic
oly(GMA–MMA) beads (∼5.0 g) were transferred in phos-
hate buffer (pH 8.0; 25 ml), containing glutaraldehyde (5%,
/w). The reaction was carried out at 25 ◦C for 6 h. The activated
eads (poly(GMA–MMA)–GA), were washed with distilled
ater, acetic acid solution (0.1 M, 100 ml) and phosphate buffer

50 mM, pH 7.0). The magnetic beads were used for the covalent
mmobilization of lipase [26,27].

.3. Immobilization of lipase on the magnetic beads

Immobilization of lipase on the magnetic poly(GMA–
MA)–GA beads was carried out at 22 ◦C in a shaking water

ath for 1.0–8.0 h using poly(GMA–MMA) beads as a con-
rol blank support. The magnetic beads (2.0 g) equilibrated in
hosphate buffer (50 mM, pH 7.5) for 2 h, were then trans-
erred to 10 ml enzyme solution containing of 5.0 mg/mL lipase.
fter this reaction period, the enzyme immobilized magnetic
eads were removed from the medium by a magnetic separa-
ion device. Schematic representation of chemical route for the
nzyme immobilization is presented in Fig. 1.

Physically bound enzyme from control blank poly(GMA–
MA) and poly(GMA–MMA)–GA beads were removed by
ashing with a solution containing ionic detergent (sodium

holate, 50 mM) and salt (NaCl, 1.0 M) at pH 8.0 for 2 h. It
hould be noted that all the physically bound enzyme were
emoved from the control blank poly(GMA–MMA) beads after
ashing with detergent and salt solution. After this washing,

he control blank poly(GMA–MMA) beads did not yield any
ipase activity in the assay medium. The enzyme immobilized
n the activated poly(GMA–MMA)–GA beads were washed
ith phosphate buffer (50 mM, pH 7.0) and stored in the same

resh buffer (50 mM, pH 7.0) at 4 ◦C until use. After pre-
etermined period, the enzyme-loaded magnetic beads were
mmediately transferred ethylene diamine solution (5.0 mg/ml
thylene diamine) in same buffer solution to block the free reac-
ive groups on the beads. The amount of immobilized lipase
n the magnetic beads was determined by measuring the initial
nd final concentration of protein in the immobilization medium

sing the Bradford protein assay method [29]. A calibration
urve constructed with lipase solution of known concentration
0.05–0.50 mg/ml) was used in the calculation of protein in the
nzyme and wash solutions.
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Fig. 1. The reaction schemes for imm

.4. Activity assays of lipase

The activity of free and immobilized lipase was determined
y olive oil hydrolysis. A 100 ml olive oil emulsion was prepared
y mixing olive oil (50 ml) and gum Arabic solution (50 ml, 7%,
/v). The assay mixture consisted of emulsion (5 ml), phos-
hate buffer (2.0 ml, 100 mM, pH 7.0) and free enzyme (0.5 ml,
.0 mg/ml) or immobilized enzyme (0.5 g magnetic beads). Oil
ydrolysis was carried out at 35 ◦C for 30 min in a shaking water-
ath at 150 rpm. The reaction was stopped by the addition of
0 ml of acetone–ethanol solution (1:1, v/v). The liberated fatty
cid in the medium was determined by titration with 50 mM
aOH solution. These activity assays were carried out over the
H range 4.0–9.0 and temperature range 20–60 ◦C to determine
he pH and temperature profiles for the free and the immobilized
nzymes.

.5. Determination of the kinetic parameters of the free and
mmobilized enzyme

The kinetic constants were determined using tributyrin as
ubstrate (in the concentrations range (5–50 mM) using free and
mmobilized lipase and titrating the butyric acids produced with
0 mM NaOH as described above. The experiments were con-
ucted under the optimized assay conditions. The apparent Km
nd Vmax values for the free and immobilized lipase were cal-
ulated from Lineweaver–Burk plots by using the initial rate of
he enzymatic reaction data:

−1 =
{

Km
−1

}
+ V−1

max (1)

Vmax[S]

here [S] was the concentration of substrate, v and Vmax rep-
esented the initial and maximum rate of reaction, respectively.
m was the Michaels constant. One lipase unit corresponded to

m
b
2
f

ation of lipase onto magnetic beads.

elease of 1 �mol fatty acid per minute under assay conditions.
he specific activity is the number of lipase units per mg protein.

.6. Thermal stability and repeated use of the immobilized
ipase

The thermal stabilities of the free and immobilized lipase
ere determined by incubation in substrate-free phosphate
uffer solution (pH 7.0, 50 mM) at two different temperatures
55 and 65 ◦C) under continuous shaking at 150 rpm. At 15 min
ime intervals, the remaining activities of the free and immo-
ilized lipase were measured as described above. In addition,
he repeated usability of the immobilized lipase was determined
y the hydrolysis of olive oil after removal of immobilized
ipase with magnetic separation device from reaction medium
nd compared with the first run (activity defined as 100%).

.7. Storage stability

The storage stability of free and immobilized lipase were
etermined after storage in phosphate buffer (50 mM, pH 7.0)
t 4 ◦C during 8 weeks. The residual activities were then deter-
ined as described above and activity of the each enzyme was

xpressed as percentages of its residual activity compared to the
nitial activity.

.8. Characterization of magnetic poly(GMA–MMA) beads

The free amino group’s content of the magnetic
oly(GMA–MMA) beads was determined by potentio-

etric titration. The aminated magnetic poly(GMA–MMA)

eads about 1.0 g were transferred in HCl solution (0.1 M,
0 ml) and it was then incubated in a shaking water-bath at 35 ◦C
or 6 h. After this reaction period, the final HCl concentration
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Fe3O4 molecules are successfully formed within the structure
of poly(GMA–MMA) beads.

Scanning electron microscopy (SEM) micrographs presented
in Fig. 4. The SEM micrograph shows that the magnetic beads
G. Bayramoğlu, M.Y. Arıca / Journal of Mo

n the solution was determined by a potentiometric titration
ith 50 mM NaOH solution. The surface morphology of the
agnetic beads was observed by scanning electron microscopy

SEM). The dried magnetic poly(GMA–MMA) beads were
oated with gold under reduced pressure and their scanning
lectron micrographs were obtained using a JEOL (Model JSM
600; Japan). The average size and size distribution of the
oly(GMA–MMA) beads were determined by screen analysis
erformed by using molecular sieves. The surface area of
he magnetic poly(GMA–MMA) beads was measured with

surface area apparatus (BET method). The magnetization
urves of the dried magnetic poly(GMA–MMA) beads were
etermined with a vibrating-sample magnetometer (VSM,
odel 155, Digital Measurement System Inc., Westwood, MA,
SA).

. Results and discussion

.1. Properties of magnetic poly(GMA–MMA) beads

The ferric ions containing poly(GMA–MMA) beads were
repared from GMA and MMA via suspension polymerization
n the presence of FeCl3 as a precursor for the thermal pre-
ipitation of iron oxide. In the next step, the classical thermal
recipitation reaction was carried out in NH3·H2O aqueous solu-
ion containing Fe(II) ions for the formation of iron oxide crystal
ithin the structure of the beads. The formation of iron oxide

rystal within the poly(GMA–MMA) bead structure has been
videnced by gravimetric analysis, FTIR and vibrating-sample
agnetometer. During the thermal precipitation reaction, the

poxy groups of the magnetic beads (size between 100 and
50 �m) were converted into amino groups via ammonolysis
eaction due to the presence of ammonia in the medium. The
nzyme “lipase” was immobilized on the magnetic beads after
lutaric dialdhyde activation of the amino groups. The specific
urface area of the magnetic poly(GMA–MMA) beads was mea-
ured by BET method and was found to be 16.2 m2/g beads.

The formation of iron oxide crystals within the magnetic
eads have been also evidenced by VSM. The plots of mag-
etization versus magnetic field curve for the bare and enzyme
mmobilized magnetic beads at room temperature are presented
n Fig. 2. The specific saturation magnetization (σs) was found to
e 19.8 emu/g for magnetic beads. In the literature, the reported
σs) values for magnetic poly(methacrylate–divinylbenzene)
eads and magnetic nanoparticles were 14.6 emu g−1 [30] and
2.0 emu/g [31], respectively. As seen in this figure, the very
eak hysteresis indicated the super-paramagnetic nature of the
eads. This could be due to the formed magnetic nanoparticles
ithin the beads structure should be smaller than 20 nm, and

hey might be considered to have a single magnetic domain.
inally, the magnetic beads developed in this study were not
eeds high magnetic intensity. So, the magnetic beads can be
asily separated from reaction medium within a few second by

conventional permanent magnet. When the applied magnetic

orce is removed, the magnetic beads can easily be dispersed
y simple shaking. Thus, the magnetic beads can be removed or
ecycled in the medium with a simple magnetic device [8,20,21].
ig. 2. Magnetization vs. magnetic field for the magnetic poly(GMA–MMA)
eads at room temperature.

he amount of formed of iron oxide crystal in the beads struc-
ure was by gravimetric analysis and was found to be 134 mg/g
eads.

FTIR spectra of magnetic poly(GMA–MMA) beads
re presented in Fig. 3. The FTIR spectra of magnetic
oly(GMA–MMA) have the characteristic stretching vibration
and of hydrogen-bounded alcohol at ∼3480 cm−1. Among the
haracteristic vibrations of both GMA and MMA is the methy-
ene vibration at ∼2960 cm−1. The vibration at 1736 cm−1

epresents the ester configuration of both MMA and GMA. The
ibration peak is the carbonyl configuration at 1152 cm−1 of the
olymer. On the other hand, several bands appear in the finger
rint region for magnetic beads between 1600 and 1200 cm−1.
hese peaks are assigned to the –CH2 scissoring band of both
MA and MMA at 1459 cm−1, anti-symmetric and symmet-

ic stretching band of carbonyl groups of GMA and MMA at
395 and 1267 cm−1, respectively. The epoxide group gives the
and between at 971 cm−1 (epoxy ring vibrations). Fe3O4 has
he characteristic band at 617 cm−1 and also this indicates that
Fig. 3. FTIR spectrum of the magnetic poly(GMA–MMA) beads.
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activity in a wider pH range. These results could probably be
attributed to the stabilization of lipase molecules resulting from
multipoint attachment of the enzyme molecules on the surface
ig. 4. SEM micrographs of the magnetic poly(GMA–MMA) beads: (A) 1100×
agnification and (B) surface of magnetic beads at 4000× magnification.

ave a porous surface structure. The porous surface properties
f the magnetic poly(GMA–MMA) beads would favour higher
mmobilization capacity for the enzyme due to increase in the
urface area.

.2. Immobilization of lipase onto magnetic
oly(GMA–MMA)beads

In order to optimize the immobilized lipase onto magnetic
oly(GMA–MMA)–GA beads; the coupling reaction time was
aried between 2.0 and 12.0 h. As seen in Fig. 5, an increase
n the coupling duration time led to an increase in the immobi-
ization efficiency (from 9.87 to 23.44 mg/g magnetic beads) but
his relation levelled off at around 8.0 h. Further increase in the
oupling duration time (up to 12.0 h) did not lead to a significant
hange in the immobilization capacity. As presented in Fig. 5,
he amount of immobilized lipase was found to be 23.44 mg/g

agnetic beads with a recovered activity yield of 81%. The pro-

ein content in the washed buffer solution was negligible. The

easured specific activity of the free and immobilized lipase
as about 935 U mg/protein and 757 U mg/immobilized protein,

espectively.
ig. 5. Effect of coupling reaction time on the immobilization efficiency of
ipase on the magnetic poly(GMA–MMA) beads: the experimental conditions
re: pH 8.0, reaction coupling time varied between 1.0 and 8.0 h.

.3. Properties of free and immobilized lipase

The effect of pH on the activity of free and immobilized lipase
n olive-oil hydrolysis was carried out in the pH range 4.0–9.0
nd the results are presented in Fig. 6. The maximum activity for
ree enzyme was observed at pH 7.0. The optimum pH value of
he immobilized lipase was shifted 1.0 U to the alkaline region.
n other similar research, the optimum pH value of the immobi-
ized lipase was generally slightly shifted toward alkaline region
10,13]. The shift depends on the method of immobilization as
ell as the structure and charge of the matrix. It might be a

esult of the basic nature of the amino functionalized surface of
he magnetic beads, the amino groups on the beads surface can
revent the uniform distribution of hydrogen ions between the
urface and the bulk solution. In addition, an improved stabil-
ty upon covalent immobilization may explain this shift in the
ptimal pH. It should be noted that the pH profiles of the immo-
ilized lipases are broader than that of the free enzyme, which
eans that the immobilization methods preserved the enzyme
Fig. 6. pH profiles of the free and immobilized lipase.
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Table 2
Half-lives (t1/2) and inactivation rate constant (ki) of the free and immobilized
lipase at two different temperatures

Temperature (◦C) Free enzyme Immobilized enzyme

t1/2 (min) ki (min) t1/2 (min) ki (min)
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Fig. 7. Temperature profiles of the free and immobilized lipase.

f the magnetic poly(GMA–MMA)–GA beads.
The effect of temperature on the free and immobilized lipase

ctivities was investigated between 20 and 60 ◦C by using olive
il as substrate. As seen in Fig. 7, maximum activity for the free
nd immobilized lipase was observed at 45 and 50 ◦C, respec-
ively. This could be explained by creation of conformational
imitations on the enzyme movements as a result of forma-
ion of covalent bonds between the enzyme and the support.
n general, the effect of changes in temperature on the rates of
nzyme-catalysed reactions does not provide much information
n the mechanism of biocatalysts. However, these effects can be
mportant in indicating structural changes in enzyme [31–34].

.4. Kinetic parameters of free and immobilized lipase

The initial reaction rates of the hydrolysis of the substrate
tributyrin) were measured at different substrate concentra-
ions (i.e. 5–50 mM) with the free and the immobilized lipase.
he kinetic data for hydrolysis of tributyrin was fitted to the
ichaelis-Menten equation. The Lineweaver–Burk plot of 1/v

ersus 1/S, Michaelis constant (apparent Km) and the maximum
eaction velocity (Vmax) of the free and the immobilized enzymes
ere calculated. The kinetic parameters of free and immobilized

nzymes are presented in Table 1. For the free lipase the apparent
m value was found to be 2.6 mM, and the Vmax was calculated

o be 987 U/mg enzymes. Km value was found to be 12.3 mM
or the immobilized enzyme. The apparent Km for the immobi-

ized enzyme was increased by about 4.73-fold compared to the
ree enzyme. This indicates an alteration in the affinity of the
nzyme towards to the substrate upon covalent immobilization
n the magnetic beads and/or the higher apparent Km value for

a
a
a
l

able 1
roperties of the free and immobilized lipase on the magnetic beads

orm of enzyme Km (mM) Vmax (U/mg enzyme) Enzyme loading (m

ree lipase 2.6 984 –
mmobilized lipase 12.3 773 23.44
5 162 3.84 × 10−3 429 1.41 × 10−3

5 77 1.06 × 10−2 140 4.66 × 10−3

he immobilized lipase might be due to mass transfer limitations
8,35]. The Vmax value of immobilized enzyme was calculated as
73 U/mg enzymes. The Vmax value of the immobilized enzyme
ecreased about 1.7-fold compared to the free enzyme (Table 1).

Several reasons can account for the variations of the Km
nd Vmax values of the enzyme upon immobilization [8,36].
hese variations are attributed to several factors such as the non-
ovalent interactions of the immobilized enzyme molecule with
he magnetic beads surface might have induced an inactive con-
ormation to the enzyme molecules. It should be noted that the
mmobilization process does not also control the proper orienta-
ion of the immobilized enzyme on the support. This improper
xation and/or the change in the property of the active sites might
inder the active site for binding of substrates (i.e., tributyrin)
o the immobilized lipase molecules. It should be noted that the
olubility of the substrate could also affect the kinetic parame-
ers of the immobilized enzyme. The efficiency factor η can be
alculated from the maximum reaction rates of the immobilized
nzyme over that of the free counterpart:

= vimmobilized

vfree
(2)

here vimmobilized was the reaction rate of the immobilized
nzyme and vfree that of the free enzyme. From this calculation,
agnetic beads enzyme system provided an efficiency factor of

.783 for the immobilized lipase. The ratio Amax/Km defines a
easure of the catalytic efficiency of an enzyme–substrate pair.

n this study, the catalytic efficiencies (Amax/Km) of the free and
mmobilized lipase were found to be 379.6 and 62.8, respec-
ively (Table 2). The catalytic efficiency of lipase was decreased
bout 6.0-fold upon immobilization.

.5. Thermal stability and repeated use

The effect of temperature on the thermal stability of free and
oth immobilized enzymes are presented in Fig. 8. The free
ipase retained about 63% and 28% of its initial activity at 55

nd 65 ◦C after a 120 min incubation period, respectively. After
120 min heat treatment at 55 ◦C, immobilized lipase retained

bout 84% its initial activity. At 65 ◦C, this was 57%. The half-
ives and the thermal inactivation rate constant at 55 and 65 ◦C

g enzyme/g beads) Efficiency factor Catalytic efficiency (Vmax/Km)

– 379.6
0.783 68.2
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ig. 8. Thermal stabilities of the free and immobilized lipase at two different
emperatures.

ere determined (ln A = ln A0 − ki t, where A0 and A are the ini-
ial activity and the activity after time t, min) and presented in
able 1. These results suggest that the thermostability of immo-
ilized lipase becomes significantly higher than that of the free
nzyme at high temperature. This is to the covalently immo-
ilized enzyme being protected from conformational changes
ausing effect of the environment. Similar results have been pre-
iously reported for various covalently immobilized enzymes
36–40].

The repeated usability of the covalently immobilized lipase
as studied under batch operation mode. After first run, the

mmobilized lipase was recovered from reaction medium by
agnetic separation device and washed extensively with phos-

hate buffer solution (50 mm, pH 7.0), and then fresh reaction
edium was added for next run to determine the enzymatic activ-

ty. The data shows that the immobilized lipase retained 62% of
ts initial activity after 10 cycles of usage. This result suggested
hat the covalently immobilized lipase was stable on the mag-
etic beads surface. It should be noted that this high operational
tability could significantly reduce the operation cost in practical
pplications.

.6. Storage stability

The free and immobilized lipase were stored in phosphate
uffer (50 mM, pH 7.0) at 4 ◦C and the activity measurements
ere carried out for a period of 56 days (Fig. 9). The free enzyme

ost its all-initial activity within 28 days. Immobilized lipase
ost 37% of its initial activity during 56 days storage period.

he experimental results indicate that the immobilization def-

nitely holds the enzyme in a stable position in comparison to
he free counterpart. The storage stability of immobilized lipase
as more than 80% higher than that of the free enzyme. Thus,

[
[

[

Fig. 9. Storage stability of the free and immobilized lipase.

he immobilized lipase exhibits higher storage stability than that
f the free form. As previously reported, the immobilization of
nzymes via glutaraldehyde coupling on the supports resulted in
significant storage stability compared to the free counterpart

27].

. Conclusion

One of the most important aims of enzyme technology is
o enhance the conformational stability of the enzyme. The
xtent of stabilization depends on the enzyme structure, the
mmobilization methods, and type of support. In this study,
he magnetic poly(GMA–MMA) beads (diameter between 100
nd 150 �m) were prepared via suspension polymerization. This
oly(GMA–MMA)–GA beads has high protein binding capacity
nd hence can be used for enzyme immobilization. The mag-
etic beads were used for immobilization of C. rugosa lipase.
he immobilized enzyme expressed high hydrolysis activity to
oth olive oil and tributyrin. It also showed a good thermal
tability, storage stability and reusability. A high operational
tability in repeated use obtained with this method indicates that
his immobilized lipase can successfully be used for various
iotechnological applications.
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