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Immobilization of lipase onto micron-size magnetic beads
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Abstract

A novel and economical magnetic poly(methacrylate-divinylbenzene) microsphere (less than 8�m in diameter) was synthesized by the
modified suspension polymerization of methacrylate and cross-linker divinylbenzene in the presence of magnetic fluid. Then, surface aminol-
ysis was employed to obtain a high content of surface amino groups (0.40–0.55 mmol g−1 supports). The morphology and properties of
these magnetic supports were characterized with scanning electron microscopy, transmission electron microscopy, Fourier transform infrared
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pectroscopy and a vibrating sample magnetometer. These magnetic supports exhibited superparamagnetism with a high speci
agnetization (σs) of 14.6 emu g−1. Candida cylindracealipase was covalently immobilized on the amino-functionalized magnetic sup
ith the activity recovery up to 72.4% and enzyme loading of 34.0 mg g−1 support, remarkably higher than the previous studies. The fa

nvolved in the activity recovery and enzymatic properties of the immobilized lipase prepared were studied in comparison with fr
or which olive oil was chosen as the substrate. The results show that the immobilized lipase has good stability and reusability afte
y magnetic separation within 20 s.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Lipases (E.C. 3.1.1.3) are ubiquitous enzymes with vari-
us biological activities, including triacylglycerols hydroly-
is, esterification between fatty acid and alcohol, and other
nzymatic reactions[1–3]. In practical applications the activ-

ty recovery and repeated use of lipases are very important
or the process economy. Many immobilization techniques
f enzymes have been employed and reviewed recently[4].
here are many factors affecting the activity recovery and
eusability of enzymes in immobilization process. Some of
he most important factors are the choice of a support and
he selection of an immobilization strategy. Thus, exploit-
ng good supports and immobilization strategy has been an

∗ Corresponding author. Tel.: +86 10 62555005; fax: +86 10 62554264.
E-mail address:hzliu@home.ipe.ac.cn (H. Liu).

attractive work for enzyme engineering. Magnetic supp
have been used in enzyme immobilization[5–7]and cell sep
aration[8], which were first applied to immobilize enzym
in 1973[9]. Besides the merits of other solid supports, lipa
immobilized by magnetic supports can be more easily re
ered from a reaction system, and stabilized in a fluidized
reactor by applying an external magnetic field. The us
magnetic supports can also reduce the capital and o
tion costs. However, for these presently available mag
supports, complex preparation process, insufficient enz
loading capacity and high cost restrict their wider applica
ity in enzymatic engineering[10,11].

Magnetic polymeric supports are often prepared by
co-polymerization of monomers (one of them is the fu
tional monomer) including suspension polymerization, em
sion polymerization, dispersion polymerization and two-
swelling [12]. Among them suspension polymerization
simple and easy to scale up, hence, more suitable for
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production. However, the magnetic polymeric supports made
by conventional suspension polymerization were mostly in
the size of several hundred micrometers with a very broad size
distribution [13,14]. During polymerization process, more-
over, a large amount of functional groups were buried in the
polymer with only a small part localized on the surface[10].
The main disadvantages of those magnetic supports are their
large size, low density of surface functional groups and weak
magnetism. It is hardly reported in literature that micron-
size (several microns) magnetic polymeric supports with high
density of surface functional groups could be prepared by
suspension polymerization.

Choosing a suitable method of lipase immobilization also
enables an increase in the stability without negative influ-
ence on their catalytic activity. Covalent immobilization of
enzymes onto spacer-arm attached magnetic supports can
lead to a high activity yield and stability[5]. Since the inter-
actions between lipases and magnetic supports are not suffi-
ciently clear, the study of immobilization process is important
for optimizing conditions for preparation and application of
the immobilized lipases.

In this study, we develop an economical, high load-
ing capacity magnetic support, which could be chemically
derivatized for covalent immobilization of lipase. First,
micron-size magnetic polymeric spheres were synthesized
by the modified suspension polymerization of methacrylate
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2.2. Synthesis of magnetic PMA-DVB microspheres

The oleic acid-coated Fe3O4 was obtained by the method
described previously[15]. Magnetic PMA-DVB micro-
sphere was prepared by modified suspension polymerization.
Methacrylate (95 ml), DVB (5 ml), magnetic fluid (30 g) and
BPO (4.0 g) were mixed to form the organic phase. PVA-1788
(25 g) was dissolved in 1000 ml deionized water to form the
aqueous phase. They were mixed together and transferred to
a 2-l beaker equipped with four vertical stainless steel baffle-
plates, a condenser, a nitrogen inlet, and a four-paddle stirrer.
The mixture temperature was maintained at 45◦C for 45 min
and then increased to 60◦C within 10 min. Finally, the tem-
perature was increased to 70◦C and the reaction was carried
out for two more hours with the stirring speed of 1000 rpm.
The resulting magnetic PMA-DVB microspheres were iso-
lated by magnetic decantation and washed with deionized
water and ethanol several times.

2.3. Surface functionalization and activation

Magnetic PMA-DVB (10.0 g) was washed with DMF
twice and then mixed with DMF (100 ml) and ethylenedi-
amine (100 ml). The mixture was shaking gently at 110◦C
for 12 h. After washing with deionized water and ethanol two
times, the amino-functionalized magnetic microspheres were
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t hyde
g
a etic
s s and
s

2

cro-
s copy
( elec-
t -IR
s ared
s The
s phere
( sured
a ag-
n ating
s ure-
m the
s ele-
m

2

out
b on-
t ical
e ml of
0 der
MA) and cross-linker divinylbenzene (DVB) in the pre
nce of oleic acid-coated magnetite nanoparticles. T
urface aminolysis was employed to introduce functi
roups (–NH2).Candida cylindracealipase (CCL) was cova

ently immobilized onto the amino-functionalized magn
upports by the glutaraldehyde method. The magnetic
orts were characterized with scanning electron micros
SEM), transmission electron microscopy (TEM), diffus
eflectance infrared spectroscopy (DR-IR) and a vibra
ample magnetometer (VSM). The factors affecting the a
ty recovery and properties of the immobilized lipase w
nvestigated.

. Experimental

.1. Materials

Commercial lipase (E.C. 3.1.1.3) fromC. cylindraceaand
ovine serum albumin (BSA) were obtained from Sig
ther chemicals were generally of reagent grade and
hased from Beijing Chemical Reagent Company. Metha
ate and DVB were distilled under a reduced pressur
emove the inhibitor prior to use. All other materials w
f analytical grade and used without any further purificat

ncluding ferric chloride hexahydrate (FeCl3·6H2O), fer-
ous chloride tetrahydrate (FeCl2·4H2O), poly(vinyl alcohol)
PVA-1788), aqueous ammonia (25% (w/w)), oleic acid, b
oyl peroxide (BPO), ethylenediamine, dimethylformam
DMF), glutaraldehyde, and ethanol.
btained. To facilitate the covalent attachment of enzy
he amino groups on the surface were transferred to alde
roups by the glutaraldehyde method[16]. After agitating
t 30◦C overnight, the glutaraldehyde-activated magn
upports were washed with deionized water three time
tored for future use.

.4. Characterization of magnetic microspheres

The morphology and structure of the magnetic mi
pheres were observed by scanning electron micros
SEM; JSM-6700F, JEOL, Japan) and transmission
ron microscopy (TEM, H-8100, Hitachi, Japan). The DR
pectra were recorded in KBr on a Fourier transform infr
pectrophotometer (FT-IR; Vecter 22, Bruker, Germany).
ample was placed in the sample port of an integrating s
diameter 110 mm), and the diffuse reflectance was mea
t 610 nm with a Varian cary 5 spectrophotometer. The m
etization curves of samples were measured with a vibr
ample magnetometer (VSM; Model-155, Digital Meas
ent System, USA). The amount of amino group of on

urface of magnetic microspheres was determined from
ental analysis device (CHNS-932, Leco, USA).

.5. Lipase immobilization

All lipase immobilization experiments were carried
atchwise in 5 ml of 0.1 M phosphate buffer pH 7.0 at c

inuous shaking of 150 rpm at room temperature. In a typ
xperiment, 50 mg magnetic support was dispersed in 5
.1 M buffer and a predetermined amount of lipase pow
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was added to the suspension. The mixture was placed in a
shaking incubator at 150 rpm and the immobilization was
carried out at room temperature. After completion of the
reaction, the lipase-immobilized support was recovered by
magnetic separation. The amount of lipase protein in the
supernatant was determined by Bradford method using BSA
as a standard[17]. The amount of lipase adsorbed onto the
magnetic supports was calculated as

q = (Ci − Cf )
V

W
(mg/g)

whereq is the total binding quantity (mg g−1), Ci andCf
the concentrations of the initial soluble enzyme and final in
the supernatant after immobilization, respectively (mg ml−1),
V the reaction volume (ml),W the weight of the magnetic
supports (g). All data used in this formula are averages of at
least duplicated experiments.

2.6. Enzymatic reaction and activity assay

The specific activities of the free and immobilized lipase
were determined by measuring the fatty acid content in the
medium according to a method described previously[2,18].
The hydrolytic activity of both forms of the lipase were tested
with 5% (w/v) olive oil emulsion (pH 7.0) containing 4%
(w/v) PVA. To 20 ml of the emulsion, a predetermined amount
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Fig. 1. SEM of magnetic poly(MA-DVB) microspheres.

the concentration of stabilizer. Therefore, the drawback of
suspension polymerization (large size and broad size distri-
bution) can be overcome to a certain extent by improving
the stirring conditions and modifying the reaction process
[19]. Since poly(methacrylate-divinylbenzene) microspheres
are much easier to be functionalized with surface chemical
reaction, methacrylate was selected as monomer for poly-
merization. In the present work, three modifications were
adopted for modified suspension polymerization. First, the
polymerization was conducted in a 2-l beaker equipped with
four vertical stainless steel baffleplates and a four-paddle
stirrer, so that the droplets dispersed were very uniform. Sec-
ond, the viscosity of droplets decreases with the increase of
reaction temperature. It is critical to control the process of
f the free or immobilized lipase was added and the hyd
sis reaction was carried out in a shaker (150 rpm) at 3◦C
or 30 min. The quantity of fatty acid liberated was m
ured by titration with 5 mM NaOH. One unit of enzy
ctivity was defined as the amount of lipase which liber
�mol fatty acids per minute under the assay condition.
ctivity recovery (%) remaining after immobilization was
ffective activity after immobilization referred to the activ
hich the bound protein amount would have in solution

.7. Stability and recycled use of the immobilized lipase

To investigate the thermal stability of the enzyme, b
ree and immobilized CCL preparations were incubate
.1 M phosphate buffer pH 7.0 at 50◦C with continuous shak

ng at 150 rpm. Aliquots of 0.5 ml free CCL solution or imm
ilized lipase suspension were withdrawn at 10 min inter
nd the remaining activities were measured as desc
bove. In addition, the durability of the immobilized lipa
as determined by the hydrolysis of olive oil by the recove

mmobilized CCL with magnetic separation and compa
ith the first run (activity defined as 100%).

. Results and discussion

.1. Characteristics of magnetic supports

In suspension polymerization, the size and size dist
ion of droplets are controlled by the stirring condition a
 Fig. 2. TEM of magnetic PMA-DVB microspheres.
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temperature increase to ensure a period of droplet break-
up and the formation of small droplets (otherwise large
droplets will form). Third, a large amount of stabilizer PVA
(above 20 wt.% of monomer) was added to obtain stable
microspheres with narrow size distribution. As expected,
micron-size (less than 8�m in diameter) magnetic PMA-
DVB spheres were obtained by this modified suspension
polymerization. The morphology and structure of the result-
ing microspheres were observed by SEM as shown inFig. 1
and with TEM inFig. 2.

In addition, surface aminolysis was employed to intro-
duce surface functional groups instead of conventional

co-polymerization of monomers (one of them is the func-
tional monomer). The –OCH3 groups on the surface of mag-
netic microspheres were replaced with ethylenediamine in
the presence of DMF at the temperature of 110◦C as fol-
lows.

ec-
t ol-
y nd
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t s.
T m
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ing) and amide II (mainly due to N–H bending), respectively.
Elemental analysis of the amino-modified magnetic supports
were performed, and the amounts of the surface amino group
were found to be 0.40–0.55 mmol g−1 supports from the
nitrogen stoichiometry, much higher than those produced by
co-polymerization[20,21].

To facilitate the covalent attachment of lipase, the amino
group on the magnetic PMA-DVB was transferred to the alde-
hyde group. Lipase was then covalently bound via the amino
group to the activated magnetic support. The amino group of
the lipase is involved in the formation of a Schiff base linkage
between the lipase and support as follows.

A spacer-arm comprising aliphatic chains of five carbon
atoms has been used to separate the immobilized lipase from
the support. The attachment of five-carbon atom hydropho-
bic spacer-arms on the magnetic microspheres surface could
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The fact was confirmed by the comparison of DR-IR sp
ra of magnetic PMA-DVB before (A) and after (B) amin
sis as shown inFig. 3. Before aminolysis, the strong ba
t 1735 cm−1 indicates the presence of extensive carbox
ther and the –OCH3 characteristic band at 1373 cm−1.
fter aminolysis, the intensity of the carboxyl band
735 cm−1 decreased greatly and the –OCH3 characteristi
and at 1373 cm−1 disappeared due to the aminolysis t

ook place between CH3O–C O groups and amino group
he C–O–C characteristic bands at 1160 and 1270 c−1

ecreased accordingly. Compared with the unmodified
etic microspheres, the amino-modified microspheres
ess characteristic bands at 1650 and 1545 cm−1 due to the
tretching vibration of amide I (mainly due to CO stretch

ig. 3. Comparison of DR-IR spectra of magnetic PMA-DVB microsph
efore (A) and after (B) aminolysis.
revent undesirable side interactions between the en
olecule and the support.
Fig. 4 shows the magnetization curves of the am

odified and unmodified magnetic PMA-DVB at roo
emperature. The specific saturation magnetizationσs)
f amino-modified microspheres, which was found to
4.6 emu g−1, is comparable to the unmodified microsphe
f 15.9 emu g−1. The results show that the surface mod
ation has little impact on the magnetism of microsphe
t has been clear that, for ultrafine magnetically orde
articles, there exists a critical size below which the g
les can acquire only single magnetic domains eve
ero magnetic fields. It has been estimated that the
cid-coated Fe3O4 has superparamagnetism[22,23]. Thus,

ig. 4. VSM of amino-modified and unmodified magnetic PMA-D
icrospheres.
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these samples prepared are also expected to be superparam-
agnetic. The coercive force,Hc = 2.12 Oe, and remanence,
Mr = 0.06 emu g−1 are so small that the hysteresis could
hardly be observed. Both the amino-modified and unmod-
ified magnetic microspheres can be easily separated within
20 s by a conventional permanent magnet (2000 Oe). When
the external magnet was removed, the magnetic microspheres
could be well dispersed by gentle shaking. This indicates the
advantage of the magnetic supports in ease of recovery and
recycling.

3.2. Factors affecting the activity recovery for lipase
immobilization

3.2.1. Effect of glutaraldehyde concentration
To extend the spacer and facilitate the covalent attachment

of enzymes, the amino groups on the surface of magnetic
microspheres were transferred to aldehyde groups by the glu-
taraldehyde method.Fig. 5shows the effect of the glutaralde-
hyde concentration on the activity recovery of immobilized
lipase. The highest activity recovery was obtained by using
3% (v/v) glutaraldehyde as a cross-linking agent. Glutaralde-
hyde was used to link the amino-functional groups on the
magnetic support and the amino group of the lipase through
a coupling reaction. Any glutaraldehyde concentration less
t ur-
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Fig. 6. Effect of the coupling time on the activity recovery of immobilized
lipase incubated at pH 7.0 and room temperature.

bilized lipase increased with prolonged coupling time and the
highest activity recovery was obtained under immobilization
allowed to proceed for 6 h. However, the activity recovery
decreased if the reaction time was longer. The immobiliza-
tion process would decrease the enzyme activity because of
the long time coupling reaction.

3.2.3. Effect of lipase concentration added
CCL was immobilized to the magnetic supports at differ-

ent initial lipase concentrations (from 0.2 to 1.4 mg ml−1).
Table 1indicates the effect of initial lipase concentration on
the enzyme loading and the activity recovery when 50 mg
of supports was used in the immobilization. At this concen-
tration range, the amounts of the lipase loading increased
greatly with the initial lipase concentration and the activity
recovery reached a maximum value at an initial lipase con-
centration of 1.0 mg ml−1. It is considered that the higher
enzyme loading makes the enzyme form an intermolecular
steric hindrance, which restrains the diffusion of the substrate
and product. Therefore the activity recovery decreased slowly
above 1.0 mg ml−1 of lipase. The highest activity recovery
was 72.4%, obtained with a protein load of 34.0 mg g−1 sup-
port, which is remarkably higher than previous reports[5,24].
In the following experiments, the enzyme-immobilizing sup-
port with a protein loading of 34.0 mg g−1 support was used
d

ag-
n treat-
m ,
n zed
l obi-
l nd.

3

se
u ivity
v fined
a

han 3% (v/v) resulted in insufficient activation of the s
ace of magnetic support, while higher concentrations ca
xcessive self-crosslinking of glutaraldehyde, which m
ave a steric effect for lipase. Owing to the steric hindra

he activity of the immobilized lipase decline. Thus, an in
lutaraldehyde concentration of 3% (v/v) was applied fo
urface activation of the magnetic supports.

.2.2. Effect of time
In order to effectively facilitate the covalent coupling a

revent enzyme deactivation at longer reaction time,
mportant to choose the optimum coupling time.Fig. 6illus-
rates the activity recovery of the immobilized lipase prep
t different reaction time. The activity recovery of the imm

ig. 5. Effect of glutaraldehyde concentration (vol.%) on the activity re
ry of immobilized lipase at pH 7.0 and room temperature for 6 h.
ue to its higher activity recovery.
More than 95% of the lipase immobilized onto the m

etic support by simple adsorption could be desorbed by
ent of 1% sodium dodecylsulfate solution[25]. However
o protein was desorbed from the covalently immobili

ipase. Therefore, it can be concluded that all the imm
ized lipase was not simply adsorbed but covalently bou

.3. Properties of the immobilized lipase

By taking the activity of the immobilized and free lipa
nder optimal conditions as 100%, respectively, the act
alues obtained from different enzyme reactions were de
s residual activities.
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Table 1
Effect of initial lipase concentration on the enzyme loading and the activity recovery of immobilized lipase

Lipase concentration (mg ml−1) 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Protein loaded (mg g−1 support) 8.0 16.0 22.0 29.5 34.0 37.0 36.5
Activity recovery (%) 31.1 50.2 58.4 68.6 72.4 67.8 68.0

3.3.1. Effect of pH value on immobilized lipase activity
By studying the variation of the residual activity of the

immobilized and free lipase at different medium pH values
as shown inFig. 7, it shows that their optimum medium pH
values are 8.0 and 7.0, respectively. The optimum pH value
of free enzyme shifted 1 unit to the alkaline region after
covalent immobilization. The shift depends on the method
of immobilization as well as the structure and charge of the
matrix. With changing of medium pH values, the immobi-
lized CCL was more sensitive to pH around 7.0. A similar
observation with the lipase immobilized on supports was
reported[7,26]. It might be a result of the conformation
change (exposure of the catalytic site) of the lipase molecules
after immobilization, making the catalytic site more easily
accessible to H+ or OH− ions. This might change the disso-
ciation state of the catalytic site, making the enzyme inhibited
greatly.

3.3.2. Effect of temperature on immobilized lipase
activity

The effect of temperature on the free and immobilized
lipase activities were investigated by using olive oil as sub-
strate as shown inFig. 8. The maximum activity of the free
lipase appeared at 37◦C, but the optimum temperature of
the immobilized lipase was obtained at 50◦C, higher than
t nac-
t re
i ases
g um
e ase
w the
c wed
g pase

F a
l
e

Fig. 8. Effect of temperature on residual activity ofCandida cylindracea
lipase during olive oil hydrolysis at pH 7.0 after 30 min (�, mmobilized
enzyme;©, free enzyme).

may be employed at higher temperature to achieve higher
activity.

3.3.3. Thermal stability and repeated use of the
immobilized lipase

Fig. 9is a comparison of thermal stability of both free and
immobilized lipase at 50◦C in phosphate buffer pH 7.0. Both
preparations exhibited a similar trend, however, the immobi-
lized lipase is more stable than the free one. The half-life
of the immobilized CCL is much longer than that of the free
lipase. The stability and reusability of the immobilized lipase
is very important for commercial application. The thermal
stability and duration was determined by hydrolysis of olive
oil with the recovered immobilized lipase at 50◦C and com-
pared with the first run (activity defined as 100%). The used
immobilized lipase was recovered by magnetic separation
and washed three times with 0.1 M phosphate buffer (pH
7.0), and then supplied again to the fresh reaction solution

F er
p

hat of the free lipase. The immobilized lipase was not i
ivated at the temperature above 37◦C. As the temperatu
ncreases, the residual activity of the free lipase decre
reater than that of the immobilized lipase. The optim
nzymatic reaction temperature of the immobilized lip
as up to 50◦C, higher than its soluble counterpart. So
onclusion was drawn that the immobilized lipase sho
ood heat resistance. This implies that the immobilized li

ig. 7. Effect of pH value on the residual activity ofCandida cylindrace
ipase during olive oil hydrolysis at 37◦C after 30 min (�, immobilized
nzyme;©, free enzyme).
ig. 9. Stability of (©) free and (�) immobilized CCL in phosphate buff
H 7.0 at 50◦C (initial free enzyme activity was defined as 100%).
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Fig. 10. Effect of repeated use on the activity of immobilized lipase during
olive oil hydrolysis at pH 8.0 and 50◦C after 30 min.

to determine the enzymatic activity. This cycle was repeated.
The activity of the immobilized lipase during the repeated use
decreased significantly after four cycles as shown inFig. 10.
However, the immobilized enzyme has good stability and the
residual activity remained about 75.6% of the first use after
six cycles.

4. Conclusions

A novel and economical protocol for lipase covalent
immobilization on magnetic supports has been developed.
The magnetic enzyme particles prepared in this study present
some advantages. First, the magnetic supports have reduced
particle size (<8�m) compared with those made by con-
ventional suspension polymerization, together with a high
density of surface amino groups (0.40–0.55 mmol g−1 sup-
ports), which allow high protein loading. Second, the mag-
netic enzyme particles, which having high magnetic prop-
erties (14.6 emu g−1) can be easily and gently separated by
using a magnetic field. Third, the magnetic supports have
active groups for the enzyme immobilization without need for
any particle activation process. On the other hand, the immo-
bilized lipase shows high activity recovery (72.4%), enzyme
loading (34.0 mg g−1 support) and good stability during the
repeated use. It can be concluded that this micron-size mag-
n and
s
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Chromatogr. B 770 (2002) 177.
[7] Z. Guo, S. Bai, Y. Sun, Enzyme Microb. Technol. 32 (2003) 776.
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