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Abstract

A novel and economical magnetic poly(methacrylate-divinylbenzene) microsphere (lessptiraim &liameter) 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 ninsalgports). The morphology and properties of
these magnetic supports were characterized with scanning electron microscopy, transmission electron microscopy, Fourier transform infrared
spectroscopy and a vibrating sample magnetometer. These magnetic supports exhibited superparamagnetism with a high specific saturatior
magnetizationds) of 14.6 emu g*. Candida cylindracedipase was covalently immobilized on the amino-functionalized magnetic supports
with the activity recovery up to 72.4% and enzyme loading of 34.0 Mggpport, remarkably higher than the previous studies. The factors
involved in the activity recovery and enzymatic properties of the immobilized lipase prepared were studied in comparison with free lipase,
for which olive oil was chosen as the substrate. The results show that the immobilized lipase has good stability and reusability after recovery
by magnetic separation within 20 s.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction attractive work for enzyme engineering. Magnetic supports
have been used in enzyme immobilizatjbr7]and cell sep-
Lipases (E.C. 3.1.1.3) are ubiquitous enzymes with vari- aration[8], which were first applied to immobilize enzymes
ous biological activities, including triacylglycerols hydroly- in 1973[9]. Besides the merits of other solid supports, lipases
sis, esterification between fatty acid and alcohol, and otherimmobilized by magnetic supports can be more easily recov-
enzymatic reactionNd—3]. In practical applications the activ-  ered from a reaction system, and stabilized in a fluidized-bed
ity recovery and repeated use of lipases are very importantreactor by applying an external magnetic field. The use of
for the process economy. Many immobilization techniques magnetic supports can also reduce the capital and opera-
of enzymes have been employed and reviewed recgtitly  tion costs. However, for these presently available magnetic
There are many factors affecting the activity recovery and supports, complex preparation process, insufficient enzyme
reusability of enzymes in immobilization process. Some of loading capacity and high cost restrict their wider applicabil-
the most important factors are the choice of a support andity in enzymatic engineerinfl0,11]
the selection of an immobilization strategy. Thus, exploit- Magnetic polymeric supports are often prepared by the
ing good supports and immobilization strategy has been anco-polymerization of monomers (one of them is the func-
tional monomer) including suspension polymerization, emul-
sion polymerization, dispersion polymerization and two-step

* Corresponding author. Tel.: +86 10 62555005; fax: +86 10 62554264, SWelling [12]. Among them suspension polymerization is
E-mail addresshzliu@home.ipe.ac.cn (H. Liu). simple and easy to scale up, hence, more suitable for mass
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production. However, the magnetic polymeric supports made 2.2. Synthesis of magnetic PMA-DVB microspheres

by conventional suspension polymerization were mostly in

the size of several hundred micrometers with avery broad size  The oleic acid-coated &, was obtained by the method
distribution[13,14] During polymerization process, more- described previously{15]. Magnetic PMA-DVB micro-
over, a large amount of functional groups were buried in the sphere was prepared by modified suspension polymerization.
polymer with only a small part localized on the surf§t@)]. Methacrylate (95 ml), DVB (5 ml), magnetic fluid (30 g) and
The main disadvantages of those magnetic supports are theiBPO (4.0 g) were mixed to form the organic phase. PVA-1788
large size, low density of surface functional groups and weak (25 g) was dissolved in 1000 ml deionized water to form the
magnetism. It is hardly reported in literature that micron- aqueous phase. They were mixed together and transferred to
size (several microns) magnetic polymeric supports with high a 2-1 beaker equipped with four vertical stainless steel baffle-
density of surface functional groups could be prepared by plates, a condenser, a nitrogen inlet, and a four-paddle stirrer.
suspension polymerization. The mixture temperature was maintained at@3or 45 min

Choosing a suitable method of lipase immobilization also and then increased to 6Q within 10 min. Finally, the tem-
enables an increase in the stability without negative influ- perature was increased to 0 and the reaction was carried
ence on their catalytic activity. Covalent immobilization of out for two more hours with the stirring speed of 1000 rpm.
enzymes onto spacer-arm attached magnetic supports caihe resulting magnetic PMA-DVB microspheres were iso-
lead to a high activity yield and stabilif]. Since the inter- lated by magnetic decantation and washed with deionized
actions between lipases and magnetic supports are not suffiwater and ethanol several times.
ciently clear, the study of immobilization process is important
for optimizing conditions for preparation and application of 2.3. Surface functionalization and activation
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 synthesize
by the modified suspension polymerization of methacrylate

Magnetic PMA-DVB (10.0g) was washed with DMF
twice and then mixed with DMF (100 ml) and ethylenedi-
amine (100 ml). The mixture was shaking gently at 1CO

gfor 12 h. After washing with deionized water and ethanol two
times, the amino-functionalized magnetic microspheres were
(MA) and cross-linker divinylbenzene (DVB) in the pres- obtaingd. To facilitate the covalent attachment of enzyme,
ence of oleic acid-coated magnetite nanoparticles. Then, € @mino groups on the surface were transferred to aldehyde
surface aminolysis was employed to introduce functional 9r0UPS by the glutaraldehyde methfib]. After agitating
groups (-NH). Candida cylindraceéipase (CCL) was cova- at 30°C overnight, the g.lutarqldghyde—actlvated magnenc
lently immobilized onto the amino-functionalized magnetic SUPPOrts were washed with deionized water three times and
supports by the glutaraldehyde method. The magnetic sup-Stored for future use.

ports were characterized with scanning electron microscopy
(SEM), transmission electron microscopy (TEM), diffusive

reflectance infrared spectroscopy (DR-IR) anq a vibrating The morphology and structure of the magnetic micro-
sample magnetometer (VSM). The factors affecting the activ- spheres were observed by scanning electron microscopy

?ty recovery and properties of the immobilized lipase were (SEM: JSM-6700F, JEOL, Japan) and transmission elec-
investigated. tron microscopy (TEM, H-8100, Hitachi, Japan). The DR-IR
spectra were recorded in KBr on a Fourier transform infrared
spectrophotometer (FT-IR; Vecter 22, Bruker, Germany). The
sample was placed in the sample port of an integrating sphere
(diameter 110 mm), and the diffuse reflectance was measured
at 610 nm with a Varian cary 5 spectrophotometer. The mag-
netization curves of samples were measured with a vibrating
- ] ’ ! sample magnetometer (VSM; Model-155, Digital Measure-
bovine serum albumin (BSA) were obtained from Sigma. ., ant System, USA). The amount of amino group of on the

Other chemicals were generally of reagent grade and pur-g,face of magnetic microspheres was determined from ele-
chased from Beijing Chemical Reagent Company. Methacry- o nial analysis device (CHNS-932, Leco, USA).
late and DVB were distilled under a reduced pressure to

remove the inhibitor prior to use. All other materials were 2.5, Lipase immobilization

of analytical grade and used without any further purification,

including ferric chloride hexahydrate (Fe@H,O), fer- All lipase immobilization experiments were carried out
rous chloride tetrahydrate (FeAH»0), poly(vinyl alcohol) batchwise in 5ml of 0.1 M phosphate buffer pH 7.0 at con-
(PVA-1788), aqueous ammonia (25% (w/w)), oleic acid, ben- tinuous shaking of 150 rpm at room temperature. In a typical
zoyl peroxide (BPO), ethylenediamine, dimethylformamide experiment, 50 mg magnetic support was dispersed in 5 ml of
(DMF), glutaraldehyde, and ethanol. 0.1 M buffer and a predetermined amount of lipase powder

2.4. Characterization of magnetic microspheres

2. Experimental
2.1. Materials

Commercial lipase (E.C. 3.1.1.3) froth cylindraceaand
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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 standarflL7]. The amount of lipase adsorbed onto the
magnetic supports was calculated as

q=(Ci— Cf)% (mg/g)

whereq is the total binding quantity (mgd), C; and C

the concentrations of the initial soluble enzyme and final in
the supernatant afterimmobilization, respectively (mg!

V the reaction volume (ml)\W the weight of the magnetic
supports (g). All data used in this formula are averages of at Fig. 1. SEM of magnetic poly(MA-DVB) microspheres.
least duplicated experiments.

LEI 150kV  X2,500 10pm WD 14.8mm

the concentration of stabilizer. Therefore, the drawback of
2.6. Enzymatic reaction and activity assay suspension polymerization (large size and broad size distri-

bution) can be overcome to a certain extent by improving

The specific activities of the free and immobilized lipase the stirring conditions and modifying the reaction process

were determined by measuring the fatty acid content in the [19]. Since poly(methacrylate-divinylbenzene) microspheres
medium according to a method described previo{®|¥8]. are much easier to be functionalized with surface chemical
The hydr0|ytIC aCtiVity of both forms of the Iipase were tested reaction, methacry|ate was selected as monomer for po|y_
with 5% (w/v) olive oil emulsion (pH 7.0) containing 4%  merization. In the present work, three modifications were
(w/v) PVA. To 20 mi of the emulsion, a predetermined amount adopted for modified suspension polymerization. First, the
of the free or immobilized lipase was added and the hydrol- polymerization was conducted in a 2-1 beaker equipped with
ysis reaction was carried out in a shaker (150 rpm) &tG37  four vertical stainless steel baffleplates and a four-paddle
for 30min. The quantity of fatty acid liberated was mea- stjrrer, so that the droplets dispersed were very uniform. Sec-
sured by titration with 5mM NaOH. One unit of enzyme ong, the viscosity of droplets decreases with the increase of

activity was defined as the amount of lipase which liberates reaction temperature. It is critical to control the process of
1 wmol fatty acids per minute under the assay condition. The

activity recovery (%) remaining after immobilization was the
effective activity after immobilization referred to the activity
which the bound protein amount would have in solution.

2.7. Stability and recycled use of the immobilized lipase

To investigate the thermal stability of the enzyme, both
free and immobilized CCL preparations were incubated in
0.1 M phosphate buffer pH 7.0 at 3G with continuous shak-
ing at 150 rpm. Aliquots of 0.5 mlfree CCL solution orimmo-
bilized lipase suspension were withdrawn at 10 min intervals
and the remaining activities were measured as described
above. In addition, the durability of the immobilized lipase
was determined by the hydrolysis of olive oil by the recovered
immobilized CCL with magnetic separation and compared
with the first run (activity defined as 100%).

3. Results and discussion

| I

Tum I
In suspension polymerization, the size and size distribu- o
tion of droplets are controlled by the stirring condition and Fig. 2. TEM of magnetic PMA-DVB microspheres.

3.1. Characteristics of magnetic supports
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temperature increase to ensure a period of droplet break-ing) and amide Il (mainly due to N—H bending), respectively.
up and the formation of small droplets (otherwise large Elemental analysis of the amino-modified magnetic supports
droplets will form). Third, a large amount of stabilizer PVA  were performed, and the amounts of the surface amino group
(above 20wt.% of monomer) was added to obtain stable were found to be 0.40—-0.55mmotly supports from the
microspheres with narrow size distribution. As expected, nitrogen stoichiometry, much higher than those produced by
micron-size (less than 8m in diameter) magnetic PMA-  co-polymerizatiorf20,21].
DVB spheres were obtained by this modified suspension To facilitate the covalent attachment of lipase, the amino
polymerization. The morphology and structure of the result- group onthe magnetic PMA-DVB was transferred to the alde-
ing microspheres were observed by SEM as showkign1 hyde group. Lipase was then covalently bound via the amino
and with TEM inFig. 2 group to the activated magnetic support. The amino group of
In addition, surface aminolysis was employed to intro- the lipase isinvolved in the formation of a Schiff base linkage
duce surface functional groups instead of conventional between the lipase and support as follows.

OHC(CH,):CHO H,N—Enzyme
O—NH: _ O‘ NCH(CH,);CHO — 2™ =CH(CH,);CH=N —Enzyme

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

co-polymerization of monomers (one of them is the func-
tional monomer). The —OC§groups on the surface of mag-
netic microspheres were replaced with ethylenediamine in
the presence of DMF at the temperature of 1QCas fol-

lows.

~[—H20—CH+ + NHCHCHNH, _PMF { H,C CH+ + CH;0H
| |
c|;—o c=—o
OCHj NHCH,CH,NH,

The fact was confirmed by the comparison of DR-IR spec-
tra of magnetic PMA-DVB before (A) and after (B) aminol-
ysis as shown itfrig. 3. Before aminolysis, the strong band
at 1735 cnt! indicates the presence of extensive carboxylic
ether and the —OCH characteristic band at 1373 cth
After aminolysis, the intensity of the carboxyl band at
1735cm! decreased greatly and the —O€eharacteristic
band at 1373 cm* disappeared due to the aminolysis that
took place between G30-C=0 groups and amino groups.  .a4inn has little impact on the magnetism of microspheres.
The C-O-C characteristic bands at 1160 and 1270%¢m | "has peen clear that, for ultrafine magnetically ordered
decreased accordingly. Compared with the unmodified mag- o ticles, there exists a critical size below which the gran-
netic mwrosphgrgs, the amino-modified microspheres POS- jles can acquire only single magnetic domains even in
sess characteristic bands at 1650 and 1545 ctue to the zero magnetic fields. It has been estimated that the oleic

stretching vibration of amide | (mainly due tc=O stretch- acid-coated Fg04 has superparamagnetige2,23] Thus

prevent undesirable side interactions between the enzyme
molecule and the support.

Fig. 4 shows the magnetization curves of the amino-
modified and unmodified magnetic PMA-DVB at room
temperature. The specific saturation magnetizatiog) (
of amino-modified microspheres, which was found to be
14.6 emug?, is comparable to the unmodified microspheres
of 15.9emug?. The results show that the surface modifi-

20k unmodified
(0,=15.9 emu/g) __
2 4ol ---- amino-modified | *” i
£ (0,=14.6 emu/g) 4
5 A
c
9o 0
®
N
2 0t
5 D
J (]
- -20F
2000 1800 1600 1400 1200 1000 10 8 6 4 2 0 2 4 8 8 10
wavenumber (cm™) Magnetic Field(KOe)

Fig. 3. Comparison of DR-IR spectra of magnetic PMA-DVB microspheres Fig. 4. VSM of amino-modified and unmodified magnetic PMA-DVB
before (A) and after (B) aminolysis. microspheres.
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these samples prepared are also expected to be superparam- 100
agnetic. The coercive forcé].=2.12 Oe, and remanence,
M,=0.06emug’ are so small that the hysteresis could 80
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.

60 -

401 =

Activity recovery (%)

20

o 1 1 1 1 1 1
0 2 4 6 8 10 12 14

3.2. Factors affecting the activity recovery for lipase Time (h)
immobilization
Fig. 6. Effect of the coupling time on the activity recovery of immobilized

. l incubated at pH 7.0 and t ture.
3.2.1. Effect of glutaraldehyde concentration pase incubated atp and room femperature

To extend the spacer and facilitate the covalent attachment

of enzymes, the amino groups on the surface of magneticpilized lipase increased with prolonged coupling time and the
microspheres were transferred to aldehyde groups by the gluhighest activity recovery was obtained under immobilization
taraldehyde methoéig. 5shows the effect of the glutaralde-  allowed to proceed for 6 h. However, the activity recovery
hyde concentration on the activity recovery of immobilized decreased if the reaction time was longer. The immobiliza-
lipase. The highest activity recovery was obtained by using tion process would decrease the enzyme activity because of
3% (v/v) glutaraldehyde as a cross-linking agent. Glutaralde- the long time coupling reaction.

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
than 3% (v/v) resulted in insufficient activation of the sur-
face of magnetic support, while higher concentrations caused
excessive self-crosslinking of glutaraldehyde, which might
have a steric effect for lipase. Owing to the steric hindrance,
the activity of the immobilized lipase decline. Thus, aninitial
glutaraldehyde concentration of 3% (v/v) was applied for the
surface activation of the magnetic supports.

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
Table lindicates 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 1.0mgmi*. 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 mgmi® of lipase. The highest activity recovery
was 72.4%, obtained with a protein load of 34.0 m§ gup-
port, which is remarkably higher than previous repfst24].

In the following experiments, the enzyme-immobilizing sup-
port with a protein loading of 34.0 mgd support was used
due to its higher activity recovery.

More than 95% of the lipase immobilized onto the mag-
netic support by simple adsorption could be desorbed by treat-
. ment of 1% sodium dodecylsulfate solutif#b]. However,
no protein was desorbed from the covalently immobilized

lipase. Therefore, it can be concluded that all the immobi-
401 . ! .
lized lipase was not simply adsorbed but covalently bound.

3.2.2. Effect of time

In order to effectively facilitate the covalent coupling and
prevent enzyme deactivation at longer reaction time, it is
important to choose the optimum coupling tirfég. 6illus-
trates the activity recovery of the immobilized lipase prepared
at different reaction time. The activity recovery of the immo-

100

80 -

60 |

Activity recovery (%)

201
3.3. Properties of the immobilized lipase

0.5 1 2 3 4 5
Glutaraldehyde concentration (v%)

By taking the activity of the immobilized and free lipase
under optimal conditions as 100%, respectively, the activity

Fig. 5. Effect of glutaraldehyde concentration (vol.%) on the activity recov- Values_ Obtaineq fr_om differentenzyme reactions were defined
ery of immobilized lipase at pH 7.0 and room temperature for 6 h. as 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 mt) 0.2 0.4 0.6 0.8 10 12 14
Protein loaded (mgg* support) 80 160 220 295 340 370 365
Activity recovery (%) 311 502 584 686 724 67.8 680

3.3.1. Effect of pH value on immobilized lipase activity
By studying the variation of the residual activity of the 100F C}/‘f’ 1
immobilized and free lipase at different medium pH values 90 / P \
as shown irFig. 7, it shows that their optimum medium pH 8ol / \
é L}

values are 8.0 and 7.0, respectively. The optimum pH value .

. . . . 70}

of free enzyme shifted 1 unit to the alkaline region after ) _ \

covalent immobilization. The shift depends on the method 60r ToTfreelipase g

of immobilization as well as the structure and charge of the sof g T mmoblzedipase \

matrix. With changing of medium pH values, the immobi- 40l °

lized CCL was more sensitive to pH around 7.0. A similar T R
. . . . . 0 10 20 30 40 50 60 70 80

observation with the lipase immobilized on supports was T o

reported[7,26]. It might be a result of the conformation emperature (C)

change (exposure of the catalytic site) of the lipase mOIE‘CmeSFig. 8. Effect of temperature on residual activity @andida cylindracea

after immobilization, making the catalytic site more easily |ipase during olive oil hydrolysis at pH 7.0 after 30 mill,(mmobilized

accessible to Hor OH™ ions. This might change the disso- enzyme;D, free enzyme).

ciation state of the catalytic site, making the enzyme inhibited ] . .

greatly. may be employed at higher temperature to achieve higher

activity.

Residual activity (%)

3.3.2. Effect of temperature on immobilized lipase N
activity 3.3.3. Thermal stability and repeated use of the

The effect of temperature on the free and immobilized Immobilized lipase N
lipase activities were investigated by using olive oil as sub-  Fi9- 9is a comparison of thermal stability of both free and
strate as shown iRig. 8 The maximum activity of the free  Immobilized lipase at 50C in phosphate buffer pH 7.0. Both
lipase appeared at 3T, but the optimum temperature of preparations exhibited a similar trend, however, the immobi-
the immobilized "pase ,WaS obtained at %D, hlgher than lized Iipase is more stable than the free one. The half-life
that of the free lipase. The immobilized lipase was not inac- ©f the immobilized CCL is much longer than that of the free
tivated at the temperature above°®7. As the temperature lipase. The stability and reusability of the immobilized lipase
increases, the residual activity of the free lipase decreasedS VerY important for commercial application. The thermal
greater than that of the immobilized lipase. The optimum Stability and duration was determined by hydrolysis of olive
enzymatic reaction temperature of the immobilized lipase ©il With the recovered immobilized lipase at S0 and com-
was up to 50C, higher than its soluble counterpart. So the Pared with the first run (activity defined as 100%). The used
conclusion was drawn that the immobilized lipase showed Immobilized lipase was recovered by magnetic separation

good heatresistance. Thisimplies that the immobilized lipase @"d Washed three times with 0.1M phosphate buffer (pH
7.0), and then supplied again to the fresh reaction solution

100 o) 1004
g o g §>< ?
> 8ot / / R S N
2 70 o \ z T,
® I ¢ Q/ % 2 —m— immobilized lipase
© o
S gor / o —o— free lipase
k=4 [} —o—free li © —o0
2 sl ree lipase S \
& —e— immoblized lipase % 30+ O\O
407 & 20t ~—
30 . . . . . . . . . 10+
2 3 4 5 6 7 8 9 10 11 12 0 ‘ ) ) ) ) )
pH value 0 10 20 30 40 50 60 70
Time (min)

Fig. 7. Effect of pH value on the residual activity 6&indida cylindracea
lipase during olive oil hydrolysis at 3T after 30 min @, immobilized Fig. 9. Stability of (O) free and ®) immobilized CCL in phosphate buffer
enzyme;)), free enzyme). pH 7.0 at 50°C (initial free enzyme activity was defined as 100%).
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