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a b s t r a c t

Lipase from Candida lipolytica has been immobilized on 3-aminopropyltriethoxysilane-modified paly-
gorskite support. Scanning electron micrographs proved the covalently immobilization of C. lipolytica
lipase on the palygorskite support through glutaraldehyde. Using an optimized immobilization protocol,
a high activity of 3300 U/g immobilized lipase was obtained. Immobilized lipase retained activity over
wider ranges of temperature and pH than those of the free enzyme. The optimum pH of the immobilized
eywords:
ilanized palygorskite
nzyme immobilization
ipase

lipase was at pH 7.0–8.0, while the optimum pH of free lipase was at 7.0. The retained activity of the
immobilized enzyme was improved both at lower and higher pH in comparison to the free enzyme. The
immobilized enzyme retained more than 70% activity at 40 ◦C, while the free enzyme retained only 30%
activity. The immobilization stabilized the enzyme with 81% retention of activity after 10 weeks at 30 ◦C
whereas most of the free enzyme was inactive after a week. The immobilized enzyme retains high activity
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after eight cycles. The kine
and Vmax values of immob

. Introduction

Attention has been paid to enzyme immobilization due to the
imited recovery yield and the reusability of free enzymes as indus-
rial catalysts. Enzyme immobilization facilitates the purification of
eaction system and the recovery of enzyme and makes it possible
o use the enzyme repetitively or continuously [1]. Immobilization
s also accompanied by some changes in the enzymatic activity,
ffinity towards substrate, stability of the enzyme, etc. And the
hanges depend on the combination of enzyme and carrier and the
mmobilization conditions [2–6].

Clay minerals can be used as effective carriers for enzyme
mmobilization [7,8]. Palygorskite is a special class of clay min-
ral under the 2:1 layer composition with commonly a lath or
brous morphology. Palygorskites are hydrated magnesium sili-
ates. In such materials octahedral layers of magnesium with partial
ubstitution with aluminium and/or iron is sandwiched between
SiO)4 tetrahedral layer and Al(OH)3 octahedral unit. The tetra-
edral sheet is continuous across ribbons at the apical oxygen
lternately pointing up and down in adjacent ribbons. The octa-
edral sheet is discontinuous with a variable charge imbalance [9].

he employ of palygorskite as lipase carriers presents numerous
dvantages, such as the high specific surface, the facility of water
ispersion/recuperation, and the excellent mechanical resistance
f these materials. Last, but not least, its natural origin and the

∗ Corresponding author. Tel.: +86 510 85876799; fax: +86 510 85876799.
E-mail address: wxg1002@hotmail.com (X. Wang).
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nstants of the immobilized and free lipase were also determined. The Km

lipase were 0.0117 mg/ml and 4.51 �mol/(mg min), respectively.
© 2008 Elsevier B.V. All rights reserved.

ow cost make it even more attractive from an applied point of
iew.

Functionalization of carriers is one of the frequently used
ethods to increase the immobilization of protein [10–13]. Differ-

ntly modified palygorskites were used for lipase immobilization
n our previous work. And the results showed the silanized
alygorskite was a better carrier for lipase immobilization. The
hysico-chemical characterization for silanized palygorskite has
een previously reported [14]. Owing to the presence of the –NH2
unctional groups in the silanized palygorskite, the enzyme can
e immobilized on the support with glutaraldehyde through the
mine–aldehyde Schiff linkage (Fig. 1). The glutaraldehyde covalent
inkage technique is employed, as the binding is strong and proba-
ility of enzyme leakage is low. The present work is to characterize
he immobilization process, enzyme loadings, and enzymatic prop-
rties of the immobilized Candida lipolytica lipase on silanized paly-
orskites. C. lipolytica lipase is a nonspecific lipase and can simul-
aneously or randomly catalyze the hydrolysis of 1,2,3-ester bonds.
ue to the high lipase activity produced by C. lipolytica, it presents
any potential applications for the food industry, pharmacology,

nd for the environment. For example, it has been widely used to
roduce unsaturated fatty acids and glycerides in oil industry [15].

. Materials and methods
.1. Materials

The palygorskite with the size between 10 and 25 �m used
n this work was supplied by Oilbetter Co. (China). Lipase from

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:wxg1002@hotmail.com
dx.doi.org/10.1016/j.molcatb.2008.06.009
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SEM analysis of the support before and after lipase immobiliza-
tion was performed with an XL-30 scanning electron microscope
Fig. 1. Lipase covalently bonded on

. lipolytica (300 U/mg) was purchased by the Xueyan Enzyme
o. (China). 3-Aminopropyltriethoxysilane (SAPTES) was a gift by
huguang Co. (China). Other chemicals and solvents were obtained
rom Chinese Chemical Company and were of A.R. grade.

.2. Preparation of silanized palygorskite

The silanize palygorskite was prepared and characterized
ccording to our previous report [14]. Palygorskite was acid treated
rstly. The specimens were acid treated with dilute HCl. Excess
cid was removed by repeated water rinsing and the acid treated
alygorskites were dried. The acid treated palygorskite was fur-
her modified by 3-aminopropyltriethoxysilane. Ten percent by
olume of 3-aminopropyltriethoxysilane was dissolved in water,
fter which the pH of the solution was adjusted to 3–4 with concen-
rated HCl. Samples with the ratio of 2:5 (w/v) were stirred slowly
vernight at room temperature, removal from the solution over a
lter, rinsed with water and dried in vacuo. The resulting modified
alygorskite had a surface area of 182.09 m2/g, larger than that of
atural palygorskite (167.24 m2/g).

.3. Immobilization of lipase on glutaraldehyde-activated
ilanized palygorskite

To activate silanized palygorskite with glutaraldehyde, the paly-
orskite support was suspended in glutaraldehyde solution at a
atio of 25 ml solution/g silanized palygorskite. The suspension was
agnetically stirred at room temperature for 30 min, vacuum fil-

ered to remove glutaraldehyde from the solution, and then washed
xtensively with deionized water. The final product was dried in
acuo.

Glutaraldehyde-activated silanized palygorskite supports were
dded to 40 ml enzyme solution in 0.1 M phosphate buffer pH 7.5,
ith a protein content of 1 mg/ml. The covalently bond process was
erformed over 12 h at 25 ◦C with shaking at 110–120 rpm shaking
requency.

.4. Determination of protein content

The protein content in the crude enzyme or immobilized
nzyme preparations was determined by the Bradford method,
sing bovine serum albumin (BSA) as the standard (the protein is,
herefore, expressed in BSA equivalents) [16]. The amount of protein
ounded onto the palygorskite support was determined indirectly
rom the difference between the initial total protein exposed to the
upports and the amount of protein recovered in the wash.

.5. Determination of enzyme activity

The activity of free and immobilized enzyme was assayed by
itrating the fatty acid with 0.05 M NaOH. The fatty acid was liber-
ted from the hydrolysis of olive oil under the catalysis of enzymes

n phosphate buffer at 37 ◦C. Activities were assayed by adding
ipase in the phosphate buffer, using 5 ml 20% (v/v) olive oil emul-
ification solution as the substrate, which was obtained after pure
live oil dispersed in water solution containing polyvinyl alcohol
4%, w/v). After exact 15 min of incubation at 37 ◦C, the reaction was

(
m
E
t
p

lygorskite through glutaraldehyde.

topped by adding 15.0 ml of alcohol solution (95%, w/w). Finally,
he reaction solution was titrated with 0.05 M of NaOH. The blank
ydrolysis of olive oil was a same process, except that the alcohol
olution was added at the beginning of the hydrolysis. The fatty acid
ontent was calculated from the difference between the blank and
cid equation of the titration. One unit of the activity was defined
s 1 �mol of the fatty acid produced by the catalysis in 1 h under
he assay conditions.

.6. Effect of pH

The effect of pH on enzyme activity was determined by incubat-
ng free and immobilized lipase separately at different pHs ranging
rom 6.0 to 8.0 at 30 ◦C for 30 min. At the end of incubation time
he residual lipase activity of each sample was determined.

.7. Effect of temperature

The effect of temperature on enzyme activity was determined
y incubating free and immobilized lipase separately at different
emperature in the range of 20–90 ◦C at pH 7.5 for 30 min. At the
nd of incubation time samples were analyzed for residual lipase
ctivity.

.8. Storage stability

Both free and immobilized lipases were stored at two different
emperatures (4 and 30 ◦C). The storage stability was evaluated by
etermining the enzyme activity of them at regular time intervals
p to 7 weeks.

.9. Reusability of immobilized lipase

For the reusability, after each reaction run, the immobilized
ipase preparation was removed and washed with phosphate buffer
olution to remove any residual substrate. It was then reintroduced
nto fresh reaction medium to determine enzyme activity.

.10. Kinetic parameters

The kinetic parameters, Km and Vmax, of free and immo-
ilized lipase were calculated from the Lineweaver–Burk and
ichaelis–Menten models using varying concentrations of olive oil

mulsification solution as the substrate (as described in Section 2.5)
17].

.11. Sample preparation for SEM (scanning electron microscopy)
Philips, The Netherlands). Samples were prepared for SEM by
ounting on aluminium stubs using a carbon double-sided tape.

ither to make specimens adhere better or to increase the conduc-
ivity. All samples were sputter coated with 2 mm thin layer of gold
rior to viewing for enhancing conductivity.
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. Results and discussion

.1. Optimization of glutaraldehyde concentration

Glutaraldehyde is a bifunctional crosslinker commonly used to
ouple components with amino functional groups. Results showed
glutaraldehyde concentration of 0.5% (v/v) is optimal for activ-

ty of the immobilized lipase preparation, producing immobilized
ipase samples with activity of 2800 U/g, which corresponded to a
ipase recovery of 42% on the support. Similar result was observed
or the immobilization of lipase on the polysulfone membrane sur-
ace [18]. At higher glutaraldehyde concentrations, more protein is
ond, however, the activity of enzyme bound to the palygorskite
upport decreases. This may be due to the reticulation among
nzyme molecules favored by the use of a bifunctional molecule
nd therefore affecting the activity [19]. Another reason for the
ow activity may be due to a partial denaturation of enzyme as

result of “rigidification” of the enzyme molecule or steric hin-
rance which prevents the substrate from reaching the active site
20].

.2. Optimization of pH for lipase immobilization

The effect of a lipase pH value on the lipase immobilization pro-
ess was studied (Fig. 2). No significant differences were observed
n the immobilization yield obtained for pH values of 6.4–8.0. How-
ver, the activity of enzyme bound to the palygorskite support
as changed with the increase of the immobilization pH value,

nd lipase immobilized at pH 7.0 showed a maximum activity of
300 U/g. It was reported the optimal pH for the immobilization of
orcine pancreas lipase was also pH 7.0 [21].

.3. pH stability and optimum pH

The effect of pH on the stability of both free and immobilized
ipase on silanized palygorskite in olive oil hydrolysis was deter-

ined in the pH range of 6.0–8.0 and the results were presented
n Fig. 3. The pH profiles of the immobilized lipases were broader
han that of the free enzyme. Furthermore, the optimum pH of the
mmobilized lipase was at pH 7.0–8.0, while the optimum pH of free

ipase was at 7.0. The retained activity of the immobilized enzyme
as improved both at lower and higher pH in comparison to the

ree enzyme. The results meant that the immobilization methods
reserved the enzyme activity over a wider pH range. Lipase of
acillus coagulans BTS-3 immobilized on Nylon-6 by covalent bond-

ig. 2. Effect of pH on lipase immobilization. Immobilization process was achieved
y mixing 400 mg of glutaraldehyde-activated silanized palygorskite with 40 ml of
ipase (in 0.1 M phosphate buffer), at 25 ◦C for 6 h.

c
[
l
5
a
a

Fig. 3. pH stability of free lipase and immobilized lipase.

ng was fairly stable within a pH range of 7.5–9.5 with optimum pH
.5 [22]. Lipase from Candida rugosa covalently immobilized onto
olyacrylonitrile nanofibers was less sensitive to pH changes with
nchanged optimum pH when compared to the free lipase [23].
ipase from Arthobacter sp. immobilized on porous polypropylene
ollow fiber membrane also remained the unchanged optimum pH
ith a broader pH profiles than that of the free enzyme which loses

ctivity at pH 4.0 [24].

.4. Thermal stability

Both of the thermal stability of the free and the immobilized
ipase on silanized palygorskite was determined by measuring the
ydrolysis of olive oil at 37 ◦C after the enzyme exposed to tem-
eratures ranging from 20 to 60 ◦C in phosphate buffer (0.1 M, pH
.5) for 30 min. As seen in Fig. 4, the free and the immobilized
nzyme exhibited different temperature profiles. The immobilized
ipase was stable at 30 ◦C, while the activity of the free enzyme
as decreased drastically. The results also showed that the immo-
ilized enzyme had more than 70% activity at 40 ◦C, while the
ree enzyme had only 30% activity. Thus, the immobilized lipase
as much more stable than the free enzymes at higher temper-

tures. Lipase of B. coagulans BTS-3 immobilized on Nylon-6 by
ovalent bonding maintained 88% of the activity at 55 ◦C for 2 h
22]. Lipase from Burkholderia sp. C20 when immobilized onto cel-

ulose nitrate membrane retained 80% activity after incubation at
5 ◦C for 2 h [25]. Candida antarctica lipase type B immobilized on
garose-glutaraldehyde retained around 30% of the initial activity
fter 24 h of incubation at 50 ◦C [26].

Fig. 4. Thermal stability of free lipase and immobilized lipase.
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The change of kinetic constants may be a consequence of either the
structural changes in the enzyme introduced by the immobiliza-
tion procedure or lower accessibility of substrate to the active sites
of the immobilized enzyme [30].
Fig. 5. Storage stability of free lipase and immobilized lipase.

.5. Storage stability

The experimental results indicate that the immobilization holds
he enzyme in a stable position in comparison to the free coun-
erpart. The free and immobilized lipase was stored at 4 ◦C. The
ctivity of the immobilized lipase decreased more slowly than
hat of the free lipase; after 10 weeks, the activity of the free
nzyme was 67% of its original activity while that of the immo-
ilized lipase was 92%. At 30 ◦C, the activity of free lipase decreased
ignificantly and almost had no activity after 1 week. However, the
mmobilized enzyme retained 81% of its activity after 10 weeks
Fig. 5). It was reported the C. rugosa lipase covalently immobi-
ized on poly(glycidylmethacrylate-methylmethacrylate) magnetic
eads via glutaraldehyde lost 37% of its initial activity after 8 weeks
torage at 4 ◦C [27]. Lipase from C. rugosa immobilized on the
oly(acrylonitrile-co-2-hydroxyethyl methacrylate) fibrous mem-
ranes retained over 60% of its initial activity after 30 days storage
t 4 ◦C [28]. The relative activity of the immobilized C. rugosa lipase
tored at 4 ◦C did not change significantly after 30 days, however,
ropped to 30% of its initial activity stored at room temperature for
0 days [29].

.6. Reusability

Immobilized lipase was used repeatedly to hydrolyze olive oil
t 37 ◦C for 15 min and the reusability was examined because of
ts importance for repeated applications in a batch or a continu-
us reactor. As shown in Fig. 6, lipase immobilized on palygorskite
isplayed a good reusability. The immobilized enzyme retains
200 U/g of activity after eight cycles, which meant the C. lipolyt-

ca lipase immobilized on the palygorskite showed nearly complete
etention of activity in reuse up to eight cycles. Lipase immobilized
n cellulose nitrate membrane retained 60% of its original activity
fter repeated uses for nine times [25]. C. rugosa lipase covalently
mmobilized on poly(glycidylmethacrylate-methylmethacrylate)

agnetic beads retained 62% of its initial activity after 10 cycles of
sage [27]. It was reported lipase immobilized on glutaraldehyde-
ctivated polymer Nylon-6 retained 85% of its original hydrolytic
ctivity after eight cycles [22].

.7. Kinetic parameters
The effect of substrate concentration on the initial rate cat-
lyzed by free and immobilized lipases was studied using olive oil
s substrate. From Lineweaver–Burk and Michaelis–Menten models
Fig. 7), Michaelis constant (Km) and the maximum reaction veloc-

F
l

Fig. 6. Effect of recycling on immobilized enzyme activity.

ty (Vmax) of the free and immobilized enzymes were calculated and
esults were given in Table 1. The Km value of immobilized lipase
as 2.22 times higher than that of free enzyme and the Vmax value
f immobilized lipase was 1.67 times lower than that of free lipase.
ig. 7. Lineweaver–Burk and Michaelis–Menten plots of the free and immobilized
ipase.
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Fig. 8. Scanning electron micrographs of palygorskite without (a) and with (b) boun

Table 1
Kinetic parameter of free and immobilized enzyme (Km and Vmax)
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Km (mg/ml) Vmax (�mol/(mg min))

ree lipase 0.0053 7.6
mmobilized lipase 0.012 4.5

.8. Scanning electron microscopy

Scanning electron microscopy provided surface morphology of
alygorskite supports and particle size. The support had a size in the
ange of 10–25 �m. After binding lipase, the palygorskites remained
ispersed and the size was similar to that of unbound supports,
hich meant that the immobilization process did not significantly

hange the size of the supports. Scanning electron micrographs are
he evidence of immobilization over the palygorskite (Fig. 8). The
istinct dollops related to aggregates of proteins bonding on the
urface of the support are visible in the photographs.

. Conclusion
The silanized palygorskite could be used as a support for lipase
mmobilization. Palygorskite is mechanically stable and chemi-
ally inert, and is therefore environmental- and solvent-friendly for
ndustrial manufacturing and processing. Scanning electron micro-

R

d lipase. (a) Before lipase immobilization and (b) after lipase immobilization.

raphs proved the immobilization of C. lipolytica lipase on the
mino chemically surface modified palygorskite support. The Km

0.0117 mg/ml) value of immobilized lipase was 2.22 times higher
han that of free enzyme and the Vmax (4.51 �mol/(mg min)) value
f immobilized lipase was 1.67 times lower than that of free lipase.
ipase immobilized on modified palygorskite, retained activity over
ider ranges of temperature and pH than those of the free form. The

ctivity of the immobilized enzyme became less sensitive to reac-
ion conditions (temperature and pH) than that of the free coun-
erpart. The immobilized enzyme retains high activity after eight
ycles. A high operational stability, obtained with the immobilized
ipase, indicated that the immobilized lipase could successfully be
sed in a continuous system for the hydrolysis of lipids.
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