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a b s t r a c t

Graft copolymerization of glycidyl methacrylate (GMA) on to polyvinyl alcohol (PVA) using benzophenone
(BP) as initiator was carried out. Grafted PVA was used as carrier for pancreatic lipase immobilization. The
effects of GMA and BP concentrations as well as grafting reaction times on grafting yields and activities
of the immobilized lipase were determined. The influence of enzyme concentrations was also studied.
The optimal conditions for the grafting reaction were: 1 h at 15 mM BP and 2.3 M GMA, the optimum
eywords:
ipase
mmobilization
olyvinyl alcohol
raft polymerization

enzyme concentration for immobilization was 1 mg/ml. After optimization of the immobilization process
a physical and chemical characterization of the immobilized enzyme was performed. Furthermore, the
thermal, pH, storage and operational stability of the immobilized enzyme in comparison to the free form
was tested.

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

Lipases are enzymes that catalyze a variety of reactions, such
s esterification, interesterification and hydrolysis [1,2]. Because
f their selectivities, lipases are important biocatalysts in several
pplications, such as the synthesis of chiral drug intermediates
3,4] and nutraceutical lipids [4–6]. The broad synthetic potential of
ipases is largely due to the fact that they (in contrast to most other
nzymes) accept a wide range of substrates and tolerate organic
olvents.

Lipase activities are greatly enhanced by water/lipid interfaces,
phenomenon known as interfacial activation [7,8]. Interfacial acti-
ation has been related to the presence of an amphiphilic peptide
oop (lid) that covers the active site. When dissolved in water the lid

oves toward to the solvent, possibly in order to prevent aggrega-
ion of the enzyme. Upon adsorption of the lipase onto a water/lipid
nterface the lid opens and a hydrophobic side is exposed toward
o the interface. Lipases from Candida rugosa [9,10], Mucor miehei
11,12], Geotrichum candidum [13,14], Humicola lanuginosa [15] and

ancreas [16,17] have been crystallized both in the absence and
resence of a substrate analogue or inhibitor demonstrating that
he lid undergoes a rearrangement rendering the active site acces-
ible for the substrate.

∗ Corresponding author. Tel.: +90 232 3438624; fax: +90 232 3438624.
E-mail address: funda kartal@hotmail.com (F. Kartal).
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The price of lipases is relatively high so in practical applications
euse of the enzymes is of importance [18]. In order to expand their
ynthetic utility further efficient methods of lipase immobilization
re required because immobilization promotes enzyme reuse and
hus reduces overall process costs [4]. Moreover, enzyme stabil-
ty can often be improved by immobilization. The enzyme–support
nteractions formed during the immobilization process can, fur-
hermore, modify the conformational structure of the protein
esulting in a modulation of the catalytic properties of enzyme
tself. The extent of stabilization depends largely on the enzyme
tructure, the immobilization method applied and the type of sup-
ort [19]. Lipases show two different conformations: the closed
orm considered as inactive when the active site is excluded from
he solvent by the lid loop, and the open form, where this lid is dis-
laced and the active site is fully exposed to the reaction medium
20–23]. Both forms of lipases exist in an equilibrium which, on the
ther hand, is controlled by the experimental conditions. Regarding
hese features, different strategies have been developed to generate
mmobilized lipase molecules with improved activity [24]. Spe-
ial attention has been paid to the selective adsorption of lipases
o tailor-made supports possessing strongly hydrophobic surfaces.
his new immobilization procedure is based on the assumption that

he large hydrophobic area surrounding the active site of lipases is
lso involved in their adsorption to strongly hydrophobic solid sur-
aces. Immobilization by adsorption is the easiest and the cheapest
echnique to prepare solid-support biocatalysts. However, since the
nteracting bonds are weak the enzyme can be easily desorbed from

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:funda_kartal@hotmail.com
dx.doi.org/10.1016/j.molcatb.2008.06.016


5 Catal

t
e

a
I
b
i
b
a
e

A
r
c
t
h
(
w
t
p
s
s
v
g
o
b
m
b
a
p
m
b
t
g

e
s
y
w
b
h
b

i
F
b
i
a
i
m
g
G
C
o

2

2

p
m
n
E

2

d
m
r
N
a

2

L
a
e
r
a

2

2

w
t
g
t
e
p
2
w
m
c
[

2
i

t
w
i
w

2

g
I
o
a
t
p
t
T
w
e
4

2

6 F. Kartal et al. / Journal of Molecular

he carrier. Adsorption should not be used if the presence of the
nzyme in the product cannot be tolerated [25].

Several studies have been reported on the use of polyvinyl
lcohol (PVA) as support for biotechnological applications [26].
t is used in various crosslinked forms giving hydrogels or mem-
ranes which represent novel matrices for protein purification and

mmobilization studies [27–29]. It is well suited for these purposes
ecause of its hydrophilicity and is, in addition, commercially avail-
ble in a wide range of molecular weights at low price and it can be
asily modified through its hydroxylic groups [30].

Modification of polymers has received much attention recently.
mong the methods of chemical polymer modification grafting
epresents one of the most promising approaches since graft
opolymerization will impart a variety of new functional groups
o a polymer [31]. Modification of hydrophobic polymers into a
ydrophilic or vice versa can be achieved by wet (acid, alkali), dry
plasma) and radiation treatments (ultraviolet radiation and laser)
ithout affecting the bulk properties of the polymer [32]. In order

o modify the properties of a polymer in a desired way the so-called
hotografting is performed by irradiating it in a solvent containing
elected monomers with appropriate radiation sources. The energy
ources commonly used are high-energy electrons, X-rays, UV and
isible light. Many different routes can be employed to introduce
raft chains onto the surface of polymers depending on the system
n the goal of later application [33–35]. Ultraviolet energy (UV) has
een extensively applied for surface graft polymerization of poly-
ers with the aid of a photoinitiator or photosensitizer, such as

enzophenone (BP). Earlier reports concerned with UV irradiation
t the vapor phase of monomer and sensitizer under a reduced
ressure [36] or in the presence of inert gas [37]. After proper
odification, polymeric membrane can become a good carrier for

inding enzyme [38]. Glycidyl methacrylate (GMA) is an attrac-
ive monomer and BP is an efficient initiator for the photochemical
rafting [39].

Glycidyl methacrylate, the ester of methacrylic acid and 2,3-
poxy-propanol, bears a reactive epoxide group which reacts with
ulfhydryl- [40,41], amino- [42,43], carboxyl- [44,45] or hydrox-
lgroups [46] to form stable covalent bonds with biomolecules
ithout any linker. Such epoxy-modified polymer-surfaces are sta-

le during long storage periods and relatively resistant against
ydrolysis. Biomolecules like proteins become covalently coupled
y opening the epoxide ring.

The aim of this study is to improve the lipase activity by open-
ng the active site closing lid structure during immobilization.
or this purpose the hydrophilic character of PVA was changed
y photografting it with hydrophobic GMA groups thus mimick-
ng a chemical interface which should be suitable for interfacial
ctivation of lipases. Porcine pancreatic lipase was covalently
mmobilized on glycidyl methacrylate grafted polyvinyl alcohol by

eans of carbonyl diimidazole (CDI). The catalytic activity of the
rafted polymer was characterized as a function of grafting time,
MA concentration, BP concentration and enzyme concentration.
haracterization of free and immobilized enzyme was also carried
ut.

. Materials and methods

.1. Materials
Lipase (EC 3.1.1.3 Type II, crude; from porcine pancreas),
olyvinyl alcohol (PVA Type III), carbonyl diimidazole and glycidyl
ethacrylate were purchased from Sigma Chemical Co., benzophe-

one was obtained from Merck, dioxane was obtained from Carlo
rba. All other chemicals were analytical reagent grade.

2

w
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ysis B: Enzymatic 57 (2009) 55–61

.2. Activity measurements

The hydrolytic activities of free and immobilized lipases were
etermined at 30 ◦C and pH 8.0 by pH-stat titration using an auto-
atic titrator (718 Stat Titrino, Metrohm Ltd., Switzerland). The

eleased free fatty acids from tributyrin were titrated with 0.01 M
aOH [47]. One unit of lipase activity was defined as 1 �mol of fatty
cid released per minute.

.3. Protein determination

Protein concentrations were determined by the method of
owry et al. [48] using bovine serum albumin as the standard. The
mount of bound protein was determined indirectly from the differ-
nce between the amount of protein introduced into the coupling
eaction mixture and the amount of protein present in the filtrate
nd washing solutions after immobilization.

.4. Support preparation and activation

.4.1. Glycidyl methacrylate grafting on PVA
The PVA powder, BP as photoinitiator and GMA were added to

ater:ethanol (1:3) in a glass reaction vessel. The reaction mix-
ure was stirred at a constant rate and degassed with nitrogen
as for 5 min at 25 ◦C. A nitrogen atmosphere was maintained
hroughout the reaction period. Then the reaction mixture was
xposed to two UV irradiation bulbs (each bulb is 4 W, com-
lete spectrum emission from 365 nm to visible light) for 1 h at
5 ◦C. The PVA-g-GMA (GMA-grafted PVA) polymer was washed
ith ethanol three times to remove homopolymers, unreacted
onomers and benzophenone in the reaction vessel and dried until

onstant weight. The grafting percentage was measured by titration
49].

.4.2. Activation of grafted PVA with CDI for enzyme
mmobilization

Grafted PVA was activated with CDI for covalent attachment of
he enzyme on PVA via amino groups. 7 ml dioxane and 24 mg CDI
ere added to 1 g of grafted PVA and the reaction mixture was

ncubated in an orbital shaker for 30 min at 25 ◦C. Then the mixture
as filtered and washed with 25 ml of dioxane and dried.

.5. Enzyme immobilization

The PVA-g-GMA that synthesized at optimum conditions for
raft polymerization was used for all immobilization procedures.
mmobilization process was performed using two different meth-
ds. Pancreatic lipase was directly immobilized on grafted PVA
nd also immobilization process was carried out after activa-
ion of grafted PVA with CDI. 10 ml enzyme solution in 0.05 M
H 7.5 phosphate buffer was added to 1 g PVA and the reac-
ion mixture was incubated for 16 h under mild shaking at 4 ◦C.
hereafter the carrier was separated by filtration and washed
ith 0.05 M pH 7.5 phosphate buffer to removed the unbound

nzyme. When not in use, immobilized enzymes were stored at
◦C.

.6. Physico-chemical properties of free and immobilized lipase
.6.1. Effect of pH on activity
The effect of pH on the activity of free and immobilized lipase

as assayed by adjusting pH values ranging from 7.0 to 10.0 by
sing the standard activity assay procedure as mentioned above.
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.6.2. Effect of temperature on activity
The temperature dependence of the enzyme activity was inves-

igated between 20 and 45 ◦C and the activities of both enzymes
ere assayed under the standard assay conditions.

.6.3. pH stability
The pH stabilities of free and immobilized enzymes were com-

ared in the phosphate buffer (50 mM) between pH 6.5 and 8.5.
oth forms of enzymes were incubated in buffer for 20 min at 4 ◦C
nd the remaining activities were assayed using the standard assay
onditions.

.6.4. Thermal stability
The rates of thermal inactivation of the free and immobilized

nzymes were studied in the temperature range 4–55 ◦C. Both
orms of enzyme were incubated in 0.1 M NaCl for 20 min at differ-
nt temperatures and after cooling, the remaining activities were
ssayed under the standard assay conditions.

.6.5. Storage stability
Free and immobilized enzymes were stored at 4 ◦C. The stor-

ge stability of enzymes was determined by measurement of the
ctivities of samples taken at regular time intervals and compared.

.6.6. Operational stability
The reaction of tributyrin hydrolysis catalyzed by the immo-

ilized enzyme was carried out continuously for 12 h at 30 ◦C in a
ontinuous stirred tank reactor measuring of the activity of samples
aken at regular time intervals. The half-life (t1/2) of the biocatalyst
as determined by

1/2 = 0.693
KD

, KD = 2.303
t log(A0/A)

(1)

. Results and discussion

To investigate the effect of GMA grafting on the activity of
ipase that immobilized on PVA, immobilization was performed

ith PVA-g-GMA and non-grafted PVA. The results are summa-
ized in Table 1. As shown in the table, GMA grafting causes a
elatively high increase of immobilized enzyme activity whereas it
as no apparent effect on protein binding. Presumably the activity
ifference between the immobilized forms is caused by a confor-
ational conversion of the enzyme to a more active form as a

onsequence of interaction of the lid structure with the hydropho-
ic GMA side chains during the immobilization as outlined in
ection 1. Obviously the conformational conversion relates directly
o the hydrophobic contribution of GMA copolymer to the PVA.

In order to test the effect of CDI activation on the immobilized
nzyme activity an enzyme solution was added to CDI activated and
on-activated PVA-g-GMA. The activities of enzymes that immobi-

ized on CDI activated PVA-g-GMA and non-activated PVA-g-GMA
ere 80 and 57 U/g, respectively, although the bound protein
mounts showed no significant difference (data not shown). With-
ut CDI activation of PVA-g-GMA chemical immobilization through
he epoxide groups on the graft polymer occurred predominantly
ia amino groups of the lipase molecule whereas in the case CDI
ctivation PVA hydroxyls obviously contribute to enzyme binding.

‘
t
c
t
i

able 1
ffect of GMA grafting on activity of immobilized enzyme

Free enzyme total
activity (U)

Free enzyme
protein (mg)

Free enzyme spes.
activity (U/mg)

ontrol PVA 749 6.55 114
rafted PVA 749 6.55 114
ysis B: Enzymatic 57 (2009) 55–61 57

his contribution of OH groups to the fixation process possibly
ields an enzyme immobilization with a more favourite active site
rientation.

.1. IR-spectroscopy of PVA-g-GMA

PVA-g-GMA was analyzed by IR-spectroscopy (PerkinElmer
pectrum 100 Series). The characteristic peaks assignments for PVA
re as follows: 3405 cm−1 ( OH), 1097 cm−1 ( C O), 2936 cm−1

CH). The vibration band at 1728 cm−1 represents the ester con-
guration (Fig. 1) confirming a successful graft polymerization of
MA onto PVA.

.2. Influence of grafting reaction conditions on immobilized
nzyme activity

The catalytic activity of lipase that immobilized on PVA-g-GMA
as tested as a function of grafting reaction conditions. Relative

ctivities of immobilized enzyme and grafting percentages of PVA-
-GMA were plotted versus different quantities of each grafting
eaction parameter.

.2.1. Effect of grafting time
The grafting reactions were carried out for different time periods

0.5–3 h). After activation of PVA-g-GMA with CDI, immobilization
f the enzyme was performed at standard conditions. Immobilized
nzyme activities were measured and relative activities were esti-
ated. As shown in Fig. 2 the optimum grafting time is determined

s 1 h.

.2.2. Effect of initiator (BP) concentration
The grafting reactions were carried out with different BP con-

entrations (7.7–30 mM). Fig. 3 shows the effect of BP concentration
n immobilized enzyme activity and grafting percentage. The opti-
um BP concentration was determined as 15.2 mM. Higher levels

f initiator, on the other hand, decrease the conversion of grafted
onomer. The enhancement of grafting by increasing the BP con-

entration to a level 15.2 mM implies that as a direct effect a higher
P concentration is to increases the reaction rate, beyond the opti-
al value, however, light absorption is increased, thus lowering

he effective UV intensity at the interface of the BP solution and the
VA.

.2.3. Effect of monomer (GMA) concentration
Fig. 4 shows the effect of GMA concentration on graft copolymer-

zation and the activity of the immobilized enzyme. The grafting
ercentage increased continuously with the GMA concentration
ut the activity of immobilized enzyme increased reached a max-

mum value at 2.3 M GMA, thereafter the activity decreased. As
entioned in Section 1 activation in the presence of hydropho-

ic interfaces is a characteristic property of lipases, in the absence
f these interfaces, lipases have a secondary structure (termed the
lid’) occluding their active sites, thus rendering them inaccessible
o substrates. In the presence of hydrophobic interfaces important
onformational changes take place yielding the active ‘open struc-
ure’ of lipases [50]. It is presumed that GMA grafted onto PVA
nduces this interaction with the hydrophobic areas covering the

Immobilized
enzyme activity (U)

Bounded
protein (mg)

Immobilized enzyme
spes. activity (U/mg)

Activity
yield (%)

40 1.57 25 22
80 1.21 66 58
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Fig. 1. FTIR spectrum of PVA (

Fig. 2. Effect of grafting time onto graft copolymerization.

Fig. 3. Effect of initiator concentration onto graft copolymerization.
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a) and PVA-g-GMA (b).

ctive center of the lipase and leading thus to an immobilization
f the enzyme in an open form. Beyond the 2.3 M GMA concentra-
ion, copolymer extent may cause a steric hindrance reducing the
ctivity of the immobilized enzyme again.

.3. Effect of enzyme concentration

PVA-g-GMA synthesized at optimum conditions was used for
he following immobilization studies. Fig. 5 shows the effect of
nzyme concentration on the activity of the immobilized enzyme.
n increase in enzyme concentration from 0.5 to 1 mg/ml led to an
ctivity rise, further increase of enzyme concentration reduced it.

.4. Physico-chemical properties of free and immobilized lipase
The optimum pH values of free and immobilized enzymes were
etermined from the graph of pH plotted against the percentage
f relative activity (Fig. 6). The optimum pH value of the immobi-
ized enzyme was shifted to the 9.5 from 8.5. Lipase is linked to

Fig. 4. Effect of monomer concentration onto graft copolymerization.



F. Kartal et al. / Journal of Molecular Catalysis B: Enzymatic 57 (2009) 55–61 59

t
l
p
e
a
o
h
a
b
7
a
b
s

b
s
l
p
c
c
t
o
t

w
a
i
e
l
f
t
a
b
i

i
l
p

i
t
p
i

The storage stability of the immobilized enzyme was clearly bet-
Fig. 5. Effect of enzyme concentration on immobilization.

he activated matrix via its free amino groups, after the immobi-
ization acidic groups prevail providing the enzyme with a more
olyanionic character. During enzymatic hydrolysis a pH gradi-
nt is formed between the domain of immobilized lipase particles
nd the external solution resulting in the observed shift of the pH
ptimum to the alkaline region as expected [51]. Similar results
ave been reported for porcine pancreatic lipase immobilized on
minated silica gel and a polysuccinimide derivative. The immo-
ilized PPL retained high-relative activity within a pH range from
.0 to 12.0. In contrast, the relative activity of the free PPL fluctu-
ted dramatically within a narrow pH range. Similar results have
een reported porcine pancreatic lipase covalently immobilized on
upport derived from aminated silica gel and polysuccinimide [52].

Fig. 7 shows the temperature profiles for the free and immo-
ilized lipase preparations. Their responses to temperature were
imilar with maximal activities at 30 ◦C. However, immobilized
ipase maintained a higher relative activity than free lipase at tem-
eratures higher than 30 ◦C indicating that immobilized lipase
ompared to the free enzyme was less sensitive to temperature

hanges. This is in accordance with many reports that optimum
emperature values of immobilized enzyme are higher than those
f free enzymes [53–58], the catalytic activity of enzymes is related
o their conformation and in general the activity value increases

Fig. 6. Effect of pH on enzyme activity.

t
i
d
a

Fig. 7. Effect of temperature on enzyme activity.

ith a rise in temperature as is usually observed for chemical cat-
lysts. But enzymes are unstable under high temperatures because
ncrease in environmental temperature results the deformation of
nzyme catalytically active globular conformation. Since immobi-
ization stabilizes the enzyme structure the optimum temperatures
or activity are consequentially expected to increase. Unfortunately,
his principle does not apply in general, sometimes optimum pH
nd optimum temperature values remain unchanged after immo-
ilization despite relative activities might be quite different for

mmobilized and free enzyme [59–61].
The pH stabilities of the both forms of the lipase were compared

n 50 mM phosphate buffer in the pH range 6.5–8.5. The immobi-
ized enzyme displayed a better stability than its free form for this
H range (Fig. 8).

The thermal stabilities of the immobilized and free lipase were
nvestigated in the temperature range 4–55 ◦C. The results showed
hat the immobilized lipase was more stable (Fig. 9) which com-
lies with the observation that thermal stability of an enzyme is

mproved when coupled to a polyanionic carrier [62,63].
er than the free enzyme (Fig. 10). The free enzyme rapidly lost
ts activity with a residual value of 8% after 22 days, the activity
ecrease occurred more slowly with the immobilized enzyme, and
bout 50% of its initial activity was recovered after the same period.

Fig. 8. pH stability of enzymes.
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Fig. 9. Thermal stability of enzymes.
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Fig. 10. Storage stability of enzymes.

The operational activity of the immobilized lipase was stud-
ed by tributyrin hydrolysis carried out continuously for 12 h. The
mmobilized enzyme lost 50% of its activity within 6.2 h this value
hus represents its half-life (t1/2) under the conditions of this exper-
ment.

The aim of this work was modelling the carrier PVA in such a way
hat a suitable microenvironment could be created for the immo-
ilization of lipase in a more active form. For this purpose GMA
rafting on PVA was performed in order to change the hydrophilic
haracter of the carrier to a partially hydrophobic one. The effect
f grafting reaction conditions (monomer concentration, initiator
oncentration, reaction time) on the hydrophilic/hydrophobic bal-
nce of PVA was investigated and the effect of this balance on the
ctivity of the immobilized enzyme was studied. The results show
hat GMA grafting caused an activity increase of the immobilized
nzyme in comparison with an enzyme that had been immobi-
ized on non-grafted PVA. Immobilized enzymes had clearly better
roperties and stabilities when compared to the free form.

. Conclusion
The pancreatic lipase immobilization was performed on a PVA
arrier with an increased hydrophobic characteristic obtained by
MA grafting. The grafted PVA was characterized by FTIR. The

[
[

[
[

ysis B: Enzymatic 57 (2009) 55–61

ptimum conditions for grafting reaction were 1-h reaction time
n the presence of 15 mM BP and 2.3 M GMA, for immobilization
he optimal enzyme concentration was 1 mg/ml. Characterization
f physico-chemical properties of both the immobilized and free
nzyme was carried out. The esterification activity of immobilized
ipase will be the subject of our future research regarding the syn-
hesis of flavour esters in organic media.
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