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a b s t r a c t
The immobilization of lipase B from Candida antarctica on smectite group nanoclays (Laponite, SWy-2 and
Kunipia), as well as on their organically modiﬁed derivatives, was investigated. A combination of techniques, namely X-ray diffraction, thermal analysis, X-ray photoelectron and FT-IR spectroscopy, was used
for characterization of the novel immobilized biocatalyst. Structural and biochemical characterization
have revealed that the hydrophobic microenvironment created by the organo-modiﬁed clays induces
minor changes on the secondary structure of the enzyme, resulting in enhanced catalytic behaviour in
hydrophobic media. The immobilized lipase on such modiﬁed nanoclays can be effectively applied for
the indirect epoxidation of a-pinene using hydrogen peroxide as substrate. The amount of a-pinene epoxide produced in a single-step biocatalytic process is up to 3-fold higher than that of free enzyme or
enzyme immobilized in non-modiﬁed clays. Moreover, lipase immobilized in modiﬁed clays retains up
to 90% of its initial activity, even after 48 h of incubation in the presence of oxidant, and up to 60% after
four reaction cycles, while other forms of the enzyme retain less than 10%.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Lipases are currently attracting an enormous attention because
of their biotechnological potential (Carboni-Oerlemans et al., 2006;
Svedendahl et al., 2008; Lu et al., 2008). With the aim of improving
activity, storage and operational stability, especially in low-water
media, their immobilization on various organic/inorganic supports
has been studied extensively (Petkar et al., 2006). On account of
the relatively high surface hydrophobicity of lipases, their physical
adsorption on suitably hydrophobic carrier materials is the most
widely used method given its simplicity (Menaa et al., 2008). It is
well established that the structural characteristics of the host
materials strongly affect the catalytic behaviour of the immobilized enzymes. In particular, the surface hydrophobicity of the support has been shown to strongly affect the activities of the different
immobilized lipases through possible conformational changes
caused by interfacial activation of a lipase upon binding on the solid interface (Petkar et al., 2006; Menaa et al., 2008). Various
hydrophilic or hydrophobic materials, including sol-gels (Yang
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et al., 2009), resins (Yang et al., 2010), membranes functionalized
with polymers (Ye et al., 2006) and nanoparticles (Deepak et al.,
2009), have been reported in the literature for enzyme immobilization. Among them, nanostructured materials, such as smectite
nanoclays, have emerged as alternative supports for enzyme
immobilization, since they can enhance the biocatalytic efﬁciency
by reducing diffusional limitations as well as by increasing enzyme
loading because of superior surface area per mass unit (de Fuentes
et al., 2001; Serefoglou et al., 2008). Due to their unique physicochemical properties, such as swelling and cation exchange capability (CEC), as well as their mechanical and thermal stability,
smectite nanoclays can be efﬁciently used as matrices for immobilization of biomolecules (de Fuentes et al., 2001; Gopinath and
Sugunan, 2007; Serefoglou et al., 2008; Secundo et al., 2008).
Natural or synthetic smectite clays are layered materials consisting of nanometer-size aluminosilicate platelets. Their structure
is composed of an octahedral alumina layer fused between two tetrahedral silica layers. The 1 nm thick platelets are negatively
charged and neutrality is obtained, for example, by hydrated cations present in the interlayer galleries. The properties of the smectite nanoclays can be tailored using simple chemical methods such
as intercalation with organic or inorganic guest molecules (Gournis
et al., 2006). Nheir hydrophobicity can be increased through treatment with an organic surfactant (Litina et al., 2006). As a result, the
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presence of the surfactant expands the interlayer gallery rendering
the nanoclay compatible with hydrophobic media. Due to their distinctive structure and properties, these organic–inorganic hybrid
materials can be utilized in a wide variety of applications including, construction of modiﬁed electrodes (Kemmegne Mbouguen
et al., 2006) and biosensors (Shan et al., 2006).
In the present work, we study the use of organically modiﬁed
nanoclays of the smectite group as matrices for immobilization
of lipase B from Candida antarctica (CaLB). The clays used are a synthetic trioctahedral hectorite (Laponite, LAP), and two natural dioctahedral montmorillonites (SWy-2 and Kunipia, KUN). The
inﬂuence of the clays organomodiﬁcation (through their interaction with octadecyl trimethyl ammonium bromide) on the adsorption and catalytic behaviour of the lipase was investigated. The
resulting new hybrid biocatalysts were characterized by a combination of analytical techniques such as X-ray diffraction (XRD),
thermogravimetric analysis (TGA), differential thermal analysis
(DTA) and X-ray photoelectron spectroscopy (XPS). The conformational changes of lipase upon immobilization were investigated
using Fourier transform infrared (FT-IR) spectroscopy. The structural and biocatalytic characteristics (synthetic activity, stability)
of the novel lipase-clay conjugates were determined in low-water
organic media. Moreover, the ability of the immobilized lipase to
catalyze a synthetic reaction that is far from its natural role, such
as the indirect epoxidation of a-pinene, via the formation of peroxycarboxylic acid using octanoic acid and hydrogen peroxide as
substrates, was also investigated. a-Pinene is the main component
of some essential oil (e.g. mastic oil) and gum turpentine, has low
commercial value and is considered as a renewable raw material
with a great potential to obtain pharmaceuticals, agrochemicals
and other ﬁne chemicals (Wender and Mucciaro, 1992). Enzymemediated oxidative functionalization of terpenes such as a-pinene,
represents an important way for valorization of these natural products, leading to the formation of biologically active compounds
(Loutrari et al., 2004; Skouridou et al., 2003). The effect of various
reaction parameters on the epoxidation activity, stability and reusability of the immobilized lipase on various nanoclays was examined and compared with that obtained for non-immobilized
enzyme or commercially available immobilized preparation of
the lipase.
2. Methods
2.1. Enzymes and chemicals
CaLB was from Fluka, Novozym 435Ò (immobilized CaLB) from
Novozymes (Denmark). Urea hydrogen peroxide complex (UHP)
was purchased from Aldrich (USA). H2O2 (30% w/w aqueous solution), a-pinene, as well as other chemicals and organic solvents
were of the highest purity commercially available.
2.2. Supports
The support materials that were examined included three clays:
a trioctahedral hectorite (Laponite, LAP) obtained from Laporte
Industries Ltd., with a particle size of 200 nm and CEC of 50 meq
per 100 g of clay, and two natural dioctahedral montmorillonites,
Kunipia (KUN) with a particle size of 2000 nm and CEC of
120 meq per 100 g of clay, and Wyoming (SWy-2) with a particle
size of 2000 nm and CEC of 80 meq per 100 g of clay, obtained from
Kunimine Co. (Japan) and Source Clay Minerals Repository, University of Missouri, Columbia (USA), respectively. Natural clays were
fractionated to less than 2 lm sizes by gravity sedimentation and
puriﬁed by standard methods (Gournis et al., 2008). Organo-modiﬁed clays (ORLAP, ORKUN and ORSWy-2) were prepared through

intercalation with a cationic surfactant (octadecyl trimethyl
ammonium bromide) (Litina et al., 2006).
2.3. Immobilization in layered materials
In a typical procedure, 50 mg of clay were dispersed in 10 ml of
50 mM citrate/phosphate buffer (pH 6.0), followed by addition of
aqueous solution of the enzyme (CaLB). By varying the mass ratio
of added enzyme to clay, derivatives with different protein loads
were obtained: LAP-R, ORLAP-R, KUN-R, ORKUN-R, SWy-2-R and
ORSWy-2-R (where R = 20, 50, 100, 200 mg enzyme per g of clay
and preﬁx OR designates the use of organo-modiﬁed clay). The suspension was incubated at room temperature under mild stirring at
150 rpm for 24 h and then centrifuged at 2500 rpm. The precipitate
was washed thoroughly with a buffer solution (50 mM citrate/
phosphate, pH 6.0) and air-dried after spreading it on a glass-plate
at 30 °C for 24 h. The amount of enzyme that was bound on clay
particles was determined following the estimation of protein
which remained on supernatant after centrifugation using the
Bradford method (Bradford, 1976). The preparations stored at
20 °C before use.
2.4. Enzymatic reactions
2.4.1. Transesteriﬁcation reactions
In a typical experiment, the enzymatic transesteriﬁcation reaction of vinyl butyrate (50 mM) and 1-butanol (50 mM) in various
organic solvents (5 ml) was carried out in stirred ﬂasks in the presence of 50 mg of lipase-clay conjugate (R = 100 mg protein g1
clay) or 10 mg of lyophilized preparation at 50 °C. To avoid possible
drying or hydrating effects of the clays and the immobilized lipases, the organic solvent and the reactants were separately preequilibrated to the same water activity (aw) prior to being mixed
with the enzyme. This was done by equilibration in sealed containers for at least 24 h, at 25 °C, with the vapour phase of a saturated
salt solution of LiCl (aw = 0.11) (Valivety et al., 1992).
2.4.2. Chemo-enzymatic epoxidations
Epoxidation of alkenes was carried out in a similar manner as
described previously (Skouridou et al., 2003). In a typical reaction
a-pinene (1 mmol) and octanoic acid (1 mmol) were dissolved in
5 ml n-hexane (previously dried with 3 Å molecular sieves) and
the reaction was started by adding lyophilized (10 mg) or immobilized CaLB (50 mg, R = 100 mg protein g1 clay). The reaction was
initiated with the addition of 1.1 mmol of an oxidizing agent
(H2O2 or UHP), and the mixture was stirred at 25 °C. Controls were
performed for each reaction set in the absence of enzyme. Aliquots
from the organic phase were withdrawn at different time intervals
and analyzed by GC as described before.
Highly puriﬁed oxidized products were also obtained by semipreparative HPLC using a Discovery C18 column (particle size
5 lm, length 250 mm, diameter 10 mm) in a similar manner as described elsewhere (Tzialla et al., 2008). Reaction products were
analyzed by GC-MS (GC-CP 3900 interfaced with a Saturn 2000
MS) using a VF-5 ms column (30 m  0.25 mm i.d., 0.25 lm ﬁlm
thickness). Identiﬁcation of products was based on analysis of
commercially available standards (Tzialla et al., 2008).
2.5. Stability studies
2.5.1. Thermal and operational stability
Thermal stability of free or immobilized CaLB (R = 100 mg protein g1 clay, 20 mg), were carried out by measuring the residual
activity of the enzyme incubated in n-hexane at different temperatures (40-60 °C) for 72 h. The residual enzyme activity was determined based on transesteriﬁcation lipase activity as described
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before. The operational stability of CaLB was evaluated following
repeated cycles of a-pinene chemo-enzymatic epoxidation using
1.1 mmol UHP as the oxidizing agent. Each reaction was carried
out for 24 h at 25 °C as previously described. Between two consecutive catalytic cycles, the enzyme was separated by ﬁltration and
washed exhaustingly with water, diethyl ether and/or n-hexane,
until no reaction components (either reactants or products) could
be detected in the ﬁltrate. The residual enzyme activity was determined based on transesteriﬁcation assay, as described before.
2.5.2. Effect of oxidant
Either free (10 mg) or immobilized biocatalyst (R = 100 mg protein g1 clay, 50 mg), were incubated up to 48 h in n-hexane
(1.5 ml) at 25 °C, in the presence of 1.1 mmol of the oxidant
(UHP, or H2O2). After incubation, the enzyme preparations was ﬁltered off and washed with water, diethyl ether and/or n-hexane to
completely remove the added chemicals. The enzyme preparation
was then dried under vacuum, weighed and residual lipase activity
was measured using the epoxidation assay, as described before.
2.6. X-ray powder diffractometry (XRD)
The XRD patterns were collected with a D8 Advanced Bruker
diffractometer operating at 40 kV and 40 mA, using CuKa radiation
and a secondary beam graphite monochromator, as described elsewhere (Serefoglou et al., 2008).
2.7. FT-IR spectroscopy
Infrared spectra were determined on a FT-IR 8400 spectrophotometer (Shimadzu, Japan) equipped with a deuterated triglycine
sulfate (DTGS) detector between 4000 and 400 cm1. Spectrum
acquisition, data analysis of the Amide I region and band assignment were performed as described in previous work (Serefoglou
et al., 2008). The data were manipulated using WinSpec software
(LISE-Facultés Universitaires Notre-Dame de la Paix, Namur,
Belgium).
2.8. Thermal analysis
Thermogravimetric (TGA) and differential thermal (DTA) analysis were performed with a Perkin Elmer Pyris Diamond TG/DTA, as
described elsewhere (Serefoglou et al., 2008).
2.9. X-ray photoelectron spectroscopy
X-ray photoelectron spectra were measured using a SSX-100
(Surface Science Instruments) photoelectron spectrometer with a
monochromatic Al Ka X-ray source (hm = 1486.6 eV), as described
elsewhere (Serefoglou et al., 2008).
3. Results and discussion
3.1. Lipase immobilization on clays
In the present work, three layered nanoclays of the smectite
group (LAP, SWy-2 and KUN) and their organo-modiﬁed derivatives (ORLAP, ORSWy-2 and ORKUN) were studied as supports
for the immobilization of CaLB. Nhe effectiveness of the enzyme
immobilization can be inﬂuenced by the nature and the composition of the support clay and depends on the strength of various
non covalent interactions, such as van der Waals interactions,
hydrogen bonding as well as hydrophobic and electrostatic interactions between the clay support and the amino acid on the surface
of the protein (de Fuentes et al., 2001; Secundo et al., 2008). In this
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work the lipase immobilization was carried out by adsorption at
the isoelectric point of the enzyme (pH 6.0) (Anderson et al.,
1998). At this pH value, the enzyme activity remains high while
no net negative charge is created on protein molecule, and therefore the enzyme adsorption is not hampered by electrostatic interaction forces on the negatively charged surface of the clay
nanoplatelets. Table 1 shows the effectiveness of the lipase immobilization on the different aluminosilicates and their organo-modiﬁed derivatives. In all cases, the immobilization yields from the
adsorption of enzymes onto different supports were checked
through the concentration of protein solutions before and after
immobilization. As it can be seen, the protein content of the lipase-clay conjugates depends on the initial protein amount. The
quantity of protein which could be retained by the support materials ranged from 65% to 96% of the initial load. As the enzyme to
clay ratio increased, higher amounts of lipase remained attached
to the phyllosilicates, which indicated that under the speciﬁc conditions applied in the present study, the saturation level of clays
was not reached. The retention capacity of clays, which was observed, was higher than those reported when other support matrices or techniques were applied for lipase immobilization (Won
et al., 2005). Comparison of the immobilization yields achieved
for the same initial loads of CaLB showed that montmorillonites
KUN and SWy-2 could adsorb equivalent amounts of enzyme,
while hectorite (LAP), smectite clay with smaller particle size and
lower charge density, exhibited the highest retention capacity
among the clays examined. Interestingly, the organo-modiﬁed
clays derivatives (ORKUN, ORSWy-2 and ORLAP), in which the
intercalation of organic surfactants between layers imparts a more
hydrophobic character to their surface, retained approximately
10% higher amounts of lipase than their unmodiﬁed precursors.
3.2. Characterization of nanoclays-lipase conjugates
The resulting nanoclays-lipase conjugates were characterized
by a combination of techniques such as powder X-ray diffraction
(XRD), thermogravimetric analysis (TGA), differential thermal
analysis (DTA) and X-ray photoelectron spectroscopy (XPS).
X-ray diffraction (XRD) measurements provide a powerful tool
to understand the changes in the interior of the clay microenvironment and thus to evaluate the different types of nanocomposites
formed. Fig. 1 shows the XRD patterns of the (a) pristine sodiumlaponite (LAP) and (b) hybrid biocatalysts with various enzyme
loadings. The pristine Na-laponite shows a d001-spacing of 12.2 Å
which corresponds to an inter-sheet separation D = 12.2–
9.6 = 2.6 Å, where 9.6 Å is the thickness of the clay layer (Theng,
1974). On the contrary, the absence of the d001 diffraction peak,
characteristic of the sodium-clay, in the patterns of the ﬁnal hybrid
biocatalysts (LAP-(20) and LAP-(50)) indicates that the ordered
structure of the layered mineral is effectively destroyed after enzyme immobilization (Fig. 1a). This means that the immobilization
of the enzyme lead to total exfoliation of the clay even at low enzyme loadings. Similar results were observed in the case of organomodiﬁed laponite (Fig. 1b). The interaction between the clay and
the surfactant led to a shift of the d001 diffraction peak of the organo-modiﬁed laponite toward lower 2h values, implying the
expansion of the interlayer space due to the alkylammonium intercalation. After the addition of the alkylammonium the d001-spacing
increases to 14.6 Å (D = 5 Å), indicating that the alkylammonium
molecules are intercalated in the interlayer galleries of the clay
mineral. In the case of enzyme immobilization onto organo-modiﬁed laponite, the addition of 20 mg enzyme per g of the clay the
d001-spacing increases to 21.4 Å (D = 12.8 Å), indicating that a portion of the enzyme is intercalated in the lamellar space of the clay
mineral, while the rest is immobilized either on the external surfaces or the edges of the clay sheets which is in accordance to what
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Table 1
Immobilization yields and transesteriﬁcation activity observed for biocatalysts
prepared on natural clays and their organo-modiﬁed derivatives with various loads
of CaLB.
Clay

Initial
protein
load
(mg g1
support)

Immobilized
protein
(mg g1
support)

Immobilization
yield (%)

Speciﬁc
activity
(mM h1 mg1
protein)

LAP

20
50
100
200

17.0
39.5
76.0
146.0

85
79
76
73

0.85
0.84
0.84
0.83

KUN

20
50
100
200

16.6
37.5
70.0
132.0

83
75
70
66

0.97
0.95
0.94
0.94

SWy-2

20
50
100
200

16.6
38.5
69.0
130.0

83
77
69
65

0.85
0.84
0.82
0.82

ORLAP

20
50
100
200

19.2
47.5
80.0
183.8

96
95
80
92

2.17
2.24
2.39
2.40

ORKUN

20
50
100
200

18.7
46.0
81.0
176.0

94
92
81
88

2.22
2.22
2.22
2.28

ORSWy-2

20
50
100
200

19.0
45.5
80.0
180.0

95
91
80
90

2.59
2.68
2.75
2.78

was recently observed for b-glucosidase (Serefoglou et al., 2008).
As it can be seen in Fig. 1b, further increase of enzyme loading lead
to total exfoliation of the clay. Taking into consideration the
dimensions of the enzyme molecule (30 Å  40 Å  50 Å) (Uppenberg et al., 1995), the molecule is not expected to intercalate between the clay nanosheets. At the same time, formation of a new
d001 peak shifted to lower values is a conclusive evidence for intercalation. Probably, the side chains of different amino acid residues
take part in intercalation while the polypeptide backbone is situated outside the pores. This is in accordance with previous works,
where the adsorption of other enzymes as a-amylase, glucoamylase and invertase onto synthetic montmorillonite leads to intercalation of the side chains into the clay layers while the polypeptide
backbone does not enter the interlayer space (Gopinath and Sugunan, 2007).
The DTA-TGA curves, obtained in air, for all composites revealed
two exothermic peaks at 300 and 390 °C, which are related to the
oxidation of the enzyme molecules (data not shown). The exothermic peak at 390 °C corresponds to molecules anchored on the surfaces or the edges of the clay nanosheets, and thus more protected,
while the ﬁrst peak (at 300 °C) is due to ‘‘loose” enzyme molecules
not direct bound on the clay as discussed before. These molecules
are attached to the previously adsorbed ones, rather than bound to
the support surface.
XPS is a direct method to investigate how the enzyme binds to
the siloxane interface in the hybrid systems. The presence of the
amide groups of the immobilized enzyme was established by analysis of the binding energies of the N 1s core level spectra. In Fig. 2i–
vi we present the N 1s core level photoemission spectra of the parent clays (SWy-2, KUN, LAP) loaded with 100 mg of CaLB (SWy-2(100), KUN-(100) and LAP-(100)) and the same spectral region of
the organoclays loaded with the same amount of enzyme (ORSWy-2-(100), ORKUN-(100) and ORLAP-(100)). The spectra for the

Fig. 1. XRD patterns of: (a) (ai) LAP, (aii) LAP-(20), (aiii) LAP-(50) and (b) (bi) ORLAP,
(bii) ORLAP-(20), (biii) ORLAP-(50).

clay-lipase conjugates (Fig 2i–iii) show only one component at
399.4 eV due to the amide group of the enzyme. In the case of organo-modiﬁed clays loaded with the enzyme (Fig 2iv–vi) this peak
is shifted towards higher binding energy (400.0 eV) probably due
to interaction of the amide groups of the enzyme with the surfactant of the organoclay (the peak at 403.0 eV binding energy is due
to the quaternary ammonium group of the surfactant). In the case
of ORKUN-(100) the intensity of the peak is higher compared to the
other organoclay hybrids loaded with the same amount of enzyme
indicating that larger amounts of enzyme might be immobilized on
the organoclay surface. This seems reasonable if we consider that
the amount of the organic surfactant in the case of Kunipia montmorillonite is higher due to its higher CEC (1.2 meq/g) compared
with the other two clays.

3.3. Structural studies of immobilized lipase
The conformational changes of the enzyme upon immobilization onto parent or organo-modiﬁed clays compared to the structure in aqueous medium (pH 6.0, acetate buffer 0.1 M) were
investigated by FT-IR spectroscopy. The analysis of the Amide I
band at approximately 1600–1700 cm1 (mainly due to the C@O
stretching vibration) makes it possible to obtain information on
the effect of the immobilization on the secondary structure of
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Fig. 2. X-ray photoemission spectra of the N 1s core level region for (i) SWy-2- (100), (ii) KUN-(100), (iii) LAP-(100), (iv) ORSWy-2-(100), (v) ORKUN-(100) and (vi) ORLAP(100) nanocomposites.

the protein (Prestrelski et al., 1993; Secundo and Carrea, 2005; Secundo et al., 2007). The Amide I band consists of several overlapping
components that are assigned to different secondary structure elements. These individual components were identiﬁed from the second-derivative spectra. The bands at 1610–1640 cm1 and 1685–
1695 cm1 were assigned to b-sheet, at 1640–1650 cm1 to random coil, at 1650–1660 cm1 to a-helix and at 1660–1685 cm1
to b-turns (Natalello et al., 2005).
In order to evaluate the differences among the spectra of the
various lipase samples, we compared the correlation coefﬁcients
(r), according to previous works (Prestrelski et al., 1993; Secundo
and Carrea, 2005) as indicated in Table 2. As it can be seen, there
were signiﬁcant differences between the Amide I spectra of free lipase in aqueous solution and immobilized onto parent non-modiﬁed clays (r < 0.8). When organo-modiﬁed clays were used as
immobilization matrices, the correlation coefﬁcient was higher
than 0.9, which indicates that the structure of the immobilized enzyme is not signiﬁcantly altered.
The component due to a-helix structures is a good indicator of
the correct folding of the enzyme, (while an intact a-helix structure does not guarantee the presence of an active enzyme, the loss

Table 2
Correlation coefﬁcient (r) between the FT-IR spectra of CaLB immobilized onto clays
and organo-modiﬁed clays and the spectra of the enzyme in water solution.
Quantitative estimation (%) of the a-helix content of CaLB calculated by FT-IR
analysis in Amide I region.
Enzyme preparation

r

Aqueous solution
ORKUN
ORLAP
ORSWy-2
KUN
LAP
SWy-2

–
0.703
0.510
0.785
0.964
0.918
0.915

a-Helix (%)

30.4
26.2
32.7
32.7
29.1
21.5
20.2
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P 2P 2
P
xi
yi
The correlation coefﬁcient was calculated using the formula r ¼
xi yi =
(Prestrelski et al., 1993), x and y are the absorbance values of the lipase spectrum
dissolved in water and immobilized, respectively, at the ith frequency position for
the range 1600–1700 cm1 (Amide I). For identical spectra, a value of 1.0 will be
returned.

of this secondary structure element usually leads to enzyme inactivation). As it can be seen in Table 2, a slight increase of a-helix
content was observed in the case of immobilization into ORLAP
and ORSWy-2 while a decrease was observed in ORKUN. On the
contrary, a signiﬁcant decrease on the a-helix content of the enzyme was observed after immobilization in non-modiﬁed clays
(especially in LAP and SWy-2), indicating large changes on the secondary structure of the enzyme. The difference in secondary structure changes observed is probably related to transesteriﬁcation
activity expressed by the enzyme after its immobilization onto various clays (see Section 3.1 Table 1) and could be attributed to speciﬁc interaction of the enzyme with clay mineral and/or surfactant
molecules (as indicated by XPS and XRD results, Section 3.2). The
increased a-helix content of the enzyme in ORLAP and ORSWy-2
could be attributed to the increased hydrophobicity of these materials compared to the parent ones. Very recently, it was reported
that an increase of hydrophobicity of the immobilization matrix results to an increase in the a-helix content and thus the fraction of
properly-folded functional enzyme enhancing the biocatalytic
activity (Menaa et al., 2008). However, the mechanism by which
matrice’s hydrophobicity enhances the helical content of immobilized protein remains unsolved.
3.4. Transesteriﬁcation activity of immobilized lipase in organic
solvents
The ability of immobilized enzyme in various nanoclays to preserve its catalytic activity in low water-content organic media was
conﬁrmed using the synthesis of esters through transesteriﬁcation
of vinyl butyrate with 1-butanol in n-hexane as model reaction. As
it can be seen in Table 1, the enzyme immobilization on different
clays led to the preparation of active biocatalysts with all aluminosilicate materials used, for a broad range of initial protein loading
(20–200 mg protein g1 support). The initial amount of enzyme
load inﬂuences the catalytic activity. In LAP, SWy-2 and KUN, as
the initial enzyme load increases, speciﬁc enzyme activity slightly
decrease, which is in accordance to that observed in other supports
(de Fuentes et al., 2001; Secundo et al., 2008). This behaviour could
be attributed to a possible adsorption of the new enzymes molecules onto the previously adsorbed ones, rather than onto the sup-
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port surface, in a similar manner as discussed before (Section 3.2).
In this case, the lower enzymatic speciﬁc activity observed with an
increase of the enzyme loading is probably due to diffusional limitations of substrates to the active site of the enzyme. On the other
hand, when organo-modiﬁed clays are used as immobilization supports, the transesteriﬁcation activity of the immobilized enzyme
was 2- to 3-fold higher for all clays used in almost all organic solvents tested. It is expected that the hydrophilic/hydrophobic character of the support matrix plays an important role in determining
the high substrate accessibility of reactants and water in the enzyme microenvironment, affecting therefore the partition of substrates and products between the medium and the enzyme
(Petkar et al., 2006). The hydrophobic microenvironment created
in organically modiﬁed clays could affect the diffusion and distribution of substrates and products in the microenvironment of
the immobilized enzyme increasing the accessibility to hydrophobic substrates and enhancing the transesteriﬁcation activity as
indicated in Table 1. Nevertheless, the increased catalytic activity
of the immobilized enzyme in organically modiﬁed clays, could
be also related to the relative stabilization of the enzyme conformation in these modiﬁed clays compared to extended structural
changes observed in non-modiﬁed clays (Section 3.3, Table 2).
To investigate the effect of organic solvents on the synthetic
activity of immobilized enzymes, various organic solvents with
log P (the logarithm of the partition coefﬁcient of a given compound in the standard octanol–water two-phase system) ranging
from 0.33 to 4.8 were selected as reaction media. As it can be
seen in Fig. 3, higher reaction rates were obtained when solvents
with high log P value (log P > 2.5), such as toluene, n-hexane and
isooctane were employed. These results are in accordance with
those reported for the catalytic behaviour of Novozym 435Ò
(Nordblad and Adlercreutz, 2008). For all organic solvents tested,
the synthetic activity of the enzyme was signiﬁcantly reduced
when parent (non-organomodiﬁed) clays were used as immobilization matrices in a similar manner as described in Table 1.
It is interesting to note that the thermal stability of the immobilized CaLB in parent and organically modiﬁed clays is comparable
and up to 3-fold higher to that observed for the non-immobilized
enzyme. The higher residual activity (70% after incubation for
72 h in n-hexane at 60 °C) was observed for lipase immobilized
in ORLAP and ORSWy-2. The high thermal stability of the immobilized lipase may arise from the conformational integrity of the en-

zyme structure after immobilization in these organically modiﬁed
clays as indicated before (see Section 3.3).
3.5. Application of the immobilized lipase to the chemo-enzymatic
epoxidation of a-pinene
In the present work, the ability of the immobilized lipase to catalyze a synthetic reaction that is far from its natural role, such as
the indirect epoxidation of alkenes, via the formation of peroxycarboxylic acid using H2O2 as substrate, was also investigated.
The main drawback of the use of lipases to catalyze indirect epoxidation of alkenes using H2O2 as substrate, is that enzymes are not
resistant to the drastic reaction conditions originating from the use
of the oxidant (Svedendahl et al., 2008). In the present work, the
capability of CaLB immobilized on various organically modiﬁed
smectite clays to catalyze the indirect epoxidation of a-pinene,
was investigated. In this biocatalytic process two common oxidants were used: 30% w/w aqueous solution of H2O2, as well as
an anhydrous complex of H2O2 with urea (UHP) which releases
the oxidant in a controlled manner (Ankudey et al., 2006). For all
clays tested, the use of UHP as oxidant lead to higher conversion
of a-pinene (up to 80% after 24 h of incubation), compared to
H2O2, which is in accordance with the results recently reported
for the chemo-enzymatic perhydrolysis of carboxylic acids in organic media using Novozym 435Ò (Ankudey et al., 2006). It must
be noted that low amounts of verbenol and verbenone were also
identiﬁed in the reaction mixture after 24 h of incubation, probably
as products of the autooxidation of a-pinene.
Table 3 shows the reaction rate and the concentration of apinene oxide obtained after 24 h of the chemo-enzymic epoxidation of a-pinene catalyzed by the three biocatalyst immobilized
onto (ORLAP, ORKUN and ORSWy-2) as well as by the non-immobilized CaLB and commercially available Novozym 435Ò, using
UHP as oxidant. As shown in Table 3, the initial reaction rates for
immobilized lipase in various organo-modiﬁed clays were comparable to that obtained for Novozym 435Ò. However, the use of organo-modiﬁed clays (especially ORLAP) as enzyme carriers, led to
higher a-pinene conversion than that observed by Novozym
435Ò or non-immobilized lipase and up to three times higher concentration of a-pinene epoxide, after 24 h of incubation, than that
observed with free enzyme or when parent (non-organomodiﬁed)
clays were used as immobilization supports. This is probably due
to the higher stability of the lipase immobilized on organo-modiﬁed clays, indicating that the nature of the carrier affects not only
the enzyme activity as indicated in Section 3.4, but also the operation stability of the biocatalyst in the biocatalytic process. It must
be noted that the reduced Novozym 435Ò stability observed in a
similar process was attributed to a number of factors including oxi-

Table 3
Initial reaction rates, conversion of a-pinene and a-pinene oxide concentration
achieved after 24 h incubation at 25 °C during chemo-enzymatic epoxidation of apinene catalyzed by various immobilized forms of CaLB. Reaction conditions as
described in Section 2.
Biocatalyst
preparation

Fig. 3. Effect of solvent on transesteriﬁcation activity of immobilized CaLB onto
organo-modiﬁed clays. Reaction conditions as described in Section 2. Solvents
(logP): acetonitrile (0.33), acetone (0.23), tert-butanol (0.80), toluene (2.5),
hexane (3.5), isooctane (4.8).

ORLAP
ORKUN
ORSWy-2
LAP
KUN
SWy-2
Novozym
435Ò
Lyophilized
CaLB

a-Pinene

Conversion of

oxide (mM)

a-pinene (%)

2.7
3.6
4.5
0.9
1.3
1.5
4.1

453
360
359
125
198
135
211

80.3
65.5
65.0
29.0
40.0
30.3
41.7

10.0

190

38.5

Initial reaction rate
(mM h1 mg protein1)
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dative damage by H2O2 and desorption of the active enzyme into
the aqueous phase formed during the biocatalytic process (Orellana-Coca et al., 2005; Tornvall et al., 2007).
To further examine the effect of oxidants on the stability of the
lipase, both immobilized and non-immobilized CaLB was exposed
to either H2O2 or UHP in n-hexane. Fig. 4a shows the effect of
UHP on the stability of various lipase preparations after 24 h and
48 h of incubation at 25 °C. As it can be seen, the residual activity
of the immobilized lipase was signiﬁcant higher than that measured for non-immobilized (lyophilized) lipase and comparable
to that observed for Novozym 435Ò. The higher residual activity
(90% after 48 h of incubation) was observed when ORLAP was used
as support which can explain the higher conversion yield observed
in Table 3. A similar protective effect of organo-modiﬁed supports
on the enzyme stability was observed in the case of the enzyme
incubation with H2O2 (data not shown). The hydrophobic organomodiﬁed clays (ORLAP, ORKUN and ORSWy-2) used in the present
work, are expected to adsorb a smaller amount of oxidant and
water formed during the process, thus reducing their destabilization effect on the immobilized lipase. It is interesting to note that
when more hydrophilic clays (LAP, KUN and SWy-2) used as lipase
immobilization supports, the enzymic stability was dramatically
reduced (less than 40% after 48 h of incubation).
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3.6. Reusability of the immobilized lipase
Lipase, immobilized in various organo-modiﬁed clays (ORLAP,
ORKUN and ORSWy-2) or lyophilized was recycled for the chemo-enzymatic epoxidation of a-pinene using UHP as oxidant.
The reaction was performed for 24 h at 25 °C, after which the enzyme was separated, washed and added to the fresh substrate.
As it can be seen in Fig. 4b, when four reaction cycles (96 h of total
operation) were completed, the residual activity of the immobilized lipase is 60% for ORLAP and ORKUN and 40% for ORSWy-2.
These results are probably due to the inactivation or of the enzyme
caused by the oxidant and/or oxidizing products formed during the
reaction. Moreover, when the non-immobilized enzyme was used,
the residual enzyme activity was less than 10% at the end of the
recycling process, indicating that the enzyme immobilization onto
various organoclays signiﬁcantly increases its operational stability.
The operational stability observed here was signiﬁcantly higher
compared to that reported for Novozym 435Ò in chemo-enzymatic
epoxidation of a-pinene using H2O2 as oxidant (Skouridou et al.,
2003).
4. Conclusion
Organically modiﬁed smectite nanonclays (ORKUN, ORSWy-2
and ORLAP) can act as efﬁcient supports for the immobilization
of a lipase with numerous biocatalytic applications such the lipase
B from C. antarctica. Structural and biochemical characterization of
organo-modiﬁed clay-enzyme conjugates revealed that the hydrophobic microenvironment created by these modiﬁed clays stabilizes the enzyme structure, resulting in enhanced activity and
stability in low-water media. The immobilized lipase effectively
catalyzes a synthetic reaction that is far from its natural role, such
as the epoxidation of a-pinene using hydrogen peroxide and a fatty
acid as substrates. The activity and the operational stability of the
enzyme in the presence of oxidant were of the highest reported in
the literature, indicating the favourable effect of organo-modiﬁed
clays on lipase catalytic behaviour.
Acknowledgements
This work has been funded in the frame of the project (PENED),
co-ﬁnanced by E.U. – European Social Fund (75%) and the Greek
Ministry of Development - GSRT (25%). Also this work has been
funded by the Dutch Foundation for Fundamental Research on
Matter (FOM) and the Breedtestrategie program of the University
of Groningen. P.V.I. was ﬁnancial supported from Bodossakis Foundation. The authors gratefully acknowledge the use of the XRD unit
of the Laboratory Network, UOI.
References

Fig. 4. (a) Effect of UHP on the stability of various lipase preparations as a function
of incubation time at 25 °C. The reaction condition is described in Section 2. (b)
Reusability of free or immobilized lipase in various organically modiﬁed clays. Each
reaction cycle was performed for 24 h at 25 °C. Reaction conditions as described in
Section 2.

Anderson, E.M., Karin, M., Kirk, O., 1998. One biocatalyst – many applications: the
use of Candida antarctica B-lipase in organic synthesis. Biocatal. Biotransform.
16, 181–204.
Ankudey, E.G., Olivo, H.F., Peeples, T.L., 2006. Lipase-mediated epoxidation utilizing
urea-hydrogen peroxide in ethyl acetate. Green Chem. 8, 923–926.
Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248–254.
Carboni-Oerlemans, C., Dominguez de Maria, P., Tuin, B., Bargeman, G., van der
Meer, A., van Gemert, R., 2006. Hydrolase-catalysed synthesis of
peroxycarboxylic acids: biocatalytic promiscuity for practical applications. J.
Biotechnol. 126, 140–151.
Deepak, V., Ram Kumar Pandian, S.B., Kalishwaralal, K., Gurunathan, S., 2009.
Puriﬁcation, immobilization, and characterization of nattokinase on PHB
nanoparticles. Bioresour. Technol. 100, 6644–6646.
de Fuentes, I.E., Viseras, C.A., Ubiali, D., Terreni, M., Alcantara, A.R., 2001. Different
phyllosilicates as supports for lipase immobilisation. J. Mol. Catal. B: Enzym. 11,
657–663.

1594

A.A. Tzialla et al. / Bioresource Technology 101 (2010) 1587–1594

Gopinath, S., Sugunan, S., 2007. Enzymes immobilized on montmorillonite K 10:
effect of adsorption and grafting on the surface properties and the enzyme
activity. Appl. Clay Sci. 35, 67–75.
Gournis, D., Jankovic, L., Maccallini, E., Benne, D., Rudolf, P., Colomer, J.F., Sooambar,
C., Georgakilas, V., Prato, M., Fanti, M., Zerbetto, F., Sarova, G.H., Guldi, D.M.,
2006. Clay-fulleropyrrolidine nanocomposites. J. Am. Chem. Soc. 128, 6154–
6163.
Gournis, D., Lappas, A., Karakassides, M.A., Tobbens, D., Moukarika, A., 2008. A
neutron diffraction study of alkali cation migration in montmorillonites. Phys.
Chem. Miner. 35, 49–58.
Kemmegne Mbouguen, J., Ngameni, E., Walcarius, A., 2006. Organoclay-enzyme ﬁlm
electrodes. Anal. Chim. Acta 578, 145–155.
Litina, K., Miriouni, A., Gournis, D., Karakassides, M.A., Georgiou, N., Klontzas, E.,
Ntoukas, E., Avgeropoulos, A., 2006. Nanocomposites of polystyrene-bpolyisoprene copolymer with layered silicates and carbon nanotubes. Eur.
Polym. J. 42, 2098–2107.
Loutrari, H., Hatziapostolou, M., Skouridou, V., Papadimitriou, E., Roussos, C., Kolisis,
F.N., Papapetropoulos, A., 2004. Perillyl alcohol is an angiogenesis inhibitor. J.
Pharmacol. Exp. Ther. 311, 568–575.
Lu, J., Nie, K., Wang, F., Tan, T., 2008. Immobilized lipase Candida sp. 99–125
catalyzed methanolysis of glycerol trioleate: solvent effect. Bioresour. Technol
99, 6070–6074.
Menaa, B., Herrero, M., Rives, V., Lavrenko, M., Eggers, D.K., 2008. Favourable
inﬂuence of hydrophobic surfaces on protein structure in porous organicallymodiﬁed silica glasses. Biomaterials 29, 2710–2718.
Natalello, A., Ami, D., Brocca, S., Lotti, M., Doglia, S.M., 2005. Secondary structure,
conformational stability and glycosylation of a recombinant Candida rugosa
lipase studied by Fourier-transform infrared spectroscopy. Biochem. J. 385,
511–517.
Nordblad, M., Adlercreutz, P., 2008. Effects of acid concentration and solvent choice
on enzymatic acrylation by Candida antarctica lipase B. J. Biotechnol. 133, 127–
133.
Orellana-Coca, C., Tornvall, U., Adlercreutz, D., Mattiasson, B., Hatti-Kaul, R., 2005.
Chemo-enzymatic epoxidation of oleic acid and methyl oleate in solvent-free
medium. Biocatal. Biotransform. 23, 431–437.
Petkar, M., Lali, A., Caimi, P., Daminati, M., 2006. Immobilization of lipases for nonaqueous synthesis. J. Mol. Catal. B: Enzym. 39, 83–90.
Prestrelski, S.J., Tedeschi, N., Arakawa, T., Carpenter, J.F., 1993. Dehydration induced
conformational transitions in proteins and their inhibition by stabilizers.
Biophys. J. 65, 661–671.
Secundo, F., Carrea, G., 2005. Mono- and disaccharides enhance the activity and
enantioselectivity of Burkholderia cepacia lipase in organic solvent but do not
signiﬁcantly affect its conformation. Biotechnol. Bioeng. 92, 438–446.
Secundo, F., Barletta, G.L., Dumitriu, E., Carrea, G., 2007. Can an inactivating agent
increase enzyme activity in organic solvent? Effects of 18-crown-6 on lipase
activity, enantioselectivity, and conformation. Biotechnol. Bioeng. 97, 12–18.

Secundo, F., Miehe-Brendle, J., Chelaru, C., Ferrandi, E.E., Dumitriu, E., 2008.
Adsorption and activities of lipases on synthetic beidellite clays with variable
composition. Micropor. Mesopor. Mat. 109, 350–361.
Serefoglou, E., Litina, K., Gournis, D., Kalogeris, E., Tzialla, A.A., Pavlidis, I.V., Stamatis,
H., Maccallini, E., Lubomska, M., Rudolf, P., 2008. Smectite clays as solid
supports for immobilization of b-glucosidase: synthesis, characterization, and
biochemical properties. Chem. Mater. 20, 4106–4115.
Shan, D., Yao, W., Xue, H., 2006. Amperometric detection of glucose with glucose
oxidase immobilized in layered double hydroxides. Electroanal. Chem. 18,
1485–1491.
Skouridou, V., Stamatis, H., Kolisis, F.N., 2003. A study on the process of lipasecatalyzed synthesis of a-pinene oxide in organic solvents. Biocatal.
Biotransform. 21, 285–290.
Svedendahl, M., Carlqvist, P., Branneby, C., Allner, O., Frise, A., Hult, K., Berglund, P.,
Brinck, T., 2008. Direct epoxidation in Candida antarctica lipase B studied by
experiment and theory. ChemBioChem 9, 2443–2451.
Theng, B.K.G., 1974. The Chemistry of Clay Organic Reactions. Adam Hilger, London.
Tornvall, U., Orellana-Coca, C., Hatti-Kaul, R., Adlercreutz, D., 2007. Stability of
immobilized Candida antarctica lipase B during chemo-enzymatic epoxidation
of fatty acids. Enzyme Microb. Technol. 40, 447–451.
Tzialla, A.A., Kalogeris, E., Gournis, D., Sanakis, Y., Stamatis, H., 2008. Enhanced
catalytic performance and stability of chloroperoxidase from Caldariomyces
fumago in surfactant free ternary water-organic solvent systems. J. Mol. Catal. B:
Enzym. 51, 24–35.
Uppenberg, J., Ohrner, N., Norin, M., Hult, K., Kleywegt, G.J., Patkar, S., Waagen, V.,
Anthonsen, T., Jones, T.A., 1995. Crystallographic and molecular-modeling
studies of lipase B from Candida antarctica reveal a stereospeciﬁcity pocket for
secondary alcohols. Biochemistry 34, 16838–16851.
Valivety, R.H., Halling, P.J., Macrae, A.R., 1992. Reaction rate with suspended lipase
catalyst shows similar dependence of water activity in different organic
solvents. Biochim. Biophys. Acta 1118, 218–222.
Wender, P.A., Mucciaro, T.P., 1992. A new and practical approach to the synthesis of
taxol and taxol analogs: the pinene path. J. Am. Chem. Soc. 114, 5878–
5879.
Won, K., Kim, S., Kim, K.J., Park, H.W., Moon, S.J., 2005. Optimization of lipase
entrapment in Ca–alginate gel beads. Process Biochem. 40, 2149–2154.
Yang, G., Wu, J., Xu, G., Yang, L., 2009. Improvement of catalytic properties of lipase
from Arthrobacter sp. by encapsulation in hydrophobic sol-gel materials.
Bioresour. Technol. 100, 4311–4316.
Yang, R.-L., Li, N., Li, R.-F., Smith, T.J., Zong, M.-H., 2010. A highly regioselective route
to arbutin esters by immobilized lipase from Penicillium expansum. Bioresour.
Technol. 101, 1–5.
Ye, P., Xu, Z.K., Wu, J., Innocent, C., Seta, P., 2006. Nanoﬁbrous poly(acrylonitrile-comaleic acid) membranes functionalized with gelatin and chitosan for lipase
immobilization. Biomaterials 27, 4169–4176.

