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Abstract Candida rugosa lipase was encapsulated within a chemically inert sol–gel support
prepared by polycondensation with tetraethoxysilane and octyltriethoxysilane in the pres-
ence of β-cyclodextrin-based polymer. The catalytic activity of the encapsulated lipases was
evaluated both in the hydrolysis of p-nitrophenylpalmitate and the enantioselective hydro-
lysis of racemic Naproxen methyl ester. It has been observed that the percent activity yield of
the encapsulated lipase was 65 U/g, which is 7.5 times higher than that of the covalently
immobilized lipase. The β-cyclodextrin-based encapsulated lipases had higher conversion
and enantioselectivity compared with covalently immobilized lipase. The study confirms an
excellent enantioselectivity (E >300) for the encapsulated lipase with an enantiomeric excess
value of 98% for S-naproxen.

Keywords Candida rugosa lipase .β-cyclodextrin . Sol–gel encapsulation .

Enantioselective hydrolysis . S-naproxen

Introduction

Cyclodextrins (CDs), another class of compounds with a macrocyclic structure, have been
successfully used to improve enzymes activity and to increase the reaction rate and E in
enzyme-catalyzed reactions in organic solvents [1, 2]. They are a family of chiral cyclic
α-(1–4)-linked d-glucose oligomers with six, seven, or eight glucose units, corresponding toα-,
β-, and γ-homologues, possessing toroidal conformation in the solid state and in solution. The
internal hydrophobic cavity and the external hydrophilic rim of chemically modified cyclo-
dextrins render them ideal for modeling enzyme substrate binding [3].

Lipase (triacyl glycerol ester hydrolase, EC 3.1.1.3) is an enzyme that catalyzes the
hydrolysis of triacylglycerols to fatty acids, mono- and di-acylglycerols, and glycerol [4]. It
also catalyzes various other reactions, such as esterification, interesterification, and transester-
ification. Lipase has been immobilized on various supports either by physical adsorption,
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covalent binding, entrapment, and encapsulation [5–8]. Sol–gel encapsulation has proven to be
a particularly easy and effective way to immobilize enzymes [9]. Lipases are interfacial-active
enzymes with hydrophobic domains [10–17]. Lipophilic interactions with substrate molecules
induce conformational changes in the lipase. In certain types of lipases it is the movement of a
short a-helical loop which uncovers the active site. Reetz and co-worker [18] speculated that
pure SiO2 is not the ideal matrix for lipases, and that hydrophobic matrices could provide a
better microenvironment [19–21]. Thus, monomers of the type RSi(OCH3)3 or mixtures of RSi
(OCH3)4 and Si(OCH3)4 were used in the sol–gel process. These heterogeneous biocatalysts are
now commercially available [22] and can be employed in regio- and enantioselective acylations
[23] and even in hydrolysis reactions [23].

Lipase is a versatile enzyme with many potential industrial applications; it has been used
for the modification of fats and oils and the synthesis of flavor esters and food additives.
Because lipase is also enantioselective, it can be used for the resolution of chiral compounds
and the synthesis of high-value pharmaceutical intermediates [24].

Naproxen, (S)-(+)-2-(6-methoxy-2-naphthyl) propionic acid is a kind of an important group
of medicines called non-steroidal anti-inflammatory drug with analgesic and anti-pyretic
properties, which is widely used in the treament of rheumtic and other inflammatory and for
the relief of mild to moderate pain [25]. It has one stereogenic center which gives rise to two
optical isomers in which pharmacological activity resides in the (S)-enantiomer, while the (R)-
enantiomer causes some unwanted side effects [26]. The physiological activity of the S form of
naproxen is 28-fold that of the R form [27–31]. Therefore, separation racemic naproxen is
necessary for assuring good quality in pharmaceutical production of naproxen and in other
naproxen-related scientific research work as well. In the case of naproxen, lipase has been used
to prepare optically pure naproxen by enantioselective hydrolysis of its racemic esters [32–35].

Previously in our study, in order to see the influence of two different activating agents
(hexamethylene diisocyanate and glutaraldehyde) on the lipase activitiy and stability, we have
reported prepare of cyclodextrin-based polymers and lipase immobilization as covalently [31]
In this study, we used to these β-cyclodextrin-based polymers on sol–gel encapsulation
procedure as additive materials and observed to effects of the cyclodextrin-based polymers in
the enantioselective hydrolysis reaction of (R/S)-naproxen methyl ester.

Materials and Methods

Materials

Candida rugosa lipase (CRL) was a commercial enzyme obtained from Sigma-chemical
Co., (St. Louis, MO) used in the immobilization. β-cyclodextrin (β-CD), hexamethylene
diisocyanate, Bradford reagent, bovine serum albumin 99% (BSA), and p-nitrophenylpal-
mitate (p-NPP) were purchased from Sigma-chemical Co., (St. Louis, MO). Acetone and
ethanol were provided by Merck (Darmstadt, Germany). All aqueous solutions were pre-
pared with deionized water that had been passed through a Millipore Milli-Q Plus water
purification system. All other chemicals (Merck, Darmstadt, Germany) were of analytical
grade and used without further purification.

Instrumentation

The surface morphology of samples was examined by scanning electron microscope (SEM;
Jeol, JSM 5310, Japan). Ultraviolet–visible (UV–vis) spectra were obtained with a
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Shimadzu 1700 UV–vis recording spectrophotometer. High-performance liquid chromatog-
raphy (HPLC) Agilent 1200 Series was carried out using a 1200 model quaternary pump, a
G1315B model Diode Array and Multiple Wavelength UV–vis detector, a 1200 model
standard and preparative auto sampler, a G1316A model thermostated column compartment,
a 1200 model vacuum degasser, and an Agilent Chemstation B.02.01-SR2 Tatch data
processor.

The enantiomeric excess determination was performed with HPLC (Agilent 1200 Series)
by using a Chiralcel OD-H column at the temperature of 25 °C with n-hexane/2-propanol/
trifluoroacetic acid (100/1/0.1, v/v/v). The flow rate of 1 mL/min; the UV detector was fixed
at 254 nm.

Preparation of β-CD-Based Polymer

The cross-linked polymer has been prepared in one step by β-CD using only hexamethylene
diisocyanate (HMDI). In our previous work, β-CD-based polymer (β-CD-HMDI) was
synthesized by procedures published in the literature [31]. Two grams of β-CD (1.76 mmol)
was dissolved in 15 mL of dry DMF in a 100-mL round bottom flask at room temperature.
Then 17.6 mmol of hexamethylene diisocyanate in 5 mL of dry DMF for polymer was added
dropwise. The mixture of polymer was stirred at 70 °C for 3 h. The precipitate was filtered
and washed with acetone several times. The support (β-CD-HMDI) was dried in vacuum
for 24 h.

Enzyme Activity Assay

Activity of the free or immobilized lipase was assayed using 0.5% (w/v) p-nitrophenyl
palmitate in 2-propanol as substrate. To the reaction mixture consisting 1 mL of
0.05 M phosphate buffer (pH 7.0) and 25 mg of immobilized lipase (or 0.1 mL free
lipase) was added 1 mL of substrate that was mixed for 5 min at room temperature
[37] for initiation of the reaction. The termination of the reaction has been achieved
by adding 2 mL of 0.5 N Na2CO3 followed by centrifuging at 4,000 rpm for 10 min.
The increase in the absorbance measured at 410 nm by a Shimadzu UV-1700 (Japan)
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General Procedure for Sol–Gel Encapsulation of Lipases (Fig. 1)

Sol–gel encapsulated lipases were prepared according to a modified method of Reetz et
al. [36]. A commercial lipase powder (lyophilizate) such as CRL type VII (60 mg) was
placed in a 50-mL Falcon tube (Corning) together with phosphate buffer (390 μL;
50 mM; pH 7.0) and the mixture was vigorously shaken with a Vortex-Mixer at 25 °C
for 10 min.. The β-CD-HMDI polymer (0.05 g) was included. Then 100 μL of aqueous
polyvinyl alcohol (4%, w/v), aqueous sodium fluoride (50 μL of 1 M solution) and
isopropyl alcohol (100 μL) were added, and the mixture homogenized using a Vortex-
Mixer at 25 °C for 15 min. Then the alkylsilane (2.5 mmol) and tetraethoxysilane
(TEOS; 0.5 mmol; 74 μL; 76 mg) were added and the mixture agitated once more for
5 min. Gelation was usually observed within seconds or minutes while gently shaking
the reaction vessel. Following drying overnight in the opened Falcon tube at 4 °C,
isopropyl alcohol (10±15 mL) was added in order to facilitate removal of the white
solid material (filtration). The gel was successively washed with distilled water (10 mL)
and isopropyl alcohol (10 mL). The resulting encapsulated lipases (β-CD-HMDI-E) were
lyophilized and stored at 4 °C prior to use.



spectrophotometer is caused by releasing p-nitrophenol in the enzymatic hydrolysis of
p-NPP. A molar extinction coefficient (ε0410) of 15.000 M−1 cm−1 for p-nitrophenol
was used in Beer’s law. One unit (U) of lipase activity was defined as the amount of
enzyme necessary to hydrolyze 1 μmol/min of p-NPP under the conditions of assay
[38].

Protein Determination

The total protein originally taken for immobilization and protein present in the supernatants
after immobilization were estimated by the method of Bradford [39] using BSA as a
standard. The amount of protein bound on the support was found by subtracting the unbound
protein from total protein.

Effect of pH and Temperature on Activity

The effect of pH on activity of free and immobilized lipases was assayed in the phosphate
buffer (50 mM) of pH ranging from 4 to 10 by using the standard activity assay procedure
mentioned above.

The rates of thermal inactivation of the free and immobilized lipases were studied in the
temperature range 25–60 °C. Both forms of enzyme were incubated in PBS (50 mM, pH 7.0)
for 20 min. at different temperatures and, after cooling, the remaining activity was assayed
and measured under the standard conditions.
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Fig. 1 Schematic illustration of
sol–gel encapsulation procedure
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Thermal and Storage Stability

Free and immobilized lipase preparations were stored in the phosphate buffer solutions
(50 mM, pH 7.0) at 60 °C for 2 h, respectively. Samples were periodically withdrawn for
activity assay. The residual activities were determined as above.

Free and immobilized enzymes were stored at 4 °C in 50 mM phosphate buffer (pH 7.0).
The storage stability of enzymes was determined by the measurement of the activity of
samples taken at regular time intervals and compared.

Hydrolysis of Racemic Naproxen Methyl Ester

Racemic Naproxen was produced in the laboratory by the racemization of optically pure S-
naproxen as described by Wu and Liu [40].

Hydrolysis reactions were carried out in an aqueous phase-organic solvent batch
reaction system consisted of 2 mL isooctane as solvent dissolving racemic Naproxen
methyl ester (20 mM) and 2 mL buffer solution (pH 7.0, 50 mM phosphate buffer
solution) including encapsulated lipases (5 to 50 mg depending on the activity). The
reactions were carried out in a horizontal shaker at 150 rpm at 30 °C and samples
drawn from isooctane phase at 24 h were analyzed by HPLC to calculate the conversion and
enantioselectivity.

The enantioselectivity was expressed as the enantiomeric ratio (E) calculated from the
conversion (x) and the enantiomeric excess of the substrate (ees) and the product (eep) using
the equation of Chen et al. [41].

E ¼ 1n 1� xð Þ 1� eesð Þ½ �
1n 1� xð Þ 1þ eesð Þ½ �

Where

x ¼ ees
eesþeep

ees ¼ CR�CS
CRþCS

eep ¼ CS�CR
CSþCR

where E, ees, eep, x, CR, and CS denote enantiomeric ratio for irreversible reactions,
enantiomeric excess of substrate, enantiomeric excess of product, racemate conversion,
concentration of R-enantiomer, and concentration of S-enantiomer, respectively.

Results and Discussions

The main focus of this work is to examine the effect of cyclodextrin-based polymer using as
addivites on the enantioselective hydrolysis reaction of racemic Naproxen methyl ester. For
this reason, we used the cyclodextrin-based polymers synthesized previously, [31] our study
on sol–gel encapsulation prosedure and compared with covalently immobilized lipases in
point of the enantioselectivity and conversion.

Previous studies by Reinhoudt and co-workers [42], Griebenow and co-workers [43],
Khmelnitsky and co-workers [44] and Liu and co-workers [45], respectively, had shown that
lipases show higher activities and occasionally enhanced stereoselectivities when used in the
presence of 18-crown-6, or cyclodextrin derivatives.

Cyclodextrin-based materials are as hydrophylic and hydrophobic properties. In fact, the
cyclodextrin building blocks of CD-HMDI is characterized by internal hydrophobic cavities
and external hydrophylic surfaces that give rise to an intrinsically amphiphilic structure [46].
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Based on this peculiar property, a number of studies on the interaction of CDs and enzymes
have been carried out [47–49].

The main problem one has to confront with during the employment of lipases for
industrial purposes is interfacial activation that relates with the presence of a mobile protein
domain (lid) that protects the substrate binding site: in order to get an active enzyme, the lid
must lie in an “open” conformation [46].

The cross-linked polymer has been prepared in one step by β-CD using only HMDI. In
our previous work, β-CD-HMDI was synthesized and characterized by procedures pub-
lished in the literature [31].

It has been reported that sol–gel encapsulation has proven to be a particularly easy and
effective way to immobilize enzymes and the sol–gel lipase immobilizates were excellent
catalysts in the kinetic resolution of chiral alcohols and amines. Thus, in this work the CRL
was encapsulated within a chemically inert sol–gel support prepared by polycondensation by
TEOS and octyltriethoxysilane (OTES) in the presence of cyclodextrin-based polymer as
additive [36] (Fig. 1).

SEM allowed the verification of morphological differences between the β-CD-HMDI
polymer, and lipase encapsulated on β-CD-HMDI (Fig. 2a, b). For the support, microcap-
sule has a large internal cavity. After encapsulation, the surface cavity of the β-CD-HMDI
was filled with lipase and the other materials. Figure 2b shows the rounded structure, which
is presumably protein aggregate.

Table 1 shows the activity of the encapsulated lipases under optimum reaction conditions.
In comparison with non-β-CD-HMDI encapsulated lipase was found to give 95 U/g of
support while β-CD-HMDI-encapsulated lipase was found to give 65 U/g of support.

In our previous work [31], the activity of covalently immobilized lipase (β-CD-HMDI)
was found to give 8.82 U/g which is approximately 7.5 times less than that of the
encapsulated lipase with β-CD-HMDI.

According to the results obtained, however, the conformational structure of the encapsu-
lated lipase does not suffer too much as compared with the covalently immobilized lipase as
its activity was decreased too much. Therefore, the sol–gel immobilization method onto
cyclodextrin polymer is superior to the covalent binding method used in this paper.

From the activity results of the sol–gel encapsulated lipases (see Table 1), it was
concluded that the encapsulated lipase without β-CD-HMDI was higher activity than

a b

Fig. 2 SEM photographs: β-CD-HMDI (a) and encapsulated lipase (β-CD-HMDI-E) (b)
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encapsulated lipase with β-CD-HMDI. This is not surprising result owing to the free –NCO
groups of β-CD-HMDI. It is well known that these groups containing compounds have
highly effective deactivating agents, which means –NCO groups interact with active center
of lipase.

The ability of CD cavities to host aromatic and hydrophobic side chains of amino acid
residues sitting on the protein surface [50], the presence of a complex network of tertiary
contacts between the protein residues, the OH groups exposed on the exterior of CD
moieties.

Effect of pH and Temperature on the Activity of Encapsulated Lipase

The pH is one of the important parameters capable of altering enzymatic activities in
aqueous solution. Immobilization is likely to result in a conformational change of the
enzyme, which leads to inactivity of the enzyme. By studying the variation of relative
activity of the encapsulated lipases at different pH values as shown in Fig. 3, it shows that
their optimum pH values are 5.0 and 7.0, by encapsulated lipase and encapsulated lipase
without support, respectively. Upon immobilization on β-CD-HMDI, the optimum pH for
reactions catalyzed by free lipase was slightly shifted towards acidic values. The shift
depends on as well as the structure and charge of the matrix [51, 52]. Generally, an acidic
shift in the pH optimum is expected when enzymes are immobilized onto polycationic
supports [52]. Immobilized lipase showed better pH stability and resistance to acidic
environments than encapsulated lipase without support. A similar observation with the
lipase encapsulated on supports was reported [53, 54].

In our previous work, it was observed that the optimum pH of lipase immobilized on β-
CD-HMDI polymer by covalently was 7.0 [31].

In our recent study, it has been noticed that lipase (C. rugosa) could be stabilized when
encapsulated in the presence of sporopollenin in the pH range of 4.0–10.0 with optimum
pH 5.0 [35].

The effect of temperature on encapsulated lipases is given in Fig. 3b. The effect of
temperature on the activity of encapsulated lipases for p-NPP hydrolysis at pH 7.0 in the
temperature range of 25–60 °C is shown in Fig. 3b. It was found that the optimum
temperature for the encapsulated lipase without support was approximately 35 °C while it
shifted nearly to 40 °C for β-CD-HMDI-E. Furthermore, the temperature profile of the
immobilized lipase is broader than those of the encap-lipase without support, which means
that the immobilization methods preserved the enzyme activity over a wider temperature
range.

One of the main reasons for enzyme immobilization is the anticipated increase in stability
toward various deactivating forces, due to restricted conformational mobility of the

Table 1 Activity of the encapsulated lipases under optimum reactions conditions

Encapsulated
protein (mg/g)

Encapsulated
protein yield (%)

Lipase activity
(U/g support)

Specific activity
(U/mg protein)

Activity yield (%)

Ecapsulated lipasea 29 58 95 3.3 100c

β-CD-HMDI-Eb 38 92 65 1.7 51

a Encapsulated lipase without β-CD-HMDI
b Encapsulated lipase with β-CD-HMDI
c Activity yield for encapsulated lipase was defined as 100%
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molecules following immobilization [55–57]. This was either due to the creation of confor-
mational limitation on the enzyme movement as a result of electrostatic interaction and
hydrogen bond formation between the enzyme and the support or a low restriction in the
diffusion of the substrate at high temperature. Thus, the immobilized enzymes showed their
catalytic activities at a higher reaction temperature [54, 58]. In our previous work, it was
found that the optimum temperature for immobilized lipase by covalently on cyclodextrin-
based polymer was 45 °C, respectively [31].

Thermal and Storage Stability on the Activity of Encapsulated Lipase

In this work, thermal stabilities of the encapsulated lipases were evaluated as shown in
Fig. 4a. Encapsulated lipases were incubated for 2 h at 60 °C and the enzyme activity
was measured at various time intervals. It can be observed that the encapsulated lipase
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without support loses its initial activity within 100 min at 60 °C while the β-CD-
HMDI-E retains their initial activities of about 38% after 120 min of heat treatment at
60 °C. Improvement in thermal stability of immobilized enzymes typically reflects the
interaction between the enzyme and support preventing conformational transitions of
the enzyme at high temperatures. The observed enhancement in thermostability of the
immobilized enzyme is consistent with the work of Yilmaz and co-workers [35] and
has been attributed to the tight confinement of the lipase in the sol–gel matrix.
Interactions between the lipase and sol–gel matrix, such as hydrophobic interaction
and hydrogen bonding are also believed to be responsible for the enhanced activity of the
immobilized lipase.

The presence of a complex network of tertiary contacts between the protein residues, the
OH groups exposed on the exterior of CD moieties and the urethane or the carbamate
moieties, that may stabilize the enzyme via entropy changes [46, 59].
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Storage stability is one of the most important criteria for the application of an enzyme on
the commercial scale. Generally, if an enzyme is in solution, it is not stable during storage,
and the activity is gradually reduced. The encapsulated lipases were stored in PBS at 4 °C
and activities were measured periodically over duration of 45 days. The residual activity of
the encapsulated enzymes at different time intervals was estimated and results are given in
Fig. 4b. The encapsulated lipase without β-CD-HMDI rapidly loses its activity with a
residual value of 15% after 12 days, the decrease in activity occurs more slowly with the
encapsulated lipases, and about 90% of their initial activity were recovered after the same
period. The storage stability of the encapsulated enzyme (β-CD-HMDI-E) was clearly better
than the lipase-enc. The retention in activity is usually observed after enzyme immobiliza-
tion. This could be explained by the modification in three-dimensional structure of the
enzyme, which leads to conformation change of the active center. The presence of matrix
hinders the accessibility of substrate to the enzyme active site, and limitation of mass transfer
of substrate and product to or from the active site of the enzyme may also be responsible.
This explanation is in agreement with the results reported [60–62].

Enantioselective Hydrolysis of Racemic Naproxen Methyl Ester with the Immobilized
Lipases

Table 2 shows that the conversion (x), enantiomeric excess (ee) and enantiomeric ratio (E)
results in the course of (R,S)-naproxen methyl ester hydrolysis by the sol–gel encapsulated
lipases and immobilized lipase as covalently. The enantioselective hydrolysis reactions of
racemic Naproxen methyl ester were studied in aqueous buffer solution/isooctane reaction
system. From the results, it has been revealed that the sol–gel encapsulated lipases have a
highly enantioselectivity (E) and conversion (x) compared with the covalently immobilized
lipase.

The resolution reaction with encapsulated lipase was terminated after 24 h, obtaining
Naproxen methylate (unreacted R ester) and corresponding acid (eep) 98% at conversion of
46% and the enantioselectivity being very high (E >400). Whereas the resolution reactions
with covalently immobilized lipase gave an unreacted Naproxen methylate (R)-ester and
corresponding acid (eep) 98% at conversion of 14% and the E being 135. Consequently, the
sol–gel encapsulation of lipase led to high enantioselectivity, high conversion, and fast
recovery of product compared with covalently immobilized lipase.

In our previous work [54], it was found that excellent E (382) has been noticed for most
lipase preparations with an ee value of >98% for S-naproxen. The results indicate that in

Table 2 Enantioselective hydrolysis of racemic Naproxen methyl ester using immobilized lipases

Type of binding X (%) ees (%) eep (%) E

Free lipase – 11 24 >98 24

Free lipasea Encapsulation 38 60 >98 166

β-CD-HMDIb Covalent binding 14 16 >98 135

β-CD-HMDI Encapsulation 46 84 >98 382

Enantiomeric excess (ee) as determined by Chiral HPLC, Agilent 1200 Series-chiral column (Chiralcel OD-H ); n-
hexane/2-propanol/trifluoroacetic acid (100/1/0.1, v/v/v) as mobile phase; time, 24 h; concentration of substrate,
20 mM; pH 7.0; temperature, 35 °C
a Encapsulated lipase without β-CD-HMDI
bCandida rugosa lipase was immobilized by covalent binding on β-CD-HMDI polymer in previous work [31]
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particular cyclodextrin-based encapsulated lipases have higher conversion and enantiose-
lectivity compared with the sol–gel lipase without support.

The result was not surprising because in the literature Tsai and co-workers [63] used
lipase MY from C. rugosa and catalyzed hydrolysis of racemic Naproxen esters in water-
saturated isooctane as the model system. They found the E value as 510. In addition, in our
previous work [35], CRL we used enantioselective hydrolysis of racemic Naproxen methyl
ester with sol–gel encapsulated lipase in the presence of sporopollenin and observed
excellent enantioselectivity (E >400). In our other study [53], CRL was immobilized on
glutaraldehyde-activated aminopropyl glass beads by using covalent binding method or sol–
gel encapsulation technique. Enhanced enantioselectivity of enzyme with an E value of 400
was obtained after encapsulation (E0135 for the covalent form). In their former studies,
Takac and Mutlu [64] showing that C. rugosa lipase immobilized on Amberlite XAD 7
exhibited the best enantioselectivity (E0174.2) and conversion (49%) in the hydrolysis of
racemic Naproxen methyl ester in aqueous phase/isooctane biphasic medium.

In chiral resolution using enzyme as a catalyst, it has been reported that variation of pH
might influence chiral selectivity since the conformation of an enzyme depends on its
ionization state [65]. The effects of pH on enantioselectivity of immobilized lipase were
determined by incubating immobilized lipase in the presence of β-CD-HMDI polymers at
different pH (i.e., pH 5.0 and 7.0) and, at 35 °C for 24 h. At the end of the incubation time
the rate of enzyme reaction and ee were determined using HPLC (Agilent 1200 Series)
equipped with Chiralcel OD-H column at the temperature of 25 °C. The optimum pH values
were determined from the graph of pH plotted against the percentage of conversion (x)
(Fig. 5a). The optimum pH values were found to be 5.0 for immobilized lipases. In our
recent study [54] pH 5.0 was the value where the highest conversion and enantioselectivity
for Fe3O4-Spo-E were obtained in the hydrolysis reaction.

The temperature dependence of the percentage of conversion (x) and enantiomeric ratio
(E) of the hydrolysis reaction catalyzed by immobilized lipases was studied in the interval
from 35 to 50 °C and the results are shown in Fig. 5b. It was observed that the optimum
temperature value was found to be 45 °C for immobilized lipases. This is not surprising,
because higher reaction temperature means better diffusion of substrates into the active site
of the enzyme and of the products away from the enzyme, resulting in higher reaction rate.
Uyanik and co-workers [66] were showed that 45 °C was the hydrolysis temperature where
the highest conversion and enantioselectivity were obtained.

The reusability of immobilized lipases is also important for economical use of the
enzyme. Figure 6 shows that the immobilized lipases were still retained 26 and 2% of their
conversion ratios for β-CD-HMDI-Eenc and β-CD-HMDI-Ecov after the 5th reuse, respec-
tively. These results are due to the inactivation of the enzyme denaturation of protein and the
leakage of protein from the supports upon use.

Conclusions

In this study, CRL was immobilized by sol–gel encapsulation technique within a chemically
inert sol–gel support prepared by polycondensation with TEOS and OTES in the presence
and absence of β-CD-HMDI polymers as additive. The catalytic activity of the immobilized
lipases was evaluated into model reactions, i.e. the hydrolysis of p-NPP, and the enantiose-
lective hydrolysis of racemic Naproxen methyl ester. It was observed that the activity of the
encapsulated lipase (β-CD-HMDI-Eenc) was 65 U/g, which is 7.5 times higher than that of
the covalently immobilized lipase (β-CD-HMDI-Ecov). Enhanced enantioselectivity of

Appl Biochem Biotechnol (2012) 166:1927–1940 1937



enzyme with an E value of 382 was obtained after encapsulation (E0135 for the covalent
form). On the basis of these results, we recommend immobilized lipases as a prospective
preparation for continuous industrial applications. The sol–gel method was worthy of further
investigations to achieve higher activity and enantioselectivity of enzymes compared with
conventional immobilization method.
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