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Abstract Candida rugosa lipase (CRL) was encapsulated
via the sol-gel method, using 5, 11, 17, 23-tetra-tert-butyl-
25,27-bis(2-aminopyridine)carbonylmethoxy-26, 28-dihy-
droxy-calix[4]arene-grafted magnetic Fe;O, nanoparticles
(Calix-M-E). The catalytic activity of encapsulated lipase
(Calix-M-E) was tested both in the hydrolysis of p-nitro-
phenyl palmitate (p-NPP) and the enantioselective hydro-
lysis of racemic naproxen methyl ester. The present study
demonstrated that the calixarene-based compound has
the potential to enhance both reaction rate and enantiose-
lectivity of the lipase-catalyzed hydrolysis of racemic
naproxen methyl ester. The encapsulated lipase (Calix-M-E)
had great catalytic activity and enantioselectivity
(E > 400), as well as remarkable reusability as compared
to the encapsulated lipase without supports (E = 137) for
S-Naproxen.
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Introduction

In recent years, the vast number of potential applications of
superparamagnetic nanoparticles of iron oxides have been
displayed for many biological fields, such as biosepara-
tion [1, 2], tumor hyperthermia [3], magnetic resonance
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imaging (MRI) diagnostic contrast agents [4], magnetically
guided site-specific drug delivery agents [5], and biomol-
ecule immobilization [6-8].

The sol—gel process is a simplified method that is a more
suitable platform for the immobilization of enzymes and
other biological molecules [9, 10]. Unlike other immobi-
lization matrices, sol-gel systems provide many advanta-
ges such as entrapment of large amounts of enzymes,
thermal and chemical stability, simplicity of preparation
without any covalent modification, and the flexibility to
control pore size and geometry [9, 11, 12].

For more than three decades, calix[4]arenes have
drawn attention in the fields of supramolecular chemistry
and enantioselective separation of chiral-compounds,
especially chiral-drugs, due not only to the molecule’s
typical bowl-shape which has been exploited in the for-
mation of various nanometer-scale supramolecular archi-
tectures, but also to their rigid conformations, which
could be utilized in self-assembly [13-15]. In addition,
calix[4]arenes have a unique three-dimensional structure
that provides almost unlimited derivatization possibilities
[15].

Recently, calixarene derivatives were used as additives
for lipase immobilization by the sol-gel method [16-18].
The results indicated that calixarene-based encapsulated
lipases had particularly higher conversion and enantiose-
lectivity in the hydrolysis reaction of racemic Naproxen
methyl ester than the sol-gel free lipase. When intro-
ducing magnetic properties to calixarene derivatives,
magnetic speciation makes it easier to separate from the
reaction mixture, making it easier to reuse the process, as
well [16]. The purpose of this study is to see the influ-
ences of Calix-M on lipase activity and enantioselectivity
as a new additive in the sol-gel lipase encapsulation
process.
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Materials and methods

Candida rugosa lipase (CRL), a commercial enzyme
obtained from Sigma-chemical Co. (St. Louis, MO), was
used in the immobilization. The solvents used in the HPLC
analyses were HPLC grade (Merck, Germany). All aqueous
solutions were prepared with deionized water that had passed
through a Millipore Milli-Q Plus water purification system.
All other chemicals used in this work were of analytical or of
reagent grade, available from various commercial sources.

Calix-M was prepared according to the procedure in [8].
All sol-gel encapsulated lipases, with and without the
magnetic calixarene derivatives, were prepared by adapting
a known procedure [12]. The amount of protein in the
enzyme solution and the elution solutions was determined
by the Bradford method [19], using bovine serum albumin
as a standard. The enzymatic activity of the encapsulated
lipases was also determined by published method [20].

The reactions were carried out on a horizontal shaker,
and samples drawn from the isooctane phase were analyzed
by HPLC to calculate the conversion and enantioselectivity
[9, 16, 21].

In[(1 —x) (1 — eey)]

E:
In[(1 —x) (1 + eey)]
_ eey ce. — CR - Cs ce. — Cs - CR
_ees—i—eep * 7 Cr+ Cs P Cs + Cr

E, ee,, ee,, x, Cr and Cs indicate 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.

Fig. 1 The suggested
resolution mechanism of
racemic naproxen methyl ester
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Results and discussion

In our previous work, Candida rugosa lipase was encap-
sulated in the presence of N-methylglucamine derivative of
calix[4]arene-grafted magnetic nanoparticles as additive
and used for enantioselective hydrolysis of naproxen
methyl ester. The results showed that the encapsulated
lipase particularly had higher conversion and enantiose-
lectivity. In the literature [8, 15] it has been reported
that di-substituted calix[4]arene amide derivative bearing
pyridinium units, acted as a receptor for molecules, ions
and effective binding sites. Thus, in this study, we aimed to
synthesized a calix[4]arene receptor bearing pyridinium
units and grafted onto grafted magnetic Fe;04 nanoparti-
cles (Calix-M-E).

When Candida rugosa lipase was immobilized on
Calix-M (Fig. 1), separating the lipase from the reaction
mixture could be easier and reused with consistent results,
as well.

Scanning electron micrographs comparing the sol-gel
encapsulated lipase (Calix-M-E) with that containing the
Calix-M showed that after encapsulation, the irregular
surface cavities of the immobilized Calix-M had become a
porous surface (Fig. 2).

The hydrolytic activity of the encapsulated lipases was
evaluated in the hydrolysis of p-Nitrophenyl palmitate
(p-NPP) (Table 1). The Calix-M-E was performed to give
295 Ul/g of support while the encapsulated lipase without
the Calix-M was found to give 95. The activity results given
in Table 1 imply that the encapsulated lipase with pyridyl
derivative of calix[4]arene-grafted magnetic nanoparticles
(Calix-M-E) was more efficient than the encapsulated lipase
without support. This is not a surprising result, because the
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Fig. 2 SEM images of

(a) Calix[4]arene-grafted
magnetic nanoparticles (Calix-
M) and (b) lipase encapsulated
Calix[4]arene-grafted magnetic
nanoparticles (Calix-M-E)
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Table 1 Enantioselective hydrolysis of racemic naproxen methyl ester and activity of the encapsulated lipases under optimum reaction

conditions

Encap. protein (mg/g) Lipase activity (U/g support)

28.6 95
39.5 295

Lipase-encap®
Calix-M-E

* Encapsulated lipase without Calix-M

calix[4]arene-based compounds containing these groups are
highly effective complexing agents [15], which means
pyridyl groups interact with lipase by a combination of
hydrogen bonding and electrostatic interactions. In this sol-
gel process, the lipase is not only physically encapsulated,
but also bound by additional multipoint interactions through
hydrogen bonding, ionic, and hydrophobic interactions.
Moreover, this could be explained by the modification in the
three-dimensional structure of the enzyme, which leads to a
conformation change of the active center. The presence of
the matrix hinders the accessibility of substrate to the
enzyme-active site, and limits mass transfer of substrate and
product [9].

The reaction with Calix-M-E was terminated after 24 h,
obtaining naproxen methylate (unreacted R-ester) and cor-
responding acid (eep) 98 % at conversion of 49 % and the
enantioselectivity being very high (E > 400). Whereas the
resolution reactions with encapsulated lipase (without Calix-
M-E), gave an unreacted naproxen methylate (R)-ester, a
corresponding acid (ee,) 98 % at the conversion rate of
20 %, and an enantioselectivity (E) of 137. Sol-gel encap-
sulation led to high enantioselectivity, high conversion, and
fast recovery of the product. The reason for improvement of
enantioselectivity by immobilization is not yet well under-
stood. However, some literature [22] reported that this phe-
nomenon might be attributed to some distortion in the protein
conformation, reducing the overall flexibility of the enzyme
molecules generated from the interactions between enzyme
and the supports during the immobilization.

Specific activity (U/mg protein) x (%) ees (%) ee, (%) E
3.30 20 25 >908 137
7.47 49 98 >98 >400
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Fig. 3 Reusability on the conversion (x) in the hydrolysis of racemic
naproxen methyl ester

The reusability of Calix-M-E is also important for
economical use of the enzyme, which is very easy due to its
magnetic properties. Figure 3 shows that the immobilized
lipases still retained 43 % of their conversion ratios for
Calix-M-E after the fifth reuse cycle. These results are due
to inactivation of the enzyme denaturation of protein and
the leakage of protein from the supports upon use [23].

Conclusions
In conclusion, Calix-M was found to be a useful support for
lipase encapsulation. The encapsulated lipase was taken out

of the reaction medium via magnetic decantation using a
simple magnet, and then reused a couple of times. Reusing
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the encapsulated enzyme five times did not result in a
significant loss in enantioselectivity.

The resolution studies using sol-gel support have
observed more improvement in the enantioselectivity of
naproxen in ees 98 %, and E > 400 (threefold increase in
E values) with Calix-M-E than with encapsulated lipase
without Calix-M. This work not only shows a significant
advancement in improvement of lipase-catalyzed enantio-
selective hydrolysis reactions but also provides an inter-
esting combined use of calixarene with enzyme. The
approach is therefore recommended as a new technique to
regulate enzymatic reactions by chemical reagents.
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