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Introduction and purpose

Magnetic Fe,O,—chitosan (CS) nanoparticles are prepared by the coagulation of an aqueous
solution of CS with Fe,O, nanoparticles. Various factors such as time, elevated pH and
temperatures affecting magnetic Fe,O,—CS nanoparticles were studied using the immobilization
technology.

To improve the efficient use of lipase and reduce the cost of production, enzyme immobilization
technology is applied.

Materials and methods

Fe,O, nanoparticles were prepared by the coprecipitation method. The CS solution was
prepared by dissolving 0.5 g of CS in 50 ml of 1% (v/v) acetic acid, followed by the addition
of 12.5 ml of 1 mg/ml Tripolyphosphate (Tpp) solution as a cross-linker to enhance colloidal
stability. The solution was used to resuspend the magnetic Fe,O, nanoparticles. The resulting
Fe,0,~CS was stored at 4°C until use. Uncoated and coated magnetite nanoparticles for
immobilizing the lipase were characterized according to the particle size, as measured by
atomic force microscopy or scanning force microscopy using contact mode by means of Agilent
5500. The infrared spectra were detected by a Fourier-transform infrared spectrophotometer.
Results and conclusion

To solve leaching problems of the adsorbed lipase and improve the conventional method
of lipase immobilization, different concentrations of CS were used. A concentration of CS
nanoparticles of 0.3 mg was proved to be more suitable, with an immobilization efficiency of
95.6%. On the basis of atomic force microscopy three-dimensional images, the diameters of
the uncoated magnetite particles were determined to be 12 nm. The immobilized lipase shows
better operational stability, including wider pH and thermal ranges. The pH optimum of the
immobilized enzyme exhibited an acidic shift (pH 5-6). The immobilized lipase was stable
in the pH range from 3 to 5 as compared with free lipase. Lipase immobilized by Fe,0,~CS
nanoparticles remained fully active up to 40°C. At a temperature of 60°C, free lipase preserved
about 40% of its residual activity for 1 h; however, the immobilized enzyme preserved about
72.9% of its residual activity at the same time. The kinetic constants V _ and K were
determined to be 250 U/mg protein and 20 mmol/l, respectively, for immobilized lipase. The
resulting immobilized lipase had better resistance to pH and temperature inactivation compared
with free lipase and exhibited good reusability; after eight repeated uses, the immobilized lipase
retained over 63.5% of its original activity.
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Introduction

nanoparticles that have a high specific surface area and

During the last decade, lipase has become of significant
interest to the chemical and pharmaceutical industries
owing to its usefulness in both hydrolytic and synthetic
reactions. With recent advances in enzyme technology,
many attempts have been made to use the enzyme on
a laboratory scale. Some industrial processes have been
elaborated [1-7]. Application of lipase can be achieved
more economically and efficiently by immobilization
to enhance its activity, selectivity, and operation
stability. Therefore, a lot of effort has been made on
the preparation of lipases in immobilized forms,
which involves a variety of both support materials and
immobilization methods. If lipase is immobilized onto

low diftusion resistance, it would be very eftective for
catalysis. Nanophase materials have many advantages
because of their unique size and physical properties.
However, nanoparticles are difficult to separate from
the solution, except through the use of high-speed
centrifugation. Using the magnetic property is a good
solution to this problem. With the rapid development
of nanotechnology, magnetic nanoparticles are now

being studied all over the world [8].

In recent years, magnetic nanoparticles have been
synthesized through different approaches such as
the chemical coprecipitation process [9], sol-gel
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self-propagation [10], and in tiny pools of water-in-
oil microemulsion [9]; they have been applied in the
removal of heavy metals, in MRI contrast agents, and
as biosensors [9,11]. Superparamagnetic iron oxide
(Fe,O,) nanoparticles have attracted researchers’
attentionbecauseoftheirmultifunctional characteristics,
including small size, superparamagnetism, low toxicity,
and the ease with which they can be separated from the
reaction system [8,12].

Chitosan (CS), poly (8-(1-4))-linked-2-amino-2-deoxy-
d-glucose), is the V-deacetylated product of chitin, which
is a major component of arthropod and crustacean shells
such as lobsters, crabs, shrimps, and cattle [13]. CS has
been applied in many fields, such as metal adsorption,
enzyme immobilization, protein adsorption, and in
the controlled release of drugs because of its excellent
properties such as nontoxicity, biocompatibility, mucus
adhesion, and the controlled release of drugs and
biodegradation. CS supports have been used for lipase
immobilization, which allows at least 80% of the initial

activity to be retained after 10 hydrolytic cycles [14-19].

To improve the efficient use of neutral lipase and
reduce the cost of production, enzyme immobilization
technology is applied. The literature reports mainly
about the preparation of CS nanoparticles and their
applications as carriers of drugs, but there are few reports
regarding their application in enzyme immobilization.
To the best of our knowledge, studies of Mucor
racemosus lipase immobilized on magnetic Fe,O,~CS
nanoparticles have not been reported. In this paper,
magnetic Fe,O,~CS nanoparticles were prepared by the
ionization gelation methodology, and characteristics
of the enzyme immobilization were studied. Various
factors such as time, elevated pH and temperatures
affecting magnetic Fe,O,~CS nanoparticles were
studied using the immobilization technology. Finally,
the stability of magnetic Fe,O,~CS nanoparticle lipase
was evaluated for repeated-batch enzyme reaction.

Materials and methods
Materials

Commercial lipase enzymes were prepared from M.
racemosus NRRL 3631. All other materials were of
analytical grade and used without further purification.
These materials included tetraethyl orthosilicate
(TEOS298%), ammonia solution (NH,, 28 wt%),
ferrous dichloride tetrahydrated (FeCLO x 4H,O),
ferric trichloride hexahydrated (FeCLO x 6H,0), CS
(medium molecular weight, 75-85% deacetylated,
molecular weight ca. 400 000; Fluka, Switzerland),
glucose (C,H,O,), potassium chloride (KCI), potassium
dihydrogen phosphate (KH PO,), magnesium sulfate

(MgSO, x 7H,0), disodium hydrogen phosphate
(Na,HPO,),sodium dihydrogen phosphate (NaH,PO,),
peptone from animal protein, olive oil, gum Arabic,
and acetone. All solutions were prepared with distilled,
deionized water.

Microorganisms, medium, and growth conditions

M. racemosus NRRL 3631 was maintained on
potato dextrose agar slants of PDA formula. The
microorganism was grown in 250-ml Erlenmeyer
flasks containing 100 ml of medium. The medium
was inoculated with 4 ml of spore suspension, and
the flasks were incubated for 72 h in an orbital shaker
operating at 200 rpm at 30°C. For lipase production,
the composition of the basal medium with an initial
pH of 6.5 (9% w/v) was as follows: glucose, 1; olive oil,
1; peptone, 30; KH PO, 0.2; KCI, 0.05; and MgSO,
x 7H,0, 0.05% [20]. The medium was heat sterilized
(121°C for 15 min).

The standard method for enzyme activity assay

'The lipase assay was performed with olive oil emulsion
by the procedure described in the study of Starr [21].
The olive oil emulsion was prepared as follows: 10 ml
olive oil and 90 ml of 10% Arabic gum were emulsified
by a homogenizer for 6 min at 20 000 rpm. The
reaction mixture composed of 3 ml olive oil emulsion,
1 ml 0.2 mol/l Tris-buffer (pH 7.5), 2.5 ml distilled
water, and 1 ml enzyme solution incubated at 37°C
for 2 h with shaking. The reaction was stopped by
the addition of 10 ml acetone (95% v/v) immediately
and the liberated free fatty acids (FFAs) were titrated
against 0.05 N NaOH.

Analytical procedures
Protein analysis

Protein measurements were carried out by the method
of Lowry ef al. 1951. [22], using BSA as the standard.
'The amount of bond protein was determined indirectly
from the difference between the amount of protein
present in the filtrate and washing solutions after
immobilization.

Partial purification of Mucor racemosus lipase by
ammonium sulfate

To 900 ml of culture supernatant, ammonium sulfate
was added (60% saturation) at 4°C. The precipitate
was collected by centrifugation at 12 000g at 4°C for
20 min and dissolved in a constant amount of distilled
water. The lipase activity and protein concentration
were determined [23].

Preparation of Fe, O, nanoparticles

The method of preparation was according to Massart [24],
but without the use of hydrochloric acid. FeCl, x 6H,0
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(4.05 g) and FeCl, x 4H,O (1.98 g) were dissolved in
100 ml distilled water. The solution was purged with
nitrogen to agitate the mixture and prevent the oxidation
of Fe?* jons. After 30 min of purging, 143 ml of 0.7
mol/l NH,OH was added dropwise into the above Fe**
ion solution and the basified solution was purged for an
additional 10 min; during the addition of NH,OH, it was
noticed that the solution changed color from the original
brown to dark brown and then to black. The precipitate
was then magnetically separated by a permanent magnet
and then washed with distilled water several times and
allowed to dry in air. The resulting product was defined as
M. The precipitate was then magnetically separated by a
permanent magnet and then washed with distilled water
several times and allowed to dry in air.

Preparation of Fe,O,~CS nanoparticles

'The CS solution was prepared by dissolving 1 g of CS
powder in 100 ml of 1% v/v hydrochloric acid (HCI,
38%), after which 25 ml of 10 mg/ml TPP solution
was added to cross-link the CS [25]. After stirring for
10 min, 15 ml of 0.1 ml/mol Fe(NH, ),(SO,), solution
was added into the mixture, under the protection of
nitrogen and a controlled flow of oxygen (0.5% v/v).
Then, 25 ml of 1 N NaOH were added slowly to the
suspension to precipitate the coated nanoparticles.
The resulting Fe,O,~CS nanoparticles were recovered
from the suspension by applying a magnet. They were
washed with deionized water several times until the
pH reached 7.0, resuspended in 50 ml of deionized

water, and stored at 4°C until use.

Characterization

Atomic force microscopy (AFM) or scanning force
microscopy using contact mode by means of Agilent
5500 (USA) were performed. AFM is a very high-
resolution type of scanning probe microscopy, with
a demonstrated resolution on the order of fractions
of a nanometer. AFM provides a three-dimensional
(3D) surface profile. In addition, samples viewed by
AFM do not require any special treatments that would
irreversibly change or damage the sample, and does
not typically suffer from charging artifacts in the final
image. Most AFM modes can work perfectly well in
ambient air or even a liquid environment. This makes it
possible to study biological macromolecules and even
living organisms. High-resolution AFM is comparable
in resolution to scanning tunneling microscopy and
transmission electron microscopy. The infrared (IR)
spectra were recorded by a Fourier-transform infrared
spectrophotometer (FT-IR), and the sample and
potassium bromide (KBr) were pressed to form a tablet.

Immobilization of lipase onto magnetic Fe,O,~CS
nanoparticles

PBS (pH 7) containing lipase was mixed with 0.01 g of

magnetic Fe O, ~CS nanoparticles in a conical flask. The

mixture was magnetically stirred at room temperature
for 12 h. Then, 1 ml of 1.0 wt% glutaraldehyde was
added to the mixture and stirred for another 20 min.
Magnetic Fe,O,~CS nanoparticles with enzyme were
dried under air condition at room temperature.

'The activity of free and immobilized lipase was measured
as per the method of Yamada and Machida [26], with
some modifications. The measurement was based
on the action of enzymes on olive oil. The substrate
was prepared by thoroughly mixing 50 ml of olive oil
with 150 ml of n-octane. Then a certain amount of
Fe,O,~CS nanoparticles with immobilized lipase was
dispersed into 10 ml of the oil mixture. After warming
up for 10 min at 40°C, 10 ml of PBS (0.05 mol/1)
was added. The reaction emulsion was allowed to be
magnetically stirred for 30 min at the same temperature
and was later centrifuged at 83.33 Hz (500 rpm) for 15
min. Both (1 ml) the aqueous phase and the oil phase
were taken out and diluted to 10 ml by deionized
water and ethanol—ether (volume ratio=1 : 1) solutions,
respectively. Finally, 0.01 mol/1 of NaOH standard
solution was titrated for FFA measurement. Enzyme
activity is defined as the amount of FFA produced per

milligram protein under the assay conditions.

After each batch, the particles with immobilized lipase
were filtered and washed with water three times and
dried in air at room temperature. Then the recycled
enzyme was used repeatedly in subsequent reactions.
The residual activity of the recycled enzyme was
compared with the enzyme activity of the first time

100%)).
(
Enzyme activity in the nth cycle

Recycling efficiency = — x 100
Enzyme activity in thelst cycle

Biochemical characterization of Mucor
racemosus-immobilized lipase

The thermostability of the immobilized enzyme was
studied by incubating the biocatalyst at 30-80°C
for 15, 30, and 60 min in a water bath. Likewise, to
determine the stability at varying pH, the immobilized
enzyme was separately preincubated in 0.2 mol/l of
citrate phosphate buffer at pH 4 and 5, phosphate
bufter at pH 6 and 7 and Tris-HCI buffer at pH 7.6,
8.0,8.5,and 9.0 for 1 h and the residual activities were
determined under standard assay conditions. Residual
activity in samples without incubation was taken
as 100%. The inactivation rate constants, K and the
half-life time, #,, were calculated with the following

equation [27]:
Half-life = 0.693/slope of the straight line.

Deactivation rate constant (K) = slope of the straight line.
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Result and discussion
Structure and shape of the support nanoparticles

Morphology and particle sizes of these samples were
studied with the AFM technique at a resolution of 5 pm.
It is worthwhile to note that the mean particle size is
about 12 nm. The average roughness (R ), the root mean
square (R ), the surface skewness (S, ), the coefficient
of kurtosis (S, ), and the roughness profile (R ) were
calculated for each sample, and are presented in Table 1.

From Table 1, it can be seen that all these coeflicients
(Rpr, R, qu, 8 ,and §, ) increased as a result of enzyme
addition because of the lower porosity of the sample.
We can say that the numbers of peaks on the surface
of the enzyme sample are larger and higher than
those observed on the surface topology of the normal
sample. Figure 1a and b represent AFM 3D images
of the Fe,O,~CS nanoparticle sample and Fe,O,-CS
nanoparticle/enzyme sample. The R and the R_ are
two physical scales describing the roughness degree of
the sample. § is a statistical parameter describing the
asymmetry of the average high distribution peaks in
the histogram. For a symmetrical distribution (Gauss),
8, is 0. The value § less than 0 shows that the surface
is porous, and when § is greater than 0, the surface
presents peaks. The § is a statistical measure of the
comparison of the measured profile and the Gaussian
distribution characteristic of a perfectly random

distribution of peak heights and valley depths. If S

Table 1 Important physical scales describing the roughness
degree of the samples

Physical scale Magnetite + chitosan =~ Magnetite + chitosan/

enzyme
R, (nm) 243 269

R, (nm) 22 98

R,, (nm) 27 134

S, -0.441 0.58
S, 3.35 4.17
Figure 1

is 3, there is a Gaussian distribution. When §,__ is less
than 3, peaks prevail, and when Sku is greater than 3,
pores prevail [28].

FT-IR spectra of the Fe,O, and Fe,O,—CS nanoparticles
The FT-IR spectrum of magnetite is shown in
Figure 2a. A factor group analysis, reported in a classic
IR work on spinels, suggested that there were four
IR active bands. However, in most cases, including
magnetite, only two of them are observed between 400
and 800 cm™. Here, Fe,O, showed a broad band that
consisted of two slightly splitting peaks identified at
585 and 477 cm™; these peaks were attributed to the
stretching vibration of the Fe—O bond and confirmed
the occupancy of Fe** ions at tetrahedral sites in a
consistent manner with that reported in the literature
[23,29,30]. The characteristic bands of CS shown in
Figure 2b were at 3450, 2950 (N-H stretching and
O-H stretching vibrations), and 1075 cm™ (C-O-C
stretching vibration), consistent with a previous
report [31], respectively, as shown in Figure 2b.
Characteristic bands of a protein (i.e. lipase) at 1645
(amide) and 1570 (amine) cm™ (C-O-C stretching
vibration) are shown in Figure 2¢; this revealed that the
lipase was immobilized on the CS-coated magnetite
nanoparticles [32,33].

Effect of different concentrations of CS on lipase
adsorption

To solve the leaching problems of the adsorbed
lipase and improve the conventional method of lipase
immobilization, CS, which is an abundant long-chain
polymer with enough NH, groups, was added at
different concentrations to adsorb on and into the pore
of magnetite nanoparticles.

The Fe , O,~CS nanoparticles prepared in different
concentrations of CS (0.2, 0.3, and 0.5 mg) in contact

um

um

Atomic force microscopic three-dimensional images (a and b) for Fe,0,~CS nanoparticles and Fe,O,~CS immobilized lipase nanoparticles.
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with 1.5 ml neutral lipase solution are shown in
Figure 3. The highest immobilization efficiency was
95.6% when the concentration of CS nanoparticles
was 0.3 mg; this shows that CS could improve the
stabilization of lipase and could be used as a protector
of the immobilized enzyme; beside, lipase molecules
would also be cross-linked in the CS through their
own NH, groups. Therefore, a large and stable network
covering both the external and the internal surfaces of
the support among the lipase and the CS molecules
was formed [34,35].

Effect of the amount of lipase added on the
immobilization efficiency

'The effect of different concentrations of lipase solution
on the immobilization efficiency is illustrated in Figure 4.
The higher the amount of lipase (22 and 3 ml), the
lower the immobilization efficiency (78 and 67%,
respectively). The immobilization efficiency gradually
increased when the amount of enzyme added was
more than 0.5 mg/ml. The maximal immobilization
efficiency was 92.3% when the lipase amount added was
1.5 mg/ml. This means that Fe,O,~CS nanoparticles
could adsorb lipase quickly, and exhibited a high
sorption capacity. The activity of the immobilized
enzyme decreased with an increase in the amount of
enzyme. This could be explained by the fact that when
the amount of enzyme bounded increased, too many
layers of enzymes filled the pores of the Fe,O,~CS
nanoparticles, and thus the surface layer prevented
contact between the substrate and enzymes in lower

layers [31,36].

Biochemical properties of the free and the
immobilized lipase

Effect of pH on the specific enzyme activity of lipase
immobilization by the Fe,O,~CS nanoparticles was
studied by varying the pH of the reaction medium
from 3 to 9 using 0.1 mol/l citrate phosphate buffer
(pH 3-7) and 0.1 mol/1 Tris (hydroxymethyl) amino
methane buffer (pH 7.5-9), and the pH profile is
shown in Figure 5a. After Fe,O ~CS immobilization,
the pH optimum of the immobilized enzyme
exhibited an acidic shift (pH 5-6). Generally, binding
of enzymes to polycationic supports would result in an
acidic shift in the optimum pH [37,38]. The variation
of the residual activity of the free and immobilized
lipase with pH is shown in Figure 5b. The immobilized
lipase was more stable in the pH range from 3 to 5
as compared with free lipase. This indicated that
immobilization appreciably improved the stability of
lipase in the acidic region.

Thermal stabilities of the free and the immobilized
lipase in terms of the residual activities were compared

Figure 2

Transmission (T%)
™

(a) Fourier-transform infrared spectrophotometric spectra of Fe,O,,
(b) Fe,0,—CS without immobilized lipase, and (c) Fe,0,~CS with
immobilized lipase.

Figure 3
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in Figure 6. Lipase immobilized by Fe,O,~CS
nanoparticles remained fully active up to 40°C.
These results are similar to those obtained by Huang
et al. [38], who found that Candida rugosa binary
immobilized lipase was fully active at 40°C. However,
inactivation of the enzyme occurred on treatment at

Figure 5
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higher temperatures. Free lipase preserved about 40%
of its activity at a temperature of 60°C for 1 h; however,
the immobilized enzyme preserved about 72.9% of
its residual activity at 60°C for 1 h. At 80°C, the free
enzyme was fully activated, whereas the immobilized
torm preserved about 37.8% of its residual activity after
15 min. Hiol ez al. [39] studied the thermostability of
the free enzyme of Rhizopus oryzae and found that the
enzyme was highly inactivated at 45°C and almost all
activity was lost at 50°C after 40 min’ incubation. This
thermal stabilization could be explained by the location
of lipase inside the micropores of the support, where
the enzyme is protected against alterations of the
microenvironment. The Michaelis-Menten kinetics of
the hydrolytic activity of the free and the immobilized
lipases is investigated in Table 2 using varying initial
concentrations of olive oil as the substrate. Michaelis
constant (K ) and maximum reaction velocity (V)
were evaluated from the double-reciprocal plot. The
V. value of 250 U/mg protein exhibited by lipase
immobilized to silica was found to be higher than
that of (50 U/mg protein) free lipase. The K value (20
mmol/l) determined for the immobilized lipase was
about three-fold higher than that (6.66 mmol/l) of the
free lipase, which indicated a lower affinity towards
the substrate. This increase in K might be either due
to the structural changes in the enzymes induced by
the immobilization or the lower accessibility of the
substrate to the active sites [39,40]. The rate of heat
of inactivation of the soluble and immobilized lipase
was investigated between 50 and 70°C. In general,
the immobilization processes protected the enzymes
against heat inactivation. For example, the calculated
half-life values at 50, 60, and 70°C for the immobilized
enzyme were 630, 533, 391.5 min, respectively, which
are higher than those (231, 198, 187.3 min) of the free
enzyme as shown in Table 3; that is, our free enzyme
showed the half-life at 50°C to be 10.5 h, at 60°C to be
8.88 h, and at 70°C to be 6.5 h. Our results are nearly
similar to those of Kumar e# a/. [41], who reported the
half-life of Bacillus coagulans BTS, lipase at 55 and
60°C to be 2 and 30 min, respectively. Also, he reported
the half-life of another mesophilic bacteria (Bacillus
spp.) to be 2 h at 60°C. The calculated deactivation rate
constants (1.1 x 1072, 1.3 x 107, and 1.7 x 107) of the
experimentally immobilized enzyme at temperatures
of 50, 60 and 70°C, respectively, were lower than
those (3 x 1073, 3.77 x 1073, and 4.8 x 107%) of the free

Table 2 Kinetic parameters (V

o and K ) for free and
immobilized enzymes

Types V.. (U/mg protein) K (mmol/)
Immobilized lipase 222.22 13.3
Free lipase 50 6.66

K, michaelis constant; V.

max’

maximum reaction velocity.
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Table 3 Kinetic parameters (half-life time and deactivation rate constant) for free and immobilized enzymes

Types Half-life time (min) Deactivation rate constant
50°C 60°C 70°C 50°C 60°C 70°C
Immobilized lipase 866 266 247.5 1.8x10°° 2.6x10° 2.8x10°
Free lipase 231 198 187.3 3x107 3.7x1078 4.8x10°

Figure 7

120
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Operational stability of immobilized Mucor racemosus lipase on the
hydrolysis process.

enzyme, respectively, at the same temperatures. These
results could be related to hydrophilic or hydrophobic
environments. A hydrophilic microenvironment
allowed the immobilized derivatives to follow a
double experimental decay in their activities, whereas a
hydrophobic microenvironment makes the enzymatic
activity suffer a single experimental decay under storage
conditions [42].

Hydrolytic stability of immobilized lipase

Operational ~ stability is commonly the most
important issue associated with the application
of enzyme immobilization because inactivation is
inevitable when free enzyme is exposed to inadequate
ambient conditions. To investigate the reusability,
the immobilized lipase was washed with phosphate
bufter (0.1 mol/l, pH 7.0) after one catalysis run and
reintroduced into a fresh olive oil solution for another
hydrolysis at 37°C. Figure 7 shows the variation of
activity of the immobilized lipase after reuses. It was
observed that the immobilized lipase still retained
63.5% of their original activities after the eighth reuse.
It was concluded that immobilized lipase with cross-
linking CS of a concentration of 0.3 mg has a good
durability and reusability [19,36].

Conclusion

Taking the above results into consideration, Fe O~
CS nanoparticles have been proven to be an efficient
support for lipase immobilization. On the basis

of AFM 3D images, diameters of the uncoated

magnetite particles were determined to be 12 nm.
'The pores in the Fe O, sample decreased as a result of
enzyme adsorption on the surface. Thermal and pH
stabilities of the lipase increased on immobilization.
The optimal pH and temperature of the immobilized
lipase were 5, 6, and 40°C, respectively. There was
a slight decrease in the residual activity of the
immobilized lipase. An industrially important
hydrolase (lipase) immobilized on the magnetic
CS carriers developed showed long-term stability
without leaching of enzyme from the support; the
enzymes could be used repeatedly without significant
loss of their activity.

Acknowledgements

The authors express their sincere gratitude to Dr A.H. Ashour,
Professor in Physics Department, National Center for Radiation
Research and Technology, Cairo, Egypt, for the AFM analysis
performed. They also thank Dr Mousa Allam, Assistant Professor in
Physics Department, National Research Centre, Dokki, Giza 12311,
Egypt, for the FT-IR analysis performed.

Conflicts of interest
There are no conflicts of interest.

References
1 Bagi K Simon LM, Szajani B. Immobilization and characterization of
porcine pancreas lipase. Enzyme Microb Technol 1997; 20:531-535.

2 Xie Y-C, Liu H-Z and Chen JY. (1998): Candida rugosa lipase catalyzed
esterification of racemic ibuprofen and chemical hydrolysis of S-ester
formed. Biotech Lett 1998; 20:455-458.

3 Kumar S, Kikon K, Upadhyay A, Kanwar SS, Gupta R. Production,
purification, and characterization of lipase from thermophilic and
alkalophilic Bacillus coagulans BTS-3. Protein Expression and purification
2005; 41:38—44.

4 Krause P, Hilterhaus L, Fieg G, Liese A, Bornscheuer U. Chemically and
enzymatically catalyzed synthesis of C6—C10 alkyl benzoates. Eur J Lipid
Sci Technol 2009; 111:194—201.

5 Mostafa H, El-Hadi AA. Immobilization of Mucor racemosus NRRL 3631
lipase with different polymer carriers produced by radiation polymerization.
Mal J Microb 2010; 6:149—-155.

6 Li S-F, Fan Y-H, Hu R-F, Wu W-T. Pseudomonas cepacia lipase
immobilized onto the electrospun PAN nanofibrous membranes for
biodiesel production from soybean oil. J Mol Catal B: Enzymatic 2011;
72:40-45.

7 Kuo C-H, Liu Y-C, Chang J, Ming C, Chen J, Chang C . Optimum conditions
for lipase immobilization on chitosan-coated Fe, O, nanoparticles.
Carbohydr Polym 2011; 87:2538—-2545.

8 Leil, LiuX,LiY,GiY, Yang Y, Qin G. Study on synthesis of poly (GMA)-
grafted Fe,O,/Sio magnetic nanoparticles using atom transfer radical
polymerization and their application for immobilization. Mater Chem Phys
2011; 125:866-871.

9 Wang Y-W, Luo G, Dai Y. In situ preparation of magnetic
Fe,O,—chitosan nanoparticles for lipase immobilization by cross-
linking and oxidation in aqueous solution. Bioresour Technol 2009;
100:3459-3464.



162 Egyptian Pharmaceutical Journal

10

1"

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Yong Y, Bai Y, Li Y-F, Lin L, Cui Y, Xia C. Preparation and application of
polymer-grafted magnetic nanoparticles for lipase immobilization. J Magn
Magn Mater 2008; 320:2350-2355.

Li G-Y, Zhou Z-D, Li Y-J, Huang K-L, Zhong M. Surface functionalization
of chitosan-coated magnetic nanoparticles for covalent immobilization of
yeast alcohol dehydrogenase from Saccharomyces cerevisiae. J Magn
Magn Mater 2010; 322:3862—3868.

Guo Z, Sun Y. Characteristics of immobilized magnetic microparticles
lipase on hydrophobic spheres to catalyze esterification. Biotechnol Prog
2004; 20:500-506.

Tang Z-X, Shi EL, Qian T-Q. Neutral lipase from aqueous solutions on
chitosan nano-particles. Biochem Eng J 2007; 34:217-2283.

Chiou S-H, Wu W-T. Immobilization of Candida rugosa lipase on
chitosan with activation of the hydroxyl groups. Biomaterials 2004;
25:197-204.

Jiang D-S, Long S-Y, Huag J, Xiao H-Y, Zhou J-Y. Immobilization of
Pycnoporus sanguineus laccase on magnetic chitosan microspheres.
Biochem Eng J 2005; 25:15-23.

Zhi J, Wang Y-J, Luo G-S. Adsorption of diuretic furosemide onto chitosan
nanoparticles prepared with a water-in-oil nanoemulsion system. React
Funct Polym 2005; 22:249-257.

Agnihotri SA, Mallikarjuna NN, Aminabhavi TM. Recent advances on
chitosan-based micro and nanoparticle in drug delivery. J Control Release
2004; 100:5-28.

Romdhane 1-B, Romdhane Z-B, Gargouri A, Belghith H. Esterification
activity and stability of Talaromyces thermophilus lipase immobilized onto
chitosan. J Mol Catal B: Enzymatic 2011; 68:230-239.

Pospiskova K, Safarik |. Low-cost, easy-to-prepare magnetic chitosan
microparticles for enzymes immobilization. Carbohydr Polymers 2013;
96:545-548.

Akhtar M-W, Mirza A-Q, Chughtai MI. Lipase induction in Mucor hiemalis.
Appl Environ Microbiol 1980; 40:257—-263.

Starr MP Spirit blue agar. A medium for the detection of lipolytic
microorganisms. Science 1941; 93:333-334.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement
with the Folin phenol reagent. J Biol Chem 1951; 193:265-275.

Abbas H, Hiol A, Deyris V, Comeau L. Isolation and characterization of an
extracellular lipase from Mucor sp. strain isolated from palm fruit. Enzyme
Microb Technol 2002; 31:968-975

Massart R Preparation of aqueous magnetic liquids in alkaline and acidic
media. IEEE Trans Magn 1981; 17:1247-1248.

Hsieh C-Y, Tsai S-P, Ho M-H, Wang D-M, Liu C-E, Hsieh C-H. Analysis of
freeze-gelation and cross-linking processes for preparing porous chitosan
scaffolds. Carbohydr Polymers 2007; 67:124—132.

Nawani N, Singh R, Kaur J. Immobilization and stability studies of a
lipase from thermophilic Bacillus sp: The effect of process parameters on
immobilization of enzyme. Electron J Biotech 2006; 9:559-565.

27

28

29

30

31

32

33

34

35

36

37

38

39

40

4

42

Bailey JE, Ollis DF. Biochemical engineering fundamentals. 2nd ed. 1986;
USA: Mc Graw-Hill Book Company.

Nechifor C-D, Dorohoi D-O, Ciobanu C. The influence of gamma radiations
on physicochemical properties of some polymer membranes. Rom J Phys
2009; 54:349-359.

Ma M, Zhang Y, Yu W, Shen H-Y, Zhang H, Gu N. Preparation and
characterization of magnetite nanoparticles coated by amino silane.
Colloids Surf A 2003; 212:219-226.

El-Hadi A-A, Saleh H-l, Moustafa S-A, Ahmed H-M. Immobilization of
Mucor racemosus NRRL 3631 lipase and characterization of silica-coated
magnetite (Fe,O,) nanoparticles. Egypt Pharm J 2013; 12:28-35.

Gao S, Wang Y, Diao X, Luo G, Dai Y. Effect of pore diameter and cross-
linking method on the immobilization efficiency of Candida rugosa lipase
in SBA-15. Bioresour Technol 2010; 101:3830-3837.

Zhao D-L, Wang X-X, Zeng X-W, Xia Q-S, Tang J-T. Preparation and
inductive heating property of Fe,O,~chitosan composite nanoparticles
in an AC magnetic field for localized hyperthermia. J Alloys Comp 2009;
477:739-743.

Siodmiaka T, Marta Z-B, Marszatta M-P. Lipase-immobilized magnetic
chitosan nanoparticles for kinetic resolution of (R,S)-ibuprofen. J Mol Catal
B: Enzym 2013; 94:7-14.

Guang-She L, Li-Ping L, Smith RL Jr, Inomata H. Characterization of the
dispersion process for NiFe,O, nanocrystals in a silica matrix with infrared
spectroscopy and electron paramagnetic resonance. J Mol Struct 2001;
560:87-93.

Li YS, Church JS, Woodhead AL, Moussa F. Preparation and
characterization of silica coated iron oxide magnetic nano-particles.
Spectrochim Acta A Mol Biomol Spectrosc 2010; 76:484—489.

Gao L, Wu J, Lyle S, Zehr K, Cao L, Gao D. Magnetite nanoparticle linked
immune sorbent assay. J Phys Chem C 2008; 112:17357—-17361.

Goldstein L, Levin Y, Katchalski E. A water-insoluble polyanionic derivative
of trypsin. Il. Effect of the polyelectrolyte carrier on the kinetic behavior of
the bound trypsin. Biochem 1965; 30:1913-1919.

Huang SH, Liao MH, Chen DH. Direct binding and characterization of
lipase onto magnetic nanoparticles. Biotechnol Prog 2003; 19:1095-1100.

Hiol A, Jonzo MD, Rugani N, Druet D, Sarda L, Comeau LC. Purification
and characterization of an extracellular lipase from a thermophilic
Rhizopus oryzae strain isolated from palm fruit. Enzyme Microb Technol
2000; 26:421-430.

Anita A, Sastry CA, Hashim MA. Immobilization of urease on vermiculite.
Bioprocess Eng 1997; 16:375-380.

Kumar S, Kikon K, Upadhyay A, Kanwar SS, Gupta R. Production,
purification, and characterization of lipase from thermophilic and
alkaliphilic Bacillus coagulans BTS-3. Protein Expr Purif 2005; 41:38—44.
Moreno JM, Arroyo M, Hernadiz M-J, Sinisterra JV. Covalentimmobilization
of pure isoenzymes from lipase of Candida rugosa. Enz Microb Technol
1997; 21:552-558.



