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Abstract Enzymes play an essential role in catalyz-
ing various reactions. However, their instability upon
repetitive/prolonged use, elevated temperature, acidic
or alkaline pH remains an area of concern. o-Amylase,
a widely used enzyme in food industries for starch
hydrolysis, was covalently immobilized on the surface
of two developed matrices, amino-functionalized sil-
ica-coated magnetite nanoparticles (AFSMNPs) alone
and covered with chitosan. The synthesis steps and
characterizations of NPs were examined by FT-IR,
VSM, and SEM. Modified nanoparticles with average
diameters of 20-80 nm were obtained. Enzyme immo-
bilization efficiencies of 89 and 74 were obtained for
AFSMNPs and chitosan-coated AFSMNPs, respec-
tively. The optimum pH obtained was 6.5 and 8.0 for
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the enzyme immobilized on AFSMNPs and chitosan-
coated AFSMNPs, respectively. Optimum tempera-
ture for the immobilized enzyme shifted toward higher
temperatures. Considerable enhancements in thermal
stabilities were observed for the immobilized enzyme
at elevated temperatures up to 80 °C. A frequent use
experiment demonstrated that the immobilized
enzyme retained 74 and 85 % of its original activity
even after 20 times of repeated use in AFSMNPs and
chitosan-coated AFSMNPs, respectively. Storage sta-
bility demonstrated that free enzyme lost its activity
completely within 30 days. But, immobilized enzyme
on AFSMNPs and chitosan-coated AFSMNPs pre-
served 65.73 and 78.63 % of its initial activity,
respectively, after 80 days of incubation. In conclu-
sion, a substantial improvement in the performance of
the immobilized enzyme with reference to the free
enzyme was obtained. Furthermore, the relative activ-
ities of immobilized enzyme are superior than free
enzyme over the broader pH and temperature ranges.

Keywords a-Amylase - Enzyme activity - Covalent
immobilization - Magnetite nanoparticles - Silica -
Chitosan - Nanostructure

Introduction

In recent times, enzyme technology has offered many

approaches that facilitate their practical applications
(Jiang et al. 2013; Sohrabi et al. 2014). Enzymes are
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macromolecular, highly selective biocatalysts which
accelerate the chemical reactions of living cells and
exhibit some excellent properties such as high activity,
selectivity, and specificity that make them superior than
chemical ones (Kumari and Kayastha 2011; Tiiriing
et al. 2009). Biocatalysis is gradually gaining impor-
tance in green chemistry, where chemical synthesis
routes are being replaced by enzymatic ones that
produce chemicals, which are also safer. Recent tech-
nological progress in the field of immobilized biocat-
alysts resulted in their competence use in industry, waste
treatment, medicine, and biosensor (Abdelmajeed et al.
2012; Mahmoud and Helmy 2009). The most important
problems of the enzymes application are the recovery of
enzymes from reaction solutions and separation of the
enzymes from substrates and products. On the other
hand, many of the enzymes are stable just under mild
experimental and environmental situations and their
function is limited due to their inactivation by organic
solvents, extreme pH, or temperatures, and their short
half-lives. These problems can be resolved by immo-
bilization and enzyme engineering (Demir et al. 2012).
Recently, nanoparticles play a key role in food sciences
and industries (Ghaderi et al. 2014, 2015; Mohammadi
et al. 2014; Pezeshki et al. 2014; Rasaie et al. 2014).
Novel carriers with immobilized enzymes and without
necessity of separation are of main focus of interest.
Organic materials like polymers have a little frequent
use as carriers for the immobilization of enzymes. The
effectiveness of immobilized enzymes could be nor-
mally enhanced by managing the structure for enzyme
leakage and decreasing the size of the carrier materials
for increasing the surface area to maximize enzyme
loading (Ashtari etal. 2012; Kim et al. 2006; Zhang et al.
2009b).Therefore, in the recent past, nanosized materi-
als especially inorganic ones have been introduced for
enzyme immobilization. The enzyme immobilization
onto water insoluble inorganic carriers is a desired
biological method to increase the applications of the
enzyme on continuous procedures and industries (Ho-
maei et al. 2013; Khan and Alzohairy 2010). Among
inorganic materials, silica nanostructures for the immo-
bilization of enzymes have gained many interests
because they are in the range of nanometer, environ-
mentally more acceptable, structurally more stable, and
more resistant to microbial contamination (Ashtari et al.
2012). On the other hand, magnetic nanoparticles
(MNPs) have a wide range of applications in the
immobilization of cells, enzymes, and nucleic acids,
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bio-separation systems, immunoassays, drug delivery,
and biosensors (Jiang et al. 2009; Khan et al. 2012;
Mandal et al. 2005; Sohrabi et al. 2014; Xu et al. 2014).
The MNPs can simply be stabilized in a fluidized bed
reactor for continuous function of enzyme by complete
and easy recovery of these materials from reaction
systems, thus reducing the operational expenses of the
processes (Ashtari et al. 2012; Atacan and Ozacar2015).
Surface modification of MNPs is a key tool to minimize
their toxicity and overcome the agglomeration or
precipitation of MNPs in media (Arruebo et al. 2007).
Chitosan is a promising support material for use in the
food industry because it is a biocompatible, antibacte-
rial, and environmentally friendly polyelectrolyte which
has a great number of free reactive amino and hydroxyl
groups on the surface, which provide the possibility of
enzymes immobilization. The excellent capacity of
chitosan for the immobilization of carbohydrate-de-
grading enzymes has been reported previously
(Sureshkumar and Lee 2011; Tripathi et al. 2007).
Alpha-amylases catalyze the hydrolysis of internal-1,4-
glycosidic linkages in starch in low molecular weight
products, such as glucose, maltose, and maltotriose
units, which is one of the most important and widely
used commercial enzymatic processes (Kumari and
Kayastha 2011; Tripathi et al. 2007). The present study
plans to develop a magnetically responsive enzyme
carrier via simple immobilization which enables better
binding of the enzyme to the magnetite substrate as well
as in better reuse of the enzyme through its recovery
using a magnetic field. A protective silica shell does not
only serve to protect the magnetic nanoparticles against
degradation, but can also be used for further function-
alization with other functional groups. In the present
study, a-amylase has been immobilized on our newly
developed nanoparticles and its physicochemical prop-
erties are compared with respect to soluble enzyme.
Also, the comprehensive kinetic and stability studies
were carried out at different pH and temperatures.

Materials and methods

Materials

a-amylase from origin of Aspergillus Oryzae with an
activity of 30 U/mg, soluble starch, 3,5-Dinitrosali-

cylic acid as reagents for investigation of enzyme
activity, Glutaraldehyde (25 %) as a linker, sodium
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potassium tartrate, and chitosan (medium molecular
weight) were purchased from Sigma-Aldrich. Brad-
ford kit (Bio-Rad Laboratories Inc., Hercules, Cali-
fornia, USA) was used for protein concentration assay.
Fe;0,4 and SiO, were purchased from US Nano, LLC
(Sarasota, FL). 3-Aminopropyl-trimethoxysilane
(95 % purity) (APTES) was purchase from Acros
Co. (New Jersey, US) and used as linker. Toluene was
purchased from Scharlua Co., Spain. Maltose, sodium
meta bisulfate, phenol, phosphoric acid, sodium
hydroxide, and di-potassium hydrogen phosphate
were all purchased from Merck Chemicals (Darm-
stadt, Germany).

Surface-modified Fe;0,4—SiO, nanoparticles

Silica and magnetic nanoparticles were both activated
separately by dispersing in NaOH (1 M) solution for
24 h with vigorous stirring and then washed with
deionized water until the pH of solution became
natural. Then the nanoparticles were vacuum dried at
room temperature for 48 h. Then the activated Silica
nanoparticles (1 g) and magnetic nanoparticles (0.1 g)
were dispersed in toluene with the aid of probe type
sonicator for 5 min followed by addition of 1 g
APTES to the mixture in order to introduce the amino
groups on the surface of nanoparticle. The mixture was
reacted at room temperature for 72 h under argon flow.
The amine-functionalized silica-coated magnetic
nanoparticles (AFSMNPs) were separated from the
cooled mixture by an external magnet. These nanopar-
ticles were washed successively with ethanol and
THF. The obtained nanoparticles were dispersed in
deionized water using bath sonicator for 30 min and
then immediately reacted with glutaraldehyde by
vigorous stirring at room temperature for 50 min.
The weight ratios of AFSMNPs to glutaraldehyde
were 10/1 and 5/1. The obtained nanoparticles were
washed three times with de-ionized water and sepa-
rated by an external magnet to remove unreacted
glutaraldehyde. Finally, the glutaraldehyde-function-
alized AFSMNPs were coated with chitosan. For this
purpose, 0.5 g chitosan was dissolved in 50 mL acetic
acid solution (2 wt%) for 24 h, and then it was filtered
with a Buchner funnel. Then 10 mL of chitosan
solution was added to 0.1 g glutaraldehyde-function-
alized AFSMNPs and the mixture was stirred

vigorously for 6 h at room temperature. Then chi-
tosan-coated AFSMNPs were washed with deionized
water and separated from unreacted chitosan solution
by external magnet. The washing was continued until
the pH of the solution was fixed at 6.5.

Enzyme immobilization

8 mg of synthesized AFSMNPs and chitosan-coated
AFSMNPs were well-dispersed in 2 mL of phosphate
buffer (0.05 M, pH 6.5) with the aid of a sonicating
water bath for 30 min. Then 160 pL glutaraldehyde
was immediately added to the mixture. The cross-
linking reaction was done in 50 min at the continuous
shaking in order to modify the surface amino groups
for covalent immobilization of o-amylase. In order to
remove additional glutaraldehyde, the nanoparticles
were washed with phosphate buffer using external
magnet for three times. Afterward, different ratios of
a-amylase were added to the dispersion at 30 rpm
using an orbital shaker for 24 h at4 °C. The amount of
immobilized enzyme was calculated by subtracting
the unbound enzyme from the total added. The protein
concentration was determined using Bradford method.
The synthesis of enzyme-immobilized chitosan-
coated AFSMNPs is summarized as follows: In the
present study, o-amylase was covalently immobilized
on a novel enzyme nanocarrier. Firstly, super-param-
agnetic nanoparticles were synthesized by co-precip-
itation method and then, silica-coated MNPs were
prepared through the sol-gel reaction. Secondly, the
silica-coated magnetite nanoparticles were treated
with APTES in order to yield the amino-functional-
ized magnetic nanoparticles. In the third step, the
amino-functionalized magnetic nanoparticles were
activated with glutaraldehyde as a crosslinker to bind
in the next step to the free amino group of Chitosan.
Finally a-amylase was covalently immobilized on the
AFSMNPs (Fig. 1) and the chitosan-oated AFSMNPs
by glutaraldehyde (Fig. 2). Enzyme immobilization
efficiency (EIE) and loading (EIL) values are calcu-
lated from the following equations:

EIE (%)
_ Mass of immobilized enzyme on nanoparticles

Mass of feed enzyme
x 100
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Fig. 1 Synthesis root of
amino-functionalized silica-
coated magnetite
nanoparticles (AFSMNPs)

SlOz + FC304
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EIL (%)
_ Mass of immobilized enzyme on nanoparticles

Mass of nanoparticles
x 100.

Fourier transforms infrared (FTIR) spectroscopy

The chemical structures of the samples were studied
by FTIR spectroscopy. All of three samples were
mixed with KBr and were pressed to disk. Infrared
(IR) spectra of the samples were scanned in the range
from 400 to 4,000 cm™~! and recorded on a Fourier
transform infrared spectrometer (Equniox 55 LS 101
Bruker, German). FTIR spectra were obtained at a
resolution of 4 cm™' with a minimum of 256 scan per
spectrum. All measurements were taken at room
temperature. The spectra of water, CO,, and KBr were
subtracted from the sample spectrum and the proce-
dure was done under nitrogen gas to prevent humidity
interference.

The size and surface morphology

The size and surface morphology of the AFSMNPs
and chitosan-coated AFSMNPs nanocomposites were
assessed by a field emission scanning electron micro-
scope-energy dispersive using X-ray (FESEM-EDX),
S4160 Hitachi, Japan. The powder sample was spread
on a SEM stub and sputtered with gold. Particle size
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was obtained by measuring the diameters of at least
300 particles shown in SEM using image analysis
software (Image-Pro Plus 4.5; Media Cybernetics,
Silver Spring, MD).

Magnetism test

Magnetic properties of the synthesized nanoparticles
were assessed with a vibrating-sample magnetometer
(VSM—4 inch, Daghigh Meghnatis Kashan Co., Iran)
at room temperature (Akbarzadeh et al. 2012; Luo
et al. 2011). A magnet (® 17.5 x 20 mm, 5,500 Oe)
was utilized for the collection of magnetic particles.

Activity study of the immobilized a-amylase

Immobilized and free enzyme reactions were based on
the same amount of o-amylase used for starch
hydrolysis. Hydrolysis reaction was carried out in
20 mL phosphate buffer (50 mM, pH 6.5) containing
1 % starch (w/v) with constant shaking at 30 °C.
Aliquots of 250 pL. were taken every 10 min and
added to 750 pL. of DNS reagent. The resulting
solution was incubated in a boiling water bath
(90 °C) for 5 min. The reaction was stopped by
placing on ice bath. After dilution with deionized
water, the amount of hydrolysis products (reducing
sugar) was measured spectrophotometrically at
540 nm with maltose as the standard. All the data
points for reducing sugar concentration are an average
of duplicated measurements.
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Fig. 2 Synthesis root of
chitosan-coated AFSMNPs SiOz + FC3O4
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Thermal and pH stability of immobilized o-
amylase

The optimum pH of free and immobilized o-amylase
was determined as the relative activity after incubation
in phosphate buffer (50 mM, pH 2, 3.5, 5, 6.5, and 8.0)
containing 1 % starch (w/v) for 10 min at 30 °C.
Moreover, enzyme was incubated at various temper-
atures (30, 40, 50, 60, 70, and 80 °C) in 1 % starch
(w/v) solution for 10 min to determine the effect of
temperature on the activity of the free and immobi-
lized a-amylase. The determination of reduced sugar
was considered as o-amylase stability.

Effect of storage time and frequent use on activity
of immobilized o-amylase

The storage time of free and immobilized o-amylase
was determined by carrying out at different times
(1-80 days) by triplicate sampling. The residual
activities were calculated as percentage of the initial
activity. Also the stability and frequent use of the
immobilized enzyme o-amylase were measured by
reusing it twenty times every 10 min. The immobi-
lized enzyme was collected by external magnet and
washed with phosphate buffer. The primary activity of
the enzyme was considered 100 % and activity in later
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use was reported as a percentage of the initial activity.
One milliliter of 1 % (w:v) starch in 50 mM phosphate
buffer (pH = 6.5) was added to the immobilized
enzyme and incubated for 10 min at 30 °C under
constant shaking for each cycles. At the end of the
reaction, immobilized enzyme was taken and washed
with 3 mL phosphate buffer (50 mM pH 6.5) and then
added to a substrate solution to start a new cycle. The
supernatant was assayed for reducing maltose.

Kinetic parameters

The kinetic parameters of free and immobilized o-
amylase were determined by measuring the initial
rates of enzymes with different substrates (starch
concentration 10-60 mM). The K., and V,,,, values
were calculated from Lineweaver and Burk plot.

Result and discussion
Characterization
FTIR spectroscopy

The amino group in Chitosan has a pKa value of around
6.5. Chitosan, a polysaccharide, becomes water-soluble
under acidic conditions (pH < 6) and so becomes a
biocompatible and often a biodegradable polymer. The
cationic nature of Chitosan is mainly responsible for
electrostatic interactions with negatively charged mole-
cules. The successful step-by-step synthesize of
nanocarriers and enzyme immobilization was proved
by FTIR spectroscopy. The chemical structures of the
Fe;0, (Fig. 3a), SiO, (Fig. 3b), AFSMNPs (Fig. 3c),
glutaraldehyde-modified AFSMNPs (Fig. 3d), a-amy-
lase (Fig. 3e), a-amylase immobilized on glutaralde-
hyde-modified AFSMNPs (Fig. 3f), chitosan (Fig. 3g),
chitosan-coated AFSMNPs (Fig. 3h), and glutaralde-
hyde-modified chitosan-coated AFSMNPs (Fig. 3i)
were studied by FTIR spectroscopy. The observation
bands at 579 and 636 cm™ ! in the spectrum of Fe;Oy
nanoparticles are associated with the stretching vibra-
tion mode of the Fe—O bond (Fig. 3a). In Fig. 3b, the
shoulder at 3,500 cm~! could be assigned to the
stretching vibrations of Si—~OH groups in the structure
of amorphous SiO,. The presence of the Si—~OH group is
proved as bonded water. The very strong and broad IR
bands 1,000-1,250 cm™', 956 cm™', and 800 cm™'
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Fig. 3 FTIR spectra of (a) Fe304, (b) SiO,, (¢) AFSMNPs,
(d) glutaraldehyde-modified AFSMNPs, (e) a-amylase, (f) o-
amylase immobilized on glutaraldehyde-modified AFSMNPs,
(g) chitosan, (h) chitosan-coated AFSMNPs, and (i) glutaralde-
hyde-modified chitosan-coated AFSMNPs

are usually assigned to the Si—-O-Si asymmetric
stretching vibrations, silanol groups, and Si—-O-Si
symmetric stretching vibrations, respectively, whereas
the IR band at 474 cm ™" is due to O-Si-O bending
vibrations. In Fig. 3c, all of the peaks of Fig. 3a, b were
observed proving the presence of SiO, and Fe;O,4. The
C-H stretching vibration of the aliphatic section
(APTES) is manifested through the strong peak at
2.890 cm™'. The peak at 3,350 cm~ ! was attributed to
the stretching vibrations of NH, groups of APTES
and Si-OH groups. After the modification with
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«Fig. 4 SEM images of a silica nanoparticles, b amino-func-
tionalized silica-coated magnetite nanoparticles (AFSMNPs),
and c chitosan-coated AFSMNPs

glutaraldehyde (Fig. 3d), the FTIR spectrum was the
same as in Fig. 3¢ with a single peak at 1,650 cm™!
related to the imide characteristic peak. After enzyme
immobilization on AFSMNPs (Fig. 3f), all the peaks of
Fig. 3d appeared in addition to the peaks at 1,644 cm ™"
and 1,535 cm™ " which corresponded to peptide binding
(carbonyl of amide group and bending vibration of
amine group, respectively). Also the stretching vibration
of amine (N-H), a characteristic peak of enzyme
(Fig. 3e), was observed at 3,448 cm~'. In the FTIR
spectra of chitosan-coated AFSMNPs (Fig. 3h), all of
the characteristic peaks of Fig. 3c were observed. Also
typical bands of chitosan (Fig. 3g) appeared which were
concerned with the stretching vibration bands of OH and
NH at 3,446 cm™ !, and the band due to the stretching
vibration bands of C-O was observed at 1,089 cm™'.
After attachment of glutaraldehyde (Fig. 3i), the peaks
of Fig. 3h and the glutaraldehyde characteristic peak,
the double peak, at 2,800 cm™! and 1,650 were
associated to COH and imide groups, respectively.

SEM study

The morphologies of the prepared silica nanoparticles
(Fig. 4a), AFSMNPs (Fig. 4b), and chitosan-coated
AFSMNPs (Fig. 4c) are clearly revealed by SEM.
Hopefully, the sub 100-nm size of magnetic silica
nanoparticles did not change after chemical modifica-
tions with APTES and chitosan. The size range of all
particles was around 15-80 nm. SEM images revealed
the uniformity in size and shape of the synthesized
nanoparticles, as well.

Magnetism test

The magnetic properties of the nanoparticles were
analyzed by vibrating sample magnetometry at room
temperature. Figure 5 shows the hysteresis loops of
the samples. The saturation magnetization was found
to be 43 emu/g and 27 emu/g for AFSMNPs and
chitosan-coated AFSMNPs, respectively, less than for
the pure Fe;O, nanoparticles (80 emu/g). This
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Fig. 5 Magnetic properties of the Fe;O,, Amino-functional-
ized silica-coated magnetite nanoparticles (AFSMNPs), and
chitosan-coated AFSMNPs

Fig. 6 Chitosan-coated Amino-functionalized silica-coated
magnetite nanoparticles collected by external magnetic field
during the time progress from a to d

difference suggests that a large amount of Fe;O4
nanoparticles encapsulated into the nanocarriers.
Regarding the observed large saturation magnetiza-
tion, the Fe;04 magnetic nanoparticles modified with
APTES and chitosan could be rapidly and easily
separated from the reaction medium in a magnetic
field (Fig. 6). In addition, there was no hysteresis in
the magnetization, with both remanence and coerciv-
ity being zero, suggesting that these magnetic
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nanoparticles are super paramagnetic. When the
external magnetic field was removed, the magnetic
nanoparticles could be well dispersed by gentle
shaking. These magnetic properties are critical for
application in the biomedical and bioengineering field.

o-Amylase immobilization parameters

Enzyme immobilization can be achieved by two
different ways: chemical (by covalent bonds) and
physical (by week interactions) methods. Covalent
binding is very effective in retaining the enzyme
activity, providing a maximum rigidity, preventing the
diffusion of products in reaction medium, and also
avoiding enzyme unfolding upon heating or in the
presence of a denaturant. This also decreases the loss
of enzymes and offers the chance to re-use the enzyme
for many reaction cycles and thus lowering the total
production cost and time of enzyme-mediated
reactions.

Effect of nanocarrier/enzyme weight ratio
on enzyme loading and activity

The weight ratios of different enzymes to the glu-
taraldehyde-modified AFSMNPs (1:1, 2:1 and 4:1)
were studied to achieve the optimum enzyme immobi-
lization condition. Results of the statistical analysis
showed that although increase in enzyme amount led to
an increase in enzyme immobilization on the carrier but
concurrently the amount of un-immobilized enzyme
increased dramatically (Table 1). Therefore, enzyme to
the substrate ratio of 1:1 was chosen for enzyme
immobilization on chitosan-coated AFSMNPs. The
high observed enzyme loading percentage for
AFSMNPs and chitosan-coated AFSMNPs in compar-
ison to the results of previously reported studies
(Bayramoglu et al. 2008; Demir et al. 2012; Pascoal
et al. 2011; Sohrabi et al. 2014; Talbert and Goddard
2013) revealed the superiority of the developed
nanocarriers. The high surface to volume ratio caused
by very small particle size of carrier and its increased
porosity due to the application of silica particles in the
structure of carriers might be responsible for the
obtained results (Ashtari et al. 2012). In the next step,
the immobilized enzyme activity was measured.
Results of the statistical analysis revealed that different
ratios of enzyme to the substrate had no significant
differences in terms of activity (p > 0.05). The results
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Table 1 Effect of nanocarrier/enzyme weight ratio on enzyme loading and activity (data are presented as mean =+ standard devi-

ation, n = 3)

Weight ratio of enzyme AFSMNPs:Enzyme® AFSMNPs:Enzyme AFSMNPs:Enzyme Chitosan-coated

to nanocarrier AFSMNPs:Enzyme
1:1 1:2 1:4 1:1

EIE (%)° 89.1 £5.1 46.3 £ 5.7 27.6 £ 2.08 74.1 £ 8.2

EIL (%)° 89.1 £5.1 92.6 £ 84 110.5 £ 5.2 74.1 £ 8.2

Activity (%) 91.1 £ 72 954 £ 5.1 100 + 4.9 837+ 74

# Amino-functionalized silica-coated magnetite nanoparticles

® Enzyme immobilization efficiency

¢ Enzyme immobilization loading

Table 2 Effect of pH on enzyme activity (data are presented as mean + standard deviation, n = 3)

pH 2 3.5 5 6.5 8

Free enzyme 62 +39 493 +£ 4.7 92.1 £ 8.7 100 + 4.5 435+ 4.1

Enzyme-*AFSMNPs 19.5 £ 4.1 351 £62 612 +55 99.2 £ 6.4 434 +£52

Enzyme-chitosan-coated AFSMNPs 31.6 £ 3.1 424 +£56 65.1 £6.3 90.1 £49 983 £58

# Amino-functionalized silica-coated magnetite nanoparticles

of enzyme activity were well-matched with the findings
of enzyme loading. After separation of unloaded
enzyme, almost the same amount of enzyme remained
causing the same enzyme activity. Therefore, carrier
type did not affect the enzyme activity. The increased
viscosity around the enzyme by the presence of chitosan
might be responsible for the observed low enzyme
activity, although the difference is not statistically
significant.

Effect of pH on enzyme activity

pH of the solution is considered as an important factor
on the enzyme activity through the ionization of amino
acids of the active site. Results of the statistical
analysis showed that the effect of pH on enzyme
activity was significant (Table 2). In the case of free
enzyme, the highest enzyme activity was observed in
pH 6.5 and the lowest activity was demonstrated in pH
2 and 8. Enzyme deactivations in the low pH values (5
and 3.5) are higher for immobilized enzyme on the
both nanocarriers than free enzyme. This might be
attributed to the protonation of imide groups of
AFSMNPs and their possible reaction with carboxylic
groups of enzyme. The activity of protonated amine
groups of AFSMNPs coated with chitosan polymer is

less than AFSMNPs alone for interaction with immo-
bilized enzyme due to the presence of chitosan
polymer. The alkaline environment caused a dramatic
decrease in the activity of free enzyme and one
immobilized on AFSMNPs. The presence of amino
groups of chitosan buffers the enzyme environment by
adsorption of negative charges of media. The optimum
pH for the immobilized enzyme is higher than the free
enzyme which could be due to the basic nature of the
non-modified free amine groups present on the surface
of silica nanoparticles. Similar results have been
reported in the literature that the optimal pH of the
enzyme stabilization process has moved to alkaline pH
(Erginer et al. 2000). In another study, the optimum
pH values for the enzyme activity of free enzyme, and
enzyme immobilized on amberlite and on chitosan
obtained were 5.5, 7, and 8, respectively (Kumari and
Kayastha 2011).

Effect of temperature on the enzyme activity

The effect of temperature on the activity of free and
immobilized enzyme was examined at room temper-
ature, 40, 50, 60, 70, and 80 °C (Table 3). The
statistical analysis results showed that the effect of
temperature on enzyme activity was significant
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Table 3 Effect of temperature on the enzyme activity (data are presented as mean =+ standard deviation, n = 3)

pH RT® 40 50 60 70 80
Free enzyme 98.4 & 6.5 452 £ 6.5 294 £ 4.1 213 £ 4.6 16.2 £ 6.5 91 %23
Enzyme-*AFSMNPs 971 £ 72 98.6 = 5.2 97.6 + 6.9 745 +£32 39.6 £52 322 £ 56
Enzyme-chitosan-coated AFSMNPs 89.3 £ 84 100 &+ 7.8 93.8 £53 68.4 £ 5.8 37.1 £ 4.6 305 £4.71
* Amino-functionalized silica-coated magnetite nanoparticles
® Room temperature

120 q

(p < 0.05). The reason for low activity of free enzyme
at high temperature could be due to the change in
secondary structure and/or enzyme degradation that
affects the active site of the enzyme which conse-
quently caused a decrease in enzyme activity. But due
to the covalent immobilization of enzymes, it is
expected that the enzyme structure is largely preserved
by temperature changes (Dong et al. 2012; Gupta et al.
2014). For example, in the case of lipase immobiliza-
tion on organobentonite at temperatures higher than
60 °C, drastic reductions in free lipase activity was
observed; but on immobilized lipase, reduction was
very low which was due to the greater stability of the
stabilized enzyme against thermal denaturation (Dong
et al. 2012). Decrease in the viscosity of enzyme
environment which had been elevated by incorpora-
tion of chitosan into the structure of carrier might be
responsible for observed increased activity of chi-
tosan-coated AFSMNPs at higher temperatures.

Effect of storage time on the stability and enzyme
activity

Preserving the enzyme activity for a long time is the
most important goal of the stabilization process
(Zhang et al. 2009a). In this study, to assess the
stability of enzyme activity over time, free and
immobilized enzymes were kept in 1 mL phosphate
buffer (50 mM, pH 6.5) for 80 days. The results
revealed that free enzyme retained 1.2 % of its initial
activity after 40 days while on the other hand the
immobilized enzymes on AFSMNPs and chitosan-
coated AFSMNPs retained 82.9 and 84.3 % of their
initial activity, respectively. But after 80 days of
incubation, free enzyme lose its activity completely
but immobilized enzymes on AFSMNPs and chitosan-
coated AFSMNPs preserved 65.73 and 78.63 % of
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Fig. 7 Effect of storage time on activity of free and immobi-
lized enzyme

their initial activity, respectively (Fig. 7). The result of
this study indicated the worth of the presence of
chitosan in the structure of nanocarriers for preserving
enzyme activity for a longer period. These results are
very similar to the result of the effect of storage time
on the activity of glucose oxidase stabilized on
magnetic silica-coated nanoparticles: 98 % of the
glucose oxidase activity was maintained after 45 days
(Ashtari et al. 2012). Demir and co-workers (Demir
et al. 2012) stated that the biocatalysts with very high
sensitivity to environmental conditions easily lost
their activity during time and, therefore, their immo-
bilization would be very helpful to maintaining their
activity. They found only 25-30 % decrease in
immobilized o-amylase activity after several days
that were similar to the results achieved in this study.
In another study, Sohrabi et al. showed the increase in
immobilized o-amylase activity in comparison to free
enzyme (Sohrabi et al. 2014).
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Effect of frequent use on the stability
of immobilized enzyme activity

One of the main advantages of enzyme immobilization
is the possibility of frequent usage of enzyme. The
results of frequent use on the stability of immobilized
enzyme activity showed that for AFSMNPs and
chitosan-coated AFSMNPs 82 and 91 % of their initial
activity, respectively, remained after 10 repeated uses
(Fig. 8). About 74 and 85 % of their initial activity was
preserved after repeated use of 20 times in AFSMNPs
and chitosan-coated AFSMNPs, respectively. Also the
addition of chitosan to AFSMNPs led to the increase of
enzyme stability in frequent use. These results indi-
cated the superiority of both nanocarriers compared to
the previous studies (Pascoal et al. 2011). In another
study conducted with Ashley et al. (2011) in the
stabilization of the enzyme with substrate polyaniline,
90 % of enzyme activity after 4 times and 70 % after
10 times was preserved.

The results of the kinetic properties of enzyme

To determine the kinetic parameters of free and
immobilized enzyme on AFSMNPs and chitosan-
coated AFSMNPs, the enzyme activity was observed
in the presence of different concentrations of starch
(0.2-3 %) as substrate. Kinetic parameters of V., and
K., were obtained from Michaelis—Menten Graph and
Lineweaver—Burk diagram (Fig. 9). Obtained values
of kinetic parameters are shown in Table 4. The V.«
amount depends on the amount of active enzyme and
K., represents the tendency of the enzyme to the

110
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65 | —4— AFSMNPs
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Number of reuses

Fig. 8 Effect of frequent use on activity of immobilized
enzyme

substrate. K, is much smaller, indicating a greater
tendency of the enzyme to the substrate. The results
show that the K, of the immobilized enzyme in both
AFSMNPs and chitosan-coated AFSMNPs was more
than the free enzyme. Though these changes are not
very impressive, it can be concluded that the proper
complex between the enzyme and the substrate has
been created. There have not been drastic changes in
the three-dimensional structure of the enzyme, and the
catalytic properties of the enzyme were largely
maintained. These results showed the same tendency
of the enzyme to the substrate and the formation of
appropriate complex between the enzyme and sub-
strate and confirmed that the stabilization of enzyme
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Fig. 9 Lineweaver Burk plot for a free a-amylase, b a-amylase
immobilized on amino-functionalized silica-coated magnetite
nanoparticles (AFSMNPs), and ¢ o-amylase immobilized on
chitosan-coated AFSMNPs
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Table 4 Kinetic parameters obtained for free and immobilized

enzyme
(mg mL™h mg min)
Free enzyme 0.39 1.92
Enzyme-*AFSMNPs 0.86 1.16
Enzyme-chitosan-coated 1.36 1.25
AFSMNPs

# Amino-functionalized silica-coated magnetite nanoparticles

on the substrate did not reduce the tendency of the
enzyme to the substrate. The k., for free and
immobilized enzyme on AFSMNPs and chitosan-
coated AFSMNPs were 0.39, 0.86, and 1.36, respec-
tively. Little differences between k,,, are probably due
to the changes in the tertiary structure of amylase, how
the enzyme is immobilized on the substrate, and fewer
availability of substrate for the active site that was
affected by the immobilization process. Therefore, a
slight decrease in the catalytic efficiency of enzymes
and increase in k,, have been observed (Kumari and
Kayastha 2011). The V.« for free and immobilized
enzyme on AFSMNPs and chitosan-coated AFSMNPs
obtained were 1.92, 1.157, and 1.255 pmol/mg min,
respectively. The decrease in V., value that is
dependent on the enzyme activity represents that the
action of the enzyme immobilization reduced the
enzyme activity. This reduction probably happened
due to the covalent stabilization of enzyme from
multiple points or might be due to the damaging of the
structure of the active site of the enzyme when
hydrolysis process was done. In a study, the same k,,
values were achieved for the immobilized glucose
oxidase on the ultra-filtration membranes and free
enzyme (Godjevargova et al. 2000).

Conclusion

In this work, a-amylase was successfully immobilized
on glutaraldehyde-activated amino-functionalized sil-
ica-coated magnetite nanoparticles alone (AFSMNPs)
and covered with chitosan using the covalent binding
method. FTIR spectrum proved that the chemical
modification and immobilization were carried out
successfully. The a-amylase-bounded glutaraldehyde-
activated AFSMNPs and chitosan-coated AFSMNPs
nanoparticles have a mean size of around 20-80 nm.

@ Springer

Immobilized a-amylase was found to be stable against
various types of physical and chemical denaturants.
Enzyme assays demonstrated substantial improve-
ment of thermal, pH, storage stability, and frequent
use of the o-amylase due to immobilization. The
kinetic studies verified the Michaelis—Menten behav-
ior and proposed an overall improvement in the
performance of the immobilized enzyme in compar-
ison to the free enzyme. The results presented here
revealed the potential applicability of the developed
nanoparticles for biomedical and biotechnological
applications, which could be suggested to be used for
the efficient conversion of starch in continuous
reactors at the industrial level.
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