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Inulin hydrolysis was performed by inulinase from Aspergillus niger covalently immobilized on
magnetite nanoparticles (Fe;O4) covered with soy protein isolate (Fe;O4/SPI) functionalized by
bovine serum albumin (Fe;04/SPI/BSA) nanoparticles as a new bio-functional carrier. The specific
activity and protein content of the immobilized enzyme were 25.99 U/mg and 3.52 mg/mL, respec-
tively, with 80% enzyme loading. The immobilized inulinase showed maximum activity at 45 °C,
which is 5 °C higher than the optimum temperature of the free enzyme. Also, the optimum pH of
the immobilized enzyme shifted from 6 to 5.5, which is more acidic compared to that of the free
enzyme. The K, value of immobilized inulinase decreased to 2.03 mg/mL. Thermal stability
increased considerably at 65 and 75 °C, and a 5.13-fold rise was detected in the enzyme half-life at
75 °C after immobilization. Moreover, 80% of initial activity of immobilized inulinase remained

after 10 cycles of hydrolysis.

Keywords: Functionalized magnetic nanoparticle; Inulin; Inulinase immobilization; Soy protein
isolate and bovine serum albumin; Fructose and Fructooligosaccharide.

INTRODUCTION

Fructose and fructooligosaccharides (FOSs) are
important and fast emerging components in food, bever-
ages, and pharmaceutical products. One of the most
important health benefits of fructose as a sweetener is its
insulin-independent metabolism, which makes it a sugar
for diabetic patients. It has low carcinogenicity, raises
iron absorption and zinc in children, and enhances the
flavor, color, and product stability in food and
beverages.'> Fructose in crystalline form is about 1.8
and 2.3 times sweeter than the table sugar sucrose and
glucose, respectively.* Inulin is a polysaccharide consist-
ing of linear b-2,1 linked polyfructose units, which are
responsible for its nutritional characteristics and are
known to be perfect sources of fructose and high fructose
syrup (HFS).®” FOSs are nondigestible carbohydrates
that reach the large intestine, where colonic flora ferment
them by enhancing the bifidobacteria growth and prevent

the growth of pathogenic microorganisms.®>® From a

physiological point of view, FOSs behave as a soluble
food fiber. They have remarkable characteristics. For
example, they are calorie-free, which means that human
body lacks the essential enzymes to hydrolyze the
p-bonds and so that the digestive enzymes cannot hydro-
lyze them. Thus, since these substances cannot be used as
an energy source in the body, they are safe for diabetics
and people on slimming diets.'®'" Another important
characteristic of FOSs is that they have a low sweetness
intensity. This property makes them suitable for numer-
ous kinds of foods where the sucrose use is restricted
because of its high sweetness.'' FOSs have prebiotic
effect. It is usually accepted that the bacterial community
residing in the human gastrointestinal tract has a vital
impact on intestinal functioning and human health.'?
These properties, together with their other favorable
physiological effects (increased mineral absorption, low
carcinogenicity, and reduced levels of serum cholesterol,
phospholipid, and triacylglycerol), support FOS addition
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to foods.'™!! Inulin is a stored carbohydrate in the roots
of Jerusalem artichoke, chicory, and tubers, and can be
used in industrial scales to produce HFS.'?

Fructose can be obtained by the hydrolysis of
starch by enzymes including a-amylase, amyloglucosi-
dase, pullulanase, and glucose isomerase, resulting in
the production of a mixture of oligosaccharides (8%),
fructose (45%), and glucose (50%). Separation of fruc-
tose from this HFS is expensive and thus makes this
process wasteful. An alternative method involves the
use of inulinase, which yields 95% pure fructose after
single stage of enzymatic hydrolysis of inulin.'*'¢

Inulinase is one of the most important enzymes
with industrial application. This enzyme 1is a
B-fructanohydrolase (endo-inulinase, EC 3.2.1.7 and
exo-inulinase EC 3.2.1.80) that produces fructose and
FOSs by the degradation of inulin (Scheme 1).'7'®

Enzyme immobilization appears to be a key factor
in developing thermal stability, reutilization, and reus-
ability of the enzyme. Immobilized enzymes have to
maintain their structure and function to retain their bio-
logical activity after immobilization, to remain tightly
bound to the surface, and not to be desorbed during
their use. Immobilization removes most of the disad-
vantages of the enzyme applications, making their use
promising in industrial processes.'*"*

Enzyme immobilization by a technique based on
the formation of covalent bonds is a widely used appli-
cation of inulinase. An advantage of this method is
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Scheme 1. Schematic representation of inulin hydro-
lysis by endo and exo-inulinase.
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that, because of the stable nature of the bonds formed
between the enzyme and the carrier, the enzyme is not
released into the solution upon its use.*!*>

Magnetic nanoparticles have been subjects of
intense research because of their excellent physical and
chemical characteristics such as superparamagnetism,
good dispersity, low toxicity, and good biocompatibility.
Moreover, bare iron magnetic nanoparticles have hydro-
phobic surfaces. Owing to the hydrophobic interactions
between the nanoparticles, these particles are unstable
and tend to aggregate. Thus, the particle size increases
and their magnetic properties can change in complex
environmental and natural systems. Various modifica-
tion methods have been suggested to get biocompatible
and soluble magnetic iron. Nanoparticles for inulinase
immobilization covered with soy protein isolate (SPI)
(to prevent Fe;O,4 aggregation) accomplished by bovine
serum albumin (BSA) (as a source of lysine group linker
to enhance inulinase covalent binding) proteins (Fe;O4/
SPI/BSA) are considered to be one of the most promis-
ing materials as protective layers of magnetic nanoparti-
cles owing to their higher biocompatibility and
hydrophilic property. Thus, they are typically applied to
fabricate magnetic protein nanoparticles suitable for
inulinase immobilization. These nanoscaled systems
showed several advantages such as increased surface
area and reactivity and enhanced enzyme loading capac-
ity (ELC).>*?" In the present study, we aim to further
improve and enhance the ELC, thermal stability, and
reusability of the immobilized enzyme.

EXPERIMENTAL
Materials

Inulin from chicory roots was obtained from
Fluka Chemical Company (Switzerland). Inulinase
(endo-inulinase EC 3.2.1.7 and exo-inulinase EC
3.2.1.80) from Aspergillus niger was obtained from
Sigma-Aldrich. Glutaraldehyde (25% v/v in water),
sodium potassium tartrate, and BSA were purchased
from Merck. All other solvents and reagents used were
of analytical grade and purchased from Merck and
Sigma-Aldrich

Surface analysis was carried out using a Tescan
Mira IT (USA) field-emission scanning electron micro-
scope (FE-SEM) at a voltage of 20.0 kV after coating
the samples with a thin layer of gold by magnetron
sputtering. For measuring the absorbance, a Perkin
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Elmer Lambda 25 UV-vis spectrophotometer (USA)
was used employing cells of 1-cm path length against
blanks. The infrared spectra of all formulations were
recorded using a Fourier transform infrared spectrome-
ter (FTIR-8300, Shimadzu, Japan). All values are
expressed as mean + standard deviation of three repli-
cate experiments.

Nanomagnetite preparation

Magnetic nanoparticles were synthesized by copre-
cipitation of magnetic nanoparticles. A mixed solution
of ferric and ferrous ions in 1:2 molar ratio was pre-
pared. First, 8.86 g FeCl; - 6H,O (99% purity) and
3.25 g FeCl, - 4H,0O (99% purity) were dissolved in
400 mL of deionized water in a three-necked flask
under nitrogen atmosphere. Then,
hydroxide solution was added dropwise into the flask
under constant stirring. After mixing the solution, its
color changed from light brown to black, indicating the
formation of Fe;O,4 nanoparticles. Ultrasonication at
200 Hz frequency was applied for 10 min at room tem-
perature for size reduction of the magnetic particles,
which were then kept at ambient temperature over-
night. The resulting Fe;O,4 nanoparticles were separated
by an external magnetic field and then washed with
water three times. Finally, the magnetic FesO4 nano-
particles were dispersed in deionized water.”* 3! The
reaction principle is as follows:

10 mL sodium

2Fe; + + Fe, + + 80H — - Fe;O4 +4H,O (l)

SPI/BSA nanostructure preparation

The desolvation technique was employed for the
preparation of SPI nanostructure covered with BSA.
For this, a mixed solution of SPI and BSA in 8:1 molar
ratio was prepared, and the pH was adjusted to 9 by
NaOH solution (0.1 M) with stirring. Then ultrasonica-
tion was carried out to make a homogeneous solution.
The nanostructure was formed by the dropwise addition
of the desolvating agent to the solution under constant
stirring until the solution became turbid. After the deso-
lvation process, the desolvating agent was evaporated
using a Buchi Rotavapor R114 at 30°C and was

replaced with the same of deionized
23,2532

volume
water.
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Synthesis of Fe;0,/SPI/BSA nanostructure

First, an appropriate amount of SPI/BSA nanopar-
ticles was dissolved in 25 mL phosphate buffered saline
(PBS). Some amount of Fe;O, magnetic nanoparticles
was added to the SPI-BSA solution. Next, glutaralde-
hyde was added to deposit the SPI-BSA on Fe;04 nano-
particles with cross-linking. The cross-linking process
was implemented under stirring of the suspension over
3 h. The resulting Fe;O4/SPI/BSA nanoparticles were
separated using centrifugal separation at 13 000 rpm
and washed with deionized water to remove the
unreacted SPI-BSA as much as possible.?”-*8

Inulinase immobilization on Fe;O4/SPI/BSA
nanostructure

Covalent immobilization was performed by mix-
ing the Fe;04/SPI/BSA nanostructure and the enzyme
solution and stirring for 24 h at 4 °C. For covalent
attachment, glutaraldehyde (25 mg/mL aqueous solu-
tion) in 50 mM sodium acetate buffer at pH 5.4 was
used as the cross-linking agent. Eventually, for remov-
ing trapped, nonbound enzyme, the products obtained
were isolated using centrifugal separation and washed
three times with 50 mM sodium acetate buffer solution
to remove the free enzyme.'*3334

Scanning electron microscopy

SEM examination of FezO4/SPI/BSA/inulinase
nanostructure was carried out with the MIRA/TES-
CAN microscope. A sample was lyophilized and then
placed on carbon tape over a microscope slide to be
coated with gold under vacuum to record the SEM
images. Representative micrographs were obtained for
each sample at magnifications of x500 and x1500.

Enzyme loading

The mass ratio of immobilized inulinase on the
nanoparticles shows the ELC. Moreover, ELC of inuli-
nase can be identified as the enzyme units loaded per
gram of the supporting agents.'#>

Nanoparticles provide large surface area per unit
mass for high enzyme loading. The ELC of enzyme
units per gram of the supporting agents was estimated
using Eq. (2):

(Ci—-G)V

0=—

(2)
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where Q is the value of enzyme loading (mg per mg
support), C; is the concentration of protein in the inuli-
nase solution before immobilization, C, is the protein
concentration of the residual free enzyme in the cock-
tail after immobilization, V is the total solution volume,
and W is the weight of carrier [mg]. The protein con-
tent of inulinase was determined using Bradford’s
method.'#3>-3¢

Determination of inulinase activity and protein content
The activity of free and immobilized inulinase
was estimated by measuring the amount of reducing
sugars released from inulin using the 3,5-
dinitrosalicylic acid (DNS) method. The nanostructure
loaded with native or immobilized inulinase was incu-
bated with 9000 pL of 50 mM sodium acetate buffer
at pH 5.5 containing 900 pL of 1 M inulin. The assay
mixture for inulinase activity was hydrolyzed for
60 min in a water bath at 40°C. Then, the reaction
was stopped by adding 500 pL of the DNS reagent to
500 pL of the hydrolyzed mixture and incubating the
mixture at 97-98 °C for 10 min. A separate control
sample was prepared for each sample to correct the
non-enzymatic release of fructose. The activity and
product content of the native and immobilized inuli-
nase were determined by reading the absorbance inten-
sity at 575 nm using, the UV-vis spectrophotometer
using cells of 1-cm path length. The absorbance was
related to the concentration of fructose with a stan-
dard calibration curve. All experiments were repeated
at least three times to ensure reproducibility. One unit
of inulinase activity was defined as the amount of inu-
linase enzyme that produced 1 pmol fructose per
minute under standard assay conditions:'?-3*37-38

pmol fructose

Activity =
min

3)

The protein concentration of the immobilized
enzyme was estimated by taking into consideration the
protein concentration in the initial solution and the con-
centration of the unbound protein:

Ab
Protein content = (TS> *10Dy (4)
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where unit of protein content is in milligram per millili-
ter; Abs is the absorbance at 595 nm, D; denotes the
dilution factor of the samples; and f is the factor

obtained from the standard curve.'*3¢

Effect of temperature on the activity of free and
immobilized inulinase

The effect of temperature on the activity of the
free and immobilized enzyme was determined by incu-
bating the enzyme in 0.1 M sodium acetate buffer
(pH 5.5) without substrate at different temperatures
ranging from 35 to 75°C for 90 min, and then determin-
ing the enzyme activity by the DNS method as
described earlier. The highest enzyme activity is taken
as 100% and the relative activity at each temperature is
expressed as a percentage of the of the maximum
(100%) activity. The inactivation rate constant of inuli-
nase (ki,) [min~'] was determined using Eq. (5):*>%7-8

InAy/Ag= —kin X ¢ (5)

where A, is inulinase activity before incubation, 4, is
inulinase activity after incubation at the temperature of
interest, and 7 is the incubation time. The half-life of inu-
linase (1,5, min), which is the time required to reduce the
activity by 50%, was estimated using Eq. (6).!*3°

Effect of pH on the activity of free and immobilized
inulinase

To determine the optimum pHs for the activities
of native and immobilized enzyme, inulin solution dis-
solved in buffer for each enzyme was separately incu-
bated under the various pH values in the range 3-8
(pH 3-5, 0.1 M acetate buffer; pH 6-8, phosphate
buffer) at 40°C.>*® The highest enzyme activity is repre-
sented as 100%, and the activity at each pH is expressed
relatively as a percentage of the 100% activity. Residual
activity was measured in terms of relative activity.

Determination of enzyme half-life

Half-life is described as the time, in minutes,
needed for the residual enzymatic activity in the sample
to reach one-half of its initial value:*>-*"-3

= In2/kqy (6)
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Determination of kinetic parameters

The apparent values of K, (substrate concentra-
tion at half the maximum velocity) and V., (maxi-
mum velocity) were measured from the kinetic data by
applying different inulin concentrations (0.25-5 mg
mL-1) in sodium acetate buffer (0.1 M, pH 5.5) at
40 °C. The Line—Weaver—Burk plot (double reciprocal)
method was used to obtain the Michaelis—Menten
kinetic model to explain the hydrolysis of inulin by the
native and the immobilized enzyme.>!3:!7-2°

Michaelis-Menten equation provides a good
description of the enzyme kinetics when the concentra-
tion of the substrate is high. The plot provides a
straightforward graphical method for analysis of the
Michaelis—-Menten equation, using which 1/[S] is plotted
against 1/[V] (Table 1); where, V. is the maximum
enzyme rate and K, is the Michaelis constant and is
equal to the substrate concentration at which the reac-
tion rate is half its maximum value.>'*!7*° The kinetic
constants of native and immobilized inulinase were esti-
mated using the double reciprocal plot method
(Lineweaver—Burk plot).

Reusability of immobilized inulinase

Reusability of the immobilized enzyme was ana-
lyzed by incubating inulinase-loaded nanostructure with
9000 pL. of 50 mM sodium acetate buffer at pH 5.5
containing 900 pL inulin and hydrolyzing the mixture
for 60 min in a water bath at 40°C. The reaction was
stopped by adding 500 pL of DNS reagent to 500 pL of
hydrolyzed mixture and incubating the mixture at
97-98°C for 10 min and finally reading the absorbance
intensity at 575 nm against the blank.

After each cycle, the enzyme-loaded nanostruc-
tures were washed with sodium acetate buffer and re-
added to a fresh reaction mixture (9000 pL of 50 mM
sodium acetate buffer at pH 5.5 containing 900 pL inu-
lin) for another enzyme assay and this process was
repeated for 15 cycles.'® Relative activity was expressed
as the ratio of the residual activity to the initial activity.

RESULTS AND DISCUSSION
FE-SEM analysis

The morphology and size of nanomagnetite were ana-
lyzed using FE-SEM, (Figure 1). Uniform Fe;O4 nanopar-
ticle surface and the size distribution histogram are
presented in Figure 1(a) and (b), respectively. The
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morphology and particle size distribution graph of SPI is
shown in Figure 1(c) and (d). In addition, surface character-
ization of the uniform SPI/BSA nanostructure with size dis-
tribution histogram for SPI/BSA is presented in Figures 1
(e) and (f).

Enzyme loading

The ELC was calculated using Eq. (2). The protein
content of inulinase was quantified by applying Brad-
ford’s method. The enzyme loading under the described
immobilization conditions was nearly 3.55 mg enzyme/
mg of support.

Determination of inulinase activity and protein content
The results of this work show that optimal activity
of free inulinase results after 3 min of reaction at the tem-
perature 35-40°C. However, in the case of the immobi-
lized enzyme, this time is altered to 5 min (Figure 2).
The protein assays of free and immobilized
enzyme were 4.477 and 3.526 (mg/mL), respectively.

Optimization of temperature, and temperature stability
of immobilized inulinase

The optimum temperature of the immobilized
enzyme, compared with that of the free state, shows a
shift from 40 to 45°C (Figure 3); which is 5 °C higher
than that of free enzyme. This shift of the enzyme’s
optimum temperature after immobilization could be
attributed to the formation of a molecular cage around
the protein molecule (enzyme), which protected the
enzyme’s molecules from the bulk temperature.®”-*®

The results clearly indicate that at 45°C the rela-
tive activity of the immobilized enzyme was consider-
ably increased compared to that at the other
temperatures studied (35, 55, 65, and 75°C).

The temperature effect on the stability of the free
and immobilized inulinase is presented in Figure 3.
These results confirm that the activity of immobilized
inulinase is more robust than that of the free form
against heat inactivation. At 65 °C, immobilized inuli-
nase retained over 50% of its initial activity after the
incubation period of 90 min. It is clear that the stability
of the immobilized enzymes at 35 and 50 °C for an
incubation period of 90 min did not change consider-
ably, whereas that of the free enzymereduced gradually.
In this regard, 60 °C is the temperature at which the
enzymes are to be preferably applied in industrial pro-
cesses to prevent microbial growth; and it permits
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Fig. 1. SEM images and Particle size distribution
graphs of nanoparticles. Magnetic nanoparti-
cles (1a and 1b), SPI nanoparticles (1c and
1d), SPI-BSA nanoparticles (le and 1f),
Fe;04@SPI-BSA NPs (1g and 1h).

higher concentration of the sugars, an ideal condition
for inulinase to produce fructose and FOS.?"-3#

At 65°C, free enzyme activity decreased to 17%,
whereas that of the immobilized enzyme retained 54% of its
initial activity. These results are very encouraging for indus-
trial applications. However, the thermal stability of the
immobilized inulinase was significantly increased compared
to that of free enzyme. That is, the native inulinase was very
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Fig. 2. Enzyme activity and hydrolysis profile of free
and immobilized inulinase. Comparison of
enzyme activity of free and immobilized inuli-
nase (a), and hydrolysis profile of free and
immobilized inulinase (b).

unstable at temperatures in excess of 55 °C, while the
immobilized enzyme was moderately stable up to 65 °C.
Enzyme hydrolysis of inulin at high temperature was effec-
tive in improving the solubility of the substrate and acceler-
ating reaction rate. The enzyme molecule’s covalent
attachment to carriers at multiple points increased the rigid-
ity of the enzyme structure and it was difficult to denature
it when heated, thus it could retain its stable structure and
improve its thermal stability. The covalent linkages
between the enzyme and carrier protected the structure of
the active site from deformation by heat.'*20-3337-38

Effect of pH on the activity of free and immobilized
inulinase

A lower optimum pH is useful for the preparation
of HFS because it avoids unwanted color formation.*>8
The highest activity of inulinase was observed at
pH 6.0, whereas the optimum pH of the immobilized
enzyme was shifted. As shown in Figure 4, this shift
occurs in the direction of acidic pH (=5.5), probably
because of the difference in micro environment such as
the surface charge of the carrier material.*® As shown
in Figure 5, free and immobilized enzymes were quite
stable in the pH range 4.5-7.5, and the pH stability was
basically enhanced after immobilization.

However, broader curves were observed for both
temperature—activity and the pH-activity profiles when
the immobilized forms were compared with the free
form. Such a feature may be ascribed to a protective
microenvironment resulting of immobilization, which
renders the enzyme less sensitive to the operational con-
ditions in the bulk phase.
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Half-life of the enzymes

Half-lives of the enzymes were determined by
Eq. (5), and an improvement in the half-life of the
immobilized enzyme was obtained compared to that of
the free enzyme. Obviously, the 7/, values were reduced
by increasing the incubation temperature.'*** However,
the #;, values of immobilized enzyme increased by
6.46- and 5.13-fold at 65and 75 °C, respectively, which
are significantly higher than those of the free enzyme at
the chosen incubation temperatures. The immobilized
inulinase was thus more stable than the free enzyme
(Table 1).

Kinetic studies

The kinetic constants of the native and immobi-
lized inulinase were estimated using the double-
reciprocal plot method (Lineweaver—Burk plots). The
obtained values are shown in Table 2.

The Vi and K, of free inulinase were 0.829 pmol/
min and 2.72 mg/mL, respectively. For the immobilized
enzyme, V. and K, were 0.674 pmol/min and 2.03 mg/
mL, respectively. After immobilization, the apparent K,

Table 1. Half-life of the free and immobilized inulinase at
three different temperatures

Half-life (min)

55°C 65°C 75°C
Free enzyme 182 63 30
Immobilized enzyme 495 407 154
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decreased, indicating that a lower concentration of the
substrate is needed for the immobilized enzyme since the
immobilized enzymes are as accessible as the free enzymes
to the substrates. It shows that immobilization decreases
the diffusion and permeation rates of the substrate and
the product. The lower Km value of the immobilized inu-
linase for inulin makes it a better candidate for inulin
hydrolysis. Such a small reduction in both K, and V.«
values after immobilization is not unusual. Immobiliza-
tion did not considerably affect V., of the free enzyme.
It could be due to changes in effective localized charges
near the active site of the enzyme, because the enzyme
attaches to the support very tightly. Also, after immobili-
zation, the mass transfer limitsthe substrate accessibility
to the active site of the enzyme.

Reusability study

The immobilized biocatalyst was used repeatedly
in several batch hydrolysis runs. The main advantage of
immobilization of enzyme is the easy separation and
reusability.!®> The data in Figure 5 reveal that the
immobilized inulinase retained over 80% of its activity
after 10 cycles (Figure 5).

Hence, the immobilized inulinase on the nanomag-
netite could be reused for more number of times and retain
more enzyme activity than the native enzyme, thereby, it
saving substantial cost, time, carriers, and enzymes. The
most important consideration of immobilized enzymes for
industrial application is their repeated use.'>” It was
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Table 2. Michaelis-Menten constant (K,,) and Vi, of free
and immobilized enzyme

K., (mg/mL) Vinax (pmol/min)
Free enzyme 2.72 0.829
Immobilized enzyme 2.03 0.674
100
~SMINNnN
“ |
T 70
£ 60
£~}
2 50
=
,_.E 40
2 30
20
10
0+ T T T T T T T T T T g L\;
1 2 3 4 5 6 7 8 9 10 1 12
Number of Cycles

Fig. 5. Effect of the enzyme reuse on the activity of
immobilized inulinase during inulin hydroly-
sis at pH 5.5 and 40°C for 60 min. Each
treatment was performed in triplicate.

observed that up to four cycles there was no significant
loss in activity, but it started to reduce thereafter.

CONCLUSIONS

Application of functionalized magnetic nanoparti-
cles to immobilize inulinase for inulin hydrolysis was
studied in the present work. Successful immobilization
was confirmed using FE-SEM and enzyme assays. This
study is the first in which Fe;O4/SPI/BSA is used as a
carrier for inulinase immobilization. The relative activity
of the immobilized enzyme was significantly higher than
that of the free enzyme at 50-70 °C. The thermal stabil-
ity of the enzyme improved by immobilization. The
immobilized enzyme showed an increase in pH stability
over the studied pH range of 5-8. The kinetic parame-
ters were effective in both free and immobilized forms of
inulinase. Our results showed that the enzyme molecules
often undergo conformational changes during immobili-
zation, resulting in a change in the temperature stability,
and kinetic constants. The study of reusability of immo-
bilized inulinase showed that even after 10 cycles the
enzyme retained 80% of its initial activity. Overall, this
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immobilized system provides numerous advantages for
the industrial production of HFS.
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