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Abstract

Introduction: Amylases are used in various industries, mainly, starch processing that hydrolyze polysaccharides. Insoluble and solid supports are
noteworthy in immobilization of enzymes for industry because of increasing enzyme stability. In this study, immobilization of alpha amylase in
electrospun polyethersulfone (PES) nanofibers was studied.

Materials and Methods: Covalent immobilization of the enzyme was done through the carboxyl groups made by oxygen plasma treatment and
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) as a carboxyl group activator agent. Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) and contact angle analysis proved enzyme immobilization. The optimum conditions determined and the catalytic parameters of
immobilized enzyme were calculated.

Results: The results of this investigation showed that the optimum pH of immobilized enzyme was displaced toward acidic region by 1 unit.
Comparison of the optimum temperature for immobilized and free amylase revealed 10°C increasing for the immobilized enzyme. Furthermore,

the kinetic parameters, V

max

the immobilized amylase was obviously improved.

and K for the immobilized enzyme were the same and higher than those of free ones, respectively. Storage stability of

Conclusions: The results illustrated that nanofibrous supported alpha amylase is a new and suitable matrix for industrial applications.
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Introduction

Amylases belong to glycosyl hydrolase family 13 and
specifically break O-glycoside bonds in starch.! These
enzymes with approximately 25% share of the enzyme market
have been employed in some industrial processes such as food,
textile, paper and medical industries.? The immobilization
of enzymes on various supports can increase stability, easy
resumption and sequential use of a single batch of enzyme
which will finally save the enzyme and decreases the extra
costs.** This process can be done by a chemical method like
electrostatic or covalent bond between the enzyme and the
support, or a physical way, such as adsorption or entrapment of
the enzyme.® There are different reports on the immobilization
of alpha -amylase on different carriers by different methods.
Several materials for amylase immobilization such as sodium
alginate, agar, ceramic, wool, glass wool, glass, polystyrene,
magnetic nanoparticles, cation and anion exchange
resins, gelatin, chitosan, cellulose, starch, sepharose, silica,
amberlite and acrylic carriers have been used.®'” Recently,
researchers have been interested in cross linking of enzymes
to electrospun nanofibers because of increased surface area to
volume ratio and porosity."® Till now, some nanofibers such as

poly(vinyl alcohol)/poly(acrylic acid) (PVA/PAA) nanofibers
and poly(glycidyl methacrylate) grafted electrospun fibers
have been used for amylase immobilization.'*? In the present
study, a-amylase was immobilized onto polyethersulfone
(PES) nanofibers, which could be a proper candidate for being
used in the industry. For this purpose, PES nanofibers were
constructed by electrospinning method. Activation of acid
groups produced by plasma treatment creates considerable
binding sites for the enzyme. Alpha amylase immobilization
was done covalently by EDC as a reagent and eventually the
biochemical characteristics of immobilized enzyme versus
free enzyme were examined.

Materials and Methods

Materials

Polyethersulfone (molecular weight of 58000 Da) was
purchased from BASF (Germany). Chloroform (99.6%
purity) and N, N-dimethylformamide (DMF) (99.5%
purity) were received from Merck (Germany). 2-(N-
morpholino) ethanesulfonic acid (MES), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC),
a-Amylase (1,4-a-D-glucan-glucanohydrolase; EC 3.2.1.1
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from Bacillus subtilis; extra pure 380 U mg™), starch, maltose,
3,5-dinitrosalicylic acid (DNS), sodium potassium tartrate
and NaOH pellets were purchased from Sigma (St. Louis,
MO, USA).

Preparation of Polyethersulfone Nanofibers

PES nanofibers (24%W) was synthesized by electrospinning
technique. In this method, PES polymer solution was collected
on a rotary collector from a metallic needle by a flow rate of 1
mL/h. The distance of rotating cylindrical drum from needle
was 15 cm.

Analysis of Nanofibers

The photographs of the nanofibers were taken by a scanning
electron microscopy (SEM) (KYKY-EM3200, Japan) and gold
coated samples were imaged under high vacuum.

Surface Modifications

The plasma technique with a microwave plasma generator
of 40 kHz frequency and a cylindrical quartz reactor
(Diener Electronics, Germany) was used for increasing the
hydrophilicity of the nanofibers. Oxygen plasma treatment
was carried out under 0.4 mbar pressure and 45 W power for
5 minutes.

Contact Angle Measurements

The hydrophilicity of the electrospun PES nanofibers was
evaluated by contact angle technique. The surface wetting
characteristics were tested by a drop-shape analysis device
(OCA 15plus, Data physics GmbH, Filderstadt, Germany).
Deionized water droplets were put onto the matrix surface
by a syringe at room temperature and the droplet shape was
captured with a CCD camera after 10 seconds. The angle
between the droplet base line and the tangent of the water/
air boundary was used for contact angle calculation. Five
measured contact angles were used for statistical analysis.

Activation With Carbodiimide

Fabricated and treated fibers were cut as disks and placed in
a 24-well culture plate. After washing with MES buffer (50
mM; pH 5), EDC solution (60 mM in MES buffer) was added
to nanofibers disks, kept in a shaking water bath for 1 hour
at 25°C. The activated nanofibers were washed 3 times with

phosphate buffer (50 mM; pH 5).

Enzyme Immobilization

The enzyme solution (2 mg enzyme/mL PBS) was added to
activated nanofibers and the immobilization reaction was
done at 4°C for 12 hours. For omitting the unbound enzymes,
the surface of matrix was washed three times with PBS (50
mM; pH 5). The immobilized enzymes were used freshly.
The scheme of activation and enzyme immobilization on
nanofibers are shown in Figure 1.

ATR-FTIR Analysis

In order to investigate the chemical changes of nanofibers
surface, Fourier transform infrared (FTIR) spectrum was
recorded on Equinox 55 (Bruker Optics, Germany) FTIR
spectrometer with deuterated triglycine sulfate (DTGS)
detector and a diamond attenuated total reflectance (ATR)
attachment.

Immobilization Yield

After the enzyme immobilization process, UV absorbance
of the supernatant and the wash solutions were measured at
280 nm by using a UV-spectrophotometer (Shimadzu, Model
1201). The enzyme calibration curve was prepared at 280 nm
and used for calculation of the amount of unbound enzymes.
The immobilization yield of a-amylase (E) was evaluated
according to Eq. (1):

E% =

¢ -G %100
C

1

(1)

Where C, and C, are the concentrations of a- amylase used
in the immobilization reaction and the sum of unbound
enzymes in the supernatant and washes after immobilization,
respectively.

Activity Assays of immobilized and Free a-Amylase

Enzyme activities of free and immobilized -amylase were
evaluated by Bernfeld method.* The activity of amylase was
assessed by quantifying the amount of maltose released from
starch. Miller procedure was used to quantify the maltose.?
Twenty microliters of the free or immobilized enzyme and 80
uL of 1% starch solution (w/v), both prepared in phosphate
buffer (pH 5), were mixed in test tube and then incubated at
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Figure 1. The Scheme for Activation of Electrospun Nanofibers and Enzyme Binding.
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40°C for 30 minutes. After that 100 uL of 3,5-dinitrosalicylic
acid (DNS) was added as the terminator of the reaction then
was boiled at 100°C for 5 minutes. The absorbance at 540
nm was used for determining the released maltose in the
reaction volume. One unit of enzyme activity (U) was defined
as the amount of the enzyme releasing 1 umol of reducing
sugars per minute under the assay conditions. All mentioned
measurement experiments were done at least three times and
the percent of relative standard deviations were less than 5.0%.

Effect of Temperature and pH on the Activity of Amylase
The temperature and pH range of 30-60°C and 4 to 8 was
used to determine optimum temperature and pH for both
forms of amylases. The relative activity (%) was calculated by
considering the activity of every sample into the maximum
one (100%).

Assessment of Storage Stability and Reusability of Amylase
The storage stability of the free and immobilized amylase was
estimated by storing the enzymes at 4°C for 9 days and the
remaining activities were determined every day (24 hours).
Also for determining the reusability of the immobilized
amylase, the remaining activity of the enzyme was tested after
reacting for 30 minutes with 1% soluble starch. The pH and
temperature of the reaction medium were optimum. After
each usage, the nanofiber disk was washed three times by
PBS (50 mM; pH 6) and then another fresh reaction medium
was used. The activity was measured as described before. The
initial activity of the enzyme was assigned as 100%.

Determination of Kinetic Parameters of Immobilized and
Free Amylase

The reaction progress curve assay was prepared by different
concentrations of starch. The kinetic parameters of both forms
of studied enzyme were determined from the Lineweaver-
Burke plots.

Ethical Considerations
This study does not involve the use of human subject or
animal experiments and so does not require an approval from
the ethical committee.

Results

Properties of Nanofibers

SEM micrograph of PES nanofibers demonstrated the
formation of ordered nanofibers by electrospinning method
(Figure 2). Fabricated electrospun nanofibers had a high
porosity construction and bead-free surfaces with a 250+ 10
um electrospun matrix thickness as well as 210+£40 nm
average diameter of fibers.

Contact Angle Analysis
The contact angle of nanofibers after plasma treatment
decreases from 130 to 0 degree (Figure 3).

Enzyme Immobilization on Nanofibers
Optimization of Immobilization Conditions
In order to optimize the immobilization of the enzyme on
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Figure 2. SEM of PES Nanofibers. The porous structure of PES nanofibrous
matrix is clear. The diameter of nanofibers is determined 210+40 nm.
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Figure 3. The Contact Angle Determined Before (A) and After (B) Oxygen
Plasma Treatment of PES Matrix.

treated nanofibers various conditions were tried and the
activities of the immobilized amylase were assessed. The
given results are shown in Table 1. These experiments were
done at least 3 times and the relative standard deviation values
were less than 5%. The immobilization yield of a-amylase was
found to be 58.6%.

ATR-FTIR Spectra

In order to examine the immobilization of alpha amylase on
the plasma treated nanofiber support (under the optimum
conditions), the ATR- FTIR spectrum was taken (Figure 4).
The characteristic peaks at 1654 and 2800- 3500 cm™* region
were appeared.

Parameters Affecting Enzyme Activity

The effects of variable pH, temperature and storage time
were determined by calculation of the activities of free
and immobilized enzyme. The activities of the enzymes
were calculated using the maltose calibration curve in each
experiment.

Table 1. Optimal Conditions of a-Amylase Immobilization on Polyethersulfone
Support

Condition Varied Amounts Optimum Condition
[EDC] (mM) 20, 40, 60, 80, 100 60
pH 46,5, 54,58, 6.2 5
[Enzyme] (mg/mL) 0.1,0.5,1,2,5 2
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Effect of pH

The effect of pH was investigated in the pH range of 4.0-8.0 at
25°C. The maximum activity of free enzyme was obtained at
pH 6.0 while for immobilized samples the optimum pH was
taken to be 5.0 (Figure 5).

Effect of Temperature

The temperature effects on the activity of free and
immobilized a-amylase are shown in Figure 6. Free amylase
had an optimum temperature of nearly 40°C, while it shifted
to 50°C for the immobilized system.
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Figure 4. ATR-FTIR Spectrum of Plasma treated PES Nanofibers (...) and
Enzyme-PES (-).
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Figure 5. Effect of pH on Free (¢) and Immobilized Enzyme (e) Activity
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Figure 6. Effect of Temperature on Free (¢) and Immobilized Enzyme (o)
Activity

Kinetic Parameters

Double reciprocal plot (Lineweaver-Burk method) was used
to determine the kinetics parameters, maximum reaction
velocity (V) and Michaelis—-Menten constant (K ), for the
free and immobilized amylases as shown in Figure 7. In this
study, V. values were estimated as 0.15 and 0.16 units for free
and immobilized enzymes, respectively, thus immobilization
has no effect on the maximum velocity of the enzyme. K
values for free and immobilized enzymes were determined
as 0.125 and 2.3 mg/mL respectively. The results show that
immobilization causes approximately an 18-fold increase in
the K values.

Storage Stability

Storage stability is one of the important advantages of
immobilized enzymes over free enzymes. As shown in
Figure 8 upon 9 days of storage, the catalytic activity of free
and immobilized enzymes was retained 38% and 54% at
experimental conditions, respectively.

Repeated Use Capability

The results showed that on repeated use of the immobilized
a-amylase up to 9 cycles within 9 days (Figure 9) the enzyme
activity decreased to near zero.
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Figure 7. Lineweaver-Burk plots of free (¢) and immobilized enzyme (e).
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Figure 8. Storage Stability of Free (#) and Immobilized Enzyme (o) at 4°C
in Phosphate Buffer.
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Figure 9. Frequency Use of Immobilized Enzyme at 50°C in Phosphate
Buffer.

Discussion

Despite the great advantages of biocatalyst, their low stability
in non-physiological or industrial conditions has led to the
impossibility of usage of enzymes in long-term, repeated,
and high-performance applications. The researchers’ efforts
to eliminate these constraints have resulted in some solutions
such as modifying the enzyme or the reaction medium,
protein engineering and enzyme immobilization.**** It has
been proven that covalent immobilization in many cases
induces high resistance to temperature, denaturation and
organic solvents. The extension of these enhancements
may depend on other conditions of the system such as the
nature of the enzyme, the type of substrate and the method of
immobilization. The disadvantage often observed in covalent
immobilization is the large stress placed on the enzyme that
leads to significant changes in the enzyme conformation
and consequently leads to loss of catalytic activity.>® Polymer
materials are more suitable matrix for enzyme immobilization
because they have some advantages such as presence of
active agent groups, good mechanical characteristics, ease
of preparation and combining with biocompatible materials
to improve biocompatibility.** Nanomaterials are considered
for enzyme immobilization due to high surface-to-volume
ratio. Nanoparticles, nanotubes, mesoporous silicon and
nanofibers are the most widely used nanoscale materials in
the immobilization of enzymes.?” The low cost of production,
the ability to scale up and the variety of polymers are some
advantages of electrospinning in comparison with other
methods of nanofiber synthesis.?® PES is a polymer that has
good features, including good mechanical properties, high
thermal and chemical stability. It is also cheaper than the
most of the other polymers, such as polybenzimidazole.” This
study was conducted to immobilize one of the most applicable
industrial enzymes on solid and insoluble matrix in order to
improve the biochemical parameters and enzyme conditions.
Effective enzyme immobilization needs a hydrophil support.
Oxygen plasma treatment provides the desired matrix by
introducing many hydroxyl and carboxyl groups which, in
general, enhance the hydrophilic properties of the nanofibers.
Thereduction of contact angle value generally meansincreased
hydrophilicity which is an important factor in biomaterials.”
Optimization of enzyme immobilization conditions showed a
bell shaped curve for pH, EDC and enzyme concentrations.

It seems that increasing the amount of EDC from 20 to 60
mM caused more enzymes binding to the nanofiber and more
activity. The further increase in the amount of added EDC
caused steric hindrance and then reduction in the activity
of the enzyme.’" Increasing the amount of the enzyme may
have a similar effect so the best concentration of the enzyme
for immobilization in this process is 2 mg/mL. In order
to confirm the immobilization of the enzyme in optimal
conditions, the ATR-FTIR spectroscopy was performed.
The formation of bond between carboxyl and amide groups
resulted in a specific absorption peak, at about 1654 cm
indicating the presence of a given amount of amylase on
electrospun nanofibrous matrix. The ATR-FTIR spectrum
clearly marks the presence of bands related to N-H stretching
(3200-3500 cm™) and aromatic C-H stretching (2850-3500
cm’) vibrations.**** The mentioned characteristic peaks,
confirmed the immobilization of the enzyme on PES scaffold.
In most cases, factors such as optimum pH, temperature
and kinetic parameters undergo some changes after enzyme
immobilization. Partitioning effects of polyionic matrices
play a critical role in dividing protons between the bulk phase
and the enzyme microenvironment and causing a shift in the
optimum pH value.” The enzyme reaction, structure and
charge of the matrix are some parameters that affect the pH
shifting.* The shift of pH value to the acidic or basic region
upon immobilization is reported for amylase immobilization
till now.”””® In this study, the presence of positively charged
groups on the matrix or some secondary interactions between
the enzyme and the charged nanofibers may be caused a shift
to acidic region.’ It seems that the creation of covalent bonds
between the enzyme and the matrix causes conformational
limitations on the enzyme movements, preventing protein
denaturation and as a result, increasing the optimum
temperature upon immobilization.” Previous studies on
a-amylase immobilization showed shifts towards both lower
and higher temperatures.*****! V__ is an innate property of an
enzyme and the diffusional limitations affects this parameter.
K depends upon both partitioning and diffusional effects.
Some factors such as increased limitations of the substrate
transfer or an interaction between the substrate and the
support or the conformational changes of the enzyme can
be caused higher K value for immobilized enzyme.>* In
this study, enhancement of storage stability of immobilized
enzyme to free one, illustrates that the immobilization
decreases denaturation.® Singh et al reported storage stability
of 65% and 83% for free and immobilized enzymes onto
functionalized graphene nanosheets, respectively in 60 days.
Also, in the reuse of the amylase enzyme after 10 times, 58% of
the initial activity remained.* In another report, it was shown
that the free amylase, lost all the activity during 15 days, but
the immobilized enzyme on functionalized glass beads, lost
only 20% of the activity in 25 days.* Tuzmen et al reported
that the free amylase lost all the activity within 35 days while
the immobilized enzyme onto dye attached magnetic beads,
lost 27% of its activity during the same days.?® Decreasing of
enzyme activity upon repeated usage, may be due to enzyme
unfolding and physical loss of enzyme from the matrices.’
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