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Abstract

Objectives: The industrial application of an enzyme is governed by its
thermodynamic properties and stability, which can be effectively improved
by immobilizing enzymes onto suitable supports. The present work is
done by immobilizing a-amylase onto aniline formaldehyde condensate
cross-linked polyaniline magnetic nanocomposite. Methods: Physiochemical
characterization of synthesized Fe;04-CLPANI nanocomposite was done by
FT-IR, XRD, TG, and SEM images. Biochemical characterization related to
immobilization efficiency, the kinetic parameters Vmax and the Km value,
thermal stability, storage stability and reusability of immobilized enzymes were
determined. Findings: Both physiochemical and biochemical characterization
led to the conclusion that Fe;04-CLPANI immobilized amylase indicated better
thermal stability than that of free enzyme and it tailored to the requirement
as an industrial catalyst. Novelty: To the best of our knowledge, no literature
is available on the immobilization of the enzyme to Fe;04-CLPANI composites
with core-shell structure.

Keywords: Nanocomposite; Amylase; Immobilization; Thermal stability;
Thermal deactivation o

1 Introduction

Biomolecules, especially enzymes, have received great attention nowadays as they
are widely used for catalyzing many chemical reactions in complex environments.
However, their commercial use is often restricted due to poor operating stability,
high consumption, low controllability and non-reusability. Enzyme immobilization has
been proven to be the most successful strategy for addressing these issues, improving
catalytic stability, separation, and reutilization for numerous cycles, making them
commercially and industrially feasible ). A wide range of carriers has been used for
the immobilization of enzymes ). Polymer magnetic nanocomposites have earned an
unavoidable place in all branches of research and are used for a variety
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of applications, including medication administration, sensors, and contrast agents in magnetic resonance imaging due to their
exceptional and peculiar magnetic properties, improved performance and large surface area -9,

Nowadays many studies have focused on the preparation of a wide variety of composites with magnetic and conducting
properties. Recently Conggiang Lou et al. utilized Magnetic graphene nanocomposites to immobilize laccase”). M.Cabrera
et al. presented a simple, cost-effective, and efficient method for making a composite out of magnetic diatomaceous earth
(mDE) coated with polyaniline (nDE@PANT) which was utilized to immobilize invertase, galactosidase, and trypsin ). Several
studies have been published in which different polyaniline magnetite composites were utilized as effective support for enzyme
immobilization, dye absorption studies, and heavy metal absorption.® Fe;Oy particles can be wrapped in PANT to create new
nanomaterials with a core-shell structure and fascinating magnetic and electrical characteristics. One disadvantage observed
was that the use of these composites in acidic solutions is limited because the magnetic core-shell dissolves in acidic solutions
and loses its magnetic property. Wan’s group produced a core-shell Fe30y4 cross-linked polyaniline (CLPANI) nanocomposite
by using aniline formaldehyde condensate during aniline polymerization, wherein cross-linked PANI serves as the conductive
shell and Fe3 Oy serves as the magnetic core >'9). To the best of our knowledge, no literature is available on the immobilization
of enzymes to Fe3O4-CLPANI composites with core-shell structure.

One of the numerous amylase enzymes, ¢¢t-amylase (1,4-d-glucanglucanhydrolase, EC.3.2.1.1), hydrolyzes starch to maltose
by randomly cleaving the internal 1,4-linkages (endoamylase). oi-amylase is an enzyme used in several industrial sectors,
including the production of ethanol. high fructose corn syrup, and paper recycling!"'?. Adsorption based on physical
adsorption or ion binding is the most basic and popular method used in the immobilization process. The benefit of this approach
is that it lessens interference from the inactive centre, preserving the full level of activity 1.

In the current study, precipitation oxidation was primarily used to create the Fe3O4 nanoparticles. Fe3O4-CLPANI
nanocomposites with the core-shell structure were then created by in-situ polymerizing aniline monomer and AFC in an
aqueous solution that contained a dispersion of Fe304 nanoparticles. By using Fe304-CLPANI composites with a core-shell
structure as a carrier, -amylase was immobilized. XRD, IR, TGA and SEM analyses were used to characterize the produced
Fe304-CLPANI composites. For the best immobilization yield and efficiency, the impacts of several immobilization parameters,
including temperature, pH, contact time, and the amount of enzyme needed, were investigated. The kinetic parameters K,,, and
Vmax were computed using the Lineweaver Burk graph and Hanes Woolf graph. The reusability, thermal stability, and storage
stability of the enzyme were investigated in both free and immobilized conditions.

2 Materials and Methods

2.1 Materials

Aniline (C¢HsNH;), Formaldehyde (HCHO), Iron (II) sulfate. Heptahydrate (FeSO4.7H,0), Iron (III) chloride. Hexahydrate
(FeCl3.6H,0), and soluble potato starch were obtained from S.D. Fine Chem. Ltd., Mumbai. Diastase ¢-amylase (1,4 ¢&¢-D-
gluconglucanohydrolse, E. C. 3.2.1.1) was bought from Hi-Media Laboratories Pvt. LTD., Mumbai. Ammonia solution (NHj3,
25%), acetone, Hydrochloric acid (HCl) and Ammonium peroxodisulphate (APS) were purchased from Merck Co. Aniline
monomer was distilled at low pressure and kept at temperatures below 0 °C. The remaining reagents were of analytical quality
and were utilized without additional purification.

2.2 Preparation of Fe;0,-CLPANI Nanocomposite

Fe30, nanoparticles were prepared according to the method by Bruce et al.!¥) and aniline formaldehyde condensate (AFC)
was prepared according to the method of Liu et al.'”). (supplementary data- Appendix A2). Fe304—CLPANI nanocomposite
was prepared according to the literature®) with a few modifications via in-situ polymerization of aniline monomer and
aniline formaldehyde condensate in an aqueous solution containing magnetite (Detailed method of preparation is given in
supplementary data — Appendix A3).

2.3 Characterization of Fe304-CLPANI Nanocomposite

The nanocomposite was analyzed using the KBr pellet technique on a JASCO FT-IR 4100 spectrometer at room temperature,
with absorption bands recorded in the 500-4000cm ! range. XRD analysis of the composite was done by Bruker AXS D8
Advance. Thermal decomposition study of the composite was performed by TG- DTG analysis using Perkin Elmer Pyris
Diamond TG analyzer. The surface morphology of the nanocomposite was examined using a JEOL Model JSM-6390LV
scanning electron microscope.
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2.4 Immobilization of Alpha-Amylase

For maximum activity and immobilization yields, immobilization parameters including temperature, enzyme concentration,
immobilization medium pH, and enzyme contact time were optimized. By combining the nanocomposite with equal quantities
of enzyme solution and buffer at optimum conditions, the enzyme alpha-amylase was immobilized onto the nanocomposite. It
was shaken to eliminate the unattached enzyme; it was washed twice using the same buffer. The supernatant and washings were
collected to perform a total protein assay using Lowry’s technique!”). A Thermo scientific evolution 201 UV-Visible Double
Beam Spectrophotometer was used to measure the absorbance of Folin-phenol Ciocaltaue’s reagent at 660 nm.

2.5 Activity determination of the free and immobilized enzyme

Using starch as a substrate, Fuwa’s method was used to determine the activity of the immobilized and free enzymes %1%

(Supplementary data — Appendix A4).
The loss of an average of 1 mg of iodine-binding starch material per minute in the assay response is known as the starch-
iodine assay. Consequently, Equation (1) was used to compute the activity(U/mL).

Activit U Ags0 control — Agsp sample
ctivi — | =
Y L Absorbance for 1 mg of starch derived fromthe standard curve X incubation time X Volume of the enzyme (mL)

Agso sample is the absorbance for the starch digested with the enzyme, as opposed to Agsy control, which is the absorbance
obtained from the starch without the addition of an enzyme .

2.6 Calculation of Immobilization Yield, Activity Yield and Immobilization Efficiency

Equation (2) was used to compute immobilization yield (IY) by comparing the protein concentration of the supernatant before
and after immobilization.
Cl1-C2
IY (%) = ———= x 100 ()
C1
Where C; was the protein concentration used for immobilization and C; was the protein concentration in the supernatant
following immobilization.
And the activity yield (AY) was determined by Equation (3),

AY (%) = Activity‘ of immobilized enzyme < 100 3)
Activity of free enzyme

The immobilization efficiency (IE) was calculated using Equation (4),

AY
IE(%) = Ty %100 (4)

2.7. Comparative studies of free and immobilized enzyme

2.7.1. Effect of pH on enzyme activity

The pH of the reaction affects the activity of free and immobilized enzymes and this was studied using acetate buffer (pH 4 -
5.5), phosphate buffer (pH 6-8) and glycine buffer (8.5-9) at room temperature over a pH range of 4-9. This was done by stirring
a definite amount of free and immobilized enzyme in a suitable buffer with 1% starch solution as the substrate for 15 minutes
at 30 °C. An enzyme assay was performed as in the determination of free and immobilized enzyme activity explained above.

2.7.2. Effect of temperature on enzyme activity

By adjusting the temperature between 30°C and 70°C, the best temperature for the maximum activity of the free and
immobilized enzymes was investigated. Plotting the log of the relative activity of the measured temperature versus 1/T (Kelvin)
for the free and immobilized samples, the activation energy, E, is calculated from the slope of the Arrhenius plot in accordance
with Equation (5), where R is the gas constant (8.314 k]J/mol) and T is the absolute temperature (Kelvin).

Slope = E,/2.303R (5)
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2.7.3. Determination of Thermal stability
The enzyme samples were subjected to different temperatures (30-70° C) at optimum pH for a pre-incubation period of 2 h,
and the residual activity was then measured with the starch as the substrate at optimum pH and optimum temperature.

2.7.4 Kinetic studies of free and immobilized alpha-amylase

Under ideal pH and temperature circumstances, initial reaction rates were observed by adjusting the substrate concentration.
The Michaelis-Menten constant (K,,) value represents the enzyme’s affinity for the substrate, and the maximum rate of the
enzymatic reaction (V,,,y), represents the number of molecules of substrate transformed into product per minute per enzyme
molecule. Both the parameters can be evaluated from the Lineweaver-Burk plot using the Equations (6) and (7) respectively.

Vinax = 1/y-intercept (6)
Km = SlOpe * Vmax (7)

2.7.5 Reusability and storage stability
The reusability of the immobilized enzyme was tested using a batch experiment with fixed times for each cycle. At the optimal
pH and temperature, the immobilized enzyme’s residual activity was assessed at regular intervals. At the end of each cycle, the
immobilized enzyme was removed, washed with buffer, and a substrate solution was added to start a new cycle. The process is
repeated after each count.

During four weeks of storage at 4°C, the activity of immobilized enzymes in buffer solution was assessed at regular intervals.
The % activity was obtained by comparing the final activity to the initial one.

3 Result and discussion

3.1. Structural characterization of Fe;0,-CLPANI nanocomposite

FT-IR spectra of Fe30,4 and Fe304-CLPANI composite (Supplementary data- Appendix B- Figure B1)

The -NH stretching vibration is represented by the absorption peak at 3500-3000 cm™! and the -CH stretching vibration
by faint absorption bands at 2800-3150 cm™! ?9), The absorption peak of 3419.6 cm™!in magnetite spectra corresponds to the
hydroxyl group on the Fe30,4 magnetic nanoparticle surfaces, which led to the surface modification of nanoparticles ?!. The
peaks of CLPANI in the composite mask the above peak of magnetite, which confirms the encapsulation of the magnetic
nanoparticle by CLPANI and indicates the bonding of CLPANI strongly to the surface hydroxyl groups on the magnetic
nanoparticle. The peaks in the region 1588 cm™ and 1489 cm™! are the C=C and C=N stretching deformation of quinoid,
(N=Q=N)and C-N stretching vibrations respectively and show a shift to lower wave number on comparing the corresponding
peaks of polyaniline. The N atom in the CLPANI chain may interact with the Fe atom’s 3d orbit to form a coordinate bond,
which might reduce the interval between the phenyl ring’s energy levels ). The vibration absorption peak of the Quinone
nitrogen atom in Fe304-CLPANI is 1145 cm’!, indicating that CLPANI has been effectively coated onto the surface of Fe304
particles. The peaks below 1000 cm™ especially the peak in the composite at 570 cm™ are related to the Fe-O bond vibration
of Fe304 which shows the presence of magnetite in the composite (1), Furthermore, the strength of the characteristic peaks
of PANT at 2813.1 and 2926.5 cm™! reduced, indicating some interaction between the active sites on the PANT surface and the
Fe304 particles. Interactions between PANI and Fe3O4 particles in composite materials were also found in a minor change
in percentage transmittance towards longer wavelength regions, as previously described . The presence of physical forces
between CLPANI and Fe3O4 is demonstrated by the movement of absorption bands toward low frequency. In the FTIR spectra
of Fe304-CLPANI composites, the band at 3400 cm™! has been replaced by a large absorption plateau 123,

All the diftraction peaks of the XRD spectrum of Fe304-CLPANI composites (Supplementary data- Appendix B- Figure
B2), with main peaks at 26 values 30.20°, 35.86°, 43.61°,54.17°,57.56°, 62.74° were in good agreement with the face-centered
cubic structure (fcc) of magnetite (JCPDS 199-629) (16) The diminished intensity of peaks compared to that of pure magnetite
indicates that the surface of magnetite is successfully modified by CL-PANI coating, and the magnetite structure is well
retained in the composite even after coating in acidic conditions. The average particle size of the Fe304-CLPANI composite
was calculated using Debye Sherrer equation and was found to be 7.43 nm 21,

(Supplementary data- Appendix B- Figure B3) gives scanning electron microscope images of Fe304-CLPANI nanocompos-
ite. The polymer is aggregated with near-spherical morphology and distributed non-uniformly resulting in the encapsulation of
magnetic nanoparticles by CLPANI. The magnetite was completely covered by the CL-PANI which was revealed by the rough
surface morphology of the composite.
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The TG and DTG curves of Fe304-CLPANI (Supplementary data- Appendix B- Figure B4) composite exhibited three major
weight losses. The initial phase of weight loss below 200° C was related to the elimination of physically-sorbed water and dopant
anion from CL-PANI. The second stage is around 200° C and 320°C due to the loss of water and HCI which are bonded to
the polymer chain. The third stage of weight loss at 425°C is due to the decomposition of the polymer chain. This points to
the increased thermal stability of Fe3O4-CLPANI composite which can be due to the interaction of polymer chain and nano
magnetite particle ?V.

3.2. Optimization of Immobilisation of free enzymes

Immobilization parameters such as pH, contact period, initial amount of protein and temperature were optimized
(Supplementary data — Appendix C1-C4) and evaluated the immobilization yield, activity yield, and immobilization efficiency
of the immobilized enzyme (Table 1) 1%, The maximum activity was observed at immobilization pH 7, contact period of
support and enzyme at 60 minutes, initial amount of protein of 1mg and immobilization temperature of 40°C were taken as the
optimum immobilization parameter. 192>29),

Table 1. The immobilization yield, activity yield, and immobilization efficiency of immobilized enzyme

Support Initial protein  Immobilized Protein  Immobilization Activity Yield ( %) IE(%) = % x 100
Yield(%)
Fe304 CL-PANI 1 mg 0.94 94% 90 95.7

3.3 Comparison of performance of free and immobilized a- amylase

3.3.1 Effect of pH on enzyme activity

In the pH range of 4 to 9, the impact of pH and temperature on the activity of -amylase was discovered (Supplementary
data- Appendix D Figure D1). The free enzyme displayed its highest level of activity at a pH of 5.5 and the immobilized
enzyme at a pH of 6. The alkaline shift in the area of optimal pH of immobilized enzyme may be related to the positive charges
on the composite’s amine group, which may have led to a drop in the H* concentration in the microenvironment around the
immobilized enzyme. The immobilized enzyme’s structural configuration may alter as a result, increasing the enzyme’s activity at
higher pH levels. The immobilized enzyme exhibited promising pH stability across a wide pH range, which might be attributed
to the enzyme’s multipoint attachment to the support surfaces !>1%,

3.3.2 Effect of temperature on enzyme activity
The reaction’s incubation temperature fluctuated between 30 - 60 °C. (Supplementary data- Appendix D- Figure D2). The
relative activity obtained was 86% when the enzyme was immobilized, which shifts its optimal temperature from 50 °C to 40 °C,
which can be related to a change in the structural integrity of the enzyme structure, which promoted improved amylase activity
below 50 °C. Otherwise, the protein structure may have been altered by the attachment to the support, and higher temperatures
may have resulted in the denaturation of the enzyme due to the breakdown of non-covalent intramolecular interactions.The
immobilized enzyme exhibited a broad and stable temperature profile and retained more than 50 % activity even at 60 °C. This
can be ascribed to the protective effect provided by the enzyme support at higher temperatures where denaturation occurs 124,
The activation energy of immobilized amylase and free amylase for the hydrolysis of the starch substrate can be obtained from
the Arrhenius plot for Free enzyme and immobilized enzyme shown in Figure 1. It is found that the free enzyme’s activation
energy, (E, = 11.05 k] mol™!), is lower than that of the immobilized enzyme, (E, = 36.41 k] mol!), due to the prolongation of
enzyme and substrate contact and to the changes in the structural conformation of the enzyme by immobilization, which in
turn decreases the catalytic efficiency V).

3.3.3 Determination of Thermal stability

Thermal stability was studied for both free and immobilized forms at varied preincubation temperatures and time intervals.
The high thermal stability of the immobilized enzyme is attained by the conformational integrity of the enzyme structure
by immobilization with rigid support ™). (Supplementary data- Appendix D- Figure D3). Even after 2 hours at 80 °C, the
immobilized form retained half of its activity, whereas the free enzyme retained just one-fifth of its initial activity.
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Fig 1. Arrhenius plot for a) free enzyme b) immobilized enzyme

3.3.4 Determination of kinetic parameters

By performing the starch hydrolysis process at optimum temperature and pH for substrate concentrations ranging from 0.2-1.00
mg/mL, the kinetic characteristics of free and immobilized enzymes were examined. The kinetic parameters, K, V4 0ffree
and immobilized amylase are obtained from the Lineweaver-Burk plot and Hanes Woolf Plot Figure 2 (a) and 2(b) and are
shown in shown in Table 2 . Immobilization resulted in a decrease in V4, and an increase in K,,,, indicating a lower affinity for
substrate molecules due to conformational changes in the enzyme caused by excessive adsorption of enzymes on the support,
resulting in reduced accessibility of substrate molecules to the enzyme’s active site (12,
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Fig 2. (a). Lineweaver Burk plot for free enzyme and immobilizedenzyme (b). Hanes Woolf plot for free enzyme and immobilized enzyme

Table 2. Comparison of kinetic parameters of free and immobilized enzyme

Kinetic Parameters

Free enzyme

Immobilized enzyme

K, (mg/mL)
Vinax (Umol mg'1 min’!)

0.54£0.01
37.87 £0.03

0.66£0.02
27.1 £0.05

3.3.5 Reusability and Storage stability

The reusability of immobilized o-amylase was assayed over twelve reaction cycles at optimum pH and temperature. The relative
activity of the first run was set to 100%, and the results are displayed in Figure 3 (a). Immobilized enzyme retained 72% after
6 cycles and 45% after 12 cycles. The results indicated that the catalytic activity of the immobilized enzyme was durable under
repeated use. The loss in activity was attributed to the inactivation of the enzyme due to the weakening of the binding strength
between the enzyme and the support after continuous use ?”).
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The storage stability of the immobilized enzyme showed that Immobilized enzyme retained 76% after 2 weeks and 59%
after 4 weeks, suggesting that the immobilized enzyme exhibited improved storage stability Figure 3 (b). This is because the
immobilization of ¢t- amylase onto Fe3O4-CLPANI composite has succeeded to reduce the natural loss of enzyme activity and
increased the enzymé’s storage stability 12).

RELATIVE ACTIVITY
RELATI VE ACTIVITY

1 H H

No of cycles No of weeks

Fig 3. (a) Reusability and (b) Storage stability of the immobilized enzyme

4 Conclusion

Surface encapsulation of magnetite by aniline formaldehyde crosslinked polyaniline was confirmed using FTIR spectra, XRD,
TG and SEM. a-amylase was successfully immobilized on Fe304-CLPANI nanocomposite. The optimum pH and temperature
values of ar-amylase in magnetite nanocomposite were modified due to the enzyme’s conformational change, which could boost
the enzyme’s applicability. The immobilized enzyme has good storage and reusability properties. These results demonstrate that
Fe304-CLPANI provided good support for o -amylase immobilization. The kinetic characteristics of an enzyme immobilized
on Fe3O4-CLPANI nanocomposite have been determined. At high temperatures, the activity of the immobilized enzyme was
greater than that of the free enzyme. Immobilized enzymes were found to be more robust to environmental conditions than
unbound enzymes. Immobilized enzymes were found to be more robust to environmental conditions than unbound enzymes.
The study discovered that immobilized enzyme has greater thermal stability than free enzyme and that the Fe304-CLPANI
nanocomposite immobilized enzyme is tailored to the needs of an industrial catalyst.
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