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Abstract
Ubiquitous nanomaterials have been extensively involved in multifarious biotransformation of diverse organic and synthetic 
techniques. This research study describes the robust immobilization of α-amylase on magnetic nanoparticles of magnesium 
ferrite (MgFO) functionalized with silane. The XRD patterns, FESEM and HRTEM images were analysed to study structural 
and morphological features. The crystallite size of MgFO is found to be 12 nm. The FTIR results confirmed the covalent 
attachment of the enzyme with the MgFO and VSM and Mössbauer spectrometric graphs were evaluated to study the mag-
netic behaviour of the prepared samples. The Kinetic parameters, reusability, storage capacity and catalytic activity of the 
enzyme at various reaction time, pH and temperature conditions before and after attachment with MgFO were examined to 
confirm the successful immobilization process. The reusability of the enzyme on modified MgFO is found to be good (> 50%) 
even after 12 consecutive usability cycles and also retain 50% catalytic efficiency over 30 days storage period.
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1 Introduction

Biomolecules, exceptionally nano-biocatalysts are gain-
ing striking consideration for multidisciplinary scientific 
studies as they are significant active and selective to cata-
lyze various intricate actinic reactions in an antagonistic 
environment, nevertheless operational reaction stability, 
loading capacity, reusability and separability like con-
straints restrict their biotechnical applications [1–3]. 
Catalytic stability studies are comparatively recorded 
under easily established chemical studies and lead to a 
colossal requirement of enzyme immobilization science, 
whereas, after immobilization nano-bio catalyst may save 
the characteristics that, in inimical situations, there may 
be deformation of the active site and which leads to a 
decrease in activity rate [4]. For the development of an 

excellent immobilized bio-nanocatalyst assembly, the 
assorted dexterity of enzymology, protein science, nano-
surface techniques and solution reaction intricacies are 
employed together [5]. The accomplishment rate of these 
biomolecules assisted reactions is immensely affected by 
the type of brace material employed for immobilization 
[6]. In recent years, biomolecules immobilized on mag-
netic brace materials due to expeditious separation of bio-
molecules under an external magnetic field. Various inno-
vations in the biotechnological field have resulted in the 
diversification of carriers and immobilization technolo-
gies to augment the loading capacity, stability in reaction 
media and activity rate of natural enzymes which repress 
the cost of immobilization for industrial application [7]. 
These incorporate several methods like nanoparticles and 
mesoporous materials based immobilization, smart chem-
istry science, microwave-aided immobilization, etc. [8]. 
The exclusive characteristics including size, surface area, 
saturation magnetization value, etc. of nano powdered 
magnetic metal oxides attract the attention of researchers 
and become their leading choice in the immobilization of 
nano-biocatalysts [9]. The segregation and dissolution of 
nano-biocatalysts is a common limitation and not so easy 
to be overcome. This aim can be attained by employing a 
propitious option of magnetically separable nanoparticles 
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which provides high accessibility with improved reus-
ability [10]. These magnetic nanoparticles are non-porous 
in nature, so they do not have diffusion problems like 
a porous brace used for immobilization. The repeatedly 
employed magnetic nanoparticles are metal-iron oxides 
that have minimal toxicity, large loading limits with fewer 
diffusion possibilities in the reaction solution, sufficient 
oxygen enclosing surface functionalities and better bio-
compatibility like characteristics [11]. The most com-
monly employed magnetic metal-iron oxide particles 
generally have low dispersity and solution stability like 
drawbacks and several modification processes are pro-
moted nowadays to make them more dispersible and bio-
compatible [12]. To subdue these drawbacks, the coalition 
of biocatalysts with insoluble substrates like ferrites has 
emerged as entrenched access and efforts were recently 
made to put them in the place of iron oxide nanoparticles 
to curtail these insufficiencies [13]. Amylase is one of the 
extensively used enzymes in food, clinical and medicinal 
industries. α-amylase is a subcategory of this enzyme 
which is widely studied in the hydrolysis process of starch 
breakdown into sugar units. There are many reported arti-
cles of amylase immobilization and encapsulation exist-
ing in the literature on various substrates like α-amylase 
on Titania/lignin composite [14], various silica encap-
sulated α-amylase [15], peanut β-amylase immobilized 
onto carbon nanotube [16], α-amylase on polyanilines 
[17] and α-amylase on Graphene oxide nanosheets [18]. 
By perusing this, in this research article, we have suc-
cessfully immobilized α-amylase on Magnesium ferrite 
nanoparticles (MgFO). Efficacies of the new immobilized 
system are examined, and a correlated investigation of the 
various characteristics and process parameters of free and 
immobilized MgFO nanoparticles was also conducted.

2  Materials, preparation 
and characterization techniques

2.1  Materials

Magnesium nitrate, Iron nitrate, Ethylene Glycol, Ammonia, 
Citric acid and Ammonium hydroxide were procured from 
Merck Chemical Co. α-amylase (EC 3.2.1.1 from Bacil-
lus subtilis), 3, 5-dinitrosalicylic acid (DNS), Tetra Ethoxy 
Silane (TEOS), Glutaraldehyde and Starch were procured 
from Sigma-Aldrich Chemical Co.

2.2  Synthesis of MgFO

Magnetic nanoferrite of magnesium was synthesized by 
a self-ignition process as reported earlier [19]. For the 
preparation process, a mixture of calculated ratios of metal 
nitrates and citric acid was made in double-distilled water 
and thereafter ethylene glycol and ammonia were added one 
by one to control agglomeration and solution pH. In the end, 
the mixture was allowed to convert itself into viscous gel at 
80 0C which exhibit a self-ignition process to form a red-
brown flocculent powder. Later, the sample was sintered for 
3 h at 500 0C.

2.3  Synthesis of TEOS functionalized MgFO

An earlier reported method [10] was employed to fabricate 
TEOS functionalized MgFO nanoferrite (TEOS-MgFO) 
powder as illustrated in Fig. 1. The process is associated 
with the use of nanocatalyst of acidic or basic type in the 
hydrolysis of TEOS. The small amount (100 gm) of MgFO 
particles was homogeneously dispersed to a solution con-
taining Ethanol (150 mL), ammonium hydroxide (2 mL) 

Fig. 1  Illustration of the process of enzyme loading on MgFO
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and distilled water (10 mL), followed by the addition of 
TEOS (2 mL) to the mixture. Later, the mixture formed was 
sonicated for two cycles of 30 min each. After one day, the 
MgFO particles were magnetically separated and got ethanol 
washed four times and later dehydrated in the oven at 60 0C. 
The binding agent Glutaraldehyde (2%) was transplanted 
on the separated particles by mixing them for 60 min at 
150 rpm and later filter-separated by the reaction solution, 
followed by many washing and dehydration processes.

2.4  Immobilization and activity assay

Amylase dissolved in Phosphate solution was added to 
TEOS-MgFO particles by the process illustrated in Fig. 1, 
followed by 5 min incubation with  N2. Finally, the mix-
ture was kept for shaking at 100 rpm for 24 h at 37 °C for 
optimal immobilization of amylase onto modified MgFO. 
Amylase immobilized MgFO (MgFO-Amylase) was then 
separated by a magnet and supernatant was collected. 
Collected MgFO particles were washed with Phosphate 
buffer and were dispersed into Phosphate buffer for fur-
ther use. The amount of immobilized enzyme was deter-
mined by the subtracted amount of protein determined in 
supernatants and washing solutions from the amount of 
initial protein used for immobilization. After the immo-
bilization process, the supernatant and the washing solu-
tions were collected and assayed for protein estimation as 
well as amylase activity. The Bradford method was used 
to determine the amount of the enzymes in solution [20], 
while the activities of free and immobilized amylase were 
assayed by the method of Bernfeld [21]. To evaluate the 
immobilized enzyme activity starting with the addition of 
modified MgFO in the 20 mM phosphate buffer with pH 
near 7. The solution was incubated for half an hour at 37 
°C and 3, 5-dinitrosalicylic acid (DNS) was added later 
to it. The assay output as reduced sugar was investigated 
by colour change observed by UV–Vis spectrometer near 
540 nm. Under standard assay conditions, for the calcula-
tion of 1 U of enzyme activity, the concentration of amyl-
ase needed to liberate 1 micromole of maltose per 60 s was 
calculated. A double reciprocal curve Lineweaver–Burk 
process was employed to evaluate the Km and Vmax results 
by interpreting the basic and obtained kinetic results [22]. 
The reusability of MgFO-Amylase was investigated up to 
21 cycles for 1.5% of starch solution. After every cycle 
magnetically recovered MgFO-Amylase was washed three 
times with ethanol. The relative activity between the first 
cycle and the rest of the cycles is calculated to study the 
effect of enzyme immobilization on reusability. The com-
mercial application of these types of immobilized catalysts 
is found to be dependent on the collusion between the 
amylase and functionalized support type which governs 
the storage capacity of these enzymes. The enzymatic 

behaviour of the prepared samples stored in phosphate 
buffer (20 mM, pH 7.0) at 4 °C concerning the number of 
storage days was investigated.

2.5  Characterization

The crystalline phase and size of the MgFO sample were 
characterized by X-Ray Diffraction and the successful bind-
ing of amylase on MgFO was investigated by FTIR results 
obtained by employing Pan analytical instrument in the 
angle range from 20 to 70° θ and Perkin Elmer spectrometer 
in the range 400–4000  cm−1 respectively. The particle size 
and morphology of MgFO were investigated by HRTEM 
and FESEM results obtained by TEM, 2000 FP 5022/22 
FEI, USA and FESEM, Nova Nano SEM-450, JFEI (USA), 
respectively. The magnetic characteristics of the MgFO 
and modified MgFO were analysed by VSM graphs and 
Mossbauer spectra obtained by employing VSM, Micro-
sense, EV7 and Mössbauer spectrometer of FAST Com Tec 
070,906, respectively. All the characterization studies were 
performed at 300 K. The protein estimation results were cal-
culated by dye-binding method, used to calculate the amyl-
ase concentration in the supernatant through spectrometer 
named tech UV 2100.

3  Results

3.1  Structural and phase characteristics

3.1.1  FTIR graph

The modification of MgFO surface with various functional 
moieties was elucidated from recorded FTIR spectra of 
MgFO, TEOS-MgFO and MgFO-Amylase as shown in 
Fig. 2, respectively. As depicted in the figure the elemental 
bands in the range of 400–800  cm−1 exemplify the success-
ful structure formation of the ferrite sample consisting of the 
octahedral and tetrahedral site bonds [10]. A predominant 
peak near 600  cm−1 proved the presence of an iron-oxygen 
bond in MgFO samples. In the rest two samples of TEOS-
MgFO and MgFO-Amylase, the presence of silane-oxygen-
silane bonding was observed by peaks at 1475  cm−1 [23]. 
The peaks noticed near 1010 and 1370  cm−1 are attributed 
to Carbon–Oxygen and carbon-hydrogen bonding [24]. The 
absorption peak found near 1032, 1392, 1548 and 1620  cm−1 
confirms the fruitful changes in the MgFO sample done by 
enzyme loading on its surface [25]. A broad absorption peak 
near 3300  cm−1 confirmed O–H stretching [26] and a band 
near 2960  cm−1 symbolized the stretching vibration corre-
sponding to aliphatic C–H bonding in the samples [26].
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3.1.2  Phase and structural analysis

The crystallinity of the structure of MgFO nanoparti-
cles was checked by XRD graphs as presented in Fig. 3. 
The obtained results confirmed the presence of all the 
required peaks of a spinel cubic structure in accordance 
with JCPDS file 71-1232 and indexed as (220), (311), 
(222), (400), (331), (422), (511), etc. [27]. The Fullproof 
Rietveld refinement method was employed for peak index-
ing. The calculated crystallite size by using Debye and 
Scherrer’s equation is approximately 12 nm. The synthe-
sized sample has unit cell values as that of a cubic space 
group fd-3 m with a side = 8.3673 nm and crystallographic 
angle = 90.0.

3.1.3  Microstructural studies

The figurative FESEM images of the MgFO and modified 
MgFO samples are collectively shown in Fig. 4a,b. The 
FESEM images proved the spherical shape and homogeneity 
of the prepared and modified samples. The nano range parti-
cle size of MgFO contributed to the serene immobilization 
of amylase. Later modification leads to agglomeration and 
an increase in size too by keeping the shape of the particles 
the same. The detected size of the MgFO conforms to the 
XRD calculations. As presented in Fig. 4c,d, the scrutiny of 
the crystalline nature of the MgFO and TEOS-MgFO sam-
ples was exhibited by HRTEM results. From the obtained 
results the particle size of MgFO is found to be approxi-
mately 15 nm and 20 nm in diameter before and after the 
modification process. After TEOS modification the poly-
crystalline nature of the MgFO samples remains the same.

3.2  Magnetic characterization

3.2.1  Vibrating sample magnetometer results

From the VSM curve as depicted in Fig. 5, the magnetic 
saturation value Ms of the as-prepared and modified samples 
(TEOS-MgFO and MgFO-Amylase) was evaluated as 23.7 
emu/gm, 11.1emu/gm and 9.1 emu/gm, respectively. This 
difference in the magnetic saturation values confirmed the 
successful immobilization and modification of the samples. 
The large Ms value of the nanoparticles also makes sure that 
the immobilized system can be expeditious separate from the 
reaction solution in the action of applied magnetic force. In 
addition, coercivity and retentivity values near zero conclude 
the near superparamagnetic behaviour of the samples. The 
calculated result values of magnetic parameters are enlisted 
in Table 1. The change in magnetic parameters after and 
before immobilization is accrediting to the large functional 
area of nanoparticles which permit lucrative binding of 
amylase with prepared nanoparticles [28]. The compre-
hensive magnetization of the sample is stated by Ms = V*ms 
Where, V and  ms are the volume fragment and magnetic 
moment values of the sample. After modification of the pre-
pared composite rely upon the magnetic and non-magnetic 
parts present in the sample. As clear from Fig. 5, a small 
hysteresis curve is evident proof of its nearly superparamag-
netic nature.

3.2.2  Mössbauer spectra

Figure 6 depicts the Mössbauer spectra of the prepared and 
modified samples at room temperature. The spinel struc-
ture of ferrite has tetrahedral (A) and octahedral (B) sites 
which correspond to magnetic sub-lattices in the struc-
ture. The electrostatic interplay among the nucleus and 

Fig. 2  FTIR graphs for a MgFO, b TEOS-MgFO and c MgFO-amyl-
ase, respectively

Fig. 3  X-ray diffractometer result for MgFO
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inner-shell electrons in an atom engendered shifting in the 
nuclear energy states of absorber and source both. Also due 
to nonuniform cubic arrangements and different bond sepa-
ration at both sites, they have different specific site magnetic 
values and isomer shift results. The calculated Mössbauer 
parameters isomer shift (IS), Quadrupole splitting (QS), 
Line width (LW) from the recorded spectra are presented 
in Table 1. The recorded results confirmed the presence of 
two combined existed wide sextets with large line width and 
single doublet, representing two sites of the spinel structure 
and also the existence of superparamagnetic relaxation with 
ferromagnetic ordering in the samples [25].

3.3  Effect of different process parameters 
on amylase immobilization

3.3.1  Determination of amylase activity at different 
reaction conditions

The catalytic activity of an enzyme predominantly depends 
on the change in starch percentage, reaction time, reaction 

Fig. 4  FESEM and HRTEM results for MgFO are a and c and for TEOS-MgFO are b and d, respectively

Fig. 5  VSM graphs for a MgFO, b TEOS-MgFO and c MgFO-Amyl-
ase, respectively
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pH and temperature. The optimum concentration of amyl-
ase immobilized on MgFO was investigated for the different 
starch solutions and the calculated results are presented in 
Fig. 7a. Hence, 36 (U/mg) is the best-optimized amylase 
captivation in the 1.5% starch solution. The obtained data 
made it clear that the catalytic rate of the MgFO-Amylase 
sample increased with the amylase concentration and con-
firms that active groups on MgFO coated with the TEOS 
sample are not changing and the conformational changes in 
the amylase structure are negligible [24].

The variation of reaction time and reaction pH and the 
corresponding change in the catalytic rate of amylase are 
given in Fig. 7b, c. The obtained results for variation of 
reaction pH at different values in the range of 6–9, revealed 
that the catalytic rate of MgFO-Amylase is maximum at pH 
7. Also, the obtained results confirm that the catalytic rate of 
amylase and MgFO-Amylase samples were investigated for 
10, 20, 30 and 40 min and is found to be highest at 20 min 
incubation. After 20 min, activity decline again this is attrib-
uted to a possible decrease in the availability of the surface 
functional group as steric hindrance rises [10].

The variation in reaction temperature strongly regulates 
the amylase catalytic activity as temperature variations 
decidedly influence the active sites. The catalytic behaviour 
of amylase and MgFO-Amylase with the variation in reac-
tion temperature is illustrated in Fig. 7d. The results revealed 
that the optimum reaction temperature for amylase is 37 °C 
and for MgFO-Amylase is in-between the range of 37–45 
°C. The obtained results proved that the immobilization 
process does not alter the amylase conformation and also 
increased the catalytic behaviour to the range of 37°45 °C 
effectively with similar activity. This increase in stability at 
a higher temperature range is attributed to a rise in thermo-
kinetic energy of MgFO which results in more uncovering 
of catalytic sites of amylase to the chosen substrate and 
also improved than the few already obtained immobiliza-
tion results [29]. This increase in temperature stability also 
advances the chances of the amylase binding to MgFO and 
hence, enhances the potency of the used process.

3.3.2  Kinetic parameters

The Kinetic behaviour of Amylase and MgFO-Amylase was 
determined by investigating the elementary reaction behav-
iour of the immobilized enzyme in various substrate concen-
trations. After evaluating, the double reciprocal curve, the 
Km values are calculated as 41.1 and 39.3 and Vmax values 
are 0.81 and 0.49 for Amylase and MgFO-Amylase, respec-
tively. The increase in Michaelis constant results shows that 
after immobilization on MgFO Amylase affinity for sub-
strate in the reaction mixture rises. The activity behaviour 
of the enzyme for the substrate is depicted in Fig. 8 as the 
Lineweaver–Burk plot. The obtained values confirmed the 
lower binding affinity of amylase in comparison to MgFO-
Amylase samples. The obtained results show that the Km 
value of Amylase-MgFO was low than the free amylase 
sample and this is credited to the surrounding changes of 
amylase enzyme after immobilization on MgFO particles. 
The prepared MgFO particles have a small size, which helps 
us to conclude that the amylase enzyme may undergo expan-
sion on MgFO particles and provide high affinity towards 
the substrate and increase active sites availability too [30].

Table 1  Parameters calculated 
from Mössbauer spectra

Sample name Sub-spectrum IS QS (mm/s) LW Magnetic hyper-
fine field (T)

Site specific 
subspectral area 
(%)

(a) S1 0.197 0.02 0.99 45.70 61.12
S2 0.178 0.079 1.97 39.33 37.61
D1 0.187 0.687 0.478 – 1.27

(b) S1 0.265 − 0.092 0.419 51.90 62.68
S2 0.132 0.059 0.562 48.59 25.23
D1 0.134 0.589 0.768 – 12.09

Fig. 6  Mössbauer spectra for a MgFO and b TEOS-MgFO, respec-
tively
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3.3.3  Reusability and storage stability of MgFO‑amylase

To increase the possible technical uses of amylase the 
enzyme reusability and storage stability factors were inves-
tigated. The obtained data for these factors is illustrated 
in Fig. 9a, b, respectively, and the results revealed that 
the enzymatic catalytic rate of amylase remain 50% even 
after 12 recycles. The observed decrease in the enzymatic 
catalytic rate concerning the number of recycles could be 
explained by the inactivation of active sites which are inhib-
ited by accumulated by the reaction left product after a few 
cycles. The observed results confirmed that the immobiliza-
tion of Amylase on MgFO provides a sheltered covering to 
amylase that bestows its enlarged catalytic behaviour and 
could raise its practical stability on functionalized magnetic 
support matrix [31].

The catalytic behaviour of amylase and MgFO- Amylase 
concerning the number of days was investigated over the 
period of 56 days. The storage stability results as shown in 
Fig. 9b revealed that after immobilization of Amylase the 
catalytic activity remains up to 50% even after 35 days. The 
probable reason behind the observed results is could be the 
interaction of Amylase with MgFO precluding the denatura-
tion of MgFO-Amylase. The obtained results are in accord-
ance with those earlier reported results that the magnetic 
nanoparticles could enhance enzyme stability and preserve 
its activity in adverse conditions. When Navya Antony et al. 
immobilized Amylase on Zinc Oxide, the obtained optimum 
pH was 6 and temperature was 60 °C, but the enzyme activ-
ity after six cycles of use and 30 days of storage remained 
at approximately 20% and 50% respectively [32]. Simi-
larly, F. Eslamipour et al. analysed  Fe3O4 nanoparticles for 

Fig. 7  Variation in amylase activity concerning Starch concentration, reaction pH, reaction time and reaction temperature

Fig. 8  Lineweaver–Burk plot 
for amylase and MgFO-amylase 
samples
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Amylase immobilization and found that the enzyme activ-
ity get reduced 40% and 50% after six cycles of use and 
12 days of storage [33]. In the present study, the immobi-
lized sample could be reused for seven cycles and 21 days 
with enzyme activity remaining at > 75% of its initial activ-
ity. These observed results are explained by the increased 
stability and rigidity in the immobilized enzyme structures 
after immobilization [34]. Hence the obtained results of the 
immobilized enzyme on the surface of prepared nanoferrite 
are found to be better than these earlier results and confirmed 
more suitability of the prepared sample in the repetitive use 
for bioindustrial applications of immobilized enzyme.

4  Conclusion

This article provides a lucrative immobilization strategy to 
immobilize amylase enzyme on magnetic MgFO particles to 
achieve easy dissolution of the enzyme by reaction mixture 
with enhanced catalytic activity. The crystallite size was cal-
culated by the X-Ray Diffractometer result and found to be 
12 nm. The FESEM and HRTEM studies concluded that the 
particle size increased after modification but the crystallin-
ity and spherical shape remain the same. The investigation 
of FTIR results confirmed the effective surface modifica-
tion and attachment of the enzyme with the MgFO parti-
cles. The MgFO-Amylase samples were found to have more 
reusability, enhanced reaction pH and thermal stability than 
free amylase samples. The analysis of obtained mössbauer 

spectra confirmed the presence of a doublet and two sextets 
pattern. The observed pattern of mössbauer spectra con-
firmed that the local magnetic field does not get altered by 
the modification process. The calculated kinetic parameters 
confirmed that the used progressive immobilization strategy 
is a noble and acceptable way for effective industrial applica-
tions of amylase enzyme.
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