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 In this paper, covalent immobilization of beta amylase enzyme on the surface of modified magnetic nano particles (ZnFe2O4@SiO2-
NH2) is reported. For doing so, at first, the magnetic nanoparticles of ZnFe2O4 were synthesized by chemical co-precipitation method and 
then tetraethyl orthosilicate (TEOS) and 3-aminopropyltriethoxy silane (APTES) were used for modification of ZnFe2O4 nanoparticles with 
silica and amine groups (ZnFe2O4@SiO2-NH2). Then, the aminated surface of ZnFe2O4 nanoparticles was exposed to beta amylase 
immobilization using trichlorotriazine (TCT) as covalent agent. The immobilized beta-amylase enzyme was characterized by techniques 
such as Fourier transform infrared (FT-IR), scanning electron microscopy (SEM), powder X-ray diffraction (XRD) and energy dispersive 
X-ray analysis (EDAX). The kinetics studies corroborate the Michaelis-Menten model and show much progress in the efficiency of 
immobilized enzyme compared to the free enzyme. Also, the thermal stability of the beta-amylase enzyme is increased after 
immobilization. By applying a magnetic active support, simple and facile separation of beta-amylase from the reaction mixture and higher 
catalytic activity is possible. The highest activity for immobilized beta-amylase enzyme is observed at pH and temperature of 7.0 and 
40 C, respectively. 
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INTRODUCTION 
 
 The use of enzymes in industrial scale due to their high 
costs, low stability and reusability is limited. So, 
immobilization of enzymes on different supports increases 
the stability and reusability of enzyme. In recent years, 
research on magnetic nano particles has been of high 
importance because of their specific structure, low toxicity, 
easy synthesis and high magnetic response to an external 
magnetic field [1-6]. Also, magnetic nano particles show 
high potential in various fields including separation of 
proteins, cell labeling, drug delivery and catalysis [7-10]. 
Recent studies show that magnetic nano particles possess a 
great potential for the immobilization of enzyme that 
include  enzyme reusability using an external magnetic field  
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[11-15]. Also, when the particle size is reduced, high 
surface-to-volume ratio is obtained, which led to high- 
capacity for enzyme immobilization [15,16]. In addition, 
compared with porous compounds when using 
magnetic nano particles for enzyme immobilization, there is 
not limitation for diffusion of substrates and products [11-
13]. Also, the covalent bond between the enzyme and 
support has benefits that include reducing of conformational 
change involved in enzyme inactivation and increasing 
enzyme stability [16,17]. Beta-amylase enzyme attacks the 
alpha-1,4-glucan bond localized  on the non-reducing ends 
of starch and transforms it to maltose units. Maltose, a 
disaccharide formed from two units of glucose is widely 
used in food and pharmaceutical industries [18-22]. For 
example, the sweetness properties of the traditional sweet 
potato is related to maltose produced via beta-amylase 
enzyme [23,24]. The main objective of this work is to 
develop  a magnetically  responsive  support  which  enables  
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the better reuse of the enzyme to the magnetic substrate as 
well as the better reuse of the enzyme using a magnetic 
field. The results show that surface-modified 
ZnFe2O4 magnetic nano particles are promising support for 
beta-amylase enzyme immobilization. 
 
EXPERIMENTAL 
 
Materials and Methods 
 The materials used, including beta-amylase (EC 3.2.1.1), 
tetraethyl orthosilicate (TEOS), 3-aminopropyltriethoxy-
silane (APTES), trichlorotriazine (TCT), 3,5-dinitrosalicylic 
acid (DNS), Maltose, Starch, Sodium Potassium Tartrate 
(KNaC4H4O6.4H2O), sodium dihydrogen phosphate and 
disodium hydrogen phosphate, ferric nitrate nonahydrate 
(Fe(NO3)3∙9H2O), zinc nitrate hexahydrate 
(Zn(NO3)2.6H2O) and ammonium hydroxide (25%), were 
purchased from Sigma-Aldrich. 
 
Instruments Used 
 The morphology of the samples were analyzed by field 
emission scanning electron microscope (FE-SEM, Hitachi 
S-4160). The FT-IR absorption spectra were recorded on 
KBr pellets of samples in the range of 4000-400 cm-1 using 
a JASCO FT-IR-4200 spectrophotometer. The X-ray 
diffraction measurement was recorded on an X-ray 
diffractmeter Bruker, D8ADVANCE using Cu Kα radition 
(λ = 0.1540 nm) and the EDX spectra were recorded by 
Energy-dispersive X-ray spectroscopy (EDX) (Philips XL 
30). 
 
 Synthetic Procedure of ZnFe2O4 Nanoparticles  
 Although various methods have been reported for the 
synthesis of magnetic nano particles in the literature [25-
27], the chemical co-precipitation method as a simple and 
fast method was used in this study. According to this 
method, 1.25 g of Zn(NO3)2.6H2O and 3.4 g of 
Fe(NO3)3∙9H2O with molar ratio 1:2 were dissolved in 
100 ml deionized water and heated to 60 °C, then 6 ml of 
ammonium hydroxide (25%) was added to the solution and 
the mixture stirred for 30 min. The formed brown 
precipitate was washed with deionized water and ethanol 
[28]. 

 
 
Preparation of Silica Coated ZnFe2O4 
Nanoparticles 
 The classical Stöber method was used for modifying of 
ZnFe2O4 nano particles with a silica shell (ZnFe2O4@SiO2) 
[29]. The amount of 0.145 g of ZnFe2O4 nano particles with 
40 ml of ethanol was mixed and ultrasonicated for 10 min. 
Then, 6 ml of water and 3 ml of ammonium hydroxide 
solution were added and followed by addition of 4 ml 
tetraethyl orthosilicate (TEOS) was stirred at room 
temperature for 5 h. The obtained silica-coated ZnFe2O4 
nano particles were washed several times with ethanol and 
water and dried under vacuum at room temperature. 
 
Surface Modification of Silica-coated ZnFe2O4 
Nanoparticles  
 The surface modification of silica-coated ZnFe2O4 nano 
particles was carried out by Wang and Liu et al. method 
[30]. The obtained silica-coated ZnFe2O4 nano particles (5 
mg) were treated with 3-aminopropyltriethoxysilane 
(APTES) (300 μl) in ethanol (500 μl) and  the mixture was 
stirred at room temperature for 2 h, then was heated at 50 °C 
for 1.5 h. The amine-modified nanoparticles were separated 
from the cooled mixture by an external magnet and washed 
with ethanol and THF. Then, the obtained product were 
reacted with trichlorotriazine (TCT) (40 mg) in THF (1000 
μl) at room temperature for 3 h. Finally, the obtained 
product (ZnFe2O4@SiO2-NH2-TCT) were washed with 
THF, ethanol and de-ionized water and dried under vacuum 
at room temperature. 
 
Beta-amylase Immobilization   
 10 mg of the modified ZnFe2O4 nano particles 
synthesized in the previous step was dispersed in 800 μl 
phosphate buffer (20 mM, pH = 7.0). Then, various amounts 
of the beta-amylase enzyme solution (50-300 μg) were 
added to the solution and shaken at room temperature for 6 
h. The immobilized beta-amylase enzyme was removed by a 
magnetic field and then washed with phosphate buffer to 
remove the free enzyme molecules from the surface. The 
wash solution was collected to determine the amount of 
immobilized beta-amylase enzyme on the surface of the 
modified ZnFe2O4 magnetic nano particles. Finally, the 
immobilized beta amylase enzyme was dried in vacuum 
oven at 40 °C and then stored in a vacuum desiccator [31]. 
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The Immobilization Efficiency 
 The amount of the immobilized beta-amylase enzyme on 
the surface of the modified ZnFe2O4 magnetic nano particles 
was determined using the Bradford method [32]. After the 
immobilization process, the soluble portion was collected to 
calculate the amount of immobilized enzyme. For the same 
purpose, an enzyme calibration curve was plotted with 
different concentrations of enzyme using a starch solution 
with concentration of 1 mg ml-1. The immobilization 
efficiency was evaluated by the variations in the 
concentrations of the soluble portion before and after the 
immobilization process. The amount of weakly adhered 
enzyme was taken into account while calculating the 
immobilization efficiency. The immobilization efficiency 
was found to be 60%. 
 
Beta Amylase Activity   
 The free and immobilized enzyme activities were 
calculated according to the Bernfeld method [33]. The 
efficiency of starch hydrolysis by the free and immobilized 
enzymes was carried out by the reaction of 0.5 ml starch 
solution (concentration being 1%) with 20 mM phosphate 
buffer (pH = 7.0). Then, to this solution, 0.5 ml of the beta-
amylase enzyme solution was added and incubated at 40 °C 
for 5 min. The reaction of starch hydrolysis was stopped by 
adding DNS reagent. Then, the solution was heated by 
boiling water bath for about 5 min. The dark red colored 
solution obtained was cooled to room temperature and was 
diluted suitably before recording of visible spectrum. 
Finally, the amount of reducing sugar produced was 
determined spectrophotometrically by recording of the 
absorbance at the wavelength of 540 nm. Beta-amylase 
activity is expressed as micromoles of maltose produced in 
unit time under the optimal conditions. The quantity of 
maltose liberated during the reaction was determined from 
maltose standard curve using DNS method. Under the same 
conditions, the examination for the immobilized enzyme 
was performed. The immobilized enzyme activity is 
determined by applying a magnetic field. The suitable 
reaction parameters such as pH and temperature for both the 
free and immobilized enzymes were deduced using the 
same procedure. 
 
Thermal and pH Stability 
 The  thermal  stability  of the free and immobilized beta- 

 
 
amylase enzyme was determined by measuring the residual 
enzyme activity after 30 min incubation in phosphate buffer 
(20 mM, pH = 7.0) and at temperature range of 30-70 C. 
The pH stability was determined by measuring the residual 
enzyme activity after 30 min incubation at specified pH. 
This parameter was investigated in the pH range between    
4-8.      
 
Kinetic Parameters 
 The kinetic parameters of the free and immobilized beta-
amylase enzyme were determined by measuring the initial 
rates of enzymes at different concentration of substrate 
(starch concentration (10-60 mM)). The Km and Vmax values 
were calculated using Lineweaver-Burk plot. 
 
Storage Stability  
 The storage time of stability for the free and 
immobilized beta-amylase enzyme was determined at 
different times (1-12 days). The residual enzyme activity 
was calculated as percentage of the initial enzyme activity.  
 
RESULTS AND DISCUSSION 
 
Characterization  
 Figure 1 shows the FT-IR spectra of the surface 
modified ZnFe2O4 nano particles (ZnFe2O4@SiO2-NH2-
TCT) with and without immobilized beta-amylase enzyme. 
In the FT-IR spectrum of ZnFe2O4, two characteristic peaks 
observed at around 410 and 549 cm-1 correspond to intrinsic 
stretching vibrations of the metal at the octahedral and 
tetrahedral sites, respectively [34,35]. In Fig. 1, the broad 
band around 3400.11 cm-1 and 1621.01 cm-1 can be assigned 
to O-H stretching vibrations of water. The peaks at 1092.48 
cm-1 and 2915.84 cm-1 correspond to symmetric stretching 
of Si-O-Si and C-H, respectively. The peak at 1613.55 cm-1 
correspond to -C=N- bond indicating the presence of TCT 
agent. After immobilization of beta-amylase enzyme on the 
surface of modified ZnFe2O4 nanoparticles, the peaks at 
1695.2 cm-1 and 1711.51 cm-1 region correspond to 
formation of peptide bond. The results show that beta-
amylase enzyme present in the samples and confirmed the 
binding of beta-amylase enzyme onto the surface of 
modified ZnFe2O4 nano particles. The powder X-ray 
diffraction  (XRD)  patterns   were    used    to   identify  the  
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crystalline structure of ZnFe2O4 magnetic nanoparticles. The 
pure ZnFe2O4 is in the spinel phase (JCPDS No. 77-0011) 
and the distinctive peaks at 29.92°, 35.27°, 42.85°, 53.11°, 
56.63° and 62.21° matched well with the reported data and 
can be indexed to pure phase of ZnFe2O4 structure (Fig. 2). 
The average crystallite size of the ZnFe2O4 nanoparticles 
calculated  from  Scherer’s  equation  was 37 nm. The  EDX 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
spectrum of silica-coated ZnFe2O4 nano particles is shown 
in Fig. 3. The atomic weight ratio of O:Si:Fe was 
36.31:29.47:34.22, which indicates the ZnFe2O4 
nanoparticles are successfully modified by silica shell. The 
surface morphology of ZnFe2O4@SiO2 and ZnFe2O4@SiO2-
NH2-TCT is shown in the SEM images (Figs. 4a and 4b). In 
the    SEM    image    of     ZnFe2O4@SiO2,     the   spherical  

 

Fig. 1. FT-IR spectra of ZnFe2O4@SiO2-NH2-TCT (a) without and (b) with immobilization of beta-amylase enzyme. 
 
 

 
Fig. 2. XRD pattern of the ZnFe2O4 nanoparticles. 
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Fig. 3. EDX spectrum of silica-coated ZnFe2O4 nanoparticles. 
 
 
 

        
 

Fig. 4. SEM images of (a) ZnFe2O4@SiO2 (b) ZnFe2O4@SiO2-NH2-TCT. 
 

a 
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Fig. 5. The  amount  of  immobilized  beta-amylase  enzyme  and  relative  activity  of   immobilized  
             beta-amylase   enzyme   versus   the   reaction    time.  Immobilization  conditions: the  initial  
             amount of beta-amylase: 50 μg,  10 mg of ZnFe2O4 nanoparticles in 20 mM phosphate buffer  

                          (pH = 7.0, t = 25 °C). 
 

 
 

 
Fig. 6. Effect of  the  initial   amount of beta-amylase on the  amount of immobilized beta-amylase and the  
            effect of different amounts of the beta-amylase added on relative activity of  the  immobilized  beta- 
           amylase. Immobilization conditions: t = 4 h, 10 mg of  ZnFe2O4 nanoparticles  in 20 mM phosphate  

                    buffer (pH = 7.0, t = 25 °C). 
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agglomerated silica particles are seen but the surface 
morphology is changed after modification with 3-
aminopropyltriethoxy silane and trichlorotriazine agents.                      
 
BETA-AMYLASE IMMOBILIZATION 
PARAMETERS 
 
Time of Immobilization 
 The  amount of immobilized  beta-amylase  enzyme  and 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
its relative activity versus reaction time are shown in Fig. 5. 
The results showed that by increasing the reaction time from 
1-4 h, the amount of immobilized beta-amylase enzyme 
increased and remained constant after about 5 h. Also, the 
results showed that the relative activity of beta-amylase 
enzyme was increased with reaction time up to 4 h and then 
decreased. The obtained results can be related to the 
saturation of trichlorotriazine (TCT) groups on the surface 
of  ZnFe2O4    magnetic    nano   particles   by   beta-amylase  

 
Fig. 7. Effect of pH on the catalytic activity (the amount of beta-amylase: 150 μg  , 10 mg of ZnFe2O4  

                       nanoparticles in 20 mM phosphate buffer (pH = 4.0-8.0, t = 25 °C). 
 
 

 
Fig. 8. Effect of temperature on the catalytic activity (the amount of beta -amylase: 150 μg, 10 mg of ZnFe2O4  

                nanoparticles in 20 mM phosphate buffer (pH = 7.0, t = 30-70 °C). 
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enzyme molecules after 4 h and reduction of enzyme 
activity after this time due to denaturation.  
 
Concentration of Beta-amylase  
 The effect of various amounts of the beta-amylase 
enzyme (50-300 µg) located on modified ZnFe2O4 magnetic 
nanoparticles and following that the relative activity of the 
immobilized beta-amylase are shown in Fig. 6. The amount 
of the beta-amylase enzyme loading increased greatly with 
the initial concentration of beta-amylase enzyme and the 
relative activity reached a maximum value at 150 μg of 
beta-amylase enzyme. It is considered that the higher beta-
amylase loading form intermolecular steric hindrance, 
which restrains the diffusion of the substrate and product. 
Therefore, the relative activity decreased slowly above 150 
μg of beta-amylase,because the binding sites on the surface 
of the modified magnetic nano particles are limited and the 
enzyme molecules need enough space for catalyzing the 
reaction of the substrate. 
 
Effect of pH 
 The role of pH on the catalytic activity of the free and 
immobilized beta-amylase enzyme was investigated in the 
range of pH = 4.0-8.0. Figure 7 shows the relative enzyme 
activity versus pH. As shown in Fig. 7, the pH of maximum 
activity for both the free and immobilized enzyme was 
found to be 6.5. The results show that the immobilized beta-
amylase enzyme is more stable than the free enzyme. Also, 
it can be deduced that the better activity for beta-amylase 
enzyme is not observed at lower and higher values of pH, 
which could be due to the changes in the enzyme structure 
in presence of excessive ions. 
 
Effect of Temperature 
 The effect of temperature on the activity of the free and 
immobilized enzyme was studied under 150 μg of beta-
amylase enzyme, 10 mg ZnFe2O4 magnetic nano particles in 
20 mM phosphate buffer (pH = 7.0) and at various 
temperatures (t = 30-70 °C) (Fig. 8). The results showed 
that the relative activity loss was approximately 51.45% and 
75.65% for the immobilized enzyme and free enzyme, 
respectively. The activity of  the  immobilized  enzyme  was 
higher than that of the free enzyme at elevated temperatures, 

 
 
suggesting that the immobilization improves the thermal 
stability of the enzyme significantly. 
 
Storage Stability  
 Figure 9 shows the storage stability of the immobilized 
enzyme stored in 20 mM phosphate buffer (pH = 7.0) at      
4 °C and its activity was tested for 12 days. The 
immobilized enzyme retained 79.99% of its activity after 12 
days, but the free enzyme retained 40.61% of its activity 
after 12 days. The obtained results showed that the 
immobilized enzyme was more stable than the free enzyme.  
 
Kinetic Parameters for Immobilized and Free 
Enzyme 
 The kinetic studies for the free and immobilized 
enzymes was carried out by hydrolysis of soluble starch 
solution in various concentrations. The Michaelis-Menten 
plots (rate of the reaction vs. substrate concentration) are 
shown in Fig. 10. Also, the Lineweaver-Burk plot was 
drawn to determine the Vmax and Km values for both the free 
and immobilized enzymes. The results showed that the free 
and immobilized enzymes follow the Michaelis-Menten 
kinetics model, which is reflected in the adjacent R2 values 
(close to unity), presented in the inset of Figs. 11a and 11b. 
From the kinetic experiments, the Vmax values for the free 
and immobilized enzymes are found to be 4.81 and 12.63 
μmol ml-1 min-1, respectively. The Michaelis-Menten 
constants (Km) for the free and immobilized enzymes are 
7.49 and 5.64 mM, respectively.  
 
 Recycling Efficiency of the Immobilized Enzyme 
 Due to the advantages of immobilization of enzymes on 
different supports, the immobilized beta-amylase enzyme 
was examined for the repeated catalytic use after its 
recovery magnetically. Figure 12 showed the relative 
activity of the enzyme in terms of the number of cycles. The 
activity of the immobilized beta-amylase enzyme is found 
to slowly reduce after the first cycle. The results showed 
that the immobilized beta-amylase enzyme remained 83% 
of its initial activity after six cycles. The decrease in the bio 
catalytic activity might be due to slow denaturation of the 
enzyme during repeating handling. 
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CONCLUSIONS 
 
 In the present study, a novel magnetic support for 
immobilization of beta-amylase enzyme was synthesized 
with a simple and fast procedure. The covalent bonding 
increased the efficiency of enzyme immobilization and 
presence  of   ZnFe2O4   nanoparticles   aided  faster  enzyme 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
recovery. The activity of the immobilized enzyme was 
compared with the free enzyme and the reaction conditions 
were optimized. The immobilized enzyme was thermally 
more stable than the free enzyme. The maximum rate was 
found to increase for the immobilized enzyme [36-38]. The 
immobilized enzyme has also been efficiently recycled 
without the decreasing of activity after six cycles. 

 
Fig. 9. Storage stability of the immobilized and free beta-amylase (the amount of beta -amylase: 150 μg,  

                 10 mg of ZnFe2O4 nanoparticles in 20 mM phosphate buffer (pH = 7.0, t = 25 °C). 
 
 

 
Fig. 10. Michaelis-Menten plot for free and immobilized beta-amylase (the initial amount of beta-amylase: 

                 50 μg, 10 mg of ZnFe2O4 nanoparticles in 20 mM phosphate buffer (pH = 7.0, t = 25 °C). 
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