
Vol.:(0123456789)1 3

Chemical Papers (2022) 76:4431–4441 
https://doi.org/10.1007/s11696-022-02180-6

ORIGINAL PAPER

Epoxy functionalized iron oxide magnetic nanoparticles for catalase 
enzyme covalent immobilization

Ali O. Ali1,4  · Korany A. Ali3,4  · Yasser E. Shahein1  · Abeer Shokeer1  · Hayat M. Sharada2  · 
Mohga S. Abdalla2 

Received: 17 November 2021 / Accepted: 16 March 2022 / Published online: 4 April 2022 
© The Author(s) 2022

Abstract
An aqueous solution of magnetite  (Fe3O4) nanoparticles was synthesized using the method of co-precipitation. The nano-
particles were activated with epichlorohydrin for covalently immobilizing the catalase enzyme. The immobilization condi-
tions were optimized as 0.07 mg/ml catalase for 1 h contact time. The properties of free and immobilized catalase were also 
investigated. The immobilized enzyme showed enhanced activity at alkaline pH and retained about 90% of its relative activity 
between pH (6–8) and resisted the high temperature and retained 90% of its relative activity at 50 °C. Kinetic parameters 
of free and immobilized catalase were investigated. While the Vmax value of the immobilized enzyme was reduced 2.4 fold 
compared to the free enzyme, the  KM value of the immobilized catalase was higher by 2.2 fold than the free enzyme. The 
formulated matrix enhanced the velocity of the immobilized catalase more than the free one and was able to be used for about 
18 cycles with retention of 80% of its activity. The immobilized catalase on epoxy functionalized iron oxide nanoparticles 
is promising as a nano-bio-catalyst carrying out in many industries and different fields.
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Introduction

The oxidoreductase enzyme; catalase (EC 1.11.1.6) plays a 
crucial role in suppressing the action of hydrogen peroxide 
that is produced as a byproduct of several biological, medi-
cal, bioremediation, or industrial reactions. During the bio-
logical mechanisms, catalase participates in neutralizing the 
generated reactive species protecting the cell from oxidative 
stresses(Kaushal et al. 2018). The enzyme acts by decom-
posing the relatively long-lived hydrogen peroxide into 

molecular oxygen and water preventing it from oxidative 
modification of other proteins especially enzymes, DNA, 
and lipids as indicated by the following equation:

There are several industrial applications where catalase 
is used such as the textile industry (raw silk degumming, 
treatment pf wool, softening of cotton, bio-polishing, fabric 
finishing, and bioremediation by treating bleaching materi-
als) and dairy technologies (food wrappers, production of 
cheese, food preservation and determination of quality of 
milk)(Kaushal et al. 2018).This wide use of the enzyme 
requires the stabilization of the enzyme against the reaction 
medium including the pH and temperature, and recovery for 
reuse. To achieve this goal, enzyme immobilization has been 
developed to enhance efficiency of enzyme catalytic activity 
and its potential recycling compared to the free enzyme. In 
this context and to overcome the operational poor stability 
and short life of catalase on shelves, immobilization of the 
enzyme on different supports was conducted according to 
the structure of catalase and its functional interaction with 
the carrier.

2H2O2

Catalase
⟶ 2H2O + O2
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Catalase was immobilized onto various supports rang-
ing from natural (chitosan, dextran, agarose, wool fabrics, 
gelatin, and others) and synthetic (acrylamide, vinyl alcohol, 
silicone, and others) polymers as well as carbon allotropes 
and inorganic nanoparticles (Grigoras 2017). For example, 
Liu et al. had immobilized catalase on wool fabrics by apply-
ing the layer by layer deposition through an electrostatic 
assembly of one or more layers of the negatively charged 
catalase with one or more layers of positively charged 
poly(diallyl dimethylammonium chloride) carrier at pH7(Liu 
et al. 2013). Also, the polymethacrylate synthetic polymer-
based supports were used by Cerqueira et al. (Cerqueira 
et al. 2015), They prepared the poly (methylmethacrylate) 
which was functionalized by poly(ethyleneimine) to anchor 
catalase in presence of glutaraldehyde as a crosslinker in an 
enzymatic bioreactor. It was noticed that the efficiency of 
conversion of  H2O2increased with the decrease of solution 
flow rate through the bioreactor. This bioreactor retained the 
initial catalase activity for two weeks indicating good stabil-
ity using this kind of carrier. A new matrix of carrageenan-
alginate beads was designed and applied by Ali et al. (Ali 
et al. 2021), They showed that this carrier enhanced the cata-
lytic properties at alkaline pHs compared to the free enzyme 
which maintained optimal activity at neutral pH.

Among carriers that are used for enzyme immobiliza-
tion, magnetic nanoparticles which mainly consist of a 
magnetic material such as iron and a chemical constituent 
exhibit many magnetic properties that differ from bulk coun-
terparts. They have a superparamagnetic property in which 
the magnetic susceptibility is higher than paramagnets. They 
have also low Curie temperature and high coercivity which 
is related to thickness. Magnetic nanoparticles are of great 
interest for researchers due to their various applications 
including magnetic fluids, data storage, catalysis, and bio-
applications (Gopal et al. 2015; Chouhan et al. 2007).

Due to the unique physical properties of size and shape, the 
low toxicity, simplicity of synthesis and efficient loading capac-
ity with the enzymes and potential modification of its surface, 
the magnetic nanoparticles of iron oxide  (Fe3O4) have been 
used for enzyme immobilization.  Fe3O4 nanoparticles have 
potent magnetism which enables their retrieval from the reac-
tion mixture (Atacan et al. 2016; Muley et al. 2018). However, 
several enzymes have been immobilized using the Iron oxide 
magnetic nanoparticles as cellulase (Jordan et al. 2011), lipase 
(Xie and Ma 2009) catalyzing the production of biodiesel.

This work aims to synthesize epoxy functionalized iron 
oxide nanoparticles for covalently immobilizing catalase 
enzyme, hence the role of the synthesized matrix upon 

enhancing the catalytic activity, kinetic parameters, and 
reusability of the immobilized enzyme were studied.

Experimental

Materials

Bovine liver catalase (EC 1.11.1.6) was purchased from 
Sigma Aldrich, ferrous chloride tetrahydrate  (FeCl2.4H2O), 
ferric chloride hexahydrate  (FeCl3.6H2O), epichlorohydrin 
and ammonia solution were purchased from ACROS Organ-
ics. All chemical reagents were of analytical grade and were 
used without further purification.

Methods

Synthesis of iron oxide magnetic nanoparticles

The co-precipitation technique was used to synthesize the 
magnetic nanoparticles following the methods described by 
(Dhavale et al. 2018; Jain et al. 2015; Çakmak et al. 2020). In 
brief, 15.9 g of  FeCl2.4H2O and 25.95 g of  FeCl3.6H2O were 
dissolved in 1600 ml of distilled water and stirred for about 
1 h at 80 °C. Next, 200 ml of aqueous ammonia were added 
drop wisely to the previous solution, and kept at 80 °C. The 
prepared magnetic nanoparticles were left to cool at room tem-
perature, magnetically separated, rinsed with distilled water till 
the pH of the filtrate become 7, and then dried to be ready for 
the functionalization step.

Functionalization of iron oxide magnetic nanoparticles

Fifteen grams of the synthesized magnetic nanoparticles were 
dispersed in 300 ml of 1 M NaOH, sonicated for half an hour at 
28 Hz by using a sonicator, and then treated by slowly addition 
of 30 ml of epichlorohydrin. The prepared mixture was mixed 
by shaking at 60 °C in an orbital shaker at 165 rpm for 2 h. 
Following, the treated particles were magnetically separated, 
rinsed with distilled water/ethanol, and then left to dry at room 
temperature overnight (Çakmak et al. 2020).

Immobilization of catalase enzyme

To achieve the immobilization process, 0.1 g of the activated 
nanoparticles were soaked in 5 ml of the specific concentra-
tion of the catalase enzyme which was dissolved in 50 mM of 
phosphate buffer, pH 7.0for about 1 h.
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Activity assay for the immobilized catalase enzyme

The activity of the immobilized catalase was monitored (Aebi 
1984) by dispersing 0.1 g of catalase immobilized particles 
in 3 ml of 30 mM  H2O2. The reaction was left to proceed for 
3 min. After that, the reaction was stopped by magnetically 
separating the catalase immobilized particles from the reaction 
mixture. The absorbance of  H2O2 was recorded at 240 nm and 
activity was calculated according to the following equation:

Nanoparticles characterization

Transmission electron microscopy (TEM) was used to ana-
lyze the morphology and dimensions of the nanoparticles 
using the HR-TEM (JEOL-JEM-2100, Tokyo, JAPAN) 
device. The suspension of the magnetic nanoparticles was 
sonicated for 10 min using the Crest Ultrasonic, New Jersey 
(USA), then the grid loaded with the sample was examined. 
Dynamic light scattering (DLS) measurement was done for 
assessment of particle size. The particle size was measured 
by using a particle size analyzer (Nano-ZS, Malvern Instru-
ments Ltd., UK). The sample was sonicated for 5 min. just 
before assessment. Fourier Transform Infrared Spectroscopy 
(FTIR) analyses of the particles (free magnetite, magnetite 
with epichlorohydrin, and catalase immobilized magnet-
ite with epichlorohydrin) were performed to elucidate the 
chemical interaction for each step.

Optimization of immobilization conditions

Immobilization time To study the effect of time on loading 
capacity, 0.1 g of the functionalized magnetic nanoparticles 
was soaked in 5 ml of specific enzyme concentration for 
0.25, 0.5, 1, 2, 3, 4, 6, and 8 h. The particles were assayed 
for their immobilized catalase activity.

Effect of enzyme concentration 0.1 g of the activated par-
ticles was immersed in 5 ml of different catalase concentra-
tions ranging from 0.01 to 0.1 mg/ml of catalase for 1 h. 
The particles were assayed for their immobilized catalase 
activity.

Catalytic parameters

Determination of optimum pH In order to follow the opti-
mum pH of the free and immobilized catalase activity, 
30 mM of  H2O2 as a substrate was prepared using a wide 
range of universal buffer (citrate-borate-phosphate) with pHs 

Unit∕g Nanoparticles =
(ΔOD∕min) × 1000 × Volume of Reaction Mixture

(Molar Absorbtivity Coefficient ×Weight of Nanoparticles)

ranging from pH 3.0 to 10 under assay conditions (Carmody 
1961). The relative activity was measured according to the 
change in pH of reaction and was expressed as the ratio of 
the retained activity to the enzyme maximal activity.

Determination of optimum temperature The optimum 
temperature of free and immobilized catalase catalytic activ-
ity was tested using 30 mM of  H2O2 substrate incubated at 
different temperatures ranging from 20 to 70 °C. The cata-
lytic relative activity was measured according to the change 

in temperature of reaction and was expressed as the ratio of 
the retained activity to the enzyme maximal activity.

Kinetic parameters

Different  H2O2 concentrations were used in a range from 10 
to 80 mM to determine the Michaelis–Menten constant (KM) 
and the maximum activity of the reaction (Vmax) of both free 
and immobilized catalase under assay conditions.

Reusability study

The optimized particles were used to catalyze several cycles 
of reactions. After each cycle, the particles were rinsed with 
distilled water and used again to catalyze another cycle of 
reaction and the relative activity of each cycle was recorded.

Results and discussion

Synthesis and characterization of iron oxide 
magnetic nanoparticles

Both Figs.  1 and 2 illustrate the functionalization and 
catalase immobilization reactions on iron oxide magnetic 
nanoparticles as well as the magnetic separation of mag-
netic nanoparticles immobilized catalase from the reaction 
mixture, respectively. In Fig. 3, the TEM graphs show no 
morphological or size changes between the bare iron oxide 
nanoparticles and the treated ones. But the immobilized 
catalase increased the particle size distribution more than 
bare and treated one to reach 13 nm average diameter.

To assess the nanometric size of the particles, dynamic 
light scattering measurement was carried out. As shown in 
Fig. 4, the particle size was 53.70 nm which is larger than 



4434 Chemical Papers (2022) 76:4431–4441

1 3

the TEM measurement because of the hydrodynamic shell 
surrounding the particle.

To detect functional groups’ appearance or disappearance 
on nanoparticles’ surface, we used the FTIR spectroscopy. 
The functionalization step by epichlorohydrin and binding 
step of catalase was determined as shown in the spectra 
illustrated in Fig. 5. Two absorption bands at (3417  cm−1) 
and (3144  cm−1) indicate the presence of (–OH) stretching 
vibration, whereas the absorption band at (1398  cm−1) cor-
responds to the (–OH) bending vibration. The absorption 
band at (572  cm−1) corresponds to the (Fe–O) bond. These 
bands are characteristic for the magnetite and compatible 
with data obtained by (Bui et al. 2018). The appearance of 

two bands at (845  cm−1) and (1050  cm−1) are corresponding 
to the presence of oxirane group and (C–O) bond, respec-
tively, which confirms the presence of epoxy groups on the 
surface of magnetite. After immobilization of catalase, the 
spectra show the disappearance of the characteristic band of 
the epoxy group at (845  cm−1) and the appearance of (-NH) 
bending vibration band at (1644  cm−1) ensuring the interac-
tion of the catalase enzyme with the epoxy functionalized 
magnetic nanoparticles. However, the absorption band at 
(1398  cm−1) corresponding to the (-OH) bending vibration 
at the surface of the magnetic nanoparticles was reduced 
after functionalization and immobilization steps ensuring the 
interaction of the hydroxyl group of the magnetic nanoparti-
cles with epichlorohydrin and catalase enzyme.

Optimization of immobilization conditions

Effect of immobilization time

As indicated in Fig. 6, the activity of the loaded catalase 
enzyme increased gradually with time till it reaches its maxi-
mum activity of about 210 units/g nanoparticles after 1-h 
incubation of the enzyme with the nanoparticles, after which 
the activity gradually decreased to reach 40% drop in the 
activity after 8 h. This behavior could be interpreted as the 
appropriate incubation time for maximum activity of the 
immobilized catalase is one hour and upon increasing the 
incubation time more active sites of the enzyme are blocked. 

Fig. 1  Schematic diagram illustrating the functionalization and catalase immobilization reactions on iron oxide nanoparticles

Fig. 2  Magnetic separation of magnetic nanoparticles immobilized 
catalase from the reaction mixture
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Fig. 3  TEM images and particle size distribution of A  Fe3O4 nanoparticles, B Epoxy functionalized  Fe3O4 nanoparticles, and C  Fe3O4 nanopar-
ticles immobilized catalase. d = mean diameter and n = number of particles counted
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Fig. 4  Dynamic light scatter-
ing measurement for iron oxide 
magnetic nanoparticles

Fig. 5  FTIR spectrum of A Magnetite, B Epicholorhydrin functionalized magnetite, C Catalase immobilized on the epichlorohydrin functional-
ized magnetite, and D Merged spectrum
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It seems that the incubation time of one hour was enough 
to bind all epoxy groups (oxirane rings) of the epichlorohy-
drin with the amino groups of the catalase enzyme. Similar 
results were described by (Wu et al. 2013) who showed an 
increase in pectinase activity after only 15 min of incu-
bation, almost constant activity then followed by a slight 
decrease after 6 h which was attributed to coverage of active 
centers of the enzymes by excess pectinase leading to less 
substrate reaching the active sites. In other words, increasing 
the immobilization time leads to the generation of multiple 
bonds between the enzyme and the carrier which may alter 
the active centers of the enzyme or cause shape modification 
and hence inactivate partially the enzyme (Wu et al. 2013; 
Wang et al. 2009). However, oligomerization processes 
would occur on the functionalized nanoparticles leading to 
a reduction in the enzymatic activity of the covalently bound 
enzyme after the specified immobilization period (Akhond 

et al. 2016). Consequently, we selected the one-hour time 
period for the following assays.

Effect of enzyme concentration

The immobilization capacity was gradually increased with 
increasing catalase concentration till it reached 187 U/g nan-
oparticles at an enzyme concentration of 0.07 mg/ml after 
an incubation time of one hour (Fig. 7). However, increasing 
the concentration of catalase enzyme did not affect immobi-
lization capacity. Upon increasing the concentration of the 
enzyme during the immobilization process till the point of 
saturation, this will create steric hindrance between catalase 
molecules on the surface of the carrier leading to undesired 
interactions. This behavior may be attributed to the limited 
epoxy binding sites of the current carrier(Sohrabi et al. 
2014). Accordingly, the catalytic reaction of catalase would 
not proceed effectively due to a shortage of the number of 
active sites as well as less accessibility to the hydrogen per-
oxide (Akhond et al. 2016).

Catalytic parameters

Optimum pH properties

The effect of pH on the free and immobilized catalase 
enzyme was followed in separate cells containing hydro-
gen peroxide as substrate in the range of pH 3.0–10.0 and 
the results were depicted in Fig. 8. As shown, the gradual 
increase in pH value has enhanced the relative activity for 
both free and immobilized enzymes till it reaches pH 6.0. 
After that, there was a sharp decrease in the free catalase rel-
ative activity with increasing pH value, whereas the treated 
magnetic nanoparticle matrix has enhanced the catalase rela-
tive activity to form a broadband between pH 6.0 and 8.0. 

Fig. 6  Effect of incubation (immobilization) time on the amount of 
immobilized catalase. Immobilization conditions: 0.5 mg/ml catalase, 
0.1 g MNPs in phosphate buffer (50 mM, pH 7, T = 25 °C)

Fig. 7  Effect of the initial concentration of catalase on the loading of 
the immobilized catalase. Immobilization conditions: t = 1 h, 0.1 g of 
MNPs in 5 ml phosphate buffer (50 mM, pH 7, T = 25 °C)

Fig. 8  The optimum pH of free and immobilized catalase using a 
wide range of universal buffer (citrate-borate-phosphate), (Carmody 
1961). Assay conditions: 3 ml of 30 mM  H2O2 for 3 min., T = 25 °C)
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The immobilized catalase shows the highest optimum pH 
with almost 80% relative activity at pH 9.0. Almost similar 
results were obtained by (El-Shishtawy et al. 2021) using 
similar bovine catalase immobilized on chitosan/ZnO or chi-
tosan/ZnO/Fe2O3 nanomaterials. They showed pH optimal 
profiles at 7.5 for both nanocomposites used for immobiliza-
tion and in our study, the optimal pH was at 7.0.

Although the epoxy immobilized catalase retained around 
80% and 30% of its relative activity till pH 9.0 and 10, 
respectively, the alkaline pH is still unfavorable for most 
enzymes due to the conformational changes caused in the 
structure of the active sites (Akhond et al. 2016). At pH 9.0 
the catalase bound to chitosan/ZnO and chitosan/ZnO/Fe2O3 
showed relative activities around 65% and 80%, respectively, 
indicating that the type of support and/or the linker may play 
a role. Moreover, the bonding potentials between the sup-
port and the enzyme may increase resistance against both 
environmental changes and the structural changes may arise 
from pH (Jun et al. 2019).

Optimum temperature properties

The reaction is generally increased when the collisions 
between molecules are increased by increasing the tem-
perature of the reaction. Unfortunately, free enzymes lose 
their activities in high temperatures due to their nature 
as being proteins (Tümtürk et al. 2007; Doğaç and Teke 
2013). Therefore, immobilization is an approach to confer 
stability for enzymes to be used in specified applications 
that apply temperature ranges above the optimal degrees 
of free enzymes (Li et al. 2017). The activity of both free 
and immobilized catalase enzyme was assayed at different 
temperatures between (20–70 °C). In Fig. 9, as temperature 
increases, the relative activities for both free and immobi-
lized catalase also increase till they reach their optimum 

value at 35 °C. After that, the relative activity for free cata-
lase sharply decreases whereas the immobilized one resists 
the high-temperature value and forms a broadband between 
35 and 50 °C. The epoxy immobilized catalase has retained 
about 55 and 30% of its relative activity at 60 and 70 °C, 
respectively. In the case of chitosan/ZnO and chitosan/ZnO/
Fe2O3 mixtures, the catalytic activity was reported to be 41 
and 53%, respectively (El-Shishtawy et al. 2021). The inter-
molecular covalent bonds generated between catalase and 
the epoxy functionalized nanoparticles improved the ther-
mal behavior of immobilized enzymes and restricted protein 
denaturation (Sun et al. 2017). Hence, these results show 
significant thermal improvement of using this support to 
immobilize the catalase enzyme.

Kinetic parameters

The effect of substrate concentrations on kinetic parameters 
(KM and Vmax) of both free and immobilized catalase was 
studied as indicated in Fig. 9 and Table 1. The reaction rate 
was plotted against the concentration of  H2O2 as substrate 
to represent the Michaelis–Menten equation  (KM) and  Vmax 
give the maximum reaction rate (Fig. 10). The  KM value of 
the immobilized catalase was about two times higher than 
that of the free one and the specific activity of immobilized 
catalase is much smaller than free catalase (Table 1). It is 

Fig. 9  The optimum temperature of free and immobilized catalase. 
Assay conditions: 3  ml of 30  mM  H2O2 in citrate-borate-phosphate 
buffer, pH 7.0, for 3 min

Table 1  Kinetic parameters of free and immobilized catalase

Enzyme KM (mM) Vmax 
(µmole/
min/mg)

Free catalase 30.5 2124
Immobilized catalase 69.7 872

Fig. 10  Kinetic parameters of free and immobilized catalase by 
using Michaelis–Menten plot. Assay conditions: 3  ml of specific 
 H2O2concentration in phosphate buffer, pH 7.0, for 3 min, T = 25 °C
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known that the KM value indicates the affinity of an enzyme 
to its substrate and as the value is low, this refers to high 
affinity of the enzyme to the substrate (Akhond et al. 2016). 
In our case, the free catalase has a higher affinity to  H2O2 
as compared to the magnetic nanoparticles immobilized 
catalase where the  KM of free enzyme was 30.5 mM and 
the  KM of immobilized was 69.7 mM. This low affinity of 
the immobilized enzyme is probably because the effect of 
covalent bonding that occurred during immobilization may 
cause some distortion (not destructive) effect on the catalase 
tertiary structure without probable effect on the active sites 
(Mandal 2019). However, the values of KM, Vmax, and the 
activity of the immobilized catalase are proper confirmations 
that the epoxy functionalized magnetic nanoparticles do not 
bind the active sites of catalase.

Reusability study

The reusability of an enzyme is considered a crucial charac-
ter in enzyme-based applications. The number of reuses of 
immobilized catalase under standard assay conditions was 
studied and the results are shown in Fig. 11. The immobi-
lized catalase was able to retain almost 80% of its initial rela-
tive activity after 18 cycles of its use. The relative activity 
was reduced to 60% after 21 cycles of use. Previous studies 
showed the reusability of the magnetic nanoparticles immo-
bilized catalase (using glutaraldehyde as a cross-linker) 11 
times with retention of 49% of its initial relative activity 
(Doğaç and Teke 2013). Other studies using chitosan as an 
immobilization carrier for catalase showed only 33.3% of 
retained relative activity after 6 cycles (Ran et al. 2010). The 
thermos-responsive poly(N-isopropyl acrylamide) bovine 
liver catalase exposed to 20 cycles of reusability presented 
only 15% of its relative activity by the end of the last cycle 
(Shakya et al. 2010). The high reusability of the formulated 
composite was due to the stable covalent bonds formed 

between catalase and the epichlorohydrin-treated magnetic 
nanoparticles. The covalent bond is so strong that prevents 
enzyme leakage during reusability and hence, more reaction 
cycles could be achieved (Wang et al. 2015). This promising 
result gives the current synthesized matrix a good opportu-
nity for usage in the industry.

Conclusion

A simple co-precipitation method has been successfully used 
to synthesize magnetite nanoparticles that were activated 
by epichlorohydrin for covalent immobilization of catalase. 
The method and subsequent results may pave the way to 
use this catalase in industrial applications. The selection of 
the magnetite nanoparticles and epichlorohydrin to form 
the carrier has improved the immobilization efficiency of 
catalase. The data presented herein indicated that follow-
ing the immobilization process, the magnetic nanoparticles 
showed no phase change. The immobilization reaction time 
was one hour for the optimized catalase concentration of 
0.07 mg/ml. The chemical and thermal studies showed that 
the immobilized catalase was stable more than the free cata-
lase at higher pH and temperature values. Interestingly, the 
immobilized catalase was able to perform its catalytic func-
tion up to 18 constitutive cycles with 80% retention of its 
initial activity. It is worth mentioning that the reaction using 
the immobilized catalase followed the standard behavior of 
Michaelis–Menten kinetics. In conclusion, the immobilized 
catalase on epoxy functionalized iron oxide nanoparticles is 
a promising nano-bio-catalyst carrying out in many indus-
tries and other different fields.
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