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Abstract
Immobilized tyrosinase onto the functionalized nanoparticles with the ability to be reused easily in different reaction cycles 
to degrade phenolic compounds is known as a substantial challenge, which can be overcome through surface modification 
of the particles via proper chemical groups. Herein, the synthesis and silica coating of superparamagnetic nanoparticles 
using a simple procedure as well as their potential for tyrosinase immobilization were demonstrated. Therefore, N-[3-
(trimethoxysilyl)propyl]ethylenediamine was used to functionalize the silica-coated nanoparticles with amine groups. Then, 
the ethylenediamine functionalized magnetic nanoparticles (EMNPs) were suspended in a solution containing tetrahydro-
furan and cyanuric chloride (as an activating agent) to modify nanocarriers. To immobilize enzyme, a mixture of tyrosinase 
and cyanuric chloride functionalized magnetic nanoparticle (Cyc/EMNPs) was shaken at room temperature. The particles 
were characterized by EDX, TGA, SEM, FTIR, and TEM. As a result, the successful functionalization of the magnetic 
nanoparticles and covalent attachment of tyrosinase onto the Cyc/EMNPs were confirmed. The fabricated nano-biocatalyst 
particles were semi-spherical in shape. The immobilized tyrosinase (Ty-Cyc/EMNPs) exhibited remarkable reusability of 
six consecutive reaction cycles while no considerable loss of activity was observed for the first three cycles. Moreover, the 
excellent stability of the biocatalyst at different temperatures and pHs was proved. The Ty-Cyc/EMNPs with interesting 
features are promising for practical applications in biosensor development and wastewater treatment.
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Introduction

Enzymes are known as powerful biocatalysts offering much 
more competitive processes in comparison to conventional 
(chemical) catalysts and significantly improve the reaction 
rates of several chemical and biological processes [1, 2]. 
Recently, enzymatic bioconversion technology is considered 
as a “green approach” and there is a demand for robust bio-
catalysts [3]. In this regard, many different types of enzymes 
have been commercially used in various industries such as 
pharmaceuticals, food, textile and wastewater treatment due 
to their excellent properties such as high activity, enantio-
selectivity, and specificity towards a range of different chal-
lenging substrates [4, 5]. Stability of biocatalysts is a signifi-
cant parameter for their industrial applications and they need 
to tolerate harsh reaction conditions such as extreme pH and 
high temperature [2, 3]. However, the frequent use of native 
or soluble enzyme in the chemical and biotechnology indus-
tries is limited due to some constraints of the free enzymes 
like their high sensitivity to the harsh environment, opera-
tional instability, and difficulty in reuse [6–8]. Immobiliza-
tion techniques, as a powerful strategy, could overcome 
some of these drawbacks and enhance enzymes stability by 
providing efficient approaches without altering the proper-
ties of an enzyme [4]. Immobilized enzymes can be easily 
separated and recovered from the reaction medium which 

results in minimizing the contamination of the final product 
with the free enzyme. In addition, it is possible to reduce the 
cost of the relevant processes using immobilized enzymes. 
Some of the enzyme features such as its stability against 
high temperatures and various pHs and high catalytic effi-
ciency can be greatly improved by an appropriate immobi-
lization [9–11]. Although enzyme immobilization on differ-
ent carriers can promote some advantages, negative effects 
due to mass transfer limitations between the substrate and 
enzyme, low immobilization efficiency, and the unfavorable 
protein conformation may also occur [11, 12]. Thus, it seems 
necessary to synthesize new functionalized supports for con-
venient and efficient immobilization which possess low bio-
degradability, non-toxicity, and good mechanical character-
istics [4, 9]. For this reason, enormous efforts have been 
focused on the immobilization of biomolecules onto the 
different carriers. The efficient immobilization primarily 
relies on the preparation of a suitable chemical attachment 
between the carriers and enzymes. This attachment can be 
achieved by conventional immobilization procedures, which 
are divided into chemical and physical methods. The weak 
bonding force between the enzyme and the supporting mate-
rial is one the most disadvantageous of the physical meth-
ods. This is why immobilization through the chemical meth-
ods and covalent bonding which results in increased stability 
of modified surfaces are mostly recommended [5, 13]. 
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Chemically functionalized surfaces and biomolecules 
including proteins can attach to each other by covalent cou-
pling methods using a broad range of chemistries depending 
on the functionality of the modified surfaces. Accordingly, 
active groups on the functionalized supports and the amino 
acid residues of enzymes can form a covalent bond to immo-
bilize biomolecules on the surfaces. Generally, enzyme leak-
age from the supports is prevented by the covalent immobi-
lization, compared with other methods. Nonetheless, the 
development of new immobilization methods is required to 
control the positioning, orientation, and conformation of the 
immobilized biomolecules. Otherwise, the immobilized 
enzymes may lose their activity or be oriented with the 
active site to the surface [14, 15]. Among these carriers, 
nanomaterials, particularly nanoparticles, have proved to be 
unique immobilization supports regarding their exceptional 
features such as their distinguished high surface area. It can 
reduce the diffusional limitations encountered in conven-
tional reaction systems and increase the enzyme loading per 
unit mass of support [6, 8, 15]. However, significant obsta-
cles in the enzyme-catalyzed processes such as the enzyme 
separation from the reaction mixtures have limited the indus-
trial applications of the immobilized enzyme onto the nano-
materials. In addition, enzyme leaching, low solubility, and 
enzyme immobilization efficiency have been reported as the 
main limitations in the previous literature [16, 17]. Develop-
ment of an efficient method for biocatalyst recovery from the 
reaction mixtures has been much considered. Very recently, 
nano-sized magnetic particles have been widely employed 
for the immobilization of biomolecules as excellent support 
since they could be easily collected from the reaction 
medium by placing a strong magnet near the mixture [15, 
18–20]. The ease of separation of magnetic nanoparticles 
(MNPs) with the help of a magnetic field along with their 
low toxicity made them as a promising carrier for biomol-
ecules immobilization objects [16, 21]. In addition, surface 
modification and functionalization of MNPs can be easily 
done by treating them with different chemical groups to pro-
vide functional groups for covalent coupling, make them 
chemically stable and prevent their aggregation since these 
nanoparticles need to remain suspended in the aqueous solu-
tion and not form aggregate due to magnetic or van der 
Waals interactions [8, 19, 22]. As another advantage, MNPs 
can be separated from the media using an external magnetic 
field [20]. Over the years, a range of chemical and coupling 
agents such as 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide hydrochloride (EDC), 3-aminopropyltrimethoxysilane 
(APTMS) and (3-aminopropyl) triethoxysilane (APTES) 
were used to functionalize magnetic nanoparticles and pre-
pare them for enzyme immobilization purposes. Moreover, 
cross-linking agents have a direct influence on the opera-
tional stability and play a crucial role in enzyme attachment 
on the nanocarriers [23–26]. Among the conventional 

protein cross-linking reagents, glutaraldehyde has been pre-
ferred as the crosslinker due to its low production cost, abil-
ity to bind covalently with most of proteins, broad applica-
bility and availability. However, glutaraldehyde possesses 
some intrinsic drawbacks and cannot be generally utilized 
as a crosslinker in different processes. In some cases, using 
glutaraldehyde as the crosslinker causes the formation of 
lumps of enzyme molecules which hinder the active sites 
[27]. Additionally, the adjacent bonds of aliphatic bonds 
formed by glutaraldehyde could induce poor electron con-
ductivity [13]. Thus, other types of crosslinkers have 
received increasing attention recently as the potential acti-
vating agents for biomolecule immobilization purposes. 
Tyrosinase is a type three copper metalloenzyme with two 
copper ions and one of the most studied enzymes due to its 
wide application in pharmaceutical, wastewater treatment 
and food industries [28, 29]. This enzyme can be found in 
plants, insects, microorganism, and mammalians and is gen-
erally implicated in various biochemical processes. Two 
distinct oxidation pathways including the hydroxylation of 
monophenols to ortho-diphenols (cresolase activity or 
monophenolase) and the oxidation of ortho-diphenols to 
ortho-quinones (catecholase activity or diphenolase) are 
catalyzed by tyrosinase in the presence of oxygen [30, 31]. 
These ortho-quinones are highly unstable and characterized 
by their quick polymerization. There are two cupric ions and 
one oxygen molecule in the active pocket of this enzyme and 
different binuclear copper structures coexist with four oxida-
tion states including deoxy, oxy, met and deact-tyrosinase. 
The oxidation of diphenols and monooxygenation of phenols 
are catalyzed by the oxy form which presents 15% of the 
native enzyme. The dominant form (the met form) is respon-
sible for the diphenolase activity. The deoxy form can bind 
one molecule of oxygen with the regeneration of the oxy 
form. Finally, the hydroxylation of diphenols was done by 
the deact form (fourth oxidation state) and this minor path-
way is known as the suicide inactivation of the enzyme. The 
monophenolase activity of the tyrosinase is specified by a 
lag timerequired to produce oxy form generated from the 
met form [32, 33].

Until now few studies have been reported in the litera-
ture concerning the efficient immobilization of tyrosinase 
on MNPs. However, the synthesis of solid nanocarriers 
modified with desired functional groups for the immobi-
lization of tyrosinase with high stability and reusability 
is still a considerable challenge. Therefore, our previ-
ous works were aimed to focus on the immobilization 
of tyrosinase onto the modified magnetic nanoparticles 
using (3-aminopropyl) triethoxysilane as a silane coupling 
agent [34, 35]. In the current work to achieve high capac-
ity, reusable, and operationally stable nano-biocatalyst, 
superparamagnetic nanoparticles were synthesized using 
N-[3 (trimethoxysilyl)propyl]ethylenediamine as a novel 
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modifying agent while cyanuric chloride was an activating 
agent. The functionalized particles were used for tyrosi-
nase immobilization. After the characterization by EDX, 
VSM and TGA analyses, operational features of the nano-
biocatalyst were investigated to find out the effectiveness 
of the immobilization procedure. The particles developed 
using the proposed chemicals bear an interesting engi-
neered surface with the advantages of both siloxane and 
diamine groups, which can be exploited in broad appli-
cations such as biosensor development and wastewater 
treatment. Furthermore, the modifying agent in the current 
study is safe and inexpensive compared with (3-aminopro-
pyl) triethoxysilane used for surface modification in our 
previous work.

Materials and methods

Materials

The edible mushroom (Agaricus bisporus) was obtained 
from the local market. N-[3-(trimethoxysilyl)propyl]eth-
ylenediamine and L-dopa were acquired from Sigma-
Aldrich. Tetrahydrofuran, Tetraethylorthosilicate (TEOS), 
Iron (III) chloride hexahydrate (FeCl3·6H2O), ammo-
nium sulfate, ethanol (99%), 2,4,6-Trichloro-1,3,5-tria-
zine (cyanuric chloride), iron (II) chloride tetrahydrate 
(FeCl2·4H2O), Coomassie brilliant blue G-250, Methanol 
(99.8%), Bovine serum albumin (BSA) and Ammonium 
hydroxide solution 25% were purchased from Merck. All 
other chemical reagents used in this study were analytical 
grade.

Synthesis of silica‑coated magnetic nanoparticles

The Fe3O4 nanoparticles were synthesized and coated with 
silica according to the procedures reported before [34, 36]. 
Briefly, a mixture containing 300 mL of deionized water 
and 0.1 M solutions of FeCl3 (100 mL) and FeCl2 (50 mL) 
was prepared under a nitrogen atmosphere and its pH was 
adjusted using 1 M sodium hydroxide. Then, the mixture 
was mechanically stirred at 60 °C for 10 min and a strong 
magnet was used to separate the prepared magnetic nanopar-
ticles. After washing with deionized water, the nanoparticles 
(560 mg) were added to 155 mL of ethanol and sonicated 
under a nitrogen atmosphere. 2000 µL of TEOS, 25 mL of 
deionized water and 12 mL of ammonium hydroxide solu-
tion were added to the mixture and stirred at room tempera-
ture for 5 h. Finally, the coated magnetic nanoparticles were 
separated using an external magnet, washed several times 
with ethanol, and deionized water.

Synthesis of functionalized iron oxide nanoparticles

The silica-coated magnetic nanoparticles were functional-
ized with an amino group using an adapted method [37]. 
For this purpose, 50 mL of methanol and 12.5 mL of N-[3-
(trimethoxysilyl)propyl]ethylenediamine were added to 
560 mg of the silica-coated magnetic nanoparticles and the 
suspension was agitated for 12 h and at 60 °C in a flask 
equipped with a mechanical stirrer. After that, the ethylen-
ediamine functionalized magnetic nanoparticles (EMNPs) 
were collected by an external magnetic force, washed three 
times with tetrahydrofuran, and dried in a vacuum oven at 
60 °C for 2 h. As the final step, the EMNPs were added 
to a mixture containing 50 mL of dry tetrahydrofuran and 
0.25 g cyanuric chloride and the suspension was agitated for 
3 h at 0 °C in water bath [38]. Then, the cyanuric chloride 
functionalized magnetic nanoparticles (Cyc-EMNPs) were 
separated, washed with tetrahydrofuran several times and 
dried under vacuum at 40 °C.

Immobilization of fresh enzyme onto the Cyc‑MNPs

Tyrosinase was extracted from fresh mushroom and stored 
at − 22 °C [34, 39]. Then, 1.2 mL of phosphate buffer (pH 
7.0 and 0.05 M) was added to the modified iron oxide 
nanoparticles (5 mg) and ultrasonicated for 40 s. Finally, 
550 µL of the prepared tyrosinase solution was added to 
the suspension and shaken for 16 h at room temperature. 
At the end of the reaction, immobilized tyrosinase onto 
the modified magnetic nanoparticles (Ty-Cyc/EMNPs) was 
collected from the mixture by a magnet and washed with 
phosphate buffer to remove unbound enzyme. The activity 
of the free and immobilized enzyme was calculated based 
on the method described by Lu et al. with minor modifi-
cation, using l-tyrosine (1 mM, pH 7.0) as the substrate 
[40]. Thus, 550 µL of l-tyrosine solution prepared in phos-
phate buffer (0.05 M and pH 7.0) was added to 16.7 µL 
of the free enzyme. Immediately, the mixture was trans-
ferred into a cuvette and the increase in absorbance was 
recorded spectrophotometrically at specified time intervals 
and 475 nm. To measure the activity of the immobilized 
tyrosinase, a proper amount of Ty-Cyc/EMNPs was added 
to 550 µL of l-tyrosine solution and the suspension was 
shaken. Then, the magnetic particles were separated from 
the mixture in 1 min intervals using a strong magnet. The 
absorbance of the supernatant at 475 nm was recorded. 
This appropriate amount of immobilized tyrosinase was 
chosen in such a way to maintain the absorbance of the 
reaction product within the linear range of the UV-spec-
trophotometer used in this work. The amount of enzyme 
causing an absorbance increase by 0.001/min at room tem-
perature is described as the enzyme activity unit (U). The 
final and initial concentration of tyrosinase in the solution 
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used for immobilization was measured by the Bradford 
method using bovine serum albumin as standard to assay 
the amount of the enzyme attached to the Cyc/EMNPs 
[41]. In this regard, Eq. (1) was used to calculate the load-
ing efficiency:

where PCi is the initial amount of protein and PCf is the 
amount of unbound enzyme collected after washing (three 
times) the immobilized tyrosinase with phosphate buffer 
solution.

Activity of Ty‑Cyc/EMNPs and free tyrosinase 
at different operating conditions

The effect of different temperatures and pHs on the activity 
of free and immobilized tyrosinase was investigated. In 
this regard, l-tyrosine solution was prepared with different 
pHs (5.0–8.0) using phosphate and citrate phosphate buffer 
(0.05 M) to assay the activity of Ty-Cyc/EMNPs and free 
enzyme at room temperature. In addition, the activity of 
free and immobilized tyrosinase was determined at a tem-
perature range of 15–55 °C using l-tyrosinase solution (pH 
7.0) to investigate the effect of different temperatures on 
enzyme activity. The highest activities assayed at different 
temperatures and pHs were considered as 100% and other 
activities were represented relatively. Furthermore, the 
optimum condition for both immobilized and free tyrosi-
nase was specified.

Stability of Ty‑Cyc/EMNPs

For stability studies, a proper amount of immobilized 
tyrosinase was added to phosphate buffer or citrate phos-
phate buffer solution with different pH and temperature 
values. To examine the stability of Ty-Cyc/EMNPs in the 
pH range of 5.0–8.0, the suspensions containing immo-
bilized tyrosinase and buffer solutions with different pHs 
were kept at room temperature for 2 h. Then, samples were 
taken and the activity of the immobilized tyrosinase was 
assayed at room temperature and pH 7.0. Similar experi-
ments were conducted to investigate the thermal stabil-
ity of Ty-Cyc/EMNPs. In this regard, the immobilized 
tyrosinase was incubated in phosphate buffer (pH 7.0 and 
0.05 M) at different temperatures (15, 45, 55 and 65 °C) 
for 2 h and at known time intervals, and its activity was 
measured at room temperature. The activity of the immo-
bilized tyrosinase at pH 7.0 and room temperature without 
incubating in the buffer solutions with different pHs and 
temperatures, was set as 100%.

(1)Loading efficiency (%) = [
(

PCi− PCf

)

∕PCi] × 100,

Kinetic properties

A set of experiments were designed to determine the 
kinetic parameters of free and immobilized tyrosinase 
using the Michaelis–Menten model. Accordingly, l-dopa 
solution with different concentrations (0.5–5 mM) were 
prepared in phosphate buffer (pH 7.0) as the substrate, 
and the activity of tyrosinase was assayed at room 
temperature.

In Eq. (2), Km, �max , and S are representing the Michae-
lis–Menten constant, the maximum rate of reaction and 
the concentration of l-dopa (the substrate) respectively. 
The graph of activity versus the l-dopa concentration was 
plotted to determine Km and �max as constants of the model. 
In this regard, non-linear fitting of the model to the data 
obtained from experiments was used to calculate the val-
ues of the constants ( �max and Km).

Dephenolization capability of Ty‑Cyc/EMNPs

20  mL of a phenol solution with a concentration of 
100 ppm (pH 7.0) was added to 5 mg of Ty-Cyc/EMNPs 
and shaken for 2 h at room temperature. Samples were 
collected at 20 min intervals and the immobilized tyrosi-
nase was magnetically separated from the suspension. 
The residual phenol concentration in the supernatants 
was measured colorimetrically at 510 nm by the method 
described in the previous works [42, 43]. 4-aminoantypy-
rine and potassium ferricyanide are the two chemical rea-
gents used in this method.

Reusability of the immobilized enzyme

The Ty-Cyc/EMNPs were used in a different number of 
reaction cycles to determine their reusability at different 
temperature and pHs. An adequate amount of immobilized 
tyrosinase was added to 550 µL of l-tyrosinase prepared in 
phosphate buffer (pH 6.0, 7.0 and 8.0) or citrate phosphate 
buffer (pH 5.0) and the mixture was shaken. The activity 
of Ty-Cyc/EMNPs was assayed for each reaction cycle at 
room temperature. Magnetic nanoparticles carrying tyrosi-
nase were collected from the mixture at the end of each cycle 
magnetically and washed (three times) with phosphate or 
citrate phosphate buffer. Then, the fresh substrate solution 
was added to the separated particles to start the next cycles. 
Furthermore, similar experiments were carried out at differ-
ent temperatures (15–55 °C) and pH 7.0 to investigate the 
effect of temperature on the reusability of Ty-Cyc/EMNPs. 

(2)� =
−ds

dt
=

�maxS

Km + S
.
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The highest activity measured in these tests was designated 
as 100%, and the other ones (at different temperatures and 
pHs) were reported relatively.

Effect of ultrasound on the immobilized enzyme 
activity

The effect of ultrasound waves on the activity of immobi-
lized tyrosinase was investigated. For this purpose, l-tyros-
ine solution was added to the Ty-Cyc/EMNPs and the activi-
ties of all suspensions were measured after sonication for 
1 min intervals at different frequencies (37 and 80 GHz) and 
power levels (30–100%). The experiments were conducted at 
room temperature and pH 7.0 and the activity of the immobi-
lized tyrosinase without sonication was considered as 100%.

Characterization

The crystal structure and phase purity of the synthesized 
magnetic nanoparticles were determined by X-ray powder 
diffraction (XRD) (Bruker D8 Advance, with Cu Kα radia-
tion, λ = 0.154060 nm) of the dried particles with scanning 
range from 4o to 70o. Scanning electron microscopy (SEM) 
equipped with Energy-dispersive X-ray (EDX) detector was 
used to characterize the morphological structure of magnetic 
nanoparticles and record EDX spectra of Ty-Cyc/EMNPs on 
a TESCAN Vega Model. Thermogravimetric analysis (TGA) 
was conducted on the dried particles, under a pure nitro-
gen atmosphere and a temperature range of 22–800 °C at a 
uniform heating rate of 10 °C (Netzsch − TGA 209F1). To 
analyze magnetization properties of the magnetic nanopar-
ticles, a vibrating-sample magnetometer (VSM, Meghnatis 
Kavir Kashan Co., Iran) was used. The transmission elec-
tron microscopy (TEM) images were taken to study the size 
and morphology of the nanoparticles (using transmission 

electron microscopy operating at 220 kV). The Fourier 
transform Infrared (FTIR) Spectra of magnetic nanoparti-
cles with different functional groups were acquired by FTIR 
analysis (PERKIN-ELMER).

Result and discussion

The functionalized magnetic nanoparticles 
characterization

X‑Ray diffraction analysis

This analysis is a non-destructive technique generally used to 
investigate the crystalline properties and interlayer changes 
of the synthesized materials. As indicated in Fig. 1, five 
characteristic diffraction peaks (2θ = 30.07o, 35.41o, 43.19o, 
54.38o, 57.24o, and 62.83o) related to the corresponding 
indices of 220, 311, 400, 422, 511 and 440 were detected. 
According to the standard XRD cards of magnetic nano-
particles crystal (JCPDS No. 85-1436), it can be concluded 
that the synthesized iron oxide nanoparticles have a cubic 
spinel structure. In addition, the average size of the mag-
netic nanoparticles was calculated about 14 nm based on the 
Debye–Scherrer’s equation [44].

SEM results of iron oxide nanoparticles

The SEM images of bare magnetic nanoparticles and Ty-
Cyc/EMNPs were taken to investigate and visualize the sur-
face morphology of the nanoparticles. To perform the SEM 
analysis, all samples were ultrasonicated for a defined time 
period for better dispersion. As illustrated in Fig. 2a and b, 
the differences between the surface structures of two samples 
could be observed and attributed to the surface modification 

Fig. 1   XRD pattern of the 
Fe3O4 nanoparticles
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of iron oxide nanoparticles with the chemical groups and 
enzyme. In addition, the spherical shape of the nanoparticles 
and their small dimensions can be seen in this figure.

FTIR analysis of the nanoparticles

The Fourier transform infrared spectra of five samples (bare 
magnetic nanoparticles, silica-coated magnetic nanoparti-
cles, Cyc/EMNPs, and Ty-Cyc/EMNPs) were recorded 
and used to screen the reactions (Fig.  3). For the bare 

Fig. 2   Scanning electron 
microscopy of a bare MNPs and 
b Ty-Cyc/EMNPs

Fig. 3   FTIR spectra of a MNPs, b silica-coated MNPs, c Cyc/EMNPs and d immobilized tyrosinase
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nanoparticles, the peaks at about 3323 cm−1 and 565 cm−1 
are assigned to the H–O–H and Fe–O bonds, respectively 
[45]. Furthermore, two weak bands at 954 and 802 cm−1 
in addition to a strong band at 1095 cm−1 were indicated in 
the FTIR spectra of silica-coated MNPs and corresponding 
to the vibrations of Si–O–Fe, Si–OH, and Si–O–Si, respec-
tively [46]. There were two bands at 1446 and 1506 cm−1 in 
the spectrum of Cyc-MNPs demonstration the existence of 
cyanuric chloride components attached to the surface of the 
modified iron oxide nanoparticles. The appearance of a new 
characteristic band at 2860 cm−1 in the FTIR spectra of Ty-
Cyc/EMNPs in comparison with the spectrum of cyanuric 
chloride modified nanoparticles, which is ascribed to the 
C-H aliph bond, supporting the successful attachment of 
tyrosinase onto the functionalized MNPs [38].

Vibrating‑sample magnetometer (VSM) analysis results

The magnetization curves of the bare iron oxide nanopar-
ticles, silica-coated magnetic nanoparticles, and Ty-Cyc/
EMNPs were plotted to investigate the magnetic properties 
of samples (Fig. 4). Based on the results, all of the sam-
ples showed superparamagnetic behavior, and the saturation 
magnetization (Ms) values of Ty-Cyc/EMNPs, silica-coated 
magnetic nanoparticles, and bare Fe3O4 were 15.6, 24.6 and 
45.9 emu/g, respectively. The reduction in Ms value of sil-
ica-coated Fe3O4 compared with the bare nanoparticles are 
due to the formation of silica coating over the surface of 
magnetic nanoparticles. Furthermore, the results indicated 
that the functionalization of MNPs and the enzyme immobi-
lization caused the reduction of the magnetization properties 
as the Ms value of Ty-Cyc/EMNPs value was lower than the 
silica-coated nanoparticles.

In addition, the ease of separation of the Ty-Cyc/EMNPs 
was tested by dispersing the immobilized tyrosinase in an 
aqueous solution. An external magnet was placed near the 

suspension and it was observed that the Ty-Cyc/EMNPs 
were collected from the solution within 1 min. The result 
obtained from this experiment confirmed the good magnetic 
separation capability of the immobilized tyrosinase even 
with the reduction in its Ms value.

Thermogravimetric analysis

Further characterization of the Fe3O4 nanocarriers was car-
ried out by TGA. In this regard, Cyc/EMNPs and Ty-Cyc/
EMNPs were selected and their weight loss curves versus 
temperature were plotted. The weight loss step observed in 
the temperature range of 22–200 °C can be attributed to 
the removal of physically absorbed water molecules on the 
surface of nanoparticles. As shown in Fig. 5, the weight loss 
difference between the Cyc/EMNPs and Ty-Cyc/EMNPs 
in the second temperature range (200–800 °C) was about 
13.54% and could correspond to the thermal decomposition 
of the immobilized enzyme. Consequently, the attachment of 
tyrosinase on the ethylenediamine functionalized iron oxide 
nanoparticles can be confirmed.

Transmission electron microscopy result of Ty‑Cyc/EMNPs

TEM method was used to characterize the Ty-Cyc/EMNPs. 
As indicated in Fig. 6, the nanoparticles were successfully 
coated with the silica shell and had diameters in the nanom-
eter range. The dark core shown in the TEM images cor-
responds to the magnetic nanoparticles and the light shell 
is related to the silica shell after the functionalization of 
MNPs. The results showed that Ty-Cyc/EMNPs had semi-
spherical shapes. The larger specific area was provided by 
the small dimensions of the synthesized magnetic nanopar-
ticles which resulted in higher enzyme immobilization.

Fig. 4   Magnetization curves of 
a MNPs, b silica-coated Fe3O4 
and c Ty-Cyc/EMNPs
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Energy‑dispersive X‑ray (EDX) spectrum

To confirm the attachment of tyrosinase to the functional-
ized MNPs, EDX analysis was performed and copper was 
detected in the spectrum of the Ty-Cyc/EMNPs (Fig. 7). 
As mentioned before, tyrosinase is known as a copper-con-
taining enzyme and it could be concluded that tyrosinase 
was covalently immobilized onto the nanoparticles as other 
chemical agents used in this work do not contain copper.

Characterization of the Ty‑Cyc/EMNPs

The activity of tyrosinase after extraction was greater than 
12,000 U/mL. To conduct the experiments in this work, the 
extracted enzyme was diluted to 4500 U/mL using phosphate 
buffer. The average activity of the immobilized enzyme was 
calculated at about 151 U/g. The amount of immobilized 
enzyme onto the Cyc/EMNPs was compared with the values 

obtained from previous studies and the results are shown in 
Table 1. The higher enzyme loading capacity of the Cyc/
EMNPs can be due to the high reactivity of the activating 
agent (cyanuric chloride) attached to the amine groups of the 
N-[3-(trimethoxysilyl)propyl]ethylenediamine as well as the 
large surface area of the nanoparticles. Moreover, the sche-
matic illustration of the preparation of the Ty-Cyc/EMNPs 
is presented in Scheme 1.

Activity of free and immobilized tyrosinase at different pHs 
and temperatures

The activities of Ty-Cyc/EMNPs and free tyrosinase were 
affected by different temperatures (15–55  °C) and pHs 
(5.0–8.0). In this regard, the activities of the immobilized 
and free enzyme were compared with each other at different 
conditions. As shown in Fig. 8a, the highest activity of the 
immobilized and free tyrosinase were assayed at pH 7.0. 

Fig. 5   Thermogravimetric 
analysis of a Cyc/EMNPs and b 
Ty-Cyc/EMNPs

Fig. 6   Transmission electron 
microscopy images of Ty-Cyc/
EMNPs
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The activity of free and immobilized tyrosinase decreased 
at pH 5.0. This reduction in the relative activity of free and 
immobilized tyrosinase could be related to the net positive 
charge of the enzyme at this pH due to the tyrosinase iso-
electric point (pI) (4.7) [59]. Moreover, the relative activities 
of the Ty-Cyc/EMNPs measured at pH 5.0 and 8.0 (58 and 
72%, respectively) were higher than the values for the corre-
sponding pHs in another research which has been conducted 

recently and focusing on the immobilization of tyrosinase on 
a membrane [60]. The effect of temperature on the activity 
of immobilized and free tyrosinase was indicated in Fig. 8b.

Both Ty-Cyc/EMNPs and the free enzyme had the highest 
activity at 35 °C. The relative activities of free and immobi-
lized tyrosinase decreased as the temperature increased from 
35 to 55 °C due to enzyme deactivation at these conditions. 
So, based on the results, it seems that the optimum condition 

Fig. 7   EDX Spectrum of a bare MNPs, b silica-coated magnetic nanoparticles, c ethylenediamine functionalized Fe3O4-nanoparticles, d cyanu-
ric chloride functionalized MNPs and e Ty-Cyc/EMNPs

Table 1   Enzyme loading 
capacity of various supports

Support Enzyme Enzyme loading 
(mg/g)

Reference

Polymethylchloride styrene Tyrosinase 4.17 [47]
Ca-Alginate beads Tyrosinase 2.26 [48]
Glass beads Tyrosinase 1.18 [49]
SBA-15 mesoporous silica Horseradish peroxidase 40 [50]
Magnetic beads Tyrosinase 2.8 [51]
Polyurea microspheres Laccase 20.63 [52]
Microperl industrial glass beads Tyrosinase 1.18 [53]
Chitosan-Clay composite beads Tyrosinase 26.8 [54]
PEGylated polyurethane nanoparticles Horseradish peroxidase 25.5 [55]
Diatoms biosilica particles Tyrosinase 37.1 [56]
Metal-ion-chelated magnetic microspheres Laccase 100 [57]
Dry epoxy-silica Tyrosinase 30.23 [58]
Cyc/EMNPs Tyrosinase 123–132 This work
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Scheme 1   Schematic representation of the procedure used for the preparation of the Ty-Cyc/EMNPs

Fig. 8   Relative activity of the 
Ty-Cyc/EMNPs at different a 
pHs and b temperatures
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for the immobilized and free tyrosinase was pH 7.0 and tem-
perature 35 °C. The lower relative activities of the Ty-Cyc/
EMNPs compared to the free enzyme could be attributed to 
the mass transfer limitations and immobilization process.

Stability of the immobilized enzyme

The stability of the Ty-Cyc/EMNPs was evaluated at vari-
ous temperatures and pHs. As indicated in Fig. 9a, more 
than 65% of the activity of the immobilized tyrosinase was 
retained after 2 h incubation at pH 5.0.

In addition, the immobilized tyrosinase was stable for 
60 min at pH 8.0 and its relative activity was measured about 
89%. Temperature is another parameter affects the stability 
of the immobilized tyrosinase and needs to be investigated. 
The relative activity of the Ty-Cyc/EMNPs reached 79% 
after incubation at 45 °C for 60 min (Fig. 9b). Moreover, 
no remarkable loss of activity (less than 8%) was observed 
after 120 min suspension at 15 °C. However, at 65 °C, the 
Ty-Cyc/EMNPs had almost no activity after 120 min incuba-
tion. It could be due to the thermal deactivation of tyrosinase 

at high temperatures. The considerable stability of Ty-Cyc/
EMNPs was confirmed by the results obtained in this study. 
Enzyme immobilization on suitable carriers using appropri-
ate techniques can cause an increase in the conformational 
rigidity of enzyme structure and limit its sensitivity to severe 
conformational changes [61].

Kinetic results

Changes in the Michaelis–Menten constant (Km) and maxi-
mum rate of the reaction ( �max ) of tyrosinase due to immo-
bilization were investigated to monitor the success of the 
immobilization procedure used in this work. For this pur-
pose, the Michaelis–Menten model was fitted to the corre-
sponding data obtained in this set of experiments as shown 
in Fig. 10a and b. Based on the calculation, the �max and Km 
values were 20,063 U/mg protein and 5.02 mM for the Ty-
Cyc/EMNPs and 27,242 U/mg protein and 1.49 mM for free 
tyrosinase, respectively.

The results showed that the immobilized tyrosinase has 
a lower affinity for the substrates compared to the free 

Fig. 9   Effect of different a pHs 
and b temperatures on the sta-
bility of the Ty-Cyc/EMNPs
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enzyme since its Km value was higher than that for the 
free one. This can be justified by the inherent properties 
of immobilization processes. The diffusional limitations 
and enzyme structural changes during the immobiliza-
tion are responsible for the differences between the affini-
ties of the immobilized and free tyrosinase during the 
immobilization. Moreover, the introduction of steric hin-
drance constituted by the carrier toward the active site of 
enzymes resulting in the lack of sufficient enzyme flex-
ibility for binding of the natural ligands during catalysis 
is known as another parameter which effects on the affini-
ties of the free and immobilized enzymes.

Furthermore, the obtained �max value for the Ty-Cyc/
EMNPs was higher than those from the recent studies 
(18.61 U/g [56, 62] and 19.8 U/mg protein) which could 
be due to the high amount of active enzyme attached to 
the carrier as the Cyc/EMNPs is highly reactive and have 
a large surface area as confirmed before. As a result, the 
kinetic parameters can be enhanced by immobilization 
using the procedure employed in this work.

Phenol removal by the Ty‑Cyc/EMNPs

The ability of a small portion of the immobilized tyrosinase 
to remove phenolic compounds from aqueous solutions was 
evaluated using a phenol solution with a concentration of 
100 mg/mL at room temperature and pH 7.0. As illustrated 
in Fig. 11, Ty-Cyc/EMNPs degraded more than 75% of 

Fig. 10   Michaelis-Menten 
curves for the a free tyrosinase 
and b Ty-Cyc/EMNPs using dif-
ferent substrate concentration

Fig. 11   Enzymatic removal of phenol from an aqueous solution 
(100 mg/L) by the Ty-Cyc/EMNPs
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phenol in 2 h and the results show the considerable potential 
of the prepared nano-biocatalyst for wastewater treatment.

Reusability of the Ty‑Cyc/EMNPs

The reusability and recoverability of the immobilized tyrosi-
nase can be improved by the incorporation of enzyme immo-
bilization and magnetic technology. The activity of the Ty-
Cyc/EMNP was assayed after repeated runs to investigate 
its reusability. The immobilized tyrosinase retained more 
than 50% of its initial activity after reusing for six cycles at 
pH 7.0 and the data was shown in Fig. 12a. Furthermore, 
less than 7% activity loss occurred for the Ty-Cyc/EMNPs 
in the first three cycles at room temperature and pH 7.0. 
The relative activity of the immobilized tyrosinase after the 
third reaction cycle at pH 5.0 was measured about 36%. This 
significant reduction in the relative activity of the Ty-Cyc/
EMNPs could be due to the pI point of tyrosinase which 
discussed before. Generally, the main reason for the activity 
loss could be the recurrent encountering of the active site of 
Ty-Cyc/EMNP and substrate which resulted in its distortion 
and loss of activity. The immobilized enzyme had a good 

performance in several reaction cycles at different tempera-
tures so that about 53% of its initial activity remained after 
reused for five cycles (Fig. 12b). However, the relative activ-
ity of Ty-Cyc/EMNPs was decreased to below 30% after the 
fourth cycle at 45 °C. This activity loss might be attributed 
to the enzyme deactivation at high temperatures and under 
harsh conditions. These data confirmed that the Ty-Cyc/
EMNPs could be employed in multiple reaction cycles with 
adequate levels of activity.

Ultrasonic waves

The suspension of Ty-Cyc/EMNPs and l-tyrosine solution 
was ultrasonicated to evaluate the influence of ultrasound 
waves on their activities. The immobilized tyrosinase had a 
higher activity after using ultrasound compared to the activ-
ity of the Ty-Cyc/EMNPs measured without applying the 
ultrasound. It might be related to an increase in the internal 
energy of the substrate due to the use of ultrasound and bet-
ter dispersion of the magnetic nanoparticles in the substrate 
solution which increased the likelihood of the enzyme–sub-
strate combinations. Moreover, in some cases, it has been 

Fig. 12   Reusability of the Ty-
Cyc/EMNPs at different a pH 
values and b temperatures



957JBIC Journal of Biological Inorganic Chemistry (2019) 24:943–959	

1 3

reported that the monophenolase and diphenolase activities 
of several enzymes, such as laccase, alcohol dehydroge-
nase, protease, and lipase can be affected by ultrasound. It 
can be because of the enhancement of mass transfer due to 
micromixing and enzyme release due to cell break-up [63]. 
As shown in Fig. 13, the activity change of the immobi-
lized tyrosinase with ultrasound treatment (power 100% and 
37 GHz) was more than 209% in comparison to the activity 
of Ty-Cyc/EMNPs assayed without using ultrasonic waves.

Conclusion

In this study, a robust and convenient nano-biocatalyst was 
fabricated by synthesizing a novel functionalized magnetic 
nanoparticle and using an inexpensive procedure. Incorpo-
rating the benefits of easy separation and particular physi-
cal features of the modified iron oxide, the Cyc/EMNPs 
were used for tyrosinase immobilization as an effective 
nano-biocatalyst. Covalent attachment of tyrosinase onto 
the functionalized nanoparticles was examined by EDX, 
VSM and TGA analyses. The highest catalytic activity of 
the Ty-Cyc/EMNPs was obtained at 35 °C and pH 7.0. 
The immobilized tyrosinase exhibited excellent stability 
at various pHs and temperatures. Furthermore, Ty-Cyc/
EMNPs had a noticeable performance in repeated reaction 
cycles as if no significant loss of activity was observed in 
the first three cycles, although 50% of their initial activity 
remained after six cycles. The results prove that the use of 
N-[3-(trimethoxysilyl)propyl]ethylenediamine and cyanuric 
chloride for surface functionalization creates a new way of 
developing such efficient catalysts. The use of Cyc/EMNPs 
is promising to be expanded to the other enzyme systems. 
This magnetic nano-biocatalyst with fascinating properties, 
such as its high stability, reusability, and loading capacity, 
provides great opportunities for its practical applications 

in biotechnology, biosensor development, and wastewater 
treatment.
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