International Journal of Biological Macromolecules 94 (2017) 396-405

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

journal homepage: www.elsevier.com/locate/ijbiomac

Covalent immobilization of tyrosinase onto cyanuric chloride
crosslinked amine-functionalized superparamagnetic nanoparticles:
Synthesis and characterization of the recyclable nanobiocatalyst

@ CrossMark

Kourosh Abdollahi, Farshad Yazdani*, Reza Panahi

Chemistry & Chemical Engineering Research Center of Iran (CCERCI), P.O. Box 14335-186, Tehran, Iran

ARTICLE INFO ABSTRACT

Article history:

Received 10 August 2016

Received in revised form 17 October 2016
Accepted 18 October 2016

Available online 19 October 2016

Magnetic nanoparticles (MNPs) were synthesized using the chemical co-precipitation method.
Then the nanoparticles were coated with silica via hydrolysis of tetraethyl orthosilicate using
the sol-gel process. The silica coated magnetic nanoparticles were amine-functionalized with 3-
aminopropyltriethoxysilane/ethanol solution. Subsequently, the nanoparticles were added to a solution
of cyanuric chloride in tetrahydrofuran to synthesize cyanuric chloride-functionalized magnetic nanopar-
ticles (Cy-MNPs). For covalent immobilization of tyrosinase, Cy-MNPs were added to a freshly prepared
tyrosinase solution and the mixture was shaken. The FTIR spectra, as well as EDX, analysis proved
the covalent immobilization of tyrosinase on the nanoparticles. The magnetic properties of tyrosinase-
immobilized magnetic nanoparticles (tyrosinase-MNPs) were specified by VSM analysis. TEM images
indicated that the most of the tyrosinase-MNPs had a semi-spherical shape with an average size of 17 nm.
The synthesized nanoparticles had a high loading capacity of 194 mg tyrosinase/g nanoparticles with an
immobilization yield of 69%. The optimum condition for both free and immobilized tyrosinase was found
at pH 7.0 and 35°C. The immobilized enzyme was active after treatment of the particles at various pHs
and temperatures for 100 min. In addition, reusability of the immobilized enzyme was investigated and
it was proved its suitability to be used for more than 7 cycles. Also, tyrosinase-MNPs remained about 70%
of its initial activity after storing at 4 °C for 40 days. This nanobiocatalyst with interesting properties is
promising for practical application in wastewater treatment and biosensor development.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Enzymes are known as natural biocatalysts that catalyze chem-
ical reactions in living organisms. They have several advantages
compared with chemical catalysts such as high reaction rate under
a mild pH and temperature, low energy consumption, toxicity
and side reactions and high selectivity [1]. Therefore, enzymes
are considered to be more effective than conventional catalysts
[2]. Tyrosinase is an enzyme that belongs to oxidoreductase group
with a copper-containing active center which can bind to oxygen
molecules to oxidize several groups of phenolic and polyphenolic
compounds to highly unstable o-quinones which are less toxic and
insoluble [3-5].

Tyrosinase is responsible for numerous biological vital functions
such as pigmentation, sclerotization, primary immune response
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and host defense. In fruits, vegetables and especially in commer-
cial mushroom (Agaricus bisporus), this enzyme causes browning,
a commercially unwelcome phenomenon. The active site of tyrosi-
nase has a di-copper center. Three nitrogen atoms, coming from
three adjacent histidine residues, coordinate each copperion in the
active site. Thus, three forms of met, oxy and deoxy can be experi-
enced by the enzyme [6]. Also, tyrosinase exhibits two catalytic
properties of monooxygenase and oxidase activities that occur
consecutively. At the first step, the oxidation of monophenols by
oxygen occurs as it passes through four enzyme states (Egeoxy» Eoxy,
Eoxy-m and Ener-p). In the second step, the enzyme passes through
several enzyme states (Egeoxy» Eoxy, Eoxy-D, Emet, Emet-p) and oxidizes
o-diphenols. O-quinones, which spontaneously react with each
other to form oligomers, are formed as a result of the two cycles
mentioned above [3,7]. However, the application of this enzyme in
many fields of industry is often limited by some difficulties such as
lack of operational stability and catalytic ability [8], the high price
of the free enzyme, the existence of some contaminants such as
laccase, 3-glucosidase, 3-xylosidase and xylanase found in almost
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all different commercial preparation of this enzyme, and problems
related to its separation from the reaction medium [9-11].

Enzyme immobilization on different supports helps to over-
come some of these limitations and can improve the operational
stability, shelf life, the process of separation from the product
and the reusability of enzyme [10-13]. Immobilization of tyrosi-
nase on different solid carriers has been reported so far [14,15].
Covalent bonding is considered an efficient immobilization tech-
nique to improve the catalytic activity by stabilization of the
active conformation [16,17]. However, improper bonding could
also affect the active center of an enzyme, which may consequently
decrease the enzymatic activity and efficiency. Therefore, it is still
important to develop novel and appropriate methods for immobi-
lization of enzymes. In recent years, magnetic nanoparticles have
been considered potential carrier materials for the preparation
of heterogeneous catalysts. The superior properties of magnetic
nanostructured materials such as superparamagnetic behavior, low
cost, high chemical and physical stability in a wide range of oper-
ational conditions, biocompatibility, low toxicity and eco-friendly
characteristic, ease of separation and high capacity for loading bio-
macromolecules make them suitable to be used as supports for
the immobilization of protein [17-24]. As an exclusive advantage,
immobilized enzymes on magnetic nanoparticles (MNPs) can be
easily separated from reaction media (such as wastewater treat-
ment reactors) with the help of an external magnetic force. The
experiments indicate the loading capacity of the carrier and its
corresponding enzyme activity can be substantially increased by
functionalizing the surface of magnetic nanoparticles with amino
groups [21,25-27]. Chemical stability, high magnetization, biocom-
patibility and low coercivity are some requirements for all of the
bioconjugation application of magnetic colloids. These require-
ments can be met by coating magnetic nanoparticles with silica. In
this way, magnetic nanoparticles are protected by the outer shell of
silica, which provides suitable bonding sites for modification of the
nanoparticles surface with amino groups [28]. Various techniques
have been proposed to prepare silica-coated superparamagnetic
nanoparticles with core/shell structures by forming a silica shell
on the surface of the pre-synthesized nanoparticles for immobiliza-
tion of enzymes. Several results about preparation, characteristics
and applications of immobilized enzymes on such a core — shell
system have been presented in the literature [29]. Recently, cya-
nuric chloride (2, 4, 6-trichlorotriazine) has been used as a linker
for immobilization of biomolecules and proteins due to its specific
properties such as low price, chemical selectivity and biocompat-
ibility. Nevertheless, this chemical compound has been seldom
used for the functionalization of magnetic nanoparticles. This paper
demonstrates an easy method for high loading immobilization of
tyrosinase with high catalytic activity, thermal and pH stability and
easy reusability using cyanuric chloride as the linker.

2. Materials and methods
2.1. Materials

For tyrosinase extraction, the fresh mushroom (Agaricus bis-
porus) was purchased from a local market. L-DOPA was obtained
from Sigma-Aldrich. L-Tyrosinase, ferric chloride hexahydrate
(FeCl3-6H,0), ferrous chloride tetrahydrate (FeCl,-4H,0), cya-
nuric chloride (Cy), ethanol (99.9%), ammonium sulfate, bovine
serum albumin (BSA), coomassie brilliant blue G-250, tetraethyl
orthosilicate (TEOS), ammonium hydroxide solution 25%, 3-
aminopropyltriethoxysilane (APTES) and tetrahydrofuran (THF)
were purchased from Merck. Other chemicals were analytical
grade.

2.2. Enzyme extraction

Briefly, the fresh mushrooms (Agaricus bisporus) were cut into
pieces and mixed with pre-cold acetone (—22°C) for 30 min, then
centrifuged for 20 min at 7000 rpm and 0°C. Afterward, the pulp
was separated and resuspended in phosphate buffer (pH 7.0), and
the mixture was centrifuged at 10,000 rpm and 0°C for 20 min.
Protein impurities were salted out by adding ammonium sulfate
powder to the supernatant to make a 30% saturated solution, and
the mixture was stirred for 30 min at 0°C. The supernatant was
separated and adjusted to a saturation of 60% by adding the salt
and stirred for 30 min at 0 °C. Subsequently, the mixture was cen-
trifuged at 10,000 rpm for 20 min and the precipitate containing
tyrosinase was dissolved in the phosphate buffer and stored at
—22°C [30]. The activity of free and immobilized tyrosinase was
determined according to the method reported by Lu et al. [31] with
some modifications using 1 mM L-tyrosine (cresolase activity) as
substrate in phosphate buffer (pH 7, 0.05 M) at room temperature.
The enzyme activity unit (U) is described as the amount of enzyme
causing an increase of absorbance by 0.001/min at room temper-
ature. Thus, 16.7 pL of the free enzyme was added to 550 pL of
L-tyrosine solution, and the increase in absorbance was recorded at
certain time intervals in order to determine free enzyme activity.

The amount of the enzyme loaded on MNPs was assayed by
measuring the initial and final concentration of tyrosinase in the
immobilization solution in accordance with the Bradford method
using bovine serum albumin as standard [32]. The amount of
enzyme that attached to MNPs was calculated from Eq. (1):

Immobilizationefficiency(%) = [(C; — Cr)/C;] x 100 (1)

Where C; is the initial concentration of tyrosinase and (; is the
concentration of unbound tyrosinase collected after washing the
immobilized tyrosinase three times with phosphate buffer. The
activity of the extracted tyrosinase was higher than 10000 U/mL.
It was diluted to 4800 U/mL with a protein concentration of about
2.8 mg/mL, and the solution was used for the immobilization pro-
cess.

2.3. Synthesis of magnetic nanoparticles

The chemical co-precipitation method, known as a simple and
convenient procedure, was used to synthesize magnetic nanopar-
ticles due to the literature with some modifications [33]. In order
to prepare 0.1 M solutions of Fe3* and Fe2*, 0.5137 g of FeCl3-6H,0
and 0.1889 g of FeCl,-4H,0 were added to 19 mL and 9.5 mL deion-
ized water, respectively. Then, both solutions were added to 150 mL
deionized water that was previously deoxygenated by bubbling
with N, for 10 min. The reaction was performed in a three-neck
flask, equipped with mechanical stirrer and immersed in a 60°C
water bath, in the presence of a constant nitrogen flow. Afterward,
15 mL of 1 M NaOH solution was added drop by drop to the reaction
solution. Stirring was continued for 5 min after complete addition of
NaOH solution. The black precipitates were separated with a strong
magnet and washed three times with 40 mL of deionized water.

2.4. Preparation of silica coated magnetic nanoparticles

Magnetic nanoparticles were coated with silica by hydrolysis of
TEOS using the sol-gel method. The bare magnetic nanoparticles
(0.22 g) were dispersed in 60 mL of ethanol and ultrasonicated for
10min under a constant nitrogen flow. Then, 10 mL of deionized
water, 4.5 mL of ammonium hydroxide solution and 0.6 mL of TEOS
were added to the suspension and the mixture was stirred for 5 h at
room temperature. The silica coated magnetic nanoparticles were



398 K. Abdollahi et al. / International Journal of Biological Macromolecules 94 (2017) 396-405

magnetically separated from the mixture and washed 3 times with
ethanol and deionized water [34].

2.5. Surface modification of magnetic nanoparticles

To functionalize the surface of the prepared silica coated mag-
netic nanoparticles with the amino group, an adapted method was
used [34]. First, the silica coated magnetic nanoparticles (200 mg)
and APTES (1.5mL) were added to 30 mL of ethanol in a round
bottom flask and the suspension was stirred for 3 h at room tem-
perature. Subsequently, the reaction was continued for 2 h at 50 °C.
As prepared functionalized magnetite nanoparticles were sepa-
rated by a strong magnet and washed thoroughly with ethanol and
deionized water and dried under vacuum at 60 °C for 2 h. Then, the
surface of the magnetic iron oxide/SiO, nanoparticles was func-
tionalized with 2,4,6-trichlorotriazine [2]. Thus, 0.1 g of cyanuric
chloride and 0.220 g of the dried magnetic iron oxide nanoparticles
were added to 20 mL of dry THF, and the mixture was stirred by
means of a mechanical stirrer at 0°C for 2 h. The cyanuric chloride
MNPs (Cy-MNPs) were magnetically collected from the mixture,
washed several times with THF and dried under vacuum at 40°C.

2.6. Immobilization of tyrosinase onto the modified magnetic iron
oxide nanoparticles

For covalent immobilization of tyrosinase onto the Cy-MNPs,
5mg of the functionalized cyanuric chloride magnetic nanopar-
ticles was added to 1500 L of phosphate buffer (0.05M, pH
7.0) and sonicated for 30s. Then, 500 L of the freshly prepared
tyrosinase solution (4800U/mL) was added to the suspension,
and the mixture was shaken at room temperature for 18h.
The as prepared tyrosinase-immobilized magnetic nanoparticles
(tyrosinase-MNPs) were removed from the mixture with a strong
magnet and washed three times with 1000 pL of phosphate buffer
(0.05M, pH 7.0). The activity of tyrosinase-MNPs was measured
in accordance with the procedure mentioned above. To maintain
the absorbance of the reaction product within the linear range of
the spectrometer used in the experiment, an appropriate amount
of immobilized tyrosinase was added to 550 pL of L-tyrosinase
solution. The nanoparticles were magnetically separated in 2 min
intervals, and the absorbance of the supernatant was recorded
spectrophotometrically at 475 nm.

2.7. Effect of pH and temperature on tyrosinase activity

To evaluate temperature effect, the free and immobilized tyrosi-
nase activities were measured at different temperatures (25, 35, 45
and 55°C) and pH 7.0. Additionally, the substrate solutions at dif-
ferent pH (4.0, 5.0, 6.0, 7.0 and 8.0) and room temperature were
individually used to evaluate the effects of pH on free and immobi-
lized tyrosinase activities.

2.8. Stability of the immobilized tyrosinase

The pH stability was determined by incubating an adequate
amount of the tyrosinase-MNPs in phosphate buffers at a pH range
of 4.0-8.0 and room temperature for 2 h. The particles were sepa-
rated and the immobilized enzyme activity was measured at pH 7.0
and room temperature. The temperature stability was specified by
incubating the tyrosinase-MNPs in phosphate buffer at pH 7.0 and
different temperatures ranging from 25 to 65 °C for 2 h. Similarly,
the activity of the immobilized enzyme was determined.

2.9. Reusability test

Reusability tests of the immobilized tyrosinase were performed
at different pHs and temperatures. For this purpose, 5mg of the
tyrosinase-MNPs was added to 550 L of L-tyrosine in phosphate
or citrate-phosphate buffer at different pHs (4.0, 5.0, 6.0, 7.0 and
8.0) and the activity of the immobilized enzyme was measured for
each cycle. To check temperature effects on reusability, the immo-
bilized tyrosinase was incubated in L-tyrosine solution (pH 7.0)
at a temperature range of 25-55°C, and the corresponding activi-
ties were measured. For running the next cycles, the immobilized
enzyme was washed 3 times, with the 500 wL buffer solution and
then the particles were added to the fresh substrate solution. Exper-
iments were repeated for several cycles. The highest activity was
considered as 100%, and the other activity values were reported
relatively.

2.10. Dephenolization by tyrosinase-MNPs

In order to investigate the application of tyrosinase-MNPs in
wastewater treatment, 5 mg of immobilized tyrosinase was added
to an aqueous solution containing 100 mg/L phenol and the mixture
was stirred. The sample was taken every 20 min and concentra-
tion of phenol was measured by the colorimetric method at 510 nm
using 4-aminoantipyrine and potassium ferricyanide [35].

2.11. Kinetic study

The kinetic analysis of the enzyme was performed using the
Michaelis-Menten model:

;(SIS _ UmaxS
dt ~ Km+S

In Eq. (2), vmax, S and K, are the maximum rate of reaction, the
concentration of substrate (L-DOPA), and the Michaelis-Menten
constant respectively. The activity of the immobilized enzyme was
determined using different concentrations of L-DOPA (as substrate)
in 0.05M phosphate buffer at pH 7.0 and 25°C. Constants of the
model, vmax, and Ky, were found by plotting the graph of activity
versus the substrate concentration. The values of K, and vpax were
calculated by non-linear fitting of the model to the experimental
data.

U=

(2)

2.12. Storage stability

To investigate the effect ofimmobilization on storage stability of
the enzyme, both the free and immobilized tyrosinase were stored
in 0.05M phosphate buffer (pH 7.0) at 4°C. The residual activities
were assayed every 10 days for a period of 70 days.

2.13. Loading capacity of the modified magnetic nanoparticles

The protein loading capacity of the functionalized superparam-
agnetic iron oxide nanoparticles was investigated by immobilizing
BSA with different concentrations (0.75, 1.5, 3 and 6 mg/mL) onto
the particles according to the method described for tyrosinase
immobilization. At the end of the immobilization process, the pro-
tein content in the solution was determined using the Bradford
protein assay, and the amount of loaded protein on the carrier was
calculated.

2.14. Characterization
X-ray powder diffraction (XRD) (Bruker D8 Advance, with Cu

Ka radiation, A =0.154060 nm) of the dried samples with scan-
ning range from 4° to 70° was used to identify the phase purity
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Fig. 1. FTIR analysis of (a) Fe304, (b) Fe304@Si0,, (c) cyanuric chloride functionalized MNPs, and (d) tyrosinase-MNPs.

and crystal structure of the obtained magnetic nanoparticles. Size
and morphology of the synthesized MNPs were studied using
transmission electron microscopy (TEM), operating at 220 KV. Mag-
netization properties of the MNPs were analyzed using a vibrating
sample magnetometer (VSM, Meghnatis Kavir Kashan Co., Iran).
The EDX spectra were recorded by Scanning Electron Microscope
(SEM) equipped with EDX detector (TESCAN Vega Model) to con-
firm successful immobilization of tyrosinase. The presence of
surface functional groups and binding of the tyrosinase onto the
modified surface magnetic nanoparticles were tested by FTIR spec-
troscopy (PERKIN-ELMER). Thermo-gravimetric analysis (TGA) was
carried out on the dried powdered samples with a uniform heat-
ing rate of 10°C/min and a temperature range of 200-800 °C under
a high purity nitrogen atmosphere using a Netzsch — TGA 209F1
instrument.

3. Results and discussion
3.1. Characterization of nanoparticles

3.1.1. FT-IR

The Fourier transform infrared (FT-IR) spectra of the synthesized
iron oxide NPs are shown in Fig. 1. The absorbance at 568 cm™! is
related to the Fe—O bond and the peak in 3331.88 cm~! is ascribed
to the H—O—H bond which is in harmony with the reported IR spec-
tra for iron oxide NPs [36,37]. The silica coated magnetic iron oxide
sample showed a strong band at 1083.12 cm~! and two weak bands
at 796 and 949 cm~! corresponding to the stretching vibrations
of (Si—0—Si), (Si—OH) and (Si—O—Fe), respectively [38]. Cyanuric
chloride-functionalized magnetic nanoparticles sample showed
two bands at 1512cm~! and 1560.5cm~! in the spectrum, sup-
porting the successful binding of cyanuric chloride to the surface
of modified magnetic nanoparticles. Compared to the FI-IR spec-
trum of Cy-Fe30g4, a new characteristic absorption peak appeared
at 2863 cm~! (C—H aliph bond) in the spectrum of tyrosinase-
MNPs, which could demonstrate the successful immobilization of
the enzyme onto modified core-shell magnetic nanoparticles [2].

3.1.2. EDX spectrum analysis

The EDX spectrum of the tyrosinase-MNPs indicated the pres-
ence of copper on the surface of magnetic nanoparticles (see Fig. 1in
Ref. [39]). The tyrosinase is a copper-containing enzyme, and this
result confirms the successful immobilization of tyrosinase onto
the cyanuric chloride functionalized magnetic nanoparticles.

3.1.3. Covalent binding of tyrosinase on Cy-MNPs

Based on the FTIR and EDX results, the schematic diagram for
the preparation process of the Cy-MNPs as a carrier and tyrosinase-
immobilized particles is represented in Fig. 2. The surface of silica
coated MNPs was modified with APTES reagent to produce amino
groups on the surface of iron oxide@SiO,. Then, cyanuric chloride
was used as an activating agent to prepare the modified MNPs
for the covalent attachment of tyrosinase. Finally, tyrosinase was
immobilized on the particles.

3.1.4. XRD analysis

In the XRD pattern of the prepared bare magnetic nanoparticles
(see Fig. 2 in Ref. [39]) five specific peaks (20 =30.2°,35.59°, 43.33°,
57.21°, and 62.58°) related to the corresponding indices of (220),
(311),(400), (511) and (440) were observed respectively. It reveals
that the prepared magnetic nanoparticles have cubic spinel struc-
ture according to the standard XRD data cards of magnetic iron
oxide nanoparticles crystal (JCPDS No. 85-1436) [40,41]. In addi-
tion, the average size of the iron oxide nanoparticles was about
12 nm based on Debye-Scherrer’s equation.

3.1.5. TEM analysis of tyrosinase-MNPs

The size and morphology of the tyrosinase-MNPs were char-
acterized by the TEM method. The results confirmed that the
dimension of tyrosinase-MNPs was in the nanometer range. The
size distribution histogram and TEM images indicated that most of
the particles had a spherical shape with an average size of 17 nm
(see Fig. 3a and b in Ref. [39]). The smaller size of the tyrosinase-
MNPs results in the higher specific surface area, and consequently
it offers a higher yield of enzyme immobilization.
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Fig. 2. Schematic representation of the nano-biocatalyst fabrication.

3.1.6. Vibrating sample magnetometer results

The magnetic properties of the bare magnetic nanoparticles,
silica coated MNPs, and immobilized tyrosinase MNPs were investi-
gated by using VSM at room temperature. The magnetization curves
of these three samples are presented in Fig. 3. All the samples
had a superparamagnetic behavior and saturation magnetization
(Ms) of the bare iron oxide nanoparticles showed the high value of
51 emu/g. The Ms of iron oxide@SiO, and tyrosinase-MNPs were
25 and 17 emu/g, respectively. These lower Ms values are due to
the formation of silica coating, functionalization of coated MNPs
and enzyme immobilization. Furthermore, for investigating ease of
magnetic separation of the prepared tyrosinase-MNPs, they were
dispersed in an aqueous solution. It was observed that the sus-
pended particles were easily separated from the solution in less
than 1 min by means of an external magnet.

3.1.7. Thermo gravimetric analysis of the tyrosinase-MNPs

The weight loss diagram versus temperature of the cyanuric
chloride functionalized magnetic nanoparticles and tyrosinase-
MNPs were investigated (see Fig. 4 in Ref. [39]). For both Cy-MNPs
and tyrosinase-MNPs, the first weight loss step was observed in the

temperature range of 30-200 °C, which can be related to the elim-
ination of physically absorbed water molecules on the surface of
the samples. The weight loss of the Cy-MNPs sample from 200 to
800°C was about 11.2% while that for the tyrosinase-MNPs, at the
same temperature range, was about 27.4%. The difference between
these two weight losses (about 16.2%) is attributed to the thermal
decomposition of immobilized tyrosinase and confirms successful
immobilization of tyrosinase on cyanuric chloride functionalized
magnetic nanoparticles.

3.2. Immobilized tyrosinase characterization

3.2.1. Enzyme activity and loading capacity of the nanoparticles
Enzyme immobilization onto magnetic nanoparticles can
improve the application of enzymes in industrial processes. The
immobilized enzyme had an average activity of 189 U/g with an
immobilization yield of 69% (194 mg/g nanoparticles). As shown
in Table 1, the loading amount of tyrosinase onto Cy-MNPs was
much higher than that of previous works. The high loading capac-
ity of the particles can be attributed to the large surface area of the
nanomaterials as well as the high reactivity of cyanuric chloride.
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Table 1
Comparison of loading capacity of the different carries.
Enzyme Carrier Activating agent Enzyme loading (mg/g) Reference
Tyrosinase Polymethylchloride styrene Glutaraldehyde 417 [42]
Tyrosinase Ca-Alginate beads Epicholorhydrin 2.26 [43]
Tyrosinase Glass beads Cinnamoylated derivates of d-sorbitol 1.18 [44]
Tyrosinase Magnetic beads Glutaraldehyde 2.8 [45]
Tyrosinase Microperl industrial glass beads Hexacinnamate of d-sorbitol 1.18 [46]
Tyrosinase Chitosan-Clay composite beads Glutaraldehyde 26.8 [47]
Tyrosinase Diatoms biosilica particles Glutaraldehyde 371 (48]
Tyrosinase Dry epoxy-silica 3-glycidoxypropy! trimethoxysilane(GPTMS) 30.23 [49]
Tyrosinase Cy-MNPs Cyanuric chloride 194 This work
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Fig. 3. Magnetization curves of (@) bare Fe304, (a) Fe30,@SiO,, (M) Tyrosinase- Temperature (°C)
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Also, using another activating agent (cyanogen bromide) to m Free Tyrosinase B Immobilized tyrosinase
immobilize other enzymes has been previously reported. For 100 1
instance, the maximum loading capacity of immobilized inver-
tase on chitosan using cyanogen bromide as an activating agent
. 80 1
has been about 12 mg/g [50]. In other research, lipase and laccase S
have been immobilized on cyanogen-bromide-agarose support 2
and cyanogen bromide Sepharose, respectively. In both studies, the E 60 1
loading amounts of the enzymes are lower than that of this work g
[51,52]. 2 40l
In addition, purification of extracted tyrosinase from mushroom E}
Agaricus bisporus was performed (see Table 1 in Ref [39]). For this
purpose, samples were taken during the extraction process and 201
the corresponding activities and protein concentrations were mea-
sured. A slight increase in the specific activity occurred due to using 0 - -
the ammonium sulfate precipitation process to remove the frac- 8 7 6 3 4
tional precipitation, mostly containing some contaminants from oH

the final product. The final precipitate which had a fold purifica-
tion of 1.7, was separated and dissolved in phosphate buffer as the
final product.

3.2.2. Effects of pH and temperature on the enzyme activity and
stability

The effect of temperature on the activity of free and immobilized
tyrosinase was assayed at pH 7.0 and different temperatures in a
range of 25-55 °C. The highest activity of the free and immobilized
enzyme was individually considered as 100%, and the activities at
the other temperatures were reported proportional to the corre-
sponding highest values. As seen in Fig. 4a, the highest activity of
both immobilized and free tyrosinase occurred at 35 °C. By increas-
ing the temperature from 35 to 55°C, the activities of free and
immobilized enzyme decreased because of enzyme deactivation
at temperatures above 35 °C. The activity values of free and immo-

Fig. 4. Effect of temperature (a) and pH (b) on the activity of free and immobilized
tyrosinase.

bilized tyrosinase were also investigated in the pH range of 4.0-8.0.
As shown in Fig. 4b, both free and immobilized enzymes showed
considerably high activity at pH 7.0, while in the other pHs, the
activity of both enzymes decreased. The lowest activity of free and
immobilized tyrosinase was related to pH 4.0 with relative activi-
ties less than 5% which is attributed to the net positive charge of the
enzyme at this condition, considering the pH value at the isoelectric
point (pl) of tyrosinase is about 4.7 [53]. In another study concern-
ing immobilization of tyrosinase on a polymeric membrane, the
relative activities have found less than 25% and 45% at pH 5.0 and
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Fig. 5. Reusability test of immobilized tyrosinase at different (a) pHs and, (b) tem-
peratures.

8.0 [9], while the corresponding values in this research were about
56% and 64%, respectively. These improvements are related to the
stabilization of tyrosinase as a result of its covalent attachment on
the surface of MNPs.

The tyrosinase stability could be affected by variation of pH and
temperature too. Thus, the pH stability of immobilized tyrosinase
was studied at different pHs (see Fig. 5a in Ref. [39]). The relative
activity of immobilized tyrosinase was about 65.5% after incubation
at pH 6.0 for 2 h. The immobilized enzyme was approximately sta-
ble after incubation of the enzyme for 100 min at pH 4.0, although
after 2 h incubation, the activity loss was about 86%. The effect of
temperature on immobilized tyrosinase stability was investigated
by incubation of the enzyme at pH 7.0 and a temperature range of
35to 65°C(see Fig. 5bin Ref. [4]). The results showed that after 2 h
incubation at 65 °C, immobilized enzymes almost had no activity
which can be attributed to the thermal deactivation of tyrosinase
at this temperature. Also, for incubation at 45°C, the remaining
activity of the immobilized enzyme reached about 40 and 12% after
100 and 120 min incubation, respectively. These results confirm the
suitable stability of the immobilized tyrosinase in high tempera-
tures and different pHs for about 100 min.

In addition, the apparent E; of denaturation and Z-value were
calculated using the results obtained from temperature stabil-
ity experiments at different temperatures [54]. The values of Ea
for denaturation and Z-value for tyrosinase-MNPs were about
38.35k]/mol and 52.9°C, respectively. The low value of E; for
denaturation and high Z-value indicate the suitable stability of
tyrosinase-MNPs at high temperatures. Generally, an increase in
the conformational rigidity of enzymes structure and limiting sus-
ceptibility to drastic conformational changes can be achieved by
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Fig. 6. Use of tyrosinase-MNPs for phenol elimination from an aqueous solution
containing 100 mg/L phenol.

enzyme immobilization on proper supports using appropriate pro-
cedures which make them suitable for industrial applications [55].

3.2.3. Reusability test of the immobilized tyrosinase

The reusability of tyrosinase-MNPs was tested at different tem-
peratures (25-55°C) and pHs (4.0-8.0) and the activity of the
immobilized enzyme was measured. As shown in Fig. 53, after a 7-
cycle reuse at pH 7.0, the relative activity of immobilized tyrosinase
was about 57%. However, the relative activity at pH 4.0 was less than
10% after 2 reaction cycles that can be related to the net positive
charge of the immobilized tyrosinase as noted above. The investi-
gation of temperature effect on reusability (Fig. 5b) confirmed that
the best performance of immobilized tyrosinase occurred at 35°C
with a relative activity of 59% after the seventh cycle. The activity
of tyrosinase-MNPs after reusing for 6 cycles at 45 °C was less than
25% so the experiment was not continued. This reduction in activ-
ity can be due to enzyme deactivation under this severe condition.
These results indicate that tyrosinase-MNPs may be reused at least
7 cycles with appropriate levels of activities.

3.2.4. Phenol removal by tyrosinase-MNPs

The dephenolization capability of tyrosinase-MNPs was investi-
gated by adding 5 mg of the immobilized tyrosinase to the phenolic
solution and incubating the mixture at room temperature. As
shown in Fig. 6, phenol was completely eliminated after 2 h. These
results confirm the remarkable performance of the synthesized
nanobiocatalyst in wastewater treatment.

3.2.5. Kinetic parameters

The activities of the immobilized and free enzyme at different
substrate concentration were measured, and the Michaelis-Menten
model was fitted to the corresponding results (Fig. 7). The values
of K and vmax were about 2.52 mM and 39880 U/mg for immobi-
lized tyrosinase and also 1.14 mM and 62122 U/mL for free enzyme,
respectively.

The Ky, value for tyrosinase-MNPs was higher than that for free
tyrosinase meaning that immobilized tyrosinase has a lower affin-
ity for its substrates in comparison to the free one. This is related
to the inherent characteristic of enzyme immobilization processes.
The different affinities of the free and immobilized tyrosinase to the
substrate are due to enzyme structural changes during the immobi-
lization procedure [48], diffusional restrictions and introduction of
steric hindrance formed by the support toward the active site caus-
ing the lack of adequate enzyme flexibility for binding of the natural
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Table 2
A comparison of the kinetic constants of tyrosinase-MNPs and previous reports.

Enzyme Carrier K (mM) vmax (U/g) Reference
Tyrosinase Chitosan-Clay composite beads 1.7 568 [47]
Tyrosinase Diatoms biosilica particles 2.59 1.98 x 10* [48]
Tyrosinase Cy-MNPs 2.52 3.9880 x 107 This work
W Experimental data (Immobilized enzyme) J
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Fig. 7. Kinetic study of immobilized and free tyrosinase using different L-DOPA
concentrations.

ligands during catalysis. Hence, the vphax value of an immobilized
enzyme is lower than that of a free enzyme.

In addition, as shown in Table 2, vmax value of the tyrosinase-
MNPs is surprisingly higher than those from the other studies.
This can be attributed to the high amount of active tyrosinase
immobilized onto the carrier, as a result of a large surface area
of the nanoparticles and high reactivity of cyanuric chloride func-
tionalized magnetic nanoparticles. Therefore, immobilization using
this procedure with cyanuric chloride as an activating agent can
improve kinetic parameters.

3.2.6. Storage stability

In order to investigate the storage stability of tyrosinase, the
free and immobilized enzymes were stored at 4°C for 70 days. As
shown in Fig. 8, the immobilized enzyme had a relative activity of
about 70% after storage for 40 days while that of the free enzyme
was 40%. In addition, about 40% of the initial activity of immobilized
tyrosinase remained after 70 days.

Immobilization significantly prevents this inherent loss of activ-
ity during storage. The relative activity of immobilized tyrosinase
on modified diatom biosilica particles has been less than 60% after
storage for about 40 days [48] while tyrosinase-MNPs showed bet-
ter storage stability, indicating that immobilization improves the
storage stability of tyrosinase.

3.2.7. Immobilization capacity of Cy-MNPs

BSA at different concentrations was immobilized on magnetic
nanoparticles to find out the loading capacity of the nanoparti-
cles (Fig. 9). The maximum immobilization yield of about 84%
was obtained at a BSA concentration of 1500 pg/mL, and the yield
decreased for the higher concentrations.

Time (Day)

Fig. 8. Relative activities of the free and immobilized tyrosinase after storage at4 °C.
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Fig. 9. Immobilization capacity of the cyanuric chloride functionalized MNPs by
immobilizing different concentrations of BSA.

4. Conclusion

In this work, a new, easy, and inexpensive method for immobi-
lization of tyrosinase onto magnetic nanoparticles using cyanuric
chloride as an activating agent was reported. FTIR, EDX and
TGA analyses confirmed that tyrosinase was covalently immobi-
lized on cyanuric chloride functionalized MNPs. The synthesized
nanoparticles had the high loading capacity of 194 mg protein/g
nanoparticles with an immobilization yield of 69%. This notable
capacity could be related to the large surface area of the nanoma-
terials as well as the high reactivity of cyanuric chloride modified
nanoparticles. The best condition for catalytic activity of tyrosinase-
MNPs was observed at pH 7.0 and 35°C. The tyrosinase-MNPs
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displayed proper stability at different temperatures and pHs. The
reusability tests showed that the nano-biocatalyst was able to be
reused at least 7 cycles with a relative activity of higher than 55%.
In comparison with free enzyme, immobilized tyrosinase showed
remarkable storage stability and kept almost 40% of its initial activ-
ity after 70days. This nanobiocatalyst with interesting capacity,
reusability, stability and shelf life is promising for practical appli-
cation in wastewater treatment and biosensor development.
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