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ABSTRACT: The laccase enzyme is the largest group of Oxidoreductase enzymes and is capable of
oxidizing a wide range of organic substrates to water along with molecular oxygen resuscitation. ZnO
nanoparticles are known for their specific properties such as chemical stability, high electrochemical
coupling rates, and wide range of absorption of radiation as multifunctional compounds. In this study,
ZnO porous nanoparticles were synthesized and then the laccase enzyme was stabilized from the source
of vermicellum tramitis by surface absorption method on the surface of synthesized nanoparticles. In
the following, kinetic parameters, temperature stability, reusability and sustainability of the stabilized
enzyme were measured and compared with the free enzyme. Given the results obtained at all three
temperatures (40, 50 and 60 °C), the stabilized enzyme shows more temperature stability than the free
enzyme in desired time range. The kinetic parameters Vm and Km did not significantly change with
respect to the free enzyme. Enzyme activity returned to zero after 10 cycles of use and recycling. While
the free enzyme lost its activity after three weeks of maintenance in laboratory condition, the stabilized
enzyme retained 30% of its initial activity. These results indicate that ZnO porous nanoparticles can be
used as a suitable substrate for the stabilization of laccase enzyme by surface adsorption method, and
improves the stability parameters of the enzyme without affecting the kinetic properties of the enzyme.
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INTRODUCTION

Laccases (benzendiol: oxygen oxidoreductase, EC
1.10.3.2) include the largest sub-group of copper-atom-
ic aquatic oxidoreductases (MCO), which have the po-
tential of recovering the copper ions to catalyze the
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oxidation of a wide range of aromatic substrates along
with the resuscitation of molecular oxygen into water.
Laccase was first identified in the Rhus vernicifera tree
extract. Since then, Laccase has been found in differ-
ent species of aschemic fungi, and thus fungal laccases
have been identified as the most important MCOs group
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(Gianfreda, et al., 1999). Laccases are capable of cata-
lyzing the direct oxidation of paradifenols, amino phe-
nols, polyamines, aryldiamines and orthodiamines, as
well as some organic ions. These enzymes coupled
four electrons from resuscitation substrates to four
electrons of oxygen bond breakdown (Giardina, et
al., 2010, Schlosser and Hofer, 2002). Laccase is one
of the most important enzymes that have been stud-
ied in the field of phenolic compounds. Phenols such
as 2,6-dimethoxyphenol, catechol, hydroquinone are
suitable substrates for the Laccase enzyme in aqueous
medium (Selinheimo, et al., 2006). The enzyme has
been widely used in various industrial and biotechno-
logical fields, including the food industry (Couto and
Herrera, 2006, Selinheimo, et al., 2006), paper indus-
try (Call and Miicke, 1997), fabric industry (Abadul-
la, et al., 2000, Blanquez, et al., 2004), nanobiotech-
nology (Ferry and Leech, 2005, Jarosz-Wilkotazka,
et al., 2004, Leite, et al., 2003), and bioremediation
(Gianfreda, et al., 1999). The use of immobilization
techniques is one of the most widely used and effec-
tive methods for reusing enzymes, facilitating the sep-
aration from process medium and improving the sta-
bility (Lee, et al., 2011). The ability to easily separate
the enzyme from the reaction mixture minimizes the
protein contamination of products (Xu, 1996). There-
fore, the reliability and efficiency of the desired reac-
tion is improved by this technology. Also, the ability
to reuse enzymes has economic benefits, which is a
very important factor in discussing the costs associ-
ated with enzymes-catalyzed processes. In addition to
easy separation and reusability, enzyme immobiliza-
tion also has other benefits: increased storage stability,
increased stability to unnatural heat, increased stabil-
ity to organic solvents, and other severe and intoler-
able functional conditions (Kim, et al., 2006). these
special benefits of stabilized enzymes have led to their
use in various industries (Sakurai, 1992). This has led
to the development of various enzyme immobiliza-
tion techniques. In these techniques, various supports
have been used in conjunction with various methods
for binding the enzyme to the support (Duran, et al.,
2002). One of the areas that have been considered in
recent years is nano-sized compounds or nanopar-
ticles. Zinc oxide nanostructures exhibit properties
like semiconducting, piezoelectric, and piroelectric.
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These unique properties make zinc oxide particles
one of the richest nanostructured materials. Under the
special conditions, solid nanoparticles, nano-rings,
nano-springs, nano-sheets, nanowires and nanopar-
ticles of zinc oxide can be generated by steam-solid
thermal sublimation method. Due to biocompatibil-
ity, these nanostructures can have new applications
in biosensors and biotechnology and medical science
(Kolodziejczak-Radzimska and Jesionowski, 2014).
In the meantime, the use of physical binding methods
is very important due to the much lower degradation
effects on enzymes (Quiquampoix, et al., 2002, Zim-
merman and Ahn, 2010). In this study, porous ZnO
nanoparticles were used as support for the stabiliza-
tion of the laccase enzyme from the Tramitis versicol-
or, aims at improving thermal stability and reusability
of this enzyme.

MATERIAL AND METHODS

Synthesis of porous zinc oxide nanoparticles

4 milliliters (2 M) of NaOH were mixed with 4 mil-
liliters of (0.02 M) CTAB and then maintained at room
temperature for 30 minutes. 6.3 grams of ZnCl, was
dissolved in 50 milliliters of distilled water and the
CTAB solution was added to it simultaneously with
stirring. After an hour of stirring, the resultant precipi-
tate was collected using a filter and washed with dis-
tilled water and ethanol. After collecting with filter,
the precipitate was incubated at 100°C for 24 hours.
The dried sample was then placed in a furnace at 600°C
for one hour. Finally, the synthesized nanoparticle was
evaluated using FTIR, XRD, SEM, and BET methods.

Enzyme immobilization on nanoparticle surface and
laccase enzyme assay

In this study, the adsorption method was used to im-
mobilization of the laccase enzyme on the surface of
synthesized nanoparticles. In summary, 4 milligrams
of the synthesized nanoparticle were mixed in 900
milliliters of Mcllvane buffer (pH 6.5) and then ho-
mogenized using a sonication for 2 minutes. 100 pl of
laccase enzyme solution (10 mg/ml) was added to the
nanoparticle mixture and then was incubated for 4 h
using a shaker incubator for 24 hours. Subsequently,
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the mixture was centrifuged at 1200 rpm for 5 minutes.
Then the supernatant was removed and the sediment
was washed 3 times by adding 1 milliliter of Mcllvane
buffer. Finally, the remaining residue was mixed in 1
milliliter buffer and then homogenized for subsequent
experiments. The optimized pH for immobilization of
the enzyme was evaluated by performing the immobi-
lization process using buffer pH 3, 4, 5, 6, and 7.

Measuring the Laccase activity

Laccase enzyme activity was measured using ABTS
substrate and based on spectroscopic method. The
measurement solution contains 50 ul of free enzyme
(mg/ml) or immobilized enzyme (4 mg/ml), 950 ul of
ABTS solution (0.4 mM) and 1 pl of Mcllvane buffer
(pH 6.5). Absorbance was measured over a period of 5
minutes from the onset of the reaction to a blank solu-
tion (enzyme-free solution) at 420 nm. Enzyme activ-
ity (U) was defined as the amount of enzyme required
to oxidize 1 micromole ABTS per minute (Sheikhi, et
al., 2012, Tavares, et al., 2012, Zhu, et al., 2011).

Determination of kinetic parameters of free and im-
mobilized laccase

To determine the kinetic parameters, the activity of
laccase enzyme (free and immobilized) was mea-
sured at concentrations of 0.4, 0.2, 0.1, 0.05, 0.225
and 0.125 mM from ABTS substrate. By drawing the
Line weaver-Burk chart and extrapolation of obtained
line, the values of the parameters Vm and Km were
determined.

Determination of the enzyme thermal stability

In order to determine the stability of the laccase en-
zyme, the enzyme solution (free and stabilized) was
incubated at 30, 40 and 50°C, and 50 pl of enzymatic
solution was removed at 5 minutes intervals and placed
on ice for 2 minutes. The enzyme remaining activity
was then measured in the desired solution.

Reusability and stability of the immobilized enzyme

The immobilized laccase enzyme was centrifuged af-
ter measuring at 1200 rpm. Then, like the enzyme im-
mobilization, washing steps were performed and the
enzymatic activity was measured again. These steps
were repeated until the enzyme activity was reached
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to zero. Storage stability was performed by incubation
of an enzyme (free and stabilized) solution at room
temperature and measuring the activity of the enzyme
at weekly intervals.

RESULTS AND DISCUSSION

FT-IR spectrum

In the FT-IR spectrum of synthesized nanoparticles
(Fig. 1-A), the wave number 3439 cm™ corresponds
to hydroxyl groups of water molecules coupled with
the surface of nanoparticle by hydrogen bonding. The
415 cm! wave number refers to oxygen-zinc vibra-
tion bonds that indicate the bond is synthesized in
the nanoparticle. The two spectra contained in 2923
and 2857 cm™! are related to oxygen-to-carbon bonds,
and peaks of 1453, 1271, and 1018 cm! are related to
the same bond. The strong peaks at 436 and 546 cm
are related to the Zn-O strain vibrations. The Strained
Spectra in the graph (Fig. 1-B) shows a good crystal-
lization of the synthesized nanoparticle, the crystalline
phase of these nanoparticles is hexagonal and there is
no severe impurity in the spectrum. From the spectrum
obtained, the angle of the peaks (2Th) is 2.3 degrees
and the size of the crystals is about 54.3. The image of
SEM microscope (Fig. 1-C) shows a good distribution
of zinc oxide particle size; these particles are spheri-
cal. The image along with the XRD spectrum shows
that ZnO is crystallized.

The effect of pH on the immobilization of laccase

The pH variation plays an important role in chang-
ing the ionization state of ionized groups in proteins.
These changes can have a significant effect on the
interaction of protein with other molecules. For this
reason, one of the factors involved in process of sta-
bilizing proteins on various levels, including nanopar-
ticles, is pH variation. In this regard, the effect of pH
variation in the range of 3 to 7 on the stabilization of
enzyme laccase on nanoparticles surface was inves-
tigated (Fig. 2). Based on the results, the highest en-
zyme activity obtained at pH= 6. However, within the
pH range, the range of variation between the highest
and the lowest recorded activity (respectively, pH 6
and 3) is approximately 40%. In this way, the opti-
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Fig. 1 a) FT-IR spectrum of ZnO nanoparticles, b) XRD
spectrum of ZnO nanoparticles, c) SEM images of ZnO
nanoparticles.

mal pH for the immobilization process was considered
as 6. In a study that reported on the stabilization of
the laccase enzyme from 7. hirsute and M. albomyces
on the lignin surface by Saarinen, pH was introduced
as a very influential factor in stabilization process.
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Fig. 2. Investigation of the effect of pH on the process of
immobilization of the laccase enzyme on porous zinc oxide
nanoparticles.

The pH suitable for stabilization in this study was 4.5
(Saarinen, et al., 2008). In another study, pH 5 was
reported as suitable conditions for the stabilization of
the laccase enzyme from T. Versicolor on the surface
of SiO2 nanowires (Patel, ef al., 2014). In the process
of covalent stabilization, the laccase enzyme was ac-
tivated from P. conchatus on the surface of poly-vinyl
alcohol substrate, and the best pH was reported to be 4
(Yinghui, et al., 2002). Therefore, the pH suitable for
the stabilization process will be different depending
on the used enzyme and type of substrate.

Comparison of kinetic parameters
The kinetic parameters, temperature stability and reus-
ability are the most important features of a stabilized
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Fig. 3. Lineweaver-Burk diagram to determine the parame-
ters of Km and Vm of free and immobilized lactate enzymes.
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Table 1. Values of the parameters Vm and Km for free and
stabilized laccase enzyme.

Vm (U) Km (mM)
Free Enzyme 1.961 0.006
Immobilized 2.000 0.007

enzyme. The rate of variation in kinetic parameters
depends on the type of enzyme, type of substrate and
the conditions of stabilization (Patel, ef al., 2014). The
Lineweave-Burk chart is plotted in different concen-
tration of ABTS substrate by measuring the enzyme
activity (free and immobilized), and the line drawn
from the points obtained with R2 is more than 90 (Fig.
3). Using the extrapolation of the obtained lines, the
Vm value for free and immobilized enzymes was 1.9
and 2, respectively (Table 1). On the other hand, the
Km value for free and stabilized enzymes was also
determined to be 64x10* and 66x10* (mM), respec-
tively. Thus, there is no significant difference between
Km and Vm parameters in both free and stabilized en-
zymes.

One of the disadvantages of the immobilized pro-
cess is the change in the parameters Vm and Km, so
that the enzyme immobilization usually reduces Vm
and increases Km. Under these conditions, the immo-
bilized enzyme activity of free enzyme is reduced. In
a study by Ahn, there was no change in kinetic pa-
rameters of Vm and Km in the laccase enzyme from
Trametes villosa after stabilization on the aluminum
hydroxide level. The change in enzyme contention
and spatial suppression of the substrate to couple with
the active site of the enzyme are among the most im-
portant factors in reducing activity and also increasing
the Km enzyme. Failure to change these parameters
could be a reason for the occupation of the enzyme
active site after stabilization, and thus the efficiency of
the method used to stabilize the laccase enzyme (Ahn,
et al., 2007). Given the fact that there is no significant
change in the laccase enzyme immobilized on porous
zinc oxide nanoparticles, the use of these nanoparti-
cles and the method used in this study can be consid-
ered as an advantage.

Thermal stability of free and immobilized laccase
The residual activity of enzyme was used as an indica-
tor for studying the temperature stability of enzyme

laccase at the studied temperatures. The thermal stabil-
ity of immobilized enzyme on the surface of nanopar-
ticles was performed by measuring the remaining ac-
tivity of enzyme (free and stabilized) at 40, 50 and
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Fig. 4. Time vs. remaining activity chart to verify the tem-
perature stability of free and immobilized lactate enzymes at
40 (a), 50 (b), and 60 (c) Celsius.
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Table 2. Comparison of temperature stability parameters of free and immobilized laccase enzyme.

30 40 50
Free Immobilized Free Immobilized Free Immobilized
Kd 0.47 027 124 0.58 .39 0.9
t1/2 1.47 2.53 0.56 1.2 0.5 0.77
60°C. According to the results (Fig. 4), at 40°C after 30 120
minutes, the free enzyme activity remains about 78% —o— Free
- . . - s 100 —e— Immobillized
of the initial activity, while the stabilized enzyme has S
maintained 87% of its initial activity. As the tempera- *E‘ 80
ture increased to 50°C, the chart gradient, and namely § 60
the rate of deactivation of the enzyme in both free and .g 40
immobilized conditions increased to 40°C, so that at ©
the same time (30 minutes), the free enzyme activity & 20
decreased to 56% and the immobilized enzyme activ- 0 . ;
ity to 74%. At 60°C, the activity of the remaining free 0 1 2 3
and immobilized enzyme decreased to 55% and 68%, Time (weeks)
respectively. The comparison between the tempera- (a)
tures indicated that with increasing temperature, the 120
remaining activity of the enzyme in both free and im- < 100
mobilized states decreased. But in all three tempera- g .
tures in free state, the enzyme activity decreased com- E 80 A y =-11.917x + 110.57
pared with the stabilized enzyme. Based on this, the ® 60 R?=0.9848
immobilized laccase enzyme exhibited a significant ,g 40 -
thermal stability compared to the free enzyme at test % \\
temperatures. In other words, the use of nanoparticles r 20 -
will improve the temperature stability of the enzyme. 0 g

The rate of deactivation and the half-life of the en-
zyme are compared in Table 2. According to this table,
the rate of enzyme deactivation in both free and im-
mobilized conditions increases with increased tem-
perature. However, at each temperature, the deactiva-
tion rate of immobilized enzyme is lower than that of
the free enzyme. The immobilized enzyme thus has
higher temperature stability and loose its activity less
than free enzyme. In addition, the higher t1/2 is an-
other reason for the stability of stabilized enzyme in
comparison with the free enzyme. In the study on im-
mobilization of laccase enzyme on SiO, nanoparticles,
an 18-fold increase in half-life of the enzyme was re-
ported after its stabilization (Yinghui, ef al., 2002).

Reusability and storage stability of immobilized lac-
case
Investigating the variation of immobilized enzyme
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Fig. 5. Assessment of the stability of immobilized laccase
enzyme (A) and re-usability (B).

activity after successive cycles of use, recycling and
re-use of the enzyme indicates that enzyme activity
decreases after each use (Fig. 5). The analysis of the
obtained line shows that the reduction of enzyme ac-
tivity is stabilized with a gradient of about 12%. In
other words, after using the stabilized enzyme, its
activity decreases by 12%, which will eventually be
deactivated after 8 times. Investigating the storage sta-
bility of enzyme indicates that free enzyme activity
is reduced by about 85% after a maintenance week
at the laboratory temperature, until it actually reaches
5% of the initial activity in the third week. While in
the immobilized enzyme in the first week, there is no
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significant change in enzyme activity. However, in the
second and third weeks, 60% and 20% of the initial
activity decreased, respectively. Although the activity
of the enzyme has decreased in the third week, it is
still significantly higher than the free enzyme.

CONCLUSIONS

According to the results, stabilization of the laccase
enzyme using adsorption method on ZnO porous
nanoparticles can be used as a suitable method for
reusing and improving the temperature stability and
maintenance of the enzyme without affecting the ki-
netic parameters.
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