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Abstract

The aim of this study was to investigate the biochemical properties of free and immobilized
mushroom tyrosinase (EC 1. 14. 18. 1) entrapped in calcium alginate beads for phenol removal in
batch system. Tyrosinase activity was determined spectrophotometrically at 400 nm under optimal
conditions. The effects of key operational parameters on phenol oxidation kinetics were evaluated
for both enzyme systems. The Michaelis-Menten constant (Km) of the immobilized enzyme (1.04 mM)
was approximately twice that of the free enzyme (0.56 mM), while its maximum reaction velocity
(Vmax = 139.02 EU) decreased by nearly thirtyfold (Vmax = 5.91 EU). Immobilization also shifted the
optimal pH of the enzyme to pH 5.6. Optimum temperature and the activation energy for phenol
oxidation were determined as 55 °C and 50.4 kJ/mol for immobilized tyrosinase, whereas, 45 °C and
39.5 kJ/mol for the free enzyme. The highest activity was obtained with alginate beads of 3.4 mm
diameter, and the immobilized preparation exhibited enhanced operational stability, retaining totally
its initial activity after 5 reuse cycles. Overall, these findings suggest that mushroom tyrosinase
immobilized in alginate beads is a promising system for phenol removal from wastewater.

Keywords: mushroom tyrosinase; immobilization; alginate; phenol; degradation; batch

1. Introduction

Aromatic compounds, including phenol, are among the most common organic pollutants in
effluents from the paper, plastic, petroleum, dye, resin and wood industries [1,2]. Phenol is
considered as toxic and mutagenic compound, which requires the development of effective
technology to remove it from wastewater [3,4]. For this, various methods have been developed such
as solvent extraction, microbial degradation, adsorption on activated carbon and chemical oxidation
[5]. Extraction methods are incomplete and expensive, while adsorption and oxidation treatments are
extremely expensive for low effluent concentrations [6,7].

Wastewater treatment with enzymes is an alternative to traditional methods. The application of
enzymes, such as peroxidases, laccase and tyrosinase for the removal of phenol from wastewater, has
a number of advantages over conventional biological treatments including: the ability to treat a wide
range of contaminant concentrations, pH, temperature, high reaction rates, and high specificity of
enzymes for their substrates [2,8,9]. Tyrosinase is widely used for the elimination of phenol. It is a
copper metalloenzyme widely distributed in nature [10]. In the present study, tyrosinase was
obtained from button mushroom (Agaricus bisporus) which is considered to be the major natural
source of this enzyme [11]. It catalyzes two very distinct reactions, the hydroxylation of monophenols
to o-diphenols called cresolase activity and the oxidation of o-diphenols to o-quinones called
catecholase activity, with consumption of molecular oxygen [12,13]. Tyrosinase is most often
immobilized in supports for reuse and due to its greater thermal stability compared to its free form
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[14]. Calcium alginate is one of the most commonly used matrices for enzyme immobilization due to
its advantages such as good biocompatibility, non-toxicity, cost-effectiveness, low cost, availability
and simplicity of preparation [15,16].

Therefore, the present study investigates for the first time the oxidation of phenol in a batch
system using mushroom tyrosinase immobilized in calcium alginate beads and compares its
performance with that of the free enzyme. The effects of phenol concentration, temperature, pH, and
calcium alginate bead diameter were systematically examined to determine the optimal
physicochemical conditions for the maximum removal of phenol from wastewater.

2. Material and Methods
2.1. Material

Fresh white button mushroom (Agaricus bisporus) purchased from the local market was used as
a source of tyrosinase. Phenol (Prolabo) was used as substrate. The other chemical reagents are of an
analytical grade.

2.2. Methods
2.2.1. Preparation of Tyrosinase Crude Extract

Tyrosinase was prepared according to the method described by Gouzi [17]. Briefly, 260 g of
button mushrooms, previously washed with distilled water, air-dried, and cooled to —15 °C, were
crushed for 2 min in a blender containing 430 mL of acetone (99.5%) pre-chilled at —15 °C to remove
water and phenolic compounds. The resulting homogenate was filtered and manually pressed
through three layers of cheesecloth until a dry residue (acetone powder) was obtained. The acetone
powder (23 g) was cooled by placing it in contact with ice for at least 4 h. The cold pulp was then
suspended in 235 mL of distilled water using a blender and left overnight at approximately 5 °C. The
suspension was filtered through three layers of cheesecloth, and the filtrate was subsequently
centrifuged at 4000 rpm for 15 min to remove residual particles. The resulting supernatant (140 mL)
constituted the crude tyrosinase extract, which was aliquoted into 1.5 mL Eppendorf tubes and stored
at —15 °C until use.

2.2.2. Immobilization of Tyrosinase in Ca-Alginate Beads

For the preparation of calcium alginate beads, sodium alginate (0.25 g) was dissolved in warm
0.05 M phosphate buffer (pH 6.0), followed by the addition of tyrosinase solution (140 EU/mL) to a
final volume of 10 mL. The solutions were thoroughly mixed using a magnetic stirrer until a
transparent gel was formed. The resulting mixtures were then extruded dropwise into a cold, stirred
0.2 M CaCl: solution using a syringe fitted with a needle to obtain uniformly sized calcium alginate
beads containing entrapped tyrosinase [18]. The beads were allowed to harden overnight in the CaCl2
solution, after which they were collected by filtration and washed with distilled water. The Ca-
alginate beads were stored at 4 °C until further use. Immobilization efficiency was evaluated in terms
of the efficiency factor (fjenz) which was calculated from the maximum reaction rates of the
immobilized tyrosinase in relation to the free tyrosinase [19].

2.2.3. Determination of Tyrosinase Activity

The kinetics of phenol oxidation was carried out in a 250 ml Erlenmeyer (“batch” reactor)
immersed in a water bath set at 35 °C and stirred continuously at 150 rpm, The reaction volume
medium containing 29 mL of phenol as substrate at 2.5 mM prepared in phosphate buffer (pH 6.0-
0.05 M) and 1 mL of crude tyrosinase extract or 220 tyrosinase immobilized in alginate beads. 1 mL
from the reaction medium was taken every minute in order to monitor the evolution of the formation
of o-benzoquinone. The absorbance was measured by UV-Visible spectrophotometer (SHIMADZU
UV MIN-1240) at 400 nm [7]. The initial velocity is estimated from the linear part of the absorbance
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versus time curve [17]. In spectrophotometry an enzyme unit (EU) is defined as the quantity of
enzyme that causes the increase in absorbance by 0.001 min [20].

2.2.4. Kinetic Studies of Phenol Removal

The kinetic behavior of phenol oxidation was investigated in a batch reactor by measuring the
initial reaction rates under standard operating conditions. Experiments were conducted at an initial
phenol concentration of 2.5 mM. Samples consisting of 1 mL of free tyrosinase or 220 Ca-alginate
beads containing immobilized tyrosinase were incubated in 29 mL of phenol solution with
concentrations ranging from 0.0625 to 5 mM. The reactions were carried out in 0.05 mM sodium
phosphate buffer at pH 6.0 and a temperature of 35 °C.The kinetic parameters, the Michaelis-Menten
constant (Km) and the maximum reaction velocity (Vmax), were determined using the double-
reciprocal Lineweaver—Burk plot [21].

2.2.5. Effect of Temperature on Soluble and Immobilized Tyrosinase

The effect of temperature on the activity of free and immobilized tyrosinase was evaluated by
measuring the initial rate of phenol oxidation at temperatures ranging from 30 to 70 °C under
standard assay conditions.

Arrhenius’ law is commonly used to describe the temperature dependence of initial rate values.
It is expressed algebraically as [22]:

Eq
In(v,) = In(ky) — RT

where ko is the Arrhenius constant, E. the activation energy (kJ/mol), R the universal gas constant
(8.314 J/mol. K) and T is the absolute temperature. The activation energy can be estimated by the slope
of linear regression analysis of the natural logarithm of initial rate (vo) versus the reciprocal of the
absolute temperature, within a temperature range that does not induce enzyme denaturation.

2.2.6. Effects of pH

Phenol degradation (2.5 mM) was investigated at 35 °C over a pH range of 4.0-8.0 using free and
immobilized tyrosinase, with acetate buffer (pH 4.0-5.6) and phosphate buffer (pH 6.0-8.0) used for
pH adjustment. The effect of temperature on enzymatic degradation was also evaluated by varying
the reaction temperature from 30 to 70 °C, with phenol solutions prepared in 0.05 M phosphate buffer
(pH 6.0) and treated with either free or immobilized tyrosinase.

2.2.7. Effect of Tyrosinase Ca-Alginate Bead Size

The effect of Ca-alginate bead size on the initial rate of phenol oxidation (2.5 mM) catalyzed by
immobilized tyrosinase was investigated. Beads with three different diameters (2.4, 3.4, and 4.0 mm)
were prepared from 10 mL of a 2.5% (w/v) sodium alginate solution containing 1 mL of crude enzyme
extract. The beads were transferred to an Erlenmeyer flask containing 29 mL of phenol solution (2.5
mM), and the reaction was carried out at 35 °C and pH 6.0 in 0.05 M phosphate buffer.

2.2.8. Reusability of the Immobilized Beads

One of the advantages of using immobilized enzyme is that they can be used repeatedly.
Therefore, the reusability of immobilized tyrosinase beads was assessed by performing five
consecutive phenol degradation cycles with the same beads. After each cycle, the beads were washed
with 0.05 M phosphate buffer (pH 6.0), and their residual activity was measured at pH 6.0 and 35 °C
using a UV-Vis spectrophotometer. The initial activity was defined as 100%, and activities in
subsequent cycles were expressed as percentages of this value.

2.2.9. Data Analysis
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All data analyses were performed using linear and non-linear regression fittings with the
software programs KaleidaGraph (Copyright 1986-2005, Synergy Software) and SigmaPlot Version
14.5 (Copyright © 2020, Systat Software, Inc.) for Windows. All activity analyses conducted in this
study were carried out in triplicate, and the average values of the data were considered.

3. Results and Discussion
3.1. Extraction of Tyrosinase from Agaricus Bisporus

The slightly modified method developed by Gouzi [17] for the extraction of tyrosinase from
Agaricus bisporus was simple, rapid, and resulted in high enzymatic activity. The extraction procedure
involves the preparation of acetone powder to remove water, endogenous phenols, and pigments.
The crude extract exhibited significant activity towards phenol as a substrate, with a catalytic activity
of 140 EU/ml (pH 6.0; 35 °C). Based on these findings, it can be concluded that this enzyme can be
classified as a monophenol monooxygenase, commonly known as tyrosinase [23].

3.2. Effect of pH

The effect of pH on the activity of free and immobilized tyrosinase was examined in the pH
range of 4.0-8.0 at 35 °C (Figure 1). Immobilization in calcium alginate resulted in a shift of the
optimum pH by approximately two units toward the acidic region compared to the free enzyme. This
behavior is mainly attributed to enzyme-support interactions, including ionic and polar interactions
and hydrogen bonding within the alginate matrix. At alkaline pH values, electrostatic repulsion
between the negatively charged alginate and phenolate ions limits substrate diffusion toward the
active sites. In contrast, under acidic conditions, phenol carries a partial positive charge, which
enhances its attraction to the negatively charged support and improves catalytic efficiency [18].
Similar acidic shifts in optimum pH upon tyrosinase immobilization have been reported in previous
studies [24-26].
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Figure 1. Optimum pH profile of the free (®) and immobilized (o) tyrosinase in alginate gel.

3.3. Effect of Temperature
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Temperature is one of the most important factors affecting enzyme activity. The activities
obtained in a temperature range of 30-70 °C were expressed as percentage of the maximum activity.
As shown in the Figure 2, the optimum temperature was found to be 45 °C for free enzyme. The
optimum reaction temperature for immobilized tyrosinase on Ca-alginate was determined as 55 °C.

This shift could be explained as multi-point ionic interaction between enzymes and polymeric
matrix due to the activation energy of the enzyme to reorganize an optimum conformation for
binding to its substrate. One of the main reasons for high thermal resistance of immobilized enzyme
was its stability to various deactivating force due to restricted conformational mobility of the
molecules following immobilization. Generally, the high temperature is preferable and essential for
most of the enzyme activity since high temperature improves the conversion rates. Moreover, high
temperature increases the substrate solubility as well as it reduces the microbial contamination.

Arrhenius plots were constructed using the initial reaction rates obtained from the previous
experiments, as shown in Figure 3 for both free and cross-linked tyrosinases. From the slopes of the
Arrhenius plots, the activation energies for phenol oxidation by free and immobilized tyrosinases
were determined to be 39.5 kJ/mol and 50.4 kJ/mol, respectively. This result was consistent with
expectations, as immobilization typically reduces the conformational stability of the enzyme. As a
result, higher activation energy is required to achieve the correct enzyme conformation for effective
substrate binding [18,27].
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Figure 2. Optimum temperature profile of the free () and immobilized (o) tyrosinase in alginate gel.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.2237.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 December 2025 d0i:10.20944/preprints202512.2237.v1

6 of 11

5 — 3
48 |
. 425 C
$ b o<
g ] e
= E]
8 4,6 1 3
2 1 S
(4] =
e -1 2 N
3 4 =%
3 44 ] g
>o 7 @.
E 1.
-4 1,5 o
42 i

4 1
0,0031 0,00315 0,0032 0,00325 0,0033 0,00335

1IT (K)

Figure 3. Arrhenius plot to calculate activation energy (Ea) for activation of free and immobilized tyrosinase.

3.4. The Kinetic Parameters

Km and Vma, for both free and immobilized enzymes were determined by varying phenol
concentrations at a constant temperature and pH. Figure 4 presents the relation between initial rate
and phenol concentration for the free and immobilized tyrosinase.

Using Lineweaver-Burk method (Figure 4), the Michaelis constant Km and Vmax of the free
tyrosinase were 0.56 mM and 139.02 EU, respectively. In contrast, for the immobilized enzyme on Ca-
alginate, Kmapp and Vmaxapp were 1.04 mM and 5.96 EU, respectively (Table 1). The increase in Km for
the immobilized enzyme may be attributed to conformational changes in the enzyme structure or
due to the lower accessibility of the active site of an immobilized enzyme [1,15,28]. The decrease in
Vmax value indicating lower reaction velocity might be due to change in the conformation of enzyme
following immobilization or diffusional limitation of the substrate to the active site of the enzyme as
reported in the literature [25,26].

Furthermore, the immobilized enzyme is surrounded by a different environment compared to
the free enzyme, which can significantly impact its kinetic parameters. Additionally, the lower
transporting of the substrate and products into and out the gel beads [13,29]. The decrease of the
efficiency factor, ratio Vmaxapp/Vmax shows that there was a decrease in diffusion efficiency of the
substrate due to the immobilization process [1].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.2237.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 December 2025 d0i:10.20944/preprints202512.2237.v1

7 of 11

140 6
120

5
100 )
= 4 2
= S
=, =
2 80 &
E =1
5 3 =
£ I
E‘ 60 E-
z z
= £
40 S

20 !

0 0

Phenol (mM)

Figure 4. Michaelis-Menten (A) and Lineweaver-Burk (B) plots of the free (#) and immobilized (o) tyrosinase in
alginate gel.

Table 1. Kinetic parameters for free and immobilized tyrosinase (batch reactor) at pH 6.0 (phosphate buffer 0.05

M) and 35 °C.
Free tyrosinase Immobilized tyrosinase
Km (mM) 0.56+0.042 1.04+0.122
Vmax (EU) 139.02+3.00¢ 5.91+0.234
Catalytic efficiency Vmax/Km 248.25 5.68

*dMean values from three replicates. Average with different letters differs statistically by Tukey test
(p<0.05).

3.5. Effect of Ca-Alginate Bead Size

The results depicted in Figure 5 showed that the activity of the immobilized enzyme varies with
bead diameter. The activity of immobilized tyrosinase is maximal at a diameter of 3.4 mm, with a
decrease of approximately 30% on either side of this diameter. In the immobilized tyrosinase system,
phenol must diffuse to enable the oxidation reaction, so the final size of the immobilization support
significantly impacts enzyme activity. Previous studies have demonstrated that enzyme activity
increases as bead size decreases, due to a reduction in mass transfer resistance [30]. Additionally,
decreasing the diameter of the alginate beads may reduce enzyme leakage [31,32]. These results can
be explained by diffusional limitations that lead to the establishment of a concentration gradient of
phenol within the particle. Berset [33] reported that increasing the rate of mass transfer can be
achieved by more vigorous agitation of the reaction medium or by reducing the diameter of the
support particles, which decreases the thickness of the boundary layer.
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Figure 5. Effect of alginate bead size on tyrosinase activity.

3.6. Reuse Numbers

The reusability of immobilized tyrosinase was evaluated due to its importance for repeated
applications in a batch reactor. Immobilization was performed using Ca-alginate, and the enzyme
was reused up to five times. The residual activity of the immobilized enzyme on Ca-alginate gel beads
during repeated use is shown in Figure 6. The enzyme activity varied depending on the number of
reuse cycles. Notably, it increased almost twofold after the second cycle, but after the fifth cycle, the
activity returned to its initial value. The observed decrease in enzymatic oxidation yield can be
attributed to the prolonged exposure of the enzyme to phenol degradation products [4].

After two reuse cycles, an increase in the diameter of the alginate beads was observed, attributed
to the swelling of the gel. This swelling facilitated the internal diffusion of the substrate, enhancing
its accessibility to the enzyme (Figure 7).
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Figure 6. Reusability of immobilized tyrosinase.

Figure 7. Photos of the tyrosinase containing alginate beads during the repeated use.

4. Conclusion

In conclusion, tyrosinase was successfully extracted from Agaricus bisporus using a simple and
efficient method that yielded high phenolase activity. The enzyme demonstrated a strong affinity for
phenol as a substrate, compared to the immobilized enzyme in alginate beads, which exhibited lower
affinity. Furthermore, enzyme immobilization enhanced its thermal stability and shifted the optimal
pH towards more acidic conditions.

Thermodynamic analysis using the Arrhenius plot revealed that immobilization resulted in a
decrease in the enzyme’s conformational stability, as evidenced by an increase in the activation
energy for phenol oxidation. These findings underscore the potential of mushroom tyrosinase as an
effective biocatalyst for phenol removal in wastewater treatment applications.
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