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OZET
Yiksek Lisans Tezi

YABANTURPU PEROKSIDAZ ENZIMININ POLIMERIK MiKROKURELERE
IMMOBILIZASYONU VE BOYA GIDERIMINDE KULLANIMI

Altynay ZHUMABEKOVA

Bursa Uludag Universitesi
Fen Bilimleri Enstitlsu
Kimya Anabilim Dal1

Damisman: Prof. Dr. Bilgen OSMAN

Bu ¢alismada, yaban turpu peroksidaz (HRP) enzimi poli(etilen glikol dimetakrilat-N-
metakriloil-amido-L-triptofan-metil ester) [PEDMT] mikrokireler (izerine adsorpsiyon
yontemi ile immobilize edilerek Kongo kirmizisi (CR) ve Reaktif Siyah 5 (RBS)
boyalarinin renk gideriminde kullanildi. Sentezlenen mikrokureler Brunauer-Emmett-
Teller (BET) analizi, Fourier Doniisim kizilotesi spektroskopisi (FTIR) ve taramali
elektron mikroskobu-enerji dagilimli X-1s1m1 (SEM/EDX) analizi ile karakterize edildi.
Immobilizasyon verimi, aktivite verimi ve immobilizasyon etkinligi parametreleri
sirasiyla %84.86 + 2.06, %73.78 £ 5.91 ve %86.95 + 6.92 olarak belirlendi. Serbest ve
immobilize enzimlerin goreceli aktiviteleri karsilastirildi ve optimum reaksiyon kosullar1
pH 6.0, %3 H>0> derisimi ve immobilize HRP (PEDMT-HRP) i¢in 50 °C, serbest HRP
icin 40 °C sicaklik olarak belirlendi. Metal iyonlarmin ve organik ¢dzucilerin enzim
aktivitesi Uzerindeki etkileri arastirildi. Serbest HRP ve PEDMT-HRP'nin termal
stabilitesi ve depolama stabilitesi incelendi. PEDMT-HRP, aktivitesini %55 oraninda
koruyarak on kez tekrar kullanildi. Serbest HRP ve PEDMT-HRP ile renk giderme
caligmalar1 yapildi. pH, boya derisimi, mikrokire miktar1 ve enzim derisimi, H20>
derisimi ve temas slresinin CR ve RB5'in renk giderimi Gzerindeki etkileri belirlendi.
Serbest HRP ve PEDMT-HREP ile pH 6.0, 25 mg/L boya derisimi, %3 H,O> derisimi ile
2 saatte en iyi renk giderim degerleri elde edildi. PEDMT-HRP'nin renk giderimindeki
tekrar kullanilabilirligi arastirildi. PEDMT-HRP, CR ile on donguden sonra aktivitesinin
%44'Unu ve RB5 ile bes donglden sonra %17'sini koruyabildi. Renk giderimi HPLC
analizi ile takip edildi. Elde edilen sonuglar, PEDMT-HRP'nin iki boyanin rengini ayni
anda %94 (CR) ve %29 (RB) oraninda, serbest enzimin ise %4,5 oraninda giderdigini
gosterdi.

Anahtar Kelimeler: Yaban turpu peroksidazi, enzim immobilzasyonu, boya renk
giderimi, polimerik mikrokire
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ABSTRACT
MSc Thesis

IMMOBILIZATION OF HORSERADISH PEROXIDASE ENZYME ONTO
POLYMERIC MICROBEADS AND ITS USAGE IN DYE DECOLORIZATION

Altynay ZHUMABEKOVA

Bursa Uludag University
Graduate School of Natural and Applied Sciences
Department of Chemistry

Supervisor: Prof. Dr. Bilgen OSMAN

In this study, horseradish peroxidase (HRP) enzyme was immobilized onto poly(ethylene
glycol dimethacrylate-N-methacryloyl-amido-L-tryptophan methyl ester) [PEDMT]
microbeads by adsorption method and used in decolorization of Congo red (CR) and
Reactive Black 5 (RB5) dyes. The microbeads were characterized by Brunauer—-Emmett—
Teller (BET) analysis, Fourier Transform infrared spectroscopy (FTIR), and scanning
electron microscopy with energy dispersive X-ray analysis (SEM/EDX). Immobilization
yield, activity yield, and immobilization efficiency were determined and had a value of
84.86 + 2.06%, 73.78 = 5.91%, and 86.95 + 6.92%, respectively. Relative activities of
free and immobilized enzymes were compared, and optimum reaction conditions were
determined as pH 6.0, 3% H.O> concentration, and temperature of 50 °C for PEDMT -
HRP and 40 °C for free HRP. The effect of metal ions and organic solvents, thermal and
storage stability of enzymes were estimated. Also, it was possible to reuse PEDMT-HRP
for ten cycles with 55% of the remaining activity. The decolorization studies were
performed and the effects of pH, microbeads amount and enzyme concentration, H2O>
and dye concentration, and contact time were indicated. The best decolorization was
obtained at pH 6.0, 25 mg/L dye concentration, 3% H,O> concentration, and 2 h of contact
time for both enzymes. PEDMT-HRP preserved 44% of activity after the ten cycles with
CR and 17% after the five cycles with RB5. Moreover, decolorization was followed via
HPLC analysis. The results revealed that PEDMT-HRP could simultaneously decolorize
both dyes with 94% (CR) and 29% (RB) efficiency, but the free enzyme displayed 4.5%
decolorization.

Keywords: Horseradish peroxidase, enzyme immobilization, dye decolorization,
polymeric microbeads

2023, IX + 99 pages.
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1. INTRODUCTION

The rapid increase in population and industrial development has been a big concern in the
last century because it causes water pollution. The large amount of hazardous industrial
effluent is discharge into natural water reservoirs without appropriate treatment. Synthetic
dyes and phenolic compounds are toxic, carcinogenic, mutagenic, and non-biodegradable
wastes of pharmaceutical, textile, plastic and food industries that play an essential role in
pollution of the environment (Zare et al., 2015; Husain et al., 2011). Dyes are complex
aromatic compounds used for coloring purposes. They negatively affect the
photosynthetic function of aquatic life and turn into poisonous products when they are
released into the environment (Cano et al., 2017). According to chromophore groups,
synthetic dyes can be categorized as azo, heterocyclic, anthraquinone, triphenylmethane,
or phthalocyanine dyes. Among them, azo dyes are known to be non-degradable, very
stable, and resistant to microbial attacks. Therefore, removing them from wastewater by
conventional biological processes is difficult. Different physicochemical methods, such
as coagulation, adsorption, ozonation, photocatalysis, membrane treatment, and
precipitation were investigated to eliminate toxins and dyes from wastewater. However,

expensiveness limits applications of these methods (Faryadi et al., 2016).

In recent years, enzymatic methods have attracted significant attention. Enzymes are
green biocatalysts with a high potential in various fields, including industrial and
biotechnological applications (Wu et al., 2012). Enzymatic treatment is more cost-
effective and efficient than conventional treatment due to its environmental friendliness,
biodegradability, ability to perform in mild conditions, high specificity and selectivity,
remarkable efficiency, and no toxic by-products during wastewater treatment (Bilal et al.,
2017a). Among the different enzymes applied for decolorizing and degrading dyes,
peroxidases are promising candidates for industrial wastewater treatment due to their
stability, low cost, and tolerance to wide temperature and pH ranges (Lai et al., 2005).
They can convert harmful compounds into harmless and environmentally safe products
under mild reaction conditions. Peroxidases can oxidize many aromatic pollutants such
as dyes, phenols, anilines, xenobiotics, and heavy metals (Patel and Day, 1999). Also,

peroxidases are used as antioxidants, indicators in the food industry, in the synthesis of



conductive materials and bioelectrodes, in polymer synthesis, paper, and pulp industry,

in biosensor development, and in diagnostic kits (Valderrama et al., 2002).

Horseradish peroxidase (HRP; EC 1.11.1.7) is receiving significant attention as a result
of its easy availability, broad substrate specificity, and high inhibition resistance over a
wide concentration range (Kawakita et al., 2012). HRP is one of the important peroxidase
enzymes used in various applications such as biosensors, food processing, immunoassay,
dye removal, and bioremediation of environmental pollutants. It catalyzes the oxidation
reaction of different substrates by degrading hydrogen peroxide (H20.) (Onder et al.,
2011). However, HRP has disadvantages that limit its techno-commercial application,
such as deactivation in extreme pH or temperature values, expensive cost, and reusability
problem. The enzyme immobilization process can overcome these disadvantages and
improve enzyme’s properties and application potentials. The support material to be used
in enzyme immobilization should be nonpoisonous and prevent denaturation without

disrupting the natural conformation of the enzyme (Vineh et al., 2018).

The thesis aimed to immobilize HRP enzyme on poly(ethylene glycol dimethacrylate-N-
methacryloyl-amido-L-tryptophan methyl ester) [PEDMT] microbeads by adsorption and
use them for decolorization of Congo red (CR) and Reactive Black 5 (RB5) dyes. In the
synthesis of microbeads, ethylene glycol dimethacrylate (EGDMA) was used as a
crosslinker, and N-methacryloyl-amido-L-tryptophan methyl ester (MATrp) as a
monomer. The efficiency of the free and immobilized enzymes was compared by
investigating the parameters affecting the immobilization. The effects of pH, temperature,
substrate concentration, metal ion, organic solvent, and H2O. concentration on the
enzyme activity and the thermal and storage stability of the free and immobilized enzyme
were determined. Then, the effects of pH, dye concentration, microbeads amount and
enzyme concentration, H.O> concentration, and contact time on the decolorization of CR
and RB5 were investigated. In addition, the reusability of the immobilized HRP in dye

decolorization was tested.



2. THEORETICAL BASICS and LITERATURE REVIEW
2.1. Horseradish Peroxidase

Plant peroxidases are frequently encountered in research on the biodegradation of
manufactural waste. They are divided into three subclasses according to their source and
structure. The first peroxidase class is intracellular; cytochrome c, ascorbate, and bacterial
catalase peroxidases belong to this group. The second class is extracellular secretory
fungi; lignin and manganese peroxidases relate to this class. And third class is secretory
plant peroxidases, consisting of peroxidases like bitter gourd peroxidase, turnip
peroxidase, and HRP (Jun et al., 2019; Sharma et al., 2018; EI-Nahass et al., 2018).

Horseradish (Armocia rusticana) is a resistant perennial herb grown mainly in warm
regions of the world, especially in some parts of Europe and Asia, as well as in the north-
temperate regions of North America due to the nutritional value of its roots (Figure 2.1).
The thick yellow fleshy root of Armoracia rusticana with a spicy taste has antibiotic and
anti-inflammatory properties. Also, it contains calcium, magnesium, sodium, and vitamin
C (Sarika et al., 2015). In 1810, Louis Antoine Planche observed that soaking a
horseradish root in a tincture of guaiacum resin caused an intense color change.
Presumptively, the peroxidase enzyme has oxidized 2,5-di-(4-hydroxy-3-
methoxyphenyl)-3,4-dimethylfuran, a compound in resin and produced the blue product,
bis-methylenequinone. Since then, HRP has become a valuable tool in biotechnology
(Veitch, 2004).

Figure 2.1. Horseradish (Armoracia rusticana) (Sarika et al., 2015)



HRP is one type of oxidoreductase peroxidase enzyme that is applied in the treatment of
azo dyes, anilines, phenols, and other organic aromatic compounds (Jin et al., 2018;
Bayramoglu et al., 2012). HRP can be isolated from various microorganisms, plants, and
animals. Its primary source is horseradish plant root (it enables this plant to grow and
develop) (Mohan et al., 2005). It is generally extracted as a combination of acidic (A),
neutral (C), and basic (E) isoenzymes, but the most prevalent and explored form is
isoenzyme C (Wang et al., 2020; Janovi¢ et al., 2017; Shakerian et al., 2020). The
isoenzyme C HRP exhibits the best degradation activity at pH 7 and 25-40 °C temperature
(Shakerian et al., 2020).

A group of researchers revealed the crystal structure of HRP by X-ray in 1997 (Gajhede
et al., 1997). There are three a-helical and one B-plated structure in its three-dimensional
structure (Figure 2.2) (Gajhede et al., 1997; Veitch, 2004; Zhu et al., 2015). HRP is a
glycoprotein metalloenzyme with 18% N-linked oligosaccharides and a molecular weight
of approximately 40.000 Da or 44 kDa (Yapaoz and Attar, 2020; Varamini et al., 2021).
The HRP’s overall carbohydrate amount varies from 18 to 22% based on its origin. It
contains four disulfide bridges, 308 amino acids, ferroporphyrin, and two seven-
coordinate calcium atoms, stabilizing its structure and property (Jankowska et al., 2021;
Wang et al., 2020). One calcium atom is located in the distal (near) region, while another
is in the proximal (far) region. The disulfide bridges are placed among 11-91, 44-49, 97—
301, and 177-209 cysteine residues; also, there is a hidden salt bridge in the middle of
Arg 123 and Asp 99. In the center of the protoporphyrin 1X, a heme-cofactor is located
being HRP’s active site; therefore, HRP belongs to the heme peroxidases group (Figure
2.3) (Hollmann et al., 2004). The heme complex consists of 4 porphyrin rings, pyrrole,
iron, and histidine group (His170), and it is bound to the enzyme from the proximal
histidine side via the coordinate bond. And histidine itself is also connected with iron
through the covalent coordinate bond. Heme’s distal side is vacant in the resting condition
and ready for H.O: to link (Veitch and Smith, 2000). However, some molecules/ions like
CO, CN-, F, and N* can also bond to the heme and form a six-coordinate complex.
Moreover, HRP has six lysine residues that conjugate to target substrates or solid supports
(Bayramoglu et al., 2021). HRP enzyme gives maximum absorbance at 403 nm other than
280 nm (Fraguas et al., 2004).



Disulfide bond

Figure 2.3. Structure of heme complex (Hollmann et al., 2004)

HRP, like other peroxidases, reduces H.O; in its catalytic degradation processes (Bilal et
al., 2016). To start reacting with pollutants, HRP must be oxidized and transformed into
an active catalytic structure by H,O,. However, studies showed that excess H.O; acts as
an inhibitor and decreases HRP’s activity (Wong et al., 2019). The enzymatic activity of
HRP is due to the oxidation and reduction of the iron ion in the heme group. To be more
detailed, the catalytic reaction has two stages. As can be seen in Figure 2.4, in the first
stage, H20- replaces the water ligand. Heterolytic break of the oxygen O-O bond, allows
H.0, to react with the iron ion (Fe*) and form three products: H20, Fe** oxoferryl center
(compound 1), and a positively charged radical based on porphyrin. In the second stage,
the positively charged porphyrin radical undergoes one-electron reduction or one-electron

transfer reaction with chosen substrate: Fe** oxoferryl species (so-called compound 11),



and the first radical of the substrate is obtained. Consecutive compound Il undergoes a
reduction reaction with the substrate and returns to the initial form of the enzyme (Fe3");
here, the second radical of the substrate is obtained. The obtained free-radical compounds
of the substrate tend to polymerize, which is an advantage of the process. Because it is
easier to remove polymers from wastewater as they are insoluble in the aqueous phase
(Wong et al., 2019; Preethi et al., 2013; EI-Nahass et al., 2018; Al-Maqdi et al., 2021;
Hollmann et al., 2004). These radical species may also turn into dimers, trimers, or
oligomers, which reduce substrates in the following reactions (Veitch, 2004). So, HRP
converts toxic compounds into more harmless products or makes them more suitable for
further treatment (Sekuljica et al., 2016a). Namely, it is compound Il that plays a
prominent role in the decontamination of the pollutant. Compound I and II are strong

oxidants that probably have +1 V redox potentials. The oxidation reaction of HRP with

aromatic compound (AH2) in the attendance of H>O, is H,0, + 2AH, HRP 2H,0 +

2AH: (Veitch, 2004).
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Figure 2.4. Catalytic mechanism of HRP oxidation reaction (Hollmann et al., 2004)

HRP’s main task is not to obtain water from peroxide: it is about getting radical products

because the production of free radicals makes it possible to form dityrosine and diferulate



linkages, to synthesize lignin and suberin by cross-linking reactions (Kawaoka, et al.,
1994). HRP can oxidate indoles, aromatic phenols (i.e., pyrogallol and bisphenols),
phenolic acids, and non-aromatic amines (i.e., 4-aminoantipyrine) (Zdarta et al., 2018). It
is widely used in biochemistry as it can intensify weak signals so that labeled particles
can easily be detected. It is also broadly used in analytics, biotransformation, biosensors,
immunoassays, chemiluminescent analysis, organic and polymer synthesis due to its
broad substrate specificity, selectivity, affordable price, high activity in different pH and
temperature, and extraction convenience (Bayramoglu et al., 2012; Gholami-Borujeni et
al., 2011; Keshta et al., 2022). Lately, HRP has been used to decontaminate hazardous
compounds such as pharmaceuticals, xenobiotics, dyes, etc. (Bilal et al., 2019a). In
medicine and diagnostics, it is applicated to H,O detection (Sekuljica et al., 2016b).
Another field of HRP is biomedical application. For example, in cancer treatment,
cancerous cells are transfected into cDNA with HRP. Lately, research works with HRP
are generally concerned with recombinant production and enzymatic characterization in

various expression systems (Barnard, 2012).

2.2. Enzyme immobilization methods

Enzymes have attracted attention from different fields owing to its easy manufacture,
substrate specificity, and sustainability. However, contamination of the final product, low
stability, short shelf life, and high price complicate their use. In addition, since enzymes
are highly soluble in water, separating them from the reaction medium and reusing them
is difficult (Kotwal and Shankar, 2009). Enzyme immobilization is an effective solution
for these problems (Lima-Ramos et al., 2014). The term "immobilized" means restricted
or limited in movability. Immobilization can be applied to microbial cells, cellular
organelles, enzymes, etc. Enzyme immobilization can be described as the binding or
trapping of free liquid enzymes inside or on the surface of a solid carrier matrix, resulting
in decreased mobility (Garcia-Galan et al., 2011). Chibata et al. (1967) reported the first
industrial application of an immobilized enzyme where immobilization of aminoacylase
(EC 3.5.1.14) isolated from Aspergillus oryzae was carried out. Immobilized enzymes are
preferred in many fields, such as biodiesel production, biosensor, bioremediation,
analytics, drug metabolism, pharmaceutical, cosmetics, food, and agriculture. Today's

usages of immobilized enzymes include:



Manufacture of important compounds by stereospecific or regiospecific
biological transformations

Energy generation with biological techniques

Treatment of certain pollutants

Continuous analysis of various compounds with high sensitivity and high
specificity

Medical applications including new drug types or artificial organs for enzyme

therapy

An important products manufactured via immobilized enzymes are given below in Table

Table 2.1. Products manufactured via immobilized enzymes (Brena and Batista-Viera,
2006; Krajewska, 2004)

Enzyme Product
Penicillin acylase Semi-synthetic penicillins
[-Galactosidase Hydrolyzed lactose
Nitrile hydratase Acrylamide

Glucose isomerase High-fructose corn syrup
Lipase Cocoa butter equivalents

Immobilization is especially profitable for the following situations:

For expensive enzymes (such as penicillin acylase)

For low molecular weight substrates (such as sugar and amino acids)

For processes where microbial contaminations may occur. In this condition, a
sterile substrate or a temperature higher than 60 °C will help

In cases where the product must be completely enzyme-free (such as allergy-free
diets)

Some usage areas of immobilized enzymes are summarized in Table 2.2.



Table 2.2. Some usage areas of immobilized-enzymes (Brena and Batista-Viera, 2006;
Oztop et al., 2010; Krajewska, 2004)

Enzyme Carrier Matrix Usage Area
L-Asparaginase Polyethylene glycol Medicine and drug
metabolism
Penicillin acylase Polyacrylamide gel Antibiotic production
Trypsin Cellulose Food industry
Lipase (Rhizopus) Polyurethane Biodiesel production
Acetylcholinesterase Polyvinyl alcohol (PVA) Biosensor
Lipase (C. rugosa) Polypropylene membrane Bioremediation

Immobilized enzymes have advantages and disadvantages over free (aqueous) enzymes
(Celebi et al., 2009). Some advantages are given below (Cowan and Fernandez-Lafuente,

2011; Sassolas et al., 2012):

e Product formation can be kept under control
e They are more stable and resistant to different external parameters such as pH,
temperature, and denaturing organic solvents; therefore, enzyme activity can be

maintained longer
e They are less costly than aqueous enzymes

e They reduce side effects in clinical applications

The disadvantages are:

e There is a loss in enzyme activity compared to free enzyme
e The amount of the enzyme consumed during its repeated use is limited

e The carrier materials are quite expensive

The essential privileges of immobilization are summarized in Table 2.3.



Table 2.3. Comparison of free and immobilized enzyme properties (Es et al., 2015)

Free enzyme

Immobilized enzyme

It is difficult to remove them from the
reaction environment due to

product /enzyme/substrate mixture

They are easily separated from the
environment by simple methods such as

filtration and centrifugation

They may contaminate the products

If they are completely separated, there is

no contamination in the products

They are more easily affected by
environmental conditions; therefore, they

are unstable

They are more resistant to environmental

conditions and more stable

They are used once and for a short time

They can be reused many times and for a

longer time

They can self-destruct

Self-destruction is reduced to a minimum

The immobilization methods can be grouped as physical and chemical methods in

accordance with the type of interaction between enzyme and matrix (Figure 2.5).

Examples of physical method are entrapment

and adsorption, and examples of chemical

method are covalent attachment and cross-linking. The difference is that in chemical

method enzyme covalently bonds to the matrix, while in physical method covalent bond

is not used. But in some situations, enzyme can be immobilized to the support via different

interactions.

Immobilization methods

Physical

Chemical

Figure 2.5. Classification of immobilization methods (Imam et al., 2021)
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According to reversibility, immobilization techniques are divided into reversible and
irreversible methods. Reversibly immobilized enzymes can be separated from the carrier
under mild conditions due to the weaker enzyme-carrier bond. When the enzyme's
activity decreases, the carrier can be regenerated and rebind with the fresh, unused
enzyme. Adsorption belongs to the reversible method. In irreversible immobilization
methods, if the enzyme is separated from a carrier, it loses biological activity. Common

irreversible techniques are covalent bonding, entrapment, and cross-linking.

During the immobilization process, it must be considered whether the enzyme's activity
to be applied is high or low and whether the carrier material to be used is suitable for the
applied enzyme and immobilization technique (Figure 2.6). The thermal stability of the
enzyme is affected by some factors. These factors include buffer conditions, disulfide
bridges, and glycosylation. The critical control points to be considered during this process
are the maximum temperature limit and the specified pH range. These factors ensure

enzyme stability during the process (Barnard, 2012).

Enzyme Carrier (matrix)
‘ |
Biochemical Chemical
properties characteristics
Reacti(.)n ‘?’1"’ Mechanical
and kinetics properties
| | |
L
Immobilization Effects of Operational
Method | —| Mass Transfer ————— Stability (Number
(% gain) (Yield) of Batches)

Performance
Enzyme Consumption [unit (kg product)?!]
Efficiency [kg product (unit)!]

Figure 2.6. Properties of immobilized enzyme resulting from the interaction of enzyme
and matrix (Uludag, 2000)
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Different factors can affect the immobilized enzyme’s stability, including the chemical
and physical structure of the matrix, the microenvironment of the enzyme, the interaction
type between enzyme and matrix, the binding position and number of bonds, the
flexibility of conformational change in the matrix, and the conditions under which the
enzyme was immobilized. Choosing a suitable immobilization method is very important
to prevent activity loss. The immobilization process shouldn't modify the active site's
chemical structure and reactive groups, so it is crucial to learn the nature of the active site
before choosing the method. The specific protective groups can protect enzyme’s active
site from different modifications. Later these groups are easily removed without affecting
enzyme activity. A substrate or a competitive inhibitor can fulfill the function of this
protective group in some situations (Sheldon, 2007). Possible effects of immobilization
on enzyme activity are given in Figure 2.7.
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—
: /\/\./ 4 Substrate Enzyme is active
—
—
—
—
—
AV AN ‘ 1,2 1 - Enzyme was denatured during immobilization
—
—
—
—
— NN | 2
; 2 - Denaturation due to binding via the active center
—
—
s A% | 3
-
—
; /\/\/ 3 - Inactivation due to multi-point binding
—
— AN
— ‘ 4
—
_/ /\/\/
// - 4 — Incorrect orientation of the enzyme molecule
:":‘ 4
|: <
N—
—
-

Figure 2.7. Possible effects of immobilization on enzyme activity (Sambamurthy, 2006;
Bonnet et al., 2003)

To improve the immobilization process, the following factors should be considered
(Hoffmann et al., 2017):
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e The enzyme must be stable under immobilization conditions

o If the immobilized enzyme is to be used as a catalyst in a chemical reaction, the
nature of the reaction should be considered before choosing the immobilization
method

o Attaching free enzyme to the surface rather than entrapping it inside the matrix is
preferred

e Immobilized enzyme leaves the matrix through the pores during or after
immobilization. The pore width of the support should be considered

e The active ends of the enzyme should be protected so that it does not react with
crosslinking reagents. The crosslinking reagent should be as large as possible so
that it does not penetrate the active end

o While immobilizing enzymes with high activity, the amount of loading enzyme
should be reduced

o The washing process to remove the unbound enzyme should not affect the enzyme

e The mechanical properties of the support material, especially its physical form

and mechanical stability should be evaluated.

2.2.1. Adsorption

Adsorption is the oldest and simplest immobilization method with wide application in
which enzyme gets adsorbed to carriers with high surface tension. The most popular
adsorbents are starch, ion exchange resins, bentonite, activated charcoal, gluten, porous
glass, etc. Enzymes attach to the surface of the support or the pores of mesoporous
material by H-bonds, van der Waals forces, and electrostatic or hydrophobic interactions.
Adsorption is accomplished by mixing a water-insoluble adsorbent with an enzyme
solution under appropriate conditions for a certain incubation period. At the end, the
immobilized enzyme is washed with a buffer to clear away unbound enzymes. Adsorption
has many advantages over other methods: enzymes save their initial catalytic activity
because the immobilization conditions are mild, no additional binding agents or
modification steps are required, it has a high enzyme loading capacity, and carriers can
be easily reused later by removing (desorption) the enzyme. Therefore, it is a low-cost
and easy-to-implement method. However, because of the weak interaction, adsorbed

enzymes are usually less stable and more sensitive to environmental changes (pH, ionic
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strength, temperature, and solvent polarity). Consequently, immobilized enzymes may
easily be desorbed from the support. The adsorption method is divided into three
mechanisms: physical adsorption, electrostatic bonding, and hydrophobic adsorption
(Figure 2.8) (Hoffmann et al., 2017). The physical adsorption strategy is the most
common and widely used to develop enzymatic biosensors. It has some benefits due to
simplicity, cost-saving, and resurfacing features, but at the same time, it’s a time-taking
method which consumes high amount of reagent. In addition, as the enzyme cannot be
homogeneously immobilized to the carrier, access of the substrate to the enzyme’s active

site may be interrupted (Junior et al., 2016; Brady and Jordan, 2009).

The electrostatic bonding method depends on the solution’s pH, temperature, enzyme’s
isoelectric point, and concentration. It is based on the protein-ligand interaction used in
chromatography. The surface of an enzyme can carry a positive or a negative charge, and
it can be immobilized to the oppositely charged matrix through the ionic or strong polar
bond. Commonly used support materials are synthetic polymers, polysaccharide
derivatives, and inorganic materials. Here, the immobilization efficiency depends on the
support’s surface charge density; high surface charge density allows high amount of
enzyme to bind. This method causes minimal changes in the structure of the enzyme.
Extreme or suboptimal conditions may cause enzyme leakage, therefore it is important to
carry out the reactions under proper conditions (pH, temperature, ionic strength, etc.).
Layer-by-layer deposition and electrochemical doping are essential techniques in
electrostatic bonding immobilization (Kumar et al., 2009; Neto et al., 2011; Nisha et al.,
2012).

Another immobilization approach is hydrophobic adsorption. Hydrophobic interactions
occur by the displacement of water molecules emerging due to entropy gain during
immobilization. The bond strength depends on the hydrophobicity of the adsorbent and
the enzyme. It can be regulated by parameters such as pH, temperature, salt concentration,
and the size of the hydrophobic ligand molecule. B-amylase and amyloglucosidase were
reversibly immobilizied on hexyl-agarose via hydrophobic adsorption (Liu et al., 2018;
Hartmann and Kostrov, 2013).
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Figure 2.8. Reversible immobilization methods (Brena and Batista-Viera, 2006)
2.2.2. Chelation

Chelation is a physical immobilization method mainly applied as a chromatographic
method. Here, the metal legands that are weakly linked to the matrix’s transition metal
ions are replaced by enzyme molecules during the immobilization process. The metal ions
make a coordination bond with enzyme's charged amino acids such as cysteine, histidine,
and tyrosine. A competing ligand with a high concentration or with a higher affinity
towards metal ions (such as ethylene diamine tetraacetate (EDTA)) can reverse the
bonding (Wu et al., 2009). Reversibility of binding allows to effortlessly regenerate the
matrix with high yield, but at the same time, the binding stays reasonably strong, as
enzyme release is maximally restricted. Before addition of enzyme, it is possible to
temporarily bond chelating anions to the surface of the matrix. However, these chelating
reagents are not safe for food production and may cause health hazards. This method is
not preferred in some industries because of high cost and reliability problems. Another
important disadvantage of the method is the decrease in enzyme activity which is a

consequence of the fact that the active site binds to metal ions (Afaq et al., 2001).

2.2.3. Entrapment

It is the method where the enzyme does not straightly interact with the matrix. It gets
inserted into a polymeric network (polyacrylamide, alginate, kappa carrageenan, etc.) or
in semi-permeable membranes that release only substrate and products but hold the

enzyme. It ensures continuous substrate conversion (Figure 2.9). This method also allows
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to to encapsulate several enzymes within the same membrane. It falls into five different
categories: lattice type, microcapsule type, liposome type, hollow-fiber type, and
membrane type (Aehle, 2004). The entrapment process is carried out in two steps: first,
the enzyme is added to a monomer solution; second, the monomer solution is polymerized
by a chemical reaction. Although the enzyme is confined within a polymer lattice, it does
not react with the polymer. Since chemicals are not used in entrapment method, the
enzyme does not undergo major changes and saves its properties. The other advantages
of entrapment are simpleness and soft reaction conditions. Also, entrapment sets up the
enzyme's unique optimum microenvironment by providing favorable pH, polarity, and
amplitude. It increases the enzyme's stability and minimizes denaturation. However, an
important disadvantage is the mass transfer resistance that prevents the substrate from
fully reaching the active site. Also, due to the polymerization procedure, the carrier matrix
may deteriorate and misfunction. Another disadvantage is that if the pore size of the
carrier is too large, the entrapped enzymes may leak and cause low immobilization
efficiency. Therefore, entrapment is not recommended if the size of the enzyme and
substrate is similar (Nguyen and Kim, 2017; Nakarani and Kayastha, 2007;
Krishnamoorthi et al., 2015; Brena and Batista-Viera, 2006).

matrix

enzyme

Figure 2.9. Immobilization of enzyme molecules through entrapment (Liu and Chen,
2016)

2.2.4. Covalent bond

Covalent immobilization is accomplished by forming a covalent bond between the
enzyme and support material’s functional groups (Figure 2.10) (Hoffmann et al., 2017).
Mostly used enzymes in this method include lysine, cysteine, aspartic acid, and glutamic

acid. Mainly used carriers are agarose, cellulose, polyvinylchloride, and porous glass. The
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carrier’s critical functional groups are -S-, -SH-, -OH, -COO-, and -NHz. Depending on

functional groups, different mechanisms can be applied (Figure 2.11).
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Figure 2.10. Example of covalently immobilized enzyme (Sim et al., 2018)

For covalent immobilization, the support must be activated with binding molecules that
covalently connect the carrier and enzyme (Figure 2.12) (Cao, 2005). Different binders
such as glutaraldehyde (GA), carbodiimide, dicyclohexylcarbodiimide, and cyanogen
bromide can be applied for different matrices (Nguyen and Kim, 2017; Liu et al., 2018).
Carbodiimide (RN=C=NR) is a functional group that provides the bonding between
carrier’s carboxyl group and enzyme’s amino group or vice versa. For example, to
increase the immobilization efficiency of N-hydroxysuccinimide, it can be derivatized
with carbodiimide. GA is another common binding agent. The first aldehyde group of the
GA undergoes a Schiff-base reaction with the carrier, and the second group makes a
covalent bond with the enzyme. Enzymes, such as isomerases and oxidoreductases can
be bonded to the matrix through thiol groups in their structure, For example, thiol groups
can make a strong bond with gold particles due to their high affinity. Alternatively, those
enzymes can be immobilized on thiol-containing matrices by building disulfide bonds (S-
S) (Hanefeld et al., 2009).
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Figure 2.11. Activation methods for carriers (Petri et al., 2004)
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Figure 2.12. Covalent immobilization process (Flores-Rojas et al., 2017)

In covalent immobilization, the bond between enzyme and matrix is quite robust. Thus,
the immobilized enzyme shows high resistance to extreme physical or chemical
conditions, and the enzyme does not easily leak from the matrix. The convenience of the
covalent bonding method depends on the enzyme's binding site. If an enzyme binds to the
carrier via its active site, an inevitable loss in activity can be observed. A common
procedure to prevent covalent binding from the active site is to saturate the active site
with a competitive inhibitor. Also, covalent immobilization causes partial modification
of amino acids in the active site due to the harsh immobilization conditions (Calleri et al.,
2012; Zhang et al., 2012; Pierre et al., 2006; Sambamurthy, 2006).

2.2.5. Cross-linking

Cross-linking is a method based on the covalent cross-linking of enzyme particles within
themselves to build insoluble, very high molecular weight three-dimensional enzyme
aggregates without using any support matrices (Figure 2.13). Chemicals with high
functional properties, such as GA, diazobenzidine, diisothiocyanotoluene bisisocyanate,
transition metal ions, bovine serum albumin, and dextran are used as crosslinkers, but
mainly used one is GA due to its low cost, high efficiency, and stability (Figure 2.14)
(Gorecka and Jastrzebska, 2011). GA has two aldehyde groups that interact with
enzyme’s amino acids (Bilal et al., 2017d; Brady et al., 2008).
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Figure 2.13. Cross-linked enzymes (CLEA Technologies, 2023)

Since the chemical bond between cross-linked enzyme biomolecules is irreversible and
strong, the obtained aggregate is stable, and enzyme leakage is minimal. It is an easy
technique to apply and allows immobilizing free enzymes using bi- or multiple functional
groups. However, GA can negatively affect the structure and activity of the enzyme,
therefore, inert proteins need to be added to reduce its effect (Sheldon, 2007). Moreover,
the cross-linking process is quickly affected by external factors, and it is challenging to
keep the formed aggregates under control (Hoffmann et al., 2017). This method is
convenient for combination with other support-dependent immobilization methods, such

as minimizing the loss of enzymes in adsorption immobilization.

Active amino groups
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Figure 2.14. Schematic representation of cross-linking process (Cao et al., 2006)
2.2.6. Support Matrices

The carrier or support matrices are critical in operating successful enzyme
immobilization. Therefore, when choosing suitable matrix materials, it is necessary to

consider their properties and advantages (Sirisha et al., 2016).

According to their nature, support matrices are categorized as organic and inorganic, then

further divided into subclasses (Figure 2.15).
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Figure 2.15. Classification of carriers (Brena and Batista-Viera, 2006)

An ideal matrix must have the following characteristics:

= It should be cost-effective, non-toxic, and biodegradable

= It should be completely inert after immobilization and not interfere with a catalytic
reaction

= It should be resistant to various thermal and mechanical conditions

= It should be chemically, physically, and biologically stable

= It should ensure that the immobilized enzyme is highly reusable

= It should increase the specificity of the enzyme

= It should have suitable functional groups

= It should be insoluble in water

= It should have a high capacity so that the maximum amount of enzyme can be
immobilized.

= It should have pores with an appropriate diameter

= It should have antimicrobial and non-specific adsorption properties
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= It should be biocompatible with clinical applications (Tran and Balkus, 2011; Magner,
2013; Hartmann and Kostrov, 2013; Brady and Jordaan, 2009).

2.3. Synthetic dyes
2.3.1. Reactive Black 5

RB5, also called Remazol Black B, was launched in 1957 by Hoechst as part of the
original Remazol line (Fergusson and Padhye, 2019; Lewis, 2011). RB5 is one of the
most widely used synthetic reactive dyes in the dyeing industry. Its global production is
over 46,000 tons per year (Glover, 2004). It is highly preferred because it gives bright
and permanent color, binds easily to cellulose, and has less color loss during dyeing. Also,
its production is economical and consumes small energy (Adnan et al., 2015; Jalali and
Doroudi, 2020). The molecular formula of RB5 is C26H2:NsNasO1¢Se, and the molecular
weight is 991.82 g/mol (Jalali and Doroudi, 2020). It is greatly water-soluble and occurs
in anionic form due to the existance of sulfonic acid groups (Demiray et al., 2021).

While structurally classifying the dyes, the chromogen and coloring part of the molecule
should be considered, as well as the basic structure. According to structure, dyes are
divided into seven groups: azo, nitro and nitroso, polymethine, arylmetin, azo (18)
annulen, carbonyl, and sulfur dyes (Christie, 2014). RB5 is classified as an anthraquinone
azo dye (Figure 2.16). It is characterized by the azo (-N=N-) group, the chromophore
group in its structure. They are not found in natural substances, so all azo dyes are
obtained synthetically (Kaykioglu and Debik, 2006; Sun et al., 2017a).

OH NH,

NaO;SOH,CH;C0,S N=N N—=N— SO,CH,CH,0S0:Na

Na03$ S

Figure 2.16. Chemical structure of RB5 (Fergusson and Padhye, 2019)

RB5 has wide color gamuts and strong color rendering capabilities, and it is inexpensive
to obtain. The most straightforward representation of azo dyes, aromatic rings B and D,

are presented in Figure 2.17. Azo chromophore group B shows the electron-accepting
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side, and the D group shows the electron-donating side. If there is one azo group in the
dye structure, it is called monoazo dye; if there are two azo groups, it is called diazo dye;
and if there are three azo groups, it is called triazo dye (Majumdar et al., 2022).

B—N

N\

N——-»D
Figure 2.17. Azo chromophore group (El Sikaily et al., 2012)

Dyes are classified as basic, acidic, direct, mordant, reactive, metal-complex, disperse,
pigment, and chrome mordant dyes according to their dyeing properties (Mahapatra,
2016). RB5 is in the reactive dye class. These dyes are used for dyeing textiles, papers,
fibers, carpets, leathers, wools, plastics, silk, and polyamide; they are also widely applied
in cosmetic, ink, and electroplating industries (Kyzas, 2014; Eren and Acar, 2006; Jalali
and Doroudi, 2020). RB5 is also applied as a mixture with other dyes (Fergusson and
Padhye, 2019).

Reactive dyes show a similar structure to other dye classes but contain a different reactive
group that forms a covalent bond with functional groups of the fiber (Chakraborty, 2015).
In order of importance, the functional groups can be given as follows: chromophore
group, reactive group, bridge group, and solubilizer group (Figure 2.18). The bridge
connects the reactive and the chromophore group; the -NH- group is the most preferred
bridge as it is more suitable for synthesis (Hunger, 2007; Chinta and VijayKumar, 2013).
According to their solubility, synthetic dyes are divided into water-soluble and water-
insoluble. Water-soluble dyes are divided into three groups according to the character of
the salt-forming group: anionic, cationic, and zwitterion. Water-insoluble dyes, on the
other hand, are classified as dyes that dissolve in the substrate, dyes that dissolve in
organic solvents, dyes that have temporary solubility, dyes that are formed in the fiber
and by polycondensation, and dyes that are pigments. RB5 is included in the water-
soluble anionic dye group. Anionic water-soluble dyes contain mostly sulfonic (-SO3z")
and partially carboxylic (-COQO") salts of sodium (-SO3Na and -COONa) as a water-
soluble group (Hameed et al., 2007; Oz et al., 2021).
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B G

Figure 2.18. Chemical structure of reactive dyes (S: Solubility group, Ch: Chromophore
group, B: Bridge group, R: Reactive group, S1: Substituent displaced during substitution
reaction, S2: Other substituents) (Wang et al., 2020)

2.3.2. Congo Red

Acidic or anionic dyes are water-soluble dyes containing one or more anionic groups
(usually —SOsH) that are particularly applied to wool and polyamides. Their employment
is carried out in acidic baths, and almost all of them are salts of organic acids. Metal
complex and reactive dyes containing sulfonic acid groups belong to this class. Many acid
dyes are sodium salts of sulfonic acids. These dyes are used for dyeing silk, cationic-
modified acrylonitrile fiber, paper, leather, and food materials (Dizge et al., 2008). One
of the acidic dyes, CR was first mentioned in 1883 by Paul Botiger, who worked for the
Bayer company in Germany. He discovered this dye while trying to obtain an acid-base
indicator. However, since the company did not like the dye’s light and bright red color,
Botiger patented it himself and sold it to Aktien-Gesellschaft fur Anilin-Fabrikation in
Berlin. They started to sell this substance as "Congo Red." The name "Congo" was given
in 1885 during the Berlin West Africa Conference (Steensma et al., 2001; Yakupova et
al., 2019; Frid et al., 2007).

CR is the sodium salt of the acid called benzidinediazo-bis-1-naphtylamine-4-sulphonic
acid and belongs to the secondary diazo dye group (R-N=N-R bond) (Jalandoni-Buanet
et al., 2010). It has a symmetrical linear structure with a molecular diameter of 21 A; two
phenyl rings in its structure (located in the hydrophobic center) are connected with two
charged terminal naphthalene fragments via diazo bonds. Terminal naphthalene
fragments include amine groups and sulfonic acid (Figure 2.19) (Romhanyi, 1971; Frid
et al., 2007).

24



Terminator- Connector Linker- Connector Terminator

Q?Wv?ﬁ

OH b o
NH, NH3"™
) il
Ox
S\ O/IS\OH
Sulphonazo form - red Chinone form - blue

Figure 2.19. Chemical structure of CR (Romhéanyi, 1971)

CR refers to the direct dye class and is the first synthetic dye to stain the fiber directly

without additional chemicals. Table 2.4 shows the chemical and physical properties of

CR. The 3D structure is shown in Figure 2.20.

B carbon DHydrogen .Oxygen .Nitrogeu. Sodium [ sulfur

Figure 2.20. 3D structure of CR (Ali et al., 2020)
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Table 2.4. Main properties of CR (Abbas and Trari, 2015; Chatterjee et al., 2007)

Name Congo red (Disodium 4-amino-3-[4-[4-(1-amino-4-sulfonato-
naphthalen-2yl)diazenylphenyl]phenyl]diazenyl-naphthalene-1-
sulfonate)

Chemical formula | C32H22NsNa206S2

Molecular weight | 696.663 g/mol

pKa 4

Composition (%) C:55.0; N:12.06; O:13.78; H:3.18; Na:6.77; S:9.21

Wavelength (Amax) | 498 nm, 488 nm, 595 nm

Appearance Brownish red powder

Melting point 360 °C

Boiling pressure | 760 mmHg

Solubility in water | 25 g/L (20 °C)

Solubility Soluble in ethanol; insignificantly soluble in acetone

Density 0.995 g cm at 25 °C

CR is soluble in water but dissolves better in organic solvents such as ethanol. It
resembles cellulose fibers due to its strong and rigid structure. CR is prone to clumping
in solutions: hydrophobic interaction between the dye molecules causes aggregation. This
aggregation is more common in concentrated, high salt, and/or low pH CR solutions
(Alver et al., 2017; Sarsik et al., 2009). CR has important spectrophotometric properties.
It is blue-violet at pH=3 (sulphonazo form) and red at pH=5 (chinone form). Due to its
color change between pH 3.0-5.2, this substance is used as an acid-base indicator
(Horobin and Kiernan, 2020; Romhanyi, 1971; Frid et al., 2007). As a result of
delocalized electrons in the benzene and azo groups that form the conjugated system, CR
can conduct electricity and therefore be used in semiconductor technology (manufacture
of display devices, optical layers, grain-optic sensors) (Chatterjee et al., 2007). It is also
used in plastic, textile, paper, and rubber manufacturing (Vimonses et al., 2009; Purkait
et al., 2007); in the determination of free HCI in gastric juice analysis; in detecting
bacteria and protein disorders; in vivo vitalization (Naseem et al., 2018); in biochemistry
and histology to stain microscopic environments (liposome, cytoplasm, fungi, bacteria,

red blood cells, amyloid-f protein, collagen) (Michels and Biintzow, 2010; Alturkistani
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et al., 2016; Yakupova et al., 2019; Frid et al., 2007; Chatterjee et al., 2007). The use of
CR in some sectors (cotton, pulp, etc.) has already been abandoned: when touched with
sweaty hands, the clothes with CR change color, creating a poisonous effect (Hunger et
al., 2000). Although it has carcinogenic and mutagenic properties, it is still widely used
in the textile, printing, paper, and plastic industries (Chakraborty, 2015; Jalandoni-Buanet
et al., 2010).

2.3.3. CR and RB5 as environmental pollutants

The discharge of dye-containing textile wastewater into water reservoirs has always been
a serious problem, as synthetic dyes are incredibly toxic to aquatic life. They are
remarkably soluble in water, carry double bonds, different functional groups, and long
and multiple aromatic rings; consequently, they are durable, persistent and have low
biodegradability (Xu et al., 2011; Qiu et al., 2009; Namal, 2017; Chatterjee et al., 2010).
Some dyes that are not treated adequately can remain in the environment long. For
example, the half-life hydrolyzed Reactive blue 19 dye has a half-life of approximately
47 years at pH 7 and 25 °C. Yet the decomposition products of dyes themselves are
genotoxic, carcinogenic, and mutagenic to life forms because they contain benzidine,

naphthalene, and other aromatic compounds.

Over 1000 tons of synthetic dyes are released to water sources annually by different
manufactories as wastewater; 45% of them are reactive dyes (Nadaroglu et al., 2015;
Dursun et al., 2013). RB5's nature is extremely teratogenic, mutagenic, and poisonous
(Umpuch and Sakaew, 2015). Since it has a complicated structure, it is not simply
eliminated from wastewater (Hamzeh et al., 2012). A very small guantity of RB5 can
reduce oxygen concentration under water and inhibit the growth of plants, thus damaging
the ecosystem and food chain (Qureshi et al., 2017; Bazrafshan et al., 2015). It enhances
the overall dissolved and suspended solids percentage, raises the chemical and biological
oxygen demand, and changes the wastewater's salinity, pH, and color (Hassan and Carr,
2018; Jafari et al., 2014). Also, soil contamination with RB5 negatively affects carbon
and nitrogen cycles (Rathi and Kumar, 2022). In humans, RB5 can initiate bladder cancer,
asthma, blindness, skin rashes, end-stage kidney disease, chrosomal abnormality, and
heart failure (Deng et al., 2019; Jafari et al., 2016; Chang and Shih, 2018).
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CR has been broadly used in the industry; however, it is risky to living beings and can
introduce numerous health hazards due to benzene and naphthalene rings in its structure
(Munagapati and Kim, 2016; Waheed et al., 2019; Afkhami and Moosavi, 2010; Kamal
etal., 2016). Firstly, CR-including effluent, is hardly degraded and requires high chemical
oxygen demand (Borthakur et al., 2017; Wang et al., 2018). The color of CR itself
frustrates the reoxygenation of water and reduces the transmittance of light when they are
above a specific concentration, causing a severe decrease in the photosynthetic and
biological activity of the aquatic flora and fauna (Namal, 2017; Raval et al., 2016). CR
was reported to affect the metabolism, respiration, and development of green algae, which
in turn triggers eutrophication (Oladoye et al., 2022). The nature of the dye is allergic,
carcinogenic, mutagenic, and poisonous. If the dye comes into contact with human skin,
it may cause skin and eye irritation (Zaini et al., 2014; Sarkar et al., 2014; Swan and Zaini,
2019). Human beings take a vital dose of protein from aquatic plants and animals, but it
was reported that CR bioaccumulates in them. Thus, consuming contaminated aquatic
creatures may lead to diseases such as cramps, hypertension, and fever (Amer et al., 2022;
Sharma et al., 2022). When the dye penetrates the body, it can create thrombocytopenia,
decrease total serum protein, provoke the aggregation of platelets, and initiate urothelial
and hepatocellular carcinoma. Besides, it came out that CR has teratogenic effects: 20
mg/100 g of the dye activated anophthalmia, hydronephrosis, and hydrocephalus in
pregnant rats, while 40 mg/100 g led to death (Frid et al., 2007). Secondly, when CR is
degraded, carcinogenic compounds are formed. Azo bond in CR gets broken reductively
and produces toxic amines. Amines immediately metabolize to red colloidal benzidine
solutions which are poisonous to human (Chen et al., 2018; Song et al., 2016; Miandad
et al., 2018; Zeng et al., 2014; Oladoye et al., 2022; Swan and Zaini, 2019). Therefore,
CR and RB5-containing wastewater must be efficiently treated with environmentally-safe
methods (Naseem et al., 2018).

2.4. The application of immobilized HRP in dye decolorization

When the studies related to the application of immobilized HRP are examined, it can be
seen that there are many reports on dye decolorization with HRP immobilized onto
different materials, mainly by covalent and cross-linking methods. The studies are

summarized in Table 2.5.
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Karim et al. (2012) immobilized HRP on a B-cyclodextrin (CD)-chitosan complex and
compared its efficiency with the water-soluble enzyme in decolorization of azo dyes
(0.5% Cypress Green, 1.5% Sultan Red) at pH 8.0 with 0.6 mM H>O, and 0.2 U/mL
enzyme. The optimum temperature was 40 °C, and the optimum reaction time was 2 h.
The cross-linked enzyme was more stable and active than the free enzyme. Also, the

cross-linked enzyme showed 69% efficiency even after five reuse cycles.

Bayramoglu et al. (2012) improved HRP characteristics by immobilizing HRP on the
polyaniline (PANI) grafted polyacrylonitrile (PAN) films using GA to decolorize Direct
Blue-53 and Direct Black-38. The thermal, pH, and storage stabilities, activity, and
reusability of the immobilized HRP increased compared to free enzyme. The HRP-
immobilized PAN-g-PANI removed 91% and 95% of Direct Blue-53 and Direct Black-
38 at 10 mg/L dye concentration, whereas the free enzyme removed 73% and 81% of
dyes, respectively. Moreover, immobilization improved the reusability of HRP as 83% of
initial activity was retained after eight weeks at 4 °C when the free enzyme lost its original

activity after three weeks.

In work by Sekuljica et al. (2016a), HRP was cross-linked onto kaolin via GA to improve
the potential of C.I. Acid Violet 109 decolorization. After one hour of incubation at pH
4.0, 0.1 U enzyme, 0.6 mM hydrogen peroxid H2O,, and 30 mg L * dye, the cross-linked
HRP showed 76.5% decolorization, while the free enzyme displayed 92.3%.
Nevertheless, with the dye concentration of 100 mg L2, free HRP retained 23%, whereas
the kaolin-HRP retained 92% of the activity. Moreover, kaolin cross-linked HRP was

reapplied four times in the decolorization reaction and preserved 15% of its activity.

In the report of Bilal et al. (2018), the polyacrylamide was fabricated by cross-linking
approach and used as a matrix for HRP immobilization to. Polyacrylamide based gel
immobilized horseradish peroxidase (PAG-HRP) demonstrated the highest relative

activity at 10 mg/L dye concentration and pH 6.
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Table 2.5. Comparison of the effectiveness of different immobilized HRP enzymes for use in dye decolorization

Immobilization | Applications | Optimu | Optimum dye | Optimum Optimum H,O; | Optimum Reusability References
method/support m pH concentration, | enzyme dose | concentration | contact time
mg/L

Cross-linking/ B- | 0.5% Cypress | 8.0 - 0.2 U/mL 0.6 mM 2h 69% efficiency | Karim et al.
CD-chitosan Green, 1.5% after 5 reuse (2012)
complex Sultan Red
Acrylamide gel | Acid Black 10 | 2.0 30 2.205 U/mL 0.6 uL/L 45 min - Mohan et al.
and alginate BX (2005)
Entrapment and | Acid Yellow | 5.0 - 0.0033 mg/mL | 0.3 mM 12 min 74% efficiency | Yapaoz  and
cross-linking/Na- | 11 after 10 reuse Attar (2020)
alginate
Encapsulation/ Acid Orange 7 | 7.4 - 0.8 Ulg 1.25/1 ratio of | 90 min 10% efficiency | Gholami-
calcium alginate | and Acid Blue H.O./dye after 10 reuse Borujeni et al.,
gel beads 25 2011
Cross- C.I Acid | 4.0 30 01U 0.6 mM - 15% efficiency | Sekuljica et al.
linking/kaolin Violet 109 after 4 reuse (2016a)
Covalent Amido Black | 5.0-6.0 - - 1.43 mM 30 min 80% efficiency | Borza et al.
bonding/two 10, Acid after 10 reuse (2020)
ReliZyme™ Orange 7,
supports  (HFA | Direct Green,
403 and EP 403) | Methylene

Blue, Acid

Red, Neutral

Grey
Encapsulation/ Reactive Blue | 5.5 - 0.120 ¢ 43,75 uM/37.5 | 180 min/240 | 15% efficiency | Farias et al.
calcium alginate | 221/Reactive uM min after 3 reuse (2017)
gel beads Blue 198
Adsorption/kaoli | C.1. Acid | 5.0 40 011U 0.2 mM 40 min 35% efficiency | Sekuljica et al.
n Violet 109 after 7 reuse (2016b)
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Table 2.5. Comparison of the effectiveness of different immobilized HRP enzymes for use in dye decolorization (continued)

Methyl Orange
(MO)

Adsorption/amine | Acid Black- 2.5 1.6 x 10 - 0.32 mol/L - - Keshta et al.
-functionalized HC mol/L (2022)
superparamagneti

c iron oxide

Cross-linking/ Acid Blue 3.0/7.0 50 107.5 mg/g- - 35 min 79.4% Sun et al.
ZnO 113/Acid support efficiency after | (2017b)
nanowires/macro | Black 10 BX 12 reuse

porous SiO>

composite

Adsorption/UiO- | Methylene 9.0 10 3% 60 min Kurtuldu et al.
66-NH. Blue and (2022)




To upgrade the dye decolorization performance, HRP was cross-linked onto ZnO
nanowires/macroporous SiO> composite through diethylene glycol diglycidyl ether
(DDE) and was employed for the decolorization of Acid Blue 113 and Acid Black 10
B.X. by Sun et al. (2017b). The maximum decolorization ratio was achieved at 50 mg/L
of initial dye concentration and 35 min of contact time. It was 95.4% and 90.3% for Acid
Blue 113 and Acid Black 10 B.X., respectively. Stability and reusability of the
immobilized enzyme were tested with Acid Blue 113. It recovered 79.4% of initial
activity after 12 recycling and 80.4% after storing at 4 °C for 60 days. Additionally, cross-
linked HRP had much better temperature and pH resistance set side by side with free
HRP.

The study by Bilal et al. (2017b) determined the use of the HRP cross-linked onto PVA-
alginate beads by sodium nitrate in MO decolorization. The authors determined that
immobilization improved the storage stability and reusability of the natural enzyme.
Namely, after 180 min at 60 °C, the activity of free HRP was only 4.21%, while
immobilized HRP so far preserved 49.82% of its initial activity. After ten continuing
reaction runs, immobilized HRP held 64.14% of efficiency, whereas the free HRP could
be applied once only. In the dye decolorization study, a considerable drop in spectral shift

proved the complete decolorization of MO by PV A-alginate immobilized HRP.

In the report of Vineh et al. (2020), the immobilization of HRP onto a functionalized
reduced graphene oxide-SiO. by the covalent bonding using GA as a cross-linker was
discussed. The efficiency of RGO-SiO2/HRP in removing the 2500 mg/L of phenolic
compounds and in dye decolorization was studied. The immobilization improved the
reusability, storage stability, pH, and temperature resistance of HRP. Free and RGO-
SiO2/HRP had 50% and 100% of phenol removal, respectively. Also, 100% of MO

decolorization was observed with SiO2/HRP, while with the free enzyme, it was only 7%.

In the study of Celebi et al. (2013), HRP was immobilized onto two different polysulfone
support materials (bisphenol A and bisphenol AF-based polysulfone support) and the
decolorization efficiency of Acid Black 1 and Reactive Blue 19 dyes was studied. The
thermal and storage stabilities of the immobilized HRP expanded compared with the free

enzyme. Immobilized enzymes were reused for seven cycles with various intervals after
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storage at 4 °C. Besides, bisphenol AF-based polysulfone support had more favorable pH

stability than bisphenol A-based polysulfone support materials.

In the study by Borza et al. (2020), HPR was covalently immobilized on two ReliZyme™
supports containing active epoxy groups (HFA 403 and EP 403 carriers) to be used in
decolorizing seven textile dyes. The maximum dye decolorization was achieved for
Amido Black 10. Dye decolorizations of the immobilized systems remained high (80%)
even after reusing them ten times. During the experiments, the immobilized HRPs were
stable over a broader pH range and temperature than the free HRP. After incubation at 55
°C for 30 min, the HFA 403 immobilized HRP retained 90% of the initial activity, while
free HRP retained only 40%.

The study of Bilal et al. (2016) provided a method for the covalent immobilization of
HRP on the calcium-alginate by applying GA in the role of cross-linking reagent and
using it for the decolorization of Reactive Red 120, Reactive Blue 4 and Reactive Orange
16. The highest relative activity was obtained for Reactive Blue 4 (87.23%). The
decolorization efficiencies of Reactive Red 120 and Reactive Orange 16 reached over
72.39% and 79.57%, respectively. The immobilized HRP could be reused for seven

cycles retaining over 40% of its initial activity.

Arslan (2011) fabricated 1,6-diaminohexane-glycidyl methacrylate-poly(ethylene
terephthalate) (HMDA-GMA-g-PET) fibers by grafting poly (ethylene terephthalate)
fibers using glycidyl methacrylate and initiator benzoyl peroxide, with the following
covalent linkage of 1,6-diaminohexane. It was observed that these fibers could be
activated with GA, and HPR can successfully be immobilized on them. The author
applied the immobilized enzyme to 50 mg/L MO decolorization. After 45 min, maximum
dye decolorization of 98% and 79% with the immobilized and free HRP, respectively,

were obtained.

Crestini et al. (2011) aimed to co-immobilize laccase and HRP enzymes onto alumina
particles followed by layer-by-layer coating with polyelectrolytes and use it for cascade
oxidation of lignin. Multienzyme biocatalysts showed a higher lignin conversion because

of its stability, while free enzymes were depolymerized.
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Jin et al. (2018) studied the co-immobilization of chloroperoxidase and HRP on ZnO
nanowires/macroporous SiO> composite by in situ cross-linking. The co-immobilized
biocatalyst showed high catalytic activity in removing Acid Black 120 and Direct Black
38 over broad H20. concentration, pH, and temperature ranges. In addition, the co-
immobilized enzyme kept its high activity after 60 days of storage and was reused 20

times.

In the study of Mohan et al. (2005), two types of immobilization of HRP were
implemented: acrylamide gel and alginate immobilization. The activity of free and
immobilized enzymes in Acid Black 10 BX dye decolorization was compared. HRP
immobilized onto acrylamide gel exhibited better performance than others with 79% of
dye decolorization. Alginate immobilized and free enzyme decolorized 54% and 67%,

respectively.

In the study by Gholami-Borujeni et al. 2011, Acid Orange 7 and Acid Blue 25 were
chosen to study the use of encapsulated HRP in decolorizing azo dyes. HRP was
immobilized on calcium alginate gel beads. Favorable conditions for decolorization of
Acid Orange 7 and Acid Blue 25 were tested, and 25-50 °C temperature, 90 min contact
time, 0.8 U/g enzyme amount for 500 American Dye Manufactures Institute color, 1.25/1
ratio of H.O»/dye were found to be the most suitable. About 75% and 84% of Acid Orange
7 and Acid Blue 25 decolorization were observed. Reusability studies demonstrated that
immobilized HRP showed more than 82% decolorization after four batches, and HRP

could be used for ten batches.

Farias et al. (2017) reported that HRP could be immobilized on Ca-alginate beads and
successfully used in the decolorization of Reactive Blue 221 and Reactive Blue 198. The
greatest decolorization (93%) for Reactive Blue 221 was obtained after 180 min at pH
5.5, 30 °C, and 43.75 uM H202 concentration. For Reactive Blue 198, the maximum
decolorization was 75%, reached after 240 min, at 30 °C, pH 5.5, and 37.5 uM H20>. The

capsules were reusable for three cycles.

In the report of Jiang et al. (2014), the encapsulation of HRP in phospholipid-templated
titania particles and using it in the treatment of wastewater polluted with phenol, 2-

chlorophenol, and Direct Black-38 were discussed. The encapsulated HRP showed
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effective performance in a broad range of temperatures and pHs, also even in the presence
of inhibitors (barium chloride, copper(ll) chloride, calcium chloride, manganese(ll)
chloride, H20., methanol, and acetone). The immobilized HRP removed phenol, 2-
chlorophenol, and Direct Black-38 with an efficiency of 92.99%, 87.97%, and 79.72%,
respectively. In addition, it was productively reused five times with the remaining
efficiency of 51.58%.

Yapaoz and Attar (2020) aimed to monitor the decolorization of Acid Yellow 11 by free,
entrapped, and crosslinked-entrapped enzymes. HRP was immobilized by two
approaches: Na-alginate entrapment and GA cross-linking before Na-alginate
entrapment. Experimental data revealed that the immobilization method of cross-linking
before entrapment gave the best results as the total decolorization of 100% was achieved
after 12 min at 30 °C temperature, pH value 5.0, 0.3 mM H.O, and 0.0033 mg/mL
enzyme. Also, crosslinked-entrapped HRP demonstrated 74% of dye decolorization after

ten batches.

The aim of Jankowska et al. (2021) was to develop a procedure for adsorption and the
covalent immobilization of HRP on polyamide six electrospun fibers and to apply the
synthesized biocatalysts for the decolorization of RB5 and Malachite Green from
solutions imitating contaminated sea waters. It was observed that a larger quantity of HRP
was linked to the support by covalent immobilization using GA rather than the adsorption
method. However, the most effective decolorization was achieved after one hour with
HRP absorbed into PA6 support (69% and 83% decolorization ratio for RB5 and

Malachite Green, respectively).

The report by Sekuljica et al. (2020) purposed to immobilize HRP on the carrier
Purolite®A109 through covalent (with 2% GA) as well as adsorption mechanisms and to
examine them in the removal of C. I. Acid Violet 109 dye from fabricated wastewater.
Covalently immobilized HRP had less enzyme activity than adsorbed HRP but exhibited
better operational and storage stability. Besides, HRP adsorbed on Purolite® A109
resulted in more effective dye decolorization (75%) compared to the covalently bonded
one (70%).
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Sekuljica et al. (2016b) found that kaolin has excellent features for being an advantageous
matrix in the enzyme immobilization process. For this reason, HRP was immobilized onto
kaolin through the adsorption method and involved in Cl Acid Violet 109 decolorization.
Under favorable conditions (pH 5.0, 0.2 mM H>O> concentration, 40 mg/L dye
concentration, 24 °C temperature, and 0.1 U HRP-kaolin), 87% of decolorization was
achieved in 40 min. The reusability research represented that kaolin immobilized HRP
could be reused seven times in the demanded reaction with the remaining 35 + 0.9%
decolorization percentage.

The study of HRP immobilization on amine-functionalized superparamagnetic iron oxide
by adsorption technique and its usage in oxidative degradation of Acid Black-HC was
investigated by Keshta et al. (2022). Km and Vmax of free and immobilized HRP were
evaluated and confirmed the greater substrate affinity of amine-functionalized
superparamagnetic iron oxide immobilized HRP (FesOs@NH2-HRP) compared to free
enzyme. Immobilization positively impacted the HRP's operational, thermal, and storage
stability. The experiments revealed that the specific activity of FesOs@NH2-HRP was 1.2
times higher than free HRP's. Also, it can be concluded that under optimal conditions (pH
2.5and 37 °C, H20, 0.32 mol/L, and dye concentration 1.6 x 10 mol/L), the immobilized
biocatalyst displayed remarkably high catalytic activity in the decolorization of Acid
Black-HC dye.

Wang et al. (2020) fabricated active heterologous HRP C1A from Armoracia rusticana
by expressing it in Escherichia coli and immobilized the synthesized material on an
agarose-chitosan hydrogel matrix. Immobilization improved some HRP characteristics
like pH and temperature stability. Moreover, immobilized-recombinant HRP C1A kept
over 80% of its initial activity after six reaction cycles. The immobilized HRP was then
successfully applied in decolorizing textile dyes like Acid Blue 129, Methyl Blue, Methyl
Red, and Trypan Blue. The maximum decolorization of 76% was realized with Acid Blue
129. In addition, the authors suggested a possible model scheme for the decolorization

mechanism.

The efficiency of HRP immobilization on three different carriers (magnetite-activated

carbon, activated carbon, and chitosan) was examined by Pirillo et al. (2012). Magnetite-
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activated carbon and activated carbon were excluded from further studies because they
had a high adsorption capacity. HRP was immobilized on chitosan covalently via GA and
applied as a biocatalyst to remove Alizarin Red and Eriochrome Blue Black R dyes. HRP
immobilized on chitosan via GA (CS-GA-HRP) demonstrated significant activity (89%)
in decolorization of Alizarin Red but low activity with Eriochrome Blue Black R (barely
27%). According to the results of reusability experiments with Eriochrome Blue Black R,
the enzyme was deactivated after the second cycle.

The aim of the study by Janovi¢ et al. (2017) was to research the different immobilization
techniques of HRP on different supports: encapsulation in calcium alginate capsules,
immobilization on chitosan beads, immobilization on calcium alginate fibers, and
immobilization on aluminum oxide. Immobilized enzymes were used to decolorize
Reactive Blue 52. The authors preferred three biocatalysts with the best activity results
and continued further studies (Chitosan-HRP, Aluminum oxide-Gelatin-HRP (Al-Gel-
HRP), and Aluminum oxide-HRP-Gelatin (Al-HRP-Gel)). The H202 concentration’s
effect on the decolorization process was studied with Chitosan-HRP, and results revealed
that H.O> concentrations between 0.22 to 4.4 mM do not significantly affect the enzyme’s
dye decolorization performance. Furthermore, Chitosan-HRP was involved in the
decolorization of dyes, and the maximum decolorization (68%) was obtained with
Remazol Brilliant Blue R, while the minimum decolorization (28%) was with acridine
dye. Reusability study with Reactive Blue 52 presented that the synthesized biocatalysts
can be applied seven times. Even after seven cycles Al-HRP-Gel, Al-Gel-HRP, and
Chitosan-HRP still saved 53%, 78%, and 67% of activity, respectively.

Aldhahri et al. (2021) reported the immobilization of HRP on an innovative 2D copper
oxide nanosheet (CuONS) and following encapsulation in poly (methyl methacrylate)
(PMMA). The effective usage of CUONS-PMMA was fulfilled (72.8% activity), and the
enzyme’s properties were notably improved. The optimum pH was widened from 7 to
7.5, the optimum temperature has improved from 40 °C to 40-50 °C, and resistance to
metal ions was achieved. Also, the immobilization process enhanced the enzyme’s
reusability. After ten reuses, enzyme conserved 52% of its activity. CUONS-PMMA
immobilized enzyme was used to decolorize Crystal Violet, Methyl Green, and Malachite

Green, with results of 83%, 76%, and 70%, respectively.
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Bilal et al. (2019b) reported establishing support from agarose—chitosan hydrogel with
N-hydroxysuccinimide cross-linker and immobilizing HRP. ACH-HRP displayed high
efficiency under both acidic and alkaline environments, also at 70 °C temperature. Due
to immobilization, the enzyme could preserve 60% of initial activity even after ten
repeated uses. Besides, the authors investigated ACH—HRP’s good potential for removing

Reactive Blue 19.

In the study by Satar et al. (2009), white radish peroxidase was adsorbed on Celite and
used for Reactive Red 120 and Reactive Blue 171 treatment. The authors analyzed the
impact of different redox mediators on dye decolorization and revealed that 1-
hydroxybenzotriazole is the most successful mediator. The highest decolorization grade
was obtained at pH 5.0 and 40 °C temperature after 1 h. The results showed that Celite-
adsorbed white radish peroxidase has a higher affinity for Reactive Red 120; also, it was

stable towards sodium azide, organic solvents, and mercuric chloride.

The chitosan-immobilized HRP (CTS-HRP) by Bilal et al. (2017c) was synthesized via
entrapping HRP in chitosan beads. After the immobilization, the optimum temperature
and pH were changed from pH 7.0 and 30 °C to pH 7.5 and 70 °C. CTS-HRP had better
thermostability and stability against heavy metals, urea, EDTA, cysteine, 1, 4-
dithiothreitol, and Triton X-100. Furthermore, immobilized enzyme presented high
decolorization ratio of Remazol Brilliant Blue R (82.17%), RB5 (97.82%), CR (94.35%),
and Crystal Violet (87.43%). A recyclability study showed that after six reaction runs,
CTS-HRP kept 64.9% of dye decolorization capacity.

Li et al. (2020) encapsulated HRP in highly ordered macro—micropore zeolitic
imidazolate framework-8. Immobilized enzyme’s storage stability was evaluated. After
four weeks of storage at room temperature in phosphate buffer, activity decreased only
by 10%. Also, HRP encapsulated in single-crystal ordered zeolitic imidazolate
framework-8 (HRP@SOM-ZIF-8) was reused in reaction five times and still had about
85% of activity. Besides the excellent storage stability and reusability, HRP@SOM-ZIF-
8 had remarkable stability against chelating compound. After the incubation in 1 wt%
EDTA for 40 min, it still preserved 96% of initial activity. HRP@SOM-ZIF-8 was also

applied to decolorize MO, CR, rhodamine B, and rhodamine 6G. It immediately
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eliminated dyes in 2 min, demonstrating a specific high removal capability for rhodamine
B. The immobilized HRP displayed admirable reusability with CR. The dye removal
efficiency after five reactions remained more than 90%.

Herein, incubation and immobilization of HRP onto zirconium(IV)-based metal-organic
frameworks formed by terephthalate and 2-aminoterephthalate ligands (UiO-66-NH>)
with an adsorption mechanism was actualized by Kurtuldu et al. (2022). The authors
observed that HRP@UiO-66-NH> could productively be applied to eliminate Methylene
Blue and MO. Significant parameters in the decolorization of Methylene Blue and MO,
including pH, temperature, the concentration of H.O2 and dye were researched to describe
free and immobilized enzyme activities. HRP@UiO-66-NH. could retain its activity at
raised temperatures and biodegrade Methylene Blue and MO to 60% and 45% under

favorable conditions (pH 9.0, 50 °C temperature, 3% H>O>, 60 min contact time).

The application of an HRP immobilized on calcium alginate beads was reported by Urrea
et al. (2021) for the productive decolorization of Orange Il. The H202 concentration’s
effect on the Orange Il decolorization reaction was investigated. Results demonstrated
that H.O: increases the decolorization rate (90 £ 2%) while absence does the opposite (3
+ 1%). The initial Orange 1l oxidation rates at pH values 7 and 9 were calculated (0.65
and 7.3 pM/min), and pH 9 was 11 times more beneficial than pH 7. Also, alginate/HRP
beads illustrated the best initial 11 oxidation rate at 30 min of contact time. Orange 1l
consumption rate was measured under different amounts of beads. The higher the amount
of beads, the higher the Orange Il consumption rate. Regarding recyclability,

alginate/HRP beads were reasonably deactivated in the fifth reuse.

Sun et al. (2018) used zinc oxide (ZnO) nanowires/macroporous silicon dioxide
composite as a matrix to cross-link HRP by in-situ approach. Three cross-linkers were
evaluated: ethylene glycol diglycidyl ether, DDE, and trimethylolpropane triglycidyl
ether. Among these cross-linkers, DDE had the highest enzyme loading amount (118.1
mg/g), excellent specific activity (14.9 U/mg-support), minimal mass loss of HRP (after
48 hours of leaching, 94.6% of original loading HRP amount was saved) and the best
thermal stability (above 75.3% of leftover activity after 2 hours of incubation at 60 °C

temperature). Immobilized HRP treated two anthraquinone dyes, Reactive Blue 19 and
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Acid Violet 109 (95.9% and 94.3% of dye decolorization in 30 min were observed,
respectively). Also, after 2 h, 100% decolorization of both dyes was achieved. The
optimum pH for decoloring anthraquinone dyes was tested; pH 4.5 for Acid Violet 109
and pH 5.0 for Reactive Blue 19 were the most efficient. In particular, DDE cross-linked
HRP displayed excellent reusability. Even after 12 times of reuse in the decolorization of
Reactive Blue 19 and Acid Violet 109, the cross-linked peroxidase saved 79.6% and
76.8% of the initial activity, respectively.

The purpose of Mohamed et al. (2021) was to immobilize the HRP on cationic maize
starch (CMS) (a positively charged and modified natural polymer) via electrostatic
adsorption. The catalytic efficiency of immobilized HRP was estimated by using guaiacol
as a substrate. Results revealed that the immobilization decreased the pH and temperature
sensitivity of the enzyme. The optimum pH broadened from 7 to 6-7 and the optimum
temperature switched from 30 °C to 50 °C. In addition, compared to the soluble form,
CMS-HRP did not lose its activity even at 80 °C. Reusability study exhibited that CMS-
HRP saved 65% of its activity even after ten reuses. The CMS immobilized enzyme
demonstrated remarkably high resistance toward heavy metals and denatured compounds.
Some metals (Co?*, Fe?*, Ni?*, Ca?*, and Mg?*) and trypsin improved the immobilized
enzyme’s activity. Moreover, the biocatalyst’s ability to remove MO was assessed, and

due to the results, after 60 min of contact, 97% of the dye was decolorized.

Preethi et al. (2013) applied free and immobilized HRP to decolorize CI Acid Blue 113.
To detect the enzyme’s most favorable activity conditions, experiments of parameter
optimization were carried out. It was concluded that the free HRP demonstrates the best
activity at 20 °C temperature; 45 min of interaction time; 0.08 U enzyme dosage; 14 pL
H202; pH 6.6, and 30 mg/L dye concentration. Further, HRP was immobilized on Ca
alginate beads, and process parameters were optimized. Compared with free HRP,
immobilized HRP showed the highest decolorization at a higher reaction time (240 min)
and lower temperature (4 °C). The re-utilization studies proved that immobilized enzymes
could be reapplied for three cycles. Also, free HRP’s decolorization effectiveness was

analyzed, and the results were satisfying.
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Bayramoglu et al. (2021) published the appliance of an immobilized HRP on the poly(2-
hydroxyethyl methacrylate-glycidyl methacrylate) [p(HEMA-GMA)] cryogel to
decolorize Direct Blue-6. Optimum temperature and pH were identified (35 °C and pH
5.5), Km and Vmax values were determined (295 mmolL ! and 197 U mg™!), thermal and
storage stabilities were examined (45% of activity at 65 °C; more than 78% of activity
after eight-week storage at 4 °C). The Direct Blue-6 decolorization performance of the
HRP-p(HEMA-GMA) cryogel was examined at various conditions. Results revealed that
the maximum decolorization rate could be obtained at pH 6.0, 5.0 mmol/L H20-, and 20
mgL™! of dye concentration. Also, the toxicity evaluations with D.

magna and C.vulgaris were accomplished.

Gul and Ocsoy (2021) observed that nanocomposite containing horseradish peroxidase—
laccase nanoflower and iron oxide nanoparticles decorated with magnetic carbon
nanotube (HRP-Lac NF@mCNT NC) can excellently be used as a nanocatalyst for
decolorization of Malachite Green and Acid Orange 7. The maximum decolorization of
dyes was achieved after 60 min of operation at pH 7.4. Around 99% of dye decolorization
was observed with Malachite Green, while with Acid Orange 7, it reached 100%. The re-
utilization studies demonstrated that it is possible to recycle HRP-Lac NF@mMCNT NC
for 16 times, and it still maintains above 95% and 85% of the initial activity with

Malachite Green and Acid Orange 7, respectively.

Farhina and Uzma (2019) reported an article explaining the immobilization of HRP on
two supports (alginate and acrylamide). The efficiency of the two immobilization
methods and their Acid Black 10 BX decolorization efficiencies were measured. The
acrylamide gel immobilized HRP had a more excellent decolorization capability (80%)
than the alginate immobilized enzyme (55.5%). Due to recyclability results, authors could
reuse immobilized enzymes (alginate and acrylamide immobilized) 5 times. After five
cycles, alginate-immobilized HRP retained 22.2% of its activity, while acrylamide gel-

immobilized HRP retained only 15%.
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3. MATERIALS and METHODS

3.1. Materials

Table 3.1. List of chemicals used in experiments

Reagent Manufacturer Catalog number
Polyvinyl alcohol Aldrich 363081
L-tryptophan methyl ester hydrochloride Aldrich 364517
(C12H14N202-HCI)
Sodium sulfate (anhydrous) Acros Organics 196640010
Methacryloyl chloride (C4HsCIO) Fluka 64120
Ethyl alcohol (Co.HsOH) Merck 1.00986
Hydrochloric acid (HCI) Merck 1.00317
Dichloromethane (CH2Cl.) Merck 1.06054
Triethylamine (KsH1sN) Across 157910010
Organics
N,N'-azobisisobutyronitrile (AIBN) Merck 8.01595
Toluene (C7Hs) Riedel-de Haén 24529
Ethylene glycol dimethacrylate (EGDMA) Sigma-Aldrich 33568-1
([H2C=C(CH3)CO,CH:]2)
Ethylene glycol Sigma-Aldrich 324558
Dimethyl sulfoxide (DMSO) Merck S5604824
Ethyl alcohol (C2HsOH) CarloErba 4146082
O-Dianisidine Sigma D9143-5G
Hydrogen peroxide 30% Merck K41143697
Peroxidase from Horseradish Sigma P-8250
Sodium phosphate dibasic dihydrate Sigma-Aldrich 04272
Sodium phosphate monobasic dihydrate Sigma-Aldrich 04269
Sodium hydroxide Sigma-Aldrich 06203
Sodium acetate trihydrate Riedel-de Haen 25022
Acetic acid (glacial) 100% Merck K2856
Tris(hydroxymethyl)-aminomethane Merck 1.08387.0500
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Table 3.1. List of chemicals used in experiments (continued)

Magnesium sulfate heptahydrate Merck 1.05886
Calcium hydride Merck 8.02100
Copper (1) chloride Merck 8.18247
Iron (111) chloride Merck 8.03945
Cobalt (1) chloride hexahydrate Sigma-Aldrich 255599
Scandium (111) oxide Sigma-Aldrich 307874-5G
Dichloromethane Merck 1.06054
Toluene LACHEMA 510390800
Ethanol Merck 1.11727.2500
Diethyl ether Merck 1.00921
Benzene Merck 1.01782
Chloroform Riedel-de Haen 34854
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3.2. Method
3.2.1. Synthesis of PEDMT microbeads

PEDMT microbeads were synthesized using the suspension polymerization method
reported by Osman et al., 2013. MATrp was used as a monomer, EGDMA as a
crosslinker, and azobisisobutyronitrile (AIBN) as an initiator. PVA was a stabilizer, and
toluene was a pore former. First of all, the MATrp monomer was prepared (Figure 3.1).
Hydroquinone and L-tryptophan methyl ester were dissolved in 100 mL of methylene
chloride, and the solution was cooled to 0 °C. To the cooled mixture, triethylamine and 5
mL of methacryloyl chloride were gradually added; then, the mixture was agitated with a
magnetic stirrer at room temperature under the nitrogen atmosphere for 2 h. After
completion of the reaction, the mixture was treated with 10% NaOH solution to remove
unreacted methacryloyl chloride. The methylene chloride phase was eliminated with a
rotary evaporator, and the remaining solid (MATrp) was dissolved in ethanol and used as

d monomer.

0°C

dissolution

t=2h stirring under
T =25°C N; atmosphere

treating with 10% NaOH

 —

Rotary evaporator

MATrp

Figure 3.1. Preparation of MATrp monomer

44



To prepare the polymerization mixture, the organic phase (MATrp, EGDMA, AIBN, and
toluene) was added to the water phase including PVA and mixed in a reactor for 4 h at 65
°C and then for 8 h at 80 °C. The synthesized PEDMT microbeads were washed with
ethanol and distilled water to remove unreacted monomers. Subsequently, microbeads
were dried at 50 °C in a vacuum oven (Figure 3.2).

4 hours at 65°C

stirring at 600 rpm
8 hours at 80°C

Washing with

: P
ethanol and water Drying at 50°C

Figure 3.2. Preparation of PEDMT microbeads
3.2.2. Characterization of PEDMT microbeads

The dimensions of the obtained microbeads were examined with the optical microscope
(Zeta Instrument). The microbeads were also characterized using Scanning Electron

Microscopy with Energy Dispersive X-Ray Analysis (SEM-EDX), Fourier Transform



infrared spectroscopy (FTIR), and Brunauer—Emmett-Teller (BET) analysis. FTIR
analysis was performed with Perkin Elmer Spectrum 100 FTIR. SEM-EDX (Carl Zeiss
Gemini 300) was used to determine microbeads' surface morphology and test for the
presence of the HRP enzyme. The microbead’s average pore size (nm), specific surface
area (m?/g), and total pore volume (cm®g) were determined by BET analysis with an
ASAP2000 instrument (Micromeritics). P/P°-V(cc/g) and pore diameter (A°)-
dV(d)(cm®/A%qg) graphs were prepared by using N2 adsorption-desorption data obtained

under vacuum at 77 K.

3.2.3. Immobilization of HRP on PEDMT microbeads

To immobilize HRP on microbeads, 100 mg of the obtained PEDMT microbeads was
weighed and mixed with 1U of HRP enzyme solution (pH 6.0), then the resulting mixture
was incubated and stirred at 4 °C for 24 h. After that, the mixture was centrifuged at 8000
rpm at 4 °C to separate and store the supernatant for the following experiments. The solid
part (HRP immobilized on PEDMT microbeads or PEDMT-HRP) was washed three
times with pH 6.0 buffer (phosphate) to exclude free enzymes not attached to microbeads.
Ultimately, it was left to dry overnight at room temperature, then kept in the refrigerator

at 4 °C until subsequent application (Figure 3.3).

.

S
N
o ;
E Solving in Q"  Sstirring at 4°C
buffer (pH 6.0) for 24 hours p—
————> —————> /@
HRP Polymeric

microbeads

Centrifuging
at 8000 rpm
at 4°C

Washing 3 times
with pH 6.0 buffer

) (: ]
[— e
L ) Drying overnight

at room temperature
PEDMT-HRP

Figure 3.3. HRP immobilization procedure
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3.2.4. Determination of immobilization parameters

To quantitatively describe the effectiveness of immobilization, immobilization yield (1.Y)
(%) in Equation 3.1, activity yield (A.Y) (%) in Equation 3.2, immobilization efficiency
(ILE) (%) in Equation 3.3, and HRP enzyme activity (%) were determined (Bindu et al.,
2018).

Ci—Cs

Immobilization yield (%) = * 100 (3.1)

i

Here, Ci — is the initial concentration of enzyme, Cs — is the total concentration of unbound

enzyme in the supernatant and washing solutions.

Activity yield (%) = =L 100 (3.2)
f

Here, A — is the activity of immobilized HRP, and As — is the activity of free HRP.

Activity yield

Immobilization efficiency (%) = * 100 (3.3

Immobilization yield

The total peroxidative activity of the free and immobilized HRP was measured
colorimetrically by using o-dianisidine as a substrate (Altikatoglu et al., 2009). The assay
mixture contained 5 mg of PEDMT-HRP or an equal amount of free HRP, o-dianisidine
(6 mM, 2 mL) dissolved in phosphate buffer (pH=6.0, 50 mM), and H202 (75 uL, 3%).
The mixture was incubated in a water bath for 10 min at 40 °C, then NaOH solution (1.5
M, 75 uL) was added to stop the reaction. HRP activity was evaluated by measuring the
increase in absorbance of bisazobiphenyl that occurs due to oxidation and polymerization
of o-dianisidine at (460 nm). One unit (1.0 U) of peroxidase activity is described as the
amount of enzyme that catalyzes the oxidation of 1.0 umol of o-dianisidine to the colored
product in 1 minute. All experiments were done in triplicate, and mean + SD (standard
deviation) values were calculated. The highest activity value was assumed as 100%, the

results were relatively evaluated and given as relative activity.

3.2.5. Stability studies of HRP and PEDMT-HRP

To compare the stability of free and immobilized HRP, the effects of pH, temperature,

substrate concentration, metal ion, organic solvent, and H.O> concentration on the activity
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were investigated. Km and Vmax values of free HRP and PEDMT-HRP were calculated

and compared. The reusability and thermal and storage stability were determined.

3.2.5.1. Effect of pH

To find the optimum pH values of free and immobilized enzymes, the substrate was
dissolved in different buffer solutions (pH 2.0-pH 10.0), and activities were measured.
Three types of buffers were used: 50 mM acetate buffer for pH 2.0 to 5.0, 50 mM
phosphate buffer for pH 6.0 to 7.0, and 50 mM Tris-HCI buffer for pH 8.0 to 10.0. The
pH with the highest enzyme activity was defined as the optimum pH value.

3.2.5.2. Effect of temperature

The effect of temperature on the free HRP and PEDMT-HRP activity was examined at
different temperatures in the range of 25 and 70 °C. The enzymes were incubated at
different temperatures for 30 min, and then their activities were assayed using a substrate
solution prepared at the optimum pH value. The temperature with the highest enzyme

activity was determined as the optimum temperature.

3.2.5.3. Effect of H,O2 concentration

To determine the optimum H20. concentration, enzyme activities were measured at
various H20 concentrations (1-5%). Enzyme activity measurements were performed as
previously described: free and immobilized HRP were incubated with o-dianisidine (6
mM, 2 mL) and 75 pL of H202 solution (1-5% v/v) at optimum pH and temperature. The
reactions were stopped by adding NaOH solution (1.5 M, 75 uL) to the reaction medium.

Results were given as relative activity, assuming the highest activity as 100%.

3.2.5.4. Thermal stability

Enzymes were kept in a water bath at 50 °C for 3 h. Aliquots were taken at different time
intervals (0-180 min), and the activities were measured at optimum conditions. The

remaining activities were calculated by assuming the initial activity as 100%.
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3.2.5.5. Effect of metal ions and organic solvents

Free HRP and PEDMT-HRP were pre-incubated in different metal ion solutions (5 mM,
1 mL) (Ag*, Ca®", Co?, Cu?", Mg#, Ni**, Sc**, Zn?*, Pb?", and Fe*) at 25 °C for 24
hours, and then their activities were measured under optimum conditions. Organic
solvents, 1-pentanol, 2-propanol, acetonitrile, chloroform, ethanol, ethyl acetate, n-
hexane, isoamyl alcohol, dichloromethane, dimethyl formamide, dimethylsulfoxide,
tetrahydrofuran, were used. Free HRP and PEDMT-HRP were agitated with organic
solvents (%5 v/v, 1 mL) at room temperature for 24 h, and their enzymatic activities were
measured. The activity in the absence of these compounds (metal ion solution and organic
solvent) was assumed to be 100%.

3.2.5.6. Effect of metal ion concentration

Free and immobilized enzymes were kept in calcium hydride and iron (I11) chloride
solutions of different concentrations (5, 10, 15 and 20 mM). After 24 h of incubation,
their activities were assayed under optimum conditions. The activity of the control
solution including no metal ion was accepted as 100%, and other activities were

calculated relatively.

3.2.5.7. Storage stability

To analyze the storage stability, both free and immobilized HRP were stored at room
temperature (~25 °C) for 4 weeks, and residual activities were measured weekly. Initial

enzyme activity was considered 100%, and activities were calculated relatively.

3.2.5.8. Reusability of PEDMT-HRP

To investigate the reusability of PEDMT-HRP, the enzyme activity was measured
repeatedly under optimum conditions. After each cycle, PEDMT-HRP was separated
from the reaction medium by centrifugation and washed with phosphate buffer (pH 6.0).
The reaction was repeated with a fresh substrate solution ten times under the same
conditions. Initial enzyme activity was defined as 100%, and the following activities were

measured relatively.
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3.2.5.9. Determination of Km and Vmax values

Michaelis—Menten constant (Km) and maximum reaction rate (Vmax) were determined
for free and immobilized HRP. For this purpose, the Lineweaver-Burk equation given in
Equation (3.4) was used.

1 Ky 1 1

VO Vmax [S] Vmax

(3.4)

In the equation, Vo — is the initial velocity; [S] — is the molar concentration of substrate
(o-dianisidine); Vmax — is the maximum reaction rate; and Km — is the Michaelis-Menten
constant (mM). Initial velocities were measured by varying the substrate concentration
(0.25,0.5,1, 2, 3, 4,5, and 6 mM).

3.2.6. Dye decolorization studies

To evaluate the efficiency of free HRP and PEDMT-HRP in dye decolorization, CR and
RB5 dyes were used as model dyes. Stocks (500 mg/L) of dye solutions were prepared
and used for further experiments by diluting. The maximum wavelengths were detected
by preparing UV-spectra for dye solutions using a UV-VIS spectrophotometer (Shimadzu
UV-1700). Calibration plots were prepared and used to determine the dye concentration
during decolorization studies. The decolorization efficiency was calculated by Equation
(3.5).

) __Initial absorbance—Final absorbance

Decolorization (% * 100 (3.5)

Initial absorbance

3.2.6.1. Determination of decolorization pH

The effect of pH on dye decolorization was examined with free and immobilized HRP.
20 mg/L solutions of CR and RB5 were prepared with three different buffers: acetate
buffer (50 mM, pH 3.0, 4.0, and 5.0), phosphate buffer (50 mM, pH 6.0 and 7.0), and
Tris-HCI buffer (50 mM, pH 8.0, pH 9.0 and pH 10.0). The process was carried out in a
beaker, and the reaction mixture consisted of 10 mL dye solution, 75 puL. H20: (3 %), and
PEDMT-HRP (50 mg) or an equal amount of free HRP (150 pL). Decolorization was

assessed by mixing the enzymes with textile dyes at 25 °C for 2 h and measuring the
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decrease in absorbance with UV—visible spectrophotometer at the specific Amax 0f CR and

RB5. The highest decrease in the dye absorbance was accepted as 100%.

3.2.6.2. Determination of dye concentration

The effect of dye concentration on decolorization was studied using (5, 10, 25, 50, 75,
and 100 mg/L) of CR and RB5 solutions. The process included mixing 10 mL of dye
solution with a constant H.O> concentration (3%) and a constant amount of enzymes (50
mg for PEDMT-HRP; 150 uL for HRP) at a fixed temperature (25 °C). The experiments
were performed at the optimum pH value. The dye concentration in which maximum

decolorization obtained was considered 100%.

3.2.6.3. Determination of microbead amount and enzyme concentration

The experiment was conducted at optimum pH and dye concentration, at constant
temperature (25 °C) and H20> concentration (3%) with different amounts of microbeads
(20, 25, 50, 75, and 100 mg) and enzyme solution volume (50, 100, 150, 200, and 300
pL). The amount of free and immobilized HRP with the highest decolorization efficiency

was accepted as 100%.

3.2.6.4. Determination of H2O> concentration

The optimum H>O, concentration was investigated by performing decolorization
experiments with H>O, solutions at different concentration (75 uL) (1-5%). H.O> was
added to the reaction mixtures containing 20 mg/L of CR and RB5 solution with optimum
pH and a fixed amount of free and immobilized HRP enzyme. The highest decolorization

was accepted as 100%.

3.2.6.5. Determination of contact time

The contact time is vital for establishing the optimal decolorization time. The reaction
mixture was stirred for different intervals (30, 60, 90, 120, 150, and 180 minutes) on a
horizontal shaker to determine optimum contact time. Experiments were performed at
optimum pH, constant free and immobilized HRP amount, and fixed H.O, and dye

concentration. The decolorization ratios were measured at the end of specified periods.
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3.2.6.6. Reusability study

The reusability of PEDMT-HRP was investigated using the enzyme in several sequential
decolorization process. After each cycle, PEDMT-HRP microbeads were separated by
filtration and washed with phosphate buffer (pH 6.0), then reused with a fresh dye
solution. The assay was repeated for ten cycles with CR and five cycles with RB5. The
removal efficiency of the immobilized enzyme in the first cycle was considered 100%,

and the subsequent activities were calculated relatively.

3.2.7. Chromatographic analyses of dyes

To evaluate the CR and RB5 decolorization by PEDMT-HRP in the presence of two dyes
in the same solution, a decolorization study was performed under the optimum conditions
via HPLC analysis. A solution containing the mixture of the dyes were prepared,
including 20 mg/L CR and 20 mg/L RB5. The concentration of dyes after the
decolorization process was determined using the Agilent 1100 model HPLC with
photodiode array detector (PDA) available in Bursa Uludag University Biochemistry
Research Laboratory. A gradient elution system was used. HPLC conditions are

summarized in Table 3.2.

Table 3.2. HPLC conditions of the decolorization study

Separation Isocratic elution system (A 60% : B 40%)
Solvent A Ammonium acetate buffer (10 mM)
pH=3.6
Solvent B Acetonitrile
Mobile Phase Flow rate 1 mL/min
Column to be used for separation Zorbax C18 (RP18, ODS, Octadecyl)
Particle size 50
Inner diameter 4.6 mm
Length 250 mm
PDA 200-800 nm
Column temperature Room conditions
Injection Volume 5uL
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Table 3.2. HPLC conditions of the decolorization study (continued)

0 min 40% solvent B
7 min 60% solvent B
17 min 98% solvent B
24 min 98% solvent B

The gradient elution program

The wavelengths in which the absorption was maximum were defined, and the calibration
graphs for both dyes were prepared with chromatograms. The dye removal ratios of CR
and RB5 were calculated through the calibration graphs.
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4. RESULTS and DISCUSSION
4.1. Characterization of the PEDMT microbeads

In this study, the HRP enzyme was immobilized on PEDMT microbeads. The microbeads
were synthesized by cross-linking MATrp monomer with EGDMA. The polymerization
reaction was carried out through the suspension polymerization technique reported by
Osman et al., 2013. The suspension polymerization starts with liquid/liquid dispersion
and ends with solid/liquid dispersion. Here, MATrp monomer droplets were dispersed in
an aqueous phase by adding a stabilizer (PVA). The reaction between EGDMA and
MATrp under suitable reaction conditions is given in Figure 4.1. The synthesized
microbeads were examined with the optical microscope (Zeta Instrument), and it was

determined that they were spherical.

O

H :
Ethylene glycol dimethacrylate N-methacryloyl-amido- PEDMT X CH3
(EGDMA) L-tryptophan methyl ester H

(MATrp)

Figure 4.1. Synthesis reaction of PEDMT microbeads

SEM analyses were performed to examine the surface morphology of polymeric
microbeads before and after immobilization. SEM images of PEDMT and PEDMT-HRP
microbeads obtained at different magnifications are given in Figure 4.2. It can be clearly
seen that the prepared microbeads had a highly porous and spherical structure. They were
approximately 150 um in diameter. SEM images taken at higher magnification ratios
illustrated that after immobilization, most of the pores were clogged, and there were
bumps on the surface of microbeads. It can be assigned to the physical adsorption of HRP
inside the pores and onto the surface of microbeads. Consequently, the surface
morphology of PEDMT microbeads were changed after immobilization, demonstrating

that HRP was successfully immobilized on PEDMT microbeads.
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microbeads at different magnification ratios
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Figure 4.2. SEM images of PEDMT (a,c,e,g,i) and PEDMT-HRP (b,d,f,h,j) microbeads
at different magnification ratios (continued)

PEDMT and PEDMT-HRP microbeads were subjected to EDX analysis to determine
their elemental composition (Figure 4.3). The results showed the presence of carbon C,
nitrogen N and oxygen O elements in both PEDMT and PEDMT-HRP. However, it is
obvious that compared to microbeads, PEDMT-HRP contained another extra element,
that is, sulfur (0.43%). Also, after immobilization mass fraction of nitrogen increased
from 2.26% to 3.5%. Overall, it can be concluded that immobilization has changed the

elemental composition of polymeric microbeads.
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Figure 4.3. SEM-EDX spectra of PEDMT (a) and PEDMT-HRP (b) microbeads

To identify the surface functionalities and demonstrate the presence of HRP bound to the
microbeads, FTIR characterization studies were performed in the range of 4000-400
cm . FTIR spectra of PEDMT microbeads, HRP enzyme, and PEDMT-HRP are given
in Figure 4.4. For the free HRP, the characteristic adsorptions at 1639 cm?, 1528 cm™,
and 1387 cm* were attributed to the vibration of (-CONH-) amide I, amide I1, and amide
111, respectively. The detected peak at 3284 cm™! is related to O—H vibration, and 2934
cm ! is associated with the alkyl group (-CHz). Another absorption band at 1038 cm™!
corresponds to the aliphatic amines (C—N stretching mode). In the FTIR spectrum of
PEDMT microbeads, absorption bands of the ester carbonyl group (C=0) at 1724 cm™
and repeating aliphatic C-H bonds at 2952 cm™ were observed. In the case of PEDMT-
HRP, the spectrum still presented characteristic peaks of microbeads. The ester carbonyl

group at 1720 cm™ and aliphatic C-H bond at 2952 cm™ were observed. However,
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PEDMT-HRP had an extra absorption band at 1404 cm™ assigned to NH (amide 111)
vibration. In addition, similar to the free HRP spectrum, PEDMT-HRP had O-H
vibrations at 3422 cm™ and C-N at 1022 cm™ (Tavares et al., 2020). All these data proved
that HRP was successfully immobilized on PEDMT microbeads.
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Figure 4.4. FTIR spectra of HRP and PEDMT and PEDMT-HRP microbeads

BET analysis was performed to describe the microbead's surface's physical properties.
The specific surface area, pore volume, and pore diameter of microbeads were determined
(Table 4.1). The PEDMT has a pore volume and pore size of 1.94 cm? g and 9.99-55.3
AP, respectively. It illustrates that microbeads had a highly porous structure and are micro-
and mesoporous. The surface area of the PEDMT was found to be very high (1103 m? g
1. High porosity and large surface area facilitated better HRP immobilization, which

resulted in high enzyme activity. N2 adsorption/desorption isotherms and pore diameter
distribution graphs are given in Figure 4.5.
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Table 4.1. Surface area, pore volume, and pore size of PEDMT

Surface area (m? g!) | Pore volume (cm® g?) Pore size (A%
PEDMT 1103 1.94 9.99-55.3
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Figure 4.5. Adsorption/desorption isotherms of nitrogen at 77.40 K (a) and pore size
distribution (b) obtained by Dv(d) according to average pore diameter for the PEDMT
microbeads

4.2. Immobilization parameters

Determining the optimum enzyme unit is vital to perform the immobilization process
effectively (Boudrant et al., 2020). Therefore, immobilization yield (1.Y), activity yield
(AY), and immobilization efficiency (I.E) were determined for HRP immobilization
process. 1.Y indicates the enzyme loading capacity and expresses the actual percentage

of an enzyme that immobilized on support (Hermanova et al., 2015). A.Y compares the
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activity of immobilized and free enzymes. It shows the percentage of activity lost during
immobilization. 1.E illustrates the amount of enzyme that was immobilized and the
activity of the enzyme loaded on the carrier (Bindu et al., 2018). In this work, 1.Y was
calculated as 84.86 + 2.06%, A.Y as 73.78 £ 5.91%, and |.E as 86.95 + 6.92%. Gholami-
Borujeni et al. (2011) used calcium alginate gel beads for HRP encapsulation and
obtained 90% of I.E. Since the alginate-enzyme solution was utterly turned into beads,
the enzyme was encapsulated and stabilized well. It led to lower enzyme leakage and high
I.E. It should be noted that although the enzyme was immobilized via physical adsorption,
the I.E was almost the same as that of encapsulation reported by Gholami-Borujeni et al.
(2011). Sun et al. (2017b) applied ZnO nanowires/macroporous SiO> composite to
support HRP cross-linking and reported 75.3% of I.E. In the study, the support material
was first cross-linked and then the enzyme added. Since the amount of adsorbed cross-
linker was low, the amount of bound enzyme was also limited compared to our study.
Jiang et al. (2014) encapsulated HRP in phospholipid-templated titania particles. They
achieved 70.51% of 1.Y as well as 56.31% of A.Y. Abdulaal et al. (2020) immobilized
HRP on a FesOsNp-PMMA film by encapsulation method and observed 88.4% of I.E.
As a result, the values of the immobilization parameters for PEDMT-HRP were
comparable with other reports. It can be pointed out that obtained I.E was high (86.95%),
and it was presumably due to the hydrophobic interactions between the support and HRP
molecules. The indole ring in the L-tryptophan methyl ester residue and the porphyrin
ring in the structure of the enzyme molecule probably interacted with hydrophobic
interactions and Van der Waals bond. The carbonyl groups of HRP have a high potential
to make hydrogen bond with the NH group in the PEDMT structure. Also, the microbeads
have a highly porous structure and large surface area, increasing the adsorption capacity
of HRP to the microbeads. Consequently, the PEDMT microbeads are suitable support

for HRP immobilization.

4.2.1. Optimum pH

Enzyme activity is affected by different reaction parameters (Vineh et al., 2020). The pH
of the enzyme solution influences the ionization of amino acids, active site conformation,
enzyme-carrier interaction, surface charge density, and enzyme-substrate connection

(Bilal et al., 2016; Lopes et al., 2021). In some pH values, enzymes may become inactive
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and lose activity. Therefore, pH is a vital parameter that must be studied in enzymatic
reactions (Arslan et al., 2011). In this work, the enzyme activity was measured in the pH
range of 2 to 10 and the results are given in Figure 4.6. As seen in Figure 4.6, the

maximum activities of both free and immobilized enzymes were achieved at pH 6.0.
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Figure 4.6. Optimum pH for HRP and PEDMT-HRP

Since HRP was immobilized via the adsorption, there was no covalent bond, and the
enzyme’s active site did not significantly change after immobilization. Sekuljica et al.
(2016b) reported that highly acidic condition interrupts the heme molecule’s hydrogen
bond and causes separation from the enzyme structure. Therefore, acid-induced enzyme
denaturation can explain the low activity at pH 2. However, the relative activity of the
immobilized enzyme was higher even at pH 2, and it was more stable over a more
comprehensive pH range than the free HRP. PEDMT-HRP showed 53% and 42% of
activity at pH 3.0 (acidic environment) and pH 9.0 (alkaline environment), respectively,
whereas free HRP showed 27% and 33% of activity under the same pH values. Higher
pH resistance of PEDMT-HRP is due to the stabilizing and protecting effect of the
immobilization (Jiang et al., 2014), which is the main advantage of the immobilization
process. Owing to immobilization, the enzyme becomes more stable and is less affected
by environmental factors than the free enzyme, making them suitable for use in various
fields (Sekuljica et al., 2016b; Keshta et al., 2022). HRP was immobilized on PEDMT at
pH 6.0. The isoelectric point (pl) of HRP is 5.5 (Rennke and Venkatachalam, 1979). It
means that at pH 6.0, the net charge of enzyme was close to 0. Thus, the hydrophobic

interaction between PEDMT and HRP was strong.
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4.2.2. Optimum temperature

The temperature is another critical parameter that must be evaluated in enzyme activity
(Jankowska et al., 2021). It affects the activation energy, the velocity of enzyme and
substrate molecules, the enzyme’s catalytic activity and thermostability, and energy
expense (in industrial applications) (Arslan et al., 2011). The optimum temperatures of
free HRP and PEDMT-HRP were investigated between 25-70 °C, and the results are
shown in Figure 4.7.
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Figure 4.7. Optimum temperature for HRP and PEDMT-HRP

The results showed that there was a rapid activity drop in the free enzyme and an increase
in the immobilized enzyme with the temperature rise. The maximum activity of the free
enzyme was observed at 45 °C, while the PEDMT-HRP showed maximum activity at 50
°C. Enzyme-support binding causes a decrease in the conformational elasticity of the
enzyme and increases activation energy to rearrange the appropriate enzyme-substrate
conformation (Aldhahri et al., 2021). Thus, the increase in the optimum temperature may
be due to the increase in activation energy. When the temperature was increased to 55 °C,
the free enzyme started to denature, whereas the immobilized enzyme retained
approximately 95% of relative activity. While the free enzyme was denatured entirely at
70 °C, PEDMT-HRP retained about 50% of its relative activity. These results show that
the PEDMT-HRP was stable over a broader temperature range and had a higher thermal
resistance than the free HRP. Because immobilization decreases the enzyme’s thermal

vibrations and stabilizes its conformational structure (Jankowskai et al., 2021).
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4.2.3. Optimum HzO: concentration

H20: is an essential co-substrate of the HRP enzyme that initiates a free radical reaction
to form reaction intermediates and oxidize the substrate (Mohan et al., 2005). For higher
reaction efficiency, determining an optimal H.O> concentration in enzymatic reactions is
vital. Because an excess amount of H>O> inactivates the enzyme and an insufficient
amount can not provide enough oxidant (Gholami-Borujeni et al., 2011). To find the
optimum H2O: concentration, enzyme activities were measured at different HxO:
concentrations (1-5%) under constant conditions, and the results are shown in Figure 4.8.
The activity of both enzymes was increased with an increasing H>O> concentration. The
maximum activity was obtained when the H2O. concentration was 3%. With a further
increase in the H20 concentration, the activity of the free enzyme continued to decrease
while the immobilized enzyme’s activity was stabilized. The results proved the high
stability of immobilized HRP under different conditions.
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Figure 4.8. Optimum H20. concentration for HRP and PEDMT-HRP
4.2.4. Thermal stability of HRP and PEDMT-HRP

Enzymes are denatured at high temperatures after a time due to disruption of protein
structure. When denaturation occurs, they lose their activity. Thus, their application and
storage are restricted (Celebi et al., 2013; Bayramoglu et al., 2012). The immobilization
process, on the other hand, makes enzymes more resistant to environmental conditions,
including intense heat. It is advantageous for commercial use (Vineh et al., 2020;

Altikatoglu et al., 2020). Thermal stability is a parameter that shows the ability of
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enzymes to remain active at elevated temperatures. Figure 4.9 shows the thermal stability
of both free HRP and PEDMT-HRP. After 3 h at 50 °C, free HRP lost its initial activity
(only 28% of activity remained), while the PEDMT-HRP retained 50%. The activity of
PEDMT-HRP decreased less and slowly compared to free HRP. The improvement in
temperature resistance may be due to the enzyme's reduced molecular mobility and high
conformational integrity due to immobilization. Also, owing to the high decomposition
temperature of the polymeric microbeads, the free enzyme can protect its active site
against temperature (Jankowska et al., 2021; Keshta et al., 2021). The results showed that
immobilization significantly improved the thermal stability of the enzyme and protected

it from denaturation at high temperatures (Bilal et al., 2016).
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Figure 4.9. Thermal stability of HRP and PEDMT-HRP
4.2.5. Metal ions and organic solvent effect

To evaluate the tolerance of enzymes against metal ions and organic solvents, the
enzymes were incubated with different metal ion solutions and organic solvents; then, the
enzyme activities (free and immobilized) were measured under optimum conditions. This
parameter is essential to ensure the enzyme suits various complex environments. The

effect of metal ions is shown in Figure 4.10.
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Figure 4.10. Effect of metal ions on the activity of HRP and PEDMT-HRP

It was determined that Ag*, Cu®*, and Fe®" increased the activity of both free and
immobilized enzymes, increasing by 16%, 30%, and 45% with free HRP and by 62%,
65%), and 93% with PEDMT-HRP, respectively. However, in the presence of other metal
ions (Ca?*, Co?*, Mg?*, Ni?*, Sc*", zn?*, and Pb?*), free HRP lost its activity, while
PEDMT-HRP, on the contrary, gained a significant amount of activity. As a result, it can
be reported that PEDMT-HRP was not inhibited by any of the metal ions compared to
free HRP, and its activity was higher. The effect of organic solvents on enzyme activity
is illustrated in Figure 4.11. As a result, both enzymes were not inhibited only by two
solvents: ethanol and DMSO. DMSO increased the activity of the free and immobilized
enzymes by approximately 4% and 24%, respectively. In comparison, ethanol increased
PEDMT-HRP’s activity by 14% but did not significantly change the free enzyme’s
activity (an increase of only 2%). Other solvents (dichloromethane, toluene, diethyl ether,
chloroform, and benzene) caused a decrease in the activity of free HRP and PEDMT-
HRP. However, the activity of the immobilized enzyme was relatively higher, and it was
not affected by these solvents as much as the free enzyme. For example, chloroform
inhibited free enzyme’s activity by 50%, whereas immobilized enzyme was inhibited only
by 8%. The results approved that the PEDMT-HRP has a significantly higher stability
against metal ions and organic solvents. This is due to the stabilization effect of

immobilization (Lopes et al., 2021).
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4.2.6. Metal ions concentration effect

HRP enzyme has two calcium ions (Ca?*) between a-helices and one iron ion (Fe®*") in
the enzyme’s active site. Since these metals are present in the structure of HRP enzyme,
it was decided to study the effect of their concentration on the HRP activity. The effect
of Ca?* concentration and Fe3* concentration on enzyme activity is given in Figure 4.12
and Figure 4.13, respectively. With an increase in the concentration of Ca®* ions, the
activity of the free HRP decreased, but the activity of the PEDMT-HRP increased. At 30
mM Ca?* concentration, free HRP lost half of its activity, while PEDMT-HRP gained
80% of activity. For Fe3* ions, the activity of both enzymes increased with increasing
concentration. However, the rise in PEDMT-HRP activity was much higher than the
increase in free HRP. 30 mM of Fe®* caused an increase in the free enzyme’s activity by
2.5 times and immobilized enzyme’s activity by 7.5 times. According to the results, both
Fe3* and Ca?* ions did not inhibit PEDMT-HRP either at low or high concentrations but
rather increased its activity very well, demonstrating the stability of the immobilized HRP

compared to the free HRP.
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Figure 4.13. Effect of Fe** concentration on the activity of HRP and PEDMT-HRP
4.2.7. Storage stability of HRP and PEDMT-HRP

Storage stability is a crucial parameter for the commercial-scale application of the
enzymes. It is well known that the enzyme in solution is unstable during storage, and its
activity decreases spontaneously over time. Therefore, the storage stability of both free
HRP and PEDMT-HRP was investigated at room temperature for 4 weeks. As seen in
Figure 4.14, free HRP showed a downward trend over time. After 4 weeks, the free
enzyme and PEDMT-HRP lost approximately 53% and 33% of their initial activity,
respectively. The free enzyme's stability is lower because it is easily affected by

environmental factors such as temperature and pH. Due to the protein structure, it can not
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adapt to environmental changes and may become denatured. However, immobilized
enzymes generally adapt to environmental conditions better than free enzymes due to
their stable conformational state and strong interactions with the carrier matrix (Noma et
al., 2020). The results showed that immobilization of HRP onto the PEDMT microbeads
increased the stability of the enzyme.
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Figure 4.14. Storage stability of free HRP and PEDMT-HRP
4.2.8. Reusability

Reusability is one of the most critical parameters that make immobilized enzymes more
advantageous over free enzymes (Vineh et al., 2020). Therefore, the reusability of the
PEDMT-HRP was investigated, and the results are shown in Figure 4.15. As can be seen
from the results, the immobilized enzyme retained approximately 55% of its initial
activity even after the 10th use. It proves that the PEDMT-HRP is suitable for reuse. A
decrease in activity may have occurred due to enzyme leakage or disruption of protein
conformation (Jankowska et al., 2021). While free enzymes are easily denatured and used
only once, immobilized enzymes can be separated from the reaction medium and used
many times. Reusability also reduces the cost of immobilized enzymes and prevents the
side effects (Ulu et al., 2018; Bayramoglu et al., 2012). As a result, the PEDMT-HRP is
effective in reusing many times, which shows that it has potential for application in

industry.
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4.3. Km and Vmax values

To investigate the effect of immobilization on enzyme activity, kinetic parameters of free
HRP and PEDMT-HRP were calculated through Lineweaver—Burk plot (Figure
4.16). Vmax (maximum velocity) is the maximum rate of an enzymatic reaction when it
is saturated by the substrate. Km (Michaelis constant) is the substrate concentration that
allows to reach half of the maximum velocity, and it shows how quickly an enzyme is
saturated by the substrate. Km values of free and immobilized enzymes were determined
as 3.66 mM and 0.76 mM, respectively. PEDMT-HRP’s Km value was 4.8 times higher
than free HRP, indicating that the HRP’s affinity for o-dianisidine remarkably increased
after immobilization. It can be said that the active site of PEDMT-HRP was efficiently
filled and bounded with the substrate. The Vmax value of free HRP (0.23 umol/min) was
4.6 times higher than that of PEDMT-HRP (0.05 pmol/min). Generally, the Kinetic
parameters displayed that the immobilization of HRP on PEDMT microbeads increased

its substrate affinity and enhanced the formation of enzyme-substrate complexes.
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Figure 4.16. Lineweaver—Burk plots for HRP and PEDMT-HRP
4.4. Decolorization of CR and RB5 solutions

HRP is an enzyme with a high biotechnological potential and can oxidize various
aromatic pollutants. For this reason, the use of immobilized enzymes in decolorization of
CR and RB5 was investigated and compared with the free enzyme. Since the maximum
absorbance of some dyes changes with pH, UV-spectra of CR and RB5 were prepared in
the wavelength of 200 nm to 800 nm. It was observed that CR has maximum absorbance
values between 487-560 nm, while RB5 has only one maximum absorbance value at 598

nm for all pHs.

4.4.1. Decolorization pH

Textile wastewater can have a broad range of pH values. Therefore it is vital to ensure
that obtained immobilized enzyme illustrates high activity under acidic, basic, and neutral
conditions (Jin et al., 2018). Figure 4.17 shows the impact of pH on the enzymatic
decolorization of CR and RB5 solutions. It was found that both free HRP and PEDMT -
HRP showed the best decolorization at pH 6.0 with CR and RB5. The highest
decolorization percentage for PEDMT-HRP was 89% (CR) and 84% (RB5), whereas for
free HRP, it was 48% (CR) and 43% (RB5). As demonstrated, in contrast with free HRP,
PEDMT-HRP can decolorize CR and RB5 more efficiently (by 41%) over a broader pH
range (from 6 to 8), providing an advantage for the use of PEDMT-HRP in the industry.
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Figure 4.17. Effect of pH on decolorization of (a) CR and (b) RB5 solutions
4.4.2. Decolorization dye concentration

Substrate concentration significantly affects the enzyme’s performance. The increase in
substrate concentration increases the reaction rate until it achieves its maximum. After
the active center is fullfilled with the substrate, further addition of substrate will no longer
affect the reaction rate (Mohan et al., 2005). Thus the effect of dye concentration on the
enzyme’s decolorization ability was investigated and the results were depicted in Figure
4.18. The free HRP and PEDMT-HRP could optimally remove the color of CR and RB5
at a concentration of 25 mg/L (PEDMT-HRP removed the color of CR at 25 mg/L and
50 mg/L with very close efficiency). It was observed that as the dye concentration
increased, the color removal decreased. As a result, 25 mg/L is the limiting dye

concentration value for optimal decolorization under established experimental conditions.
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Figure 4.18. Effect of dye concentration on decolorization of (a) CR and (b) RB5
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4.4.3. Decolorization microbead amount and enzyme concentration

Since enzymes have a finite lifetime, enzymatic decolorization reactions directly depend
on the amount of added enzyme (Mohan et al., 2005). Figure 4.19 represents the
dependence of decolorization on PEDMT-HRP’s amount and free HRP’s concentration,
respectively. The results showed that the increase of PEDMT-HRP’s amount from 10 to
50 mg and free HRP’s solution volume from 50 to 150 pL resulted in a tremendous
increase in the percentage of decolorization of CR (by 47% with PEDMT-HRP and 16%
with free HRP) and RB5 (by 39% with PEDMT-HRP and 19% with free HRP). However,
the further increase in free and immobilized enzyme amount did not significantly affect
the decolorization ratio. Therefore, 50 mg of PEDMT-HRP and 150 pL of free HRP are

assumed to be the optimum enzyme amount under experimental conditions.
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4.4.4. Decolorization H.0O, concentration

The H20O> concentration dramatically affects the efficiency of the HRP enzyme (Jin et al.,
2018). The dependence of CR and RB5 decolorization on H20; concentration is given in
Figure 4.20. The highest CR and RB5 decolorization ratios with free HRP (36% for both
dyes) and PEDMT-HRP (91% for CR, 81% for RB5) were obtained at 3% H20:
concentration, while 1% H»O> had the lowest efficiency. There was a rapid increase in
the decolorization ratios with an increase in H2O. concentration; however further increase

resulted in the decrease of decolorization ratio. A similar optimum H.O concentration
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(3%) was suggested by Kurtuldu et al. (2022), where HRP was adsorped onto UiO-66-
NH2 and used in Methylene Blue and MO decolorization. The immobilized enzyme
effectively decolorized both dyes over a broader H;O> concentration range,
demonstrating that PEDMT-HRP has greater tolerance to H>O> than free HRP.
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Figure 4.20. Effect of H>O, concentration on decolorization of (a) CR and (b) RB5
solutions

4.4.5. Decolorization time

Determining the optimum contact time helps to achieve the best decolorization efficiency
within the shortest period and, thus, reduces process consumption and cost. Figure 4.21
depicts the effect of contact time on CR and RB5 decolorization. According to the results,
in the case of the free enzyme, the maximum decolorization was achieved after 120
minutes of reaction (31% for CR and 34% for RB5). The PEDMT-HRP, on the other
hand, showed efficient color removal in 60 min but achieved its maximum efficiency after
120 min of incubation (83% for CR and 82% for RB5). The decolorization performance
of both enzymes did not significantly change with an additional increase in time which
might be due to the decrease in dye concentration. The same optimum reaction time (120
min) was reported by Karim et al. (2012), who cross-linked HRP onto the B-CD-chitosan
complex and used it in the decolorization of dye mix (Cypress Green and Sultan Red).
Farias et al. (2017) immobilized HRP into calcium alginate gel beads through

encapsulation and applied in dye decolorization. They found that the optimum contact
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time for Reactive Blue 221 and Reactive Blue 198 were 180 min and 240 min,
respectively.
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Figure 4.21. Effect of contact time on decolorization of (a) CR and (b) RB5 solutions

4.4.6. Reusability of PEDMT-HRP for decolorization

Reusability is an essential parameter of an immobilized enzyme, reducing the cost in
applications (Jin et al., 2018). The reusability of PEDMT-HRP was evaluated in
decolorization, and the results are presented in Figure 4.22. The immobilized enzyme
saved 89% and 27% of its efficiency after three subsequent reactions with CR and RB5
solutions, respectively. PEDMT-HRP was reusable up to 10 and 5 cycles with CR and
RB5 solutions, retaining 44% and 17% of initial efficiency, respectively. Gholami-
Borujeni et al., 2011 encapsulated HRP into calcium alginate gel beads and tested its
reusability with Acid Orange 7 and Acid Blue 25 dyes. The authors reported that the
synthesized material could be reused for ten cycles with 10% remaining efficiency.
Yapaoz and Attar (2020) published that HRP entrapped and cross-linked onto Na-alginate
saved 74% of initial efficiency after ten reuse with Acid Yellow 11. The results proved
that PEDMT-HRP displayed fairly good reusability compared to the literature, and it is a
successful biocatalyst with reliable operational stability. The decrease in the

decolorization ratio in the following cycles is probably due to the dye adsorption onto
PEDMT-HRP, which could block the enzyme’s active site.
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4.4.7. HPLC studies

HPLC study was carried out to monitor the simultaneous decolorization process of the

solution containing a mixture of CR and RB5 dyes. The maximum wavelengths of CR

and RB5 were found and detected at 598 and 505 nm, respectively. Figure 4.23 shows the
decolorization results of CR and RB5 by PEDMT-HRP at 50 mg/L dye concentration,
400 uL H202, 30 min contact time, 45 °C temperature, 15 mg for PEDMT-HRP and 400
uL for free HRP. It is worth noting that PEDMT-HRP achieved the almost complete
decolorization of CR (98%) and half decolorization of RB5 (48%). In contrast, free HRP
exhibited only 21% (CR) and 1% (RB5) of decolorization.
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Figure 4.24 demonstrates the results of the study where CR and RB5 were decolorized at
the same time in the same solution. The results revealed that PEDMT-HRP could
simultaneously decolorize both dyes efficiently. A maximum decolorization ratio of 94%
and 29%, respectively, with CR and RB5 was obtained by PEDMT-HRP, while free
enzyme displayed only 4.5% of decolorization.

10071 = RB5
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40

Decolorization (%0)

20+

0L

Free HRP PEDMT-HRP

Figure 4.24. Simultaneous decolorization ratios of CR and RB5 under optimum
conditions
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5. CONCLUSION

This thesis investigated the potential of immobilizing HRP enzyme on polymeric

microbeads and its use in dye decolorization. HRP was immobilized onto PEDMT

microbeads by adsorption method. The efficiencies of free and immobilized HRP enzyme

were compared by investigating the parameters affecting the immobilization. Then, the

effectiveness of immobilized HRP in decolorization of CR and RB5 dyes was examined.

The findings of the study are as follows:

The PEDMT microbeads were synthesized through suspension polymerization by
cross-linking MATrp monomers with EGDMA. After that, microbeads were
characterized via FTIR, SEM-EDX and BET analysis.

SEM images of PEDMT exhibited that microbeads have a highly porous and
spherical structure with a diameter of approximately 150 pm.

SEM-EDX analysis demonstrated that PEDMT contains carbon C, nitrogen N,
and oxygen O elements. The PEDMT-HRP contains carbon C, nitrogen N, and
oxygen O elements, but it included S and had a higher amount of N atoms.

BET analysis demonstrated that microbeads have a pore volume of 1.94 cm® g,
a pore size of 9.99-55.3 A°, and a surface area of 1103 m? g*. Nitrogen
adsorption/desorption isotherms and pore diameter distribution graphs were built.
Immobilization parameters such as immobilization yield, activity yield, and
immobilization efficiency were determined and had a value of 84.86 + 2.06%,
73.78 £ 5.91%, and 86.95 + 6.92%, respectively.

The optimum pH of the free HRP and PEDMT-HRP was found as pH 6.0.

The optimum temperature of free HRP was assessed as 45 °C, and PEDMT-
HRP’s as 50 °C.

The optimum H20; concentration for free HRP and PEDMT-HRP was 3% H:0..
The thermal stability of enzymes was estimated. After 3 h at 50 °C, free HRP
saved 28%, and PEDMT-HRP saved 50% of its activity.

The effect of metal ions on enzyme activity was determined. Ag*, Cu?*, and Fe®*
increased the activity of free HRP by 16%, 30%, and 45%, and PEDMT-HRP by

62%, 65%, and 93%, respectively. In the presence of other metal ions (Ca?*, Co?",
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Mg?*, Ni?*, Sc3*, Zn?*, and Pb?"), free HRP lost some of its activity, but PEDMT-
HRP had an increased activity.

The effect of Ca?* and Fe3* concentration on enzyme activity was determined. At
30 mM Ca?* concentration, free HRP lost half of its activity, while PEDMT-HRP
gained 80% of activity. 30 mM of Fe*" increased the free enzyme’s activity by 2.5
times, but the immobilized enzyme’s activity by 7.5 times.

Effect of organic solvents on enzyme activity was investigated. The enzymes were
not inhibited only by two solvents: DMSO and ethanol. Other solvents
(dichloromethane, toluene, diethyl ether, chloroform and benzene) decreased the
activity of both free HRP and PEDMT-HRP.

The storage stability of free HRP and PEDMT-HRP was investigated at room
temperature. After 4 weeks, free HRP and PEDMT-HRP saved approximately
47% and 67% of their initial activity, respectively.

The reusability of PEDMT-HRP was also tested. Reusing the PEDMT-HRP for
10 cycles was possible and it saved 55% of its initial activity.

Km values of free and immobilized enzyme were detected as 3.66 mM and 0.76
mM, while Vmax values were 0.23 and 0,05 pmol/min, respectively.

The use of PEDMT-HRP in the decolorization of CR and RB5 solutions was
examined and compared with free HRP.

The effect of pH on decolorization was studied. It was found that both free HRP
and PEDMT-HRP showed the best decolorization at pH 6.0 with CR and RB5.
The effect of dye concentration on the enzyme’s decolorization ability was
analyzed. The optimum dye concentration for free HRP and PEDMT-HRP for
decolorization of CR and RB5 was 25 mg/L.

The influence of the enzyme amount on dye decolorization was determined. 50
mg of PEDMT-HRP and 150 uL free HRP were the optimum enzyme amounts
for decolorizing both dyes.

The dependence of decolorization ratio to H>O2 concentration was investigated.
The highest CR and RB5 decolorization ratios with free HRP and PEDMT-HRP

were obtained at 3% H2O- concentration.
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The effect of contact time on the decolorization ratio was investigated. According
to the results, maximum CR and RB5 decolorization ratio by free HRP and
PEDMT-HRP was achieved for 2 h.

The reusability of PEDMT-HRP in decolorization reactions was evaluated.
PEDMT-HRP preserved 44% of activity after 10 cycles with CR and 17% after 5
cycles with RB5.

Decolorization of CR and RB5 solutions were followed with an HPLC analysis.
PEDMT-HRP achieved the almost complete decolorization for CR (98%) and half
decolorization for RB5 (48%), while free HRP exhibited 21% (CR) and 1% (RB5)
decolorization. Also, CR and RB5 were decolorized simultaneously in the same
solution. The results revealed that PEDMT-HRP could simultaneously decolorize
both dyes with 94% (CR) and 29% (RB) efficiency. The free enzyme showed
4.5% decolorization ratio.

The results obtained in this study proved that PEDMT is a resistant and durable
support for the immobilization of enzymes. HRP was successfully immobilized
onto PEDMT and stability and activity of PEDMT-HRP were higher than the free
enzyme. Moreover, experiments showed that PEDMT-HRP has a high application

potential in decolorizing azo dyes.
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