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In this study, the decolorization of Bezaktiv Navy S-BL, a reactive bifunctional azo dye used
for textile dyeing, was investigated by using Cerrena unicolor BRFM 3379 laccase. The
fungus was grown on locally available birch bark by semi-solid-state fermentation, and the
crude enzyme was recovered and concentrated by ultrafiltration. Plate screening confirmed
a strong ligninolytic profile dominated by laccase. In copper-supplemented cultures, laccase
activity reached about 12,000 U/L by day 17, and ultrafiltration raised it to 15,016 U/L (38.2
U/mg). Laccase was not able to decolorize the dye on its own, therefore the need for a redox
mediator was required. In screening, HBT removed about 90 % of the color within 24 h,
clearly outperforming vanillin, and was selected for optimization. The decolorization was
subsequently optimized by response surface methodology (RSM) with a three-factor central
composite design (CCD). The quadratic model was significant (R* = 0.913), with HBT
concentration, the laccase-HBT interaction, and the quadratic HBT term as significant terms.
A maximum decolorization of 96.1 % was reached at 1000 U/L laccase, 50 mg/L dye, and 1
mM HBT. A more economical condition (500 U/L laccase, 100 mg/L dye, 0.50 mM HBT)
was used for scale-up to flask cultures, where decolorization reached 81 % at 24 h and 91.4
% at 72 h. A stability test showed that HBT caused no additional loss of laccase activity, the
decline being due to pH and thermal instability. ATR-FTIR indicated the breakage of the
azo bond, shown by the loss of the band near 1489 cm™ and the appearance of a carbonyl
band near 1697 cm™, consistent with quinone-type transformation products rather than
complete mineralization. A Lactuca sativa germination assay showed increased
phytotoxicity: the germination index fell from 78.7% for the untreated dye to 0% for the
treated sample. Overall, the laccase-mediator system decolorized Bezaktiv Navy effectively,
but the higher toxicity of the treated solution shows that color removal alone is not a
sufficient measure of detoxification.
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1 Introduction

The growth of industrial activities has greatly contributed to the pollution of the
environment, especially industrial wastewater. The textile industry causes significant water
pollution, owing to the widespread use of synthetic dyes and auxiliary chemicals in the
dyeing process. Over 100,000 dyes are commercially available, and around 800,000 tons of
dye are produced worldwide annually (Singh, 2017; Jamee and Siddique, 2019). Even
though effluent treatment is performed, it has been estimated that around 90% of these textile
dyes are released into rivers without undergoing any chemical change (Jamee and Siddique,
2019). Besides, it is estimated that around 280,000 tons of dyes are discharged into the
environment each year (Akansha et al., 2022). This means approximately 760 tons of dyes
are released into the environment globally each day (Herath ef al., 2024). Also, textile
processing is water-intensive. Thus, it requires approximately 100-200 liters of water per
kilogram of textile produced. It significantly contributes to the generation of a large amount
of contaminated wastewater (Herath ef al., 2024). The textile wastewater is usually highly
concentrated in dye, organic salts, and toxic metals such as Ni, Cu, Cd, and Pb that lead to
high chemical oxygen demand (COD) and biological oxygen demand (BOD), which
adversely affect aquatic ecosystems and human health (Malik, Grohmann and Akhtar, 2014;
Khan et al., 2023). The release of untreated dye-containing effluents into water bodies
decreases the light penetration into the water, suppressing photosynthesis and disturbing the

ecological balance.

The popularity of synthetic dyes in the textile production industry is due to their high
stability, strong color, and resistance to fading. According to their chromophore groups, the
three most common groups of dyes are azo, anthraquinone, and phthalocyanine dyes
(Axelsson et al., 2006). Among them, azo dyes constitute the largest class, accounting for
70% of total textile dyes used (Lang et al., 2013). Nitrogen-to-nitrogen double bonds (-N=N-
) attached to aromatic groups, either benzene or naphthalene, are the main characteristic of
azo dyes (Sulekova et al., 2017). Due to their stable chemical structure and resistance to
biodegradation, azo dyes are highly persistent in the environment (Khan ef al., 2023). Also,
anaerobic bacterial reduction of azo bonds form of aromatic amines, which can often be

more toxic than the parent dye (Robinson et al., 2001b).
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Dye-bearing effluent is conventionally treated by physico-chemical routes, such as
adsorption, coagulation-flocculation, membrane filtration, and advanced oxidation. Though
these methods can be employed to eliminate dyes in wastewater, they are generally costly,
dye removal is incomplete, energy-intensive, and a secondary stream of waste is produced
(Khan et al., 2023). As a result, eco-friendly and sustainable solutions are being considered
more for treating textile effluents. Biological approaches have therefore drawn interest for
the elimination of dyes (Khan et al., 2023).And, white-rot fungi stand out, their extracellular
enzyme systems evolved to break down lignin, and that same machinery attacks the
structurally related aromatic compounds found in dyes (Baldrian, 2006). Table 1.1
summarises the treatment methods for eliminating dye from textile effluents, together with

their primary advantages and disadvantages.

Table 1.1 Comparison of technologies for the elimination of dyes from wastewater, adapted

from (Robinson ef al., 2001a; Crini, 2006a)

Method Advantages Disadvantages

) ) Produces large volumes of sludge,
. ) Straightforward and economically ) ] ) )
Coagulation/flocculation ) with associated handling and disposal
feasible
problems

Slow; requires a favorable
Cheap to run and well accepted by
Biodegradation environment to be created, plus
the public ) )
nutrients and maintenance

Weak on disperse and vat dyes;

Adsorption on activated Large uptake capacity; produces a ) )
) costly regeneration with adsorbent
carbon well-clarified effluent
loss; does not destroy the dye
Removes every class of dye and Needs high pressures, is not cheap,

Membrane separation ) . )
yields a large quality effluent and cannot handle big volumes

Regenerates without sorbent ) ) )
Constrained by cost and ineffective

Ton exchange depletion; effective within its )
for dispersed dyes
range
Oxidation Fast and efficient Energy- and chemical-hungry
o Absence of sludge, minimal or ) ] ) ]
Advanced oxidation o o Financially impractical; generates by-
negligible chemical input, and ) .
processes products; technically challenging

efficacy against resistant dyes
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Economically advantageous,
Necessitate chemical alteration; non-
Selective bioadsorbents highly selective, and need no ) )
) invasive
regeneration

Minimal operational expenses

) coupled with high efficiency, Slow; performance varies with
Biomass .
excellent selectivity, and non- external factors

toxicity to organisms.

Laccase (EC 1.10.3.2) is a member of the family of polyphenol oxidase and is a type of
multicopper oxidase. It catalyzes the oxidation of large numbers of phenolic substrates
utilizing molecular oxygen as the electron acceptor, and water is the only byproduct (Claus,
2004; Baldrian, 2006). Furthermore, the oxidative ability of laccase can be boosted in the
presence of low molecular weight compounds called redox mediators like 2,2'-azinobis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 1-hydroxybenzotriazole (HBT). The
redox mediators function as electron shuttles, allowing the oxidation of substrates that are
not directly oxidizable by the laccase enzyme (Bourbonnais and Paice, 1990; Minussi,

Pastore and Duran, 2002).

Cerrena unicolor is reported to be an excellent producer of extracellular laccase under
optimized cultivation conditions (Songulashvili et al., 2015). This fungus is also under
intensive research because of its production of laccase in high concentrations and potential
use in biotechnological applications, such as the treatment of industrial effluents
(Songulashvili et al., 2015). Hence, C. unicolor was selected as a source of laccase for this

research to conduct dye-degradation experiments.

Consequently, this master's thesis proposes the use of laccase of C. umicolor for the
degradation of the textile dye Bezaktiv Navy S-BL. This is a reactive bifunctional azo dye
manufactured by the CHT group (Switzerland) and used mainly for dyeing cellulose fibers
and their blends in the textile dyeing industry. It was chosen as a representative industrial
textile pollutant rather than a model compound to investigate enzymatic dye degradation in

the current study.

The research focused on sustainable and eco-friendly biotechnological methods for the

treatment of textile dye-containing wastewater.

For achieving the goal of the study, the specific objectives are being pursued.



18

Qualitative enzyme screening in Petri plates of Cerrena unicolor

Production of laccase enzymes by C.unicolor in semi-solid state fermentation
conditions

Optimization of dye decolorization conditions by C. unicolor laccase

Characterization of the dye pre- and post-laccase treatment
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2 Literature review

The theoretical background for the present master's thesis will be discussed in this chapter.
It begins by introducing synthetic dyes and the position that reactive azo dyes occupy within
the wider dye landscape, then summarises the environmental concerns associated with their
use and the limitations of the conventional treatment options. The chapter introduces laccase,
a fungal multicopper oxidase that is recognized as an alternative sustainable solution for dye
wastewater treatment, and Cerrena unicolor as a particularly productive laccase source.
Finally, the chapter describes the fermentation strategies used to produce fungal laccase and

considers birch bark as a possible substrate for that purpose.

2.1 Reactive azo dyes: structure, properties, and environmental impact

2.1.1 General classification of synthetic dyes

Organic colorants, like synthetic dyes, owe their color to one or more unsaturated functional
groups called chromophores. These dyes contain chromophores that consume light in the
visible region (400-700nm) (Golob, Vinder and Simoni¢, 2005). The chromophore is usually
accompanied by auxochromes, electron-donating substituents (-OH, -NH», -NHR, -NR>, -
SOs3H, -COOH, -OCH3) that shift absorption to longer wavelengths, intensify color, and
improve water solubility and fiber affinity. This classical chromophore-auxochrome
description, originally formulated by Witt in 1876, is still the basis of the modern
classification (Witt, 1876).

When dyes are grouped by the nature of their chromophore, the major classes
commercialized today are azo (-N=N-), anthraquinone (two C=0 groups on each side of a
benzene ring), indigoid (two heterocyclic indole ring systems are joined by a central double
bond, heterocyclic nitrogen atoms, and carbonyl groups), triarylmethane (three conjugated
aromatic rings bonded to a central atom of carbon ), xanthene (based on a tricyclic di-benzo-

g-pyran ring system), phthalocyanine (a planar aromatic macrocycle consisting of four
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iminoisoindole units capable of hosting ions from more than 70 elements), nitro (—NO2), and
nitroso (—-N=0) (Hunger, 2003; Kobayashi and Fukuda, 2006). Of these, azo dyes constitute
over 60—70% of all commercial colorants, rendering them pivotal in discussions over dye
pollution (Hunger, 2003). Beyond their trade names, dyes carry a standardized Color Index
(C.L), linking each dye to a constitution number so it can be named unambiguously across
the literature. For example, Reactive Black 5 has the chemical name and number C.I.
Reactive Black 5 (C.1. 20505), and Methyl Orange has the designation C.I. Acid Orange 52
(C.I. 13025). The Color Index is the standard way to identify a dye unambiguously across
publications and is used throughout this chapter (Hunger, 2003). Table 2.1 lists the main dye
classes together with a representative dye and the corresponding C.I. designation. The
structure depicts the characteristic skeleton of each class, and the light-absorbing
chromophore within each (e.g., -N=N- for azo, the two C=0 for anthraquinone, the cross-
conjugated core for indigoid) is the color-determining unit. Adapted from (Zollinger, 2003a;

Hunger, 2007, The Society of Dyers and Colorists (SDC))

Table 2.1 Main dye classes along with a dye example and the corresponding C.I, Adapted
from (Hunger, 2003; Zollinger, 2003)

Representative dye
Dye class Chromophore (Common/trade C.I. name | C.I. number
name)
Reactive
Azo —N=N— Reactive Black 5 20505
Black 5
o
. FTL A‘J Remazol Brilliant Reactive
Anthraquinone v ~F 61200
3 Blue R Blue 19
9 |
S . | B——
Indigoid [\;L N Qj Indigo Blue VatBlue 1 | 73000
|
H e}
Triarylmeth Q Malachite G Basic Green 42000
riarylmethane alachite Green
Y OO 4




21

Basic
Xanthene Rhodamine B _ 45170
© Violet 10
)
e T X,
) VAR Remazol Turquoise Reactive
Phthalocyanine T 74160
= Blue G Blue 15
I ~ t\/
//D
. —N
Nitro o Naphthol Yellow S Yellow 1 10316
) —N—O Acid Green
Nitroso Naphthol Green B | 10020
o s N Basic Blue
Thiazine NZ Methylene Blue 9 52015

C.I: Color index

2.1.2 Azo dyes and their sub-classification

Azo dyes are defined by one or more azo linkages (—N=N-) serving as the chromophore,

typically bridging two aromatic ring systems, i.e., Ar—N=N-Ar" (Witt, 1876; Hunger, 2003).

In 1858, Griess discovered the diazotization reaction, the formation of diazonium salts from

aromatic amines, which became the foundation of the two-step synthesis later used to

produce azo dyes industrially (Griess, 1858). The first step, transformation of a primary

aromatic amine into an aryldiazonium salt by reaction with sodium nitrite in cold mineral

acid (diazotization), and then the second step, attack of an electron-rich aromatic coupling

component, usually a phenol or naphthol, or an aromatic amine, by the aryldiazonium salt

(azo coupling) (Hunger, 2003; Zollinger, 2003). The 2 steps are schematized below:

Step 1 (diazotization): Ar—NH: + NaNO: + 2HCl — Ar—Nz"Cl" + NaCl + 2H.0

Step 2 (azo coupling): Ar—N>"Cl™ + Ar'-H — Ar—N=N-Ar' + HCI
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Dyes within the azo class are categorized depending on the quantity of azo bonds. Alzain et
al and Benkhaya et al summarised this classification as follows: (a) monoazo dyes have a
single-N=N—group, (b) diazo dyes include two azo bonds, (c) triazo dyes incorporate three
azo bonds, and (d) polyazo dyes carry over three azo bonds schematically. Table 2.2 below

exhibits the class of azo dyes according to the quantity of azo bonds.

Table 2.2: Division of azo dyes according to the quantity of azo bonds, accompanied by
representative examples (Hunger, 2003; Benkhaya, M’rabet and El Harfi, 2020)

Representative
No. of  dye C.L C.L
Class Chemical structure
—N=N- (Common/trade name number
name)
iy
Acid H3C/ @\ ﬁ
Monoazo 1 Methyl Orange ~ Orange 13025 ":"‘QT’“

52

0
Nao,SOCH,CHZ—%ON=N SO,Na

: ¢

Reactive Q

Diazo 2 Reactive Black 5 20505 HN

(o)

Black 5 I
NaO,SOCH,CH,— ﬁ N=N S0,Na

0

Direct
Triazo 3 Direct Blue 71 34140 ~=~ N—~/©
Blue 71 0:?20 o:sl‘.:o
NaOsS
Direct NH O ri’NHsoaNa
Polyazo >3 Direct Black 38~ Black 30235 2 Q AN

38 @
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2.1.3 Reactive dyes

Reactive dyes adhere primarily to cotton and cellulose fibers through covalent bond
formation (Hunger, 2003). Most of the reactive dyes carry an azo chromophore (mostly
yellow, orange, red, navy, and black hues), although anthraquinone, formazan, and
phthalocyanine chromophores are also used for blues and turquoises (Hunger, 2003; Lewis,

2014).

2.1.4 Key properties of reactive azo dyes

Reactive azo dyes possess several important physicochemical, optical, and industrial
properties that make them extensively utilized in textile manufacturing and other sectors.
Most of the reactive azo dyes are anionic in aqueous solution because of the presence of
sulphonate groups (—SOsNa), which makes them highly water-soluble (Eren and Acar,
20006). Reactive azo dyes exhibit significant stability and are minimally biodegradable owing
to their chemical composition (Du et al., 2014). Also, the electronic interactions of the
chromophore-auxochrome groups allow the precise modulation of the intensity of color and
dispersion (Carrascal-Herndndez et al., 2025). Some reactive azo dye derivatives exhibit
pH-dependent color transitions, which can act as a pH indicator, such as Methyl Orange and
Methyl Red, due to protonation, causing resonance changes in the chromophore system

(Sabnis, 2007; Khushi Siri et al., 2025).

2.1.5 Dyes in industrial wastewater

Synthetic colorants are used across textiles, leather, food, cosmetics, paper, and
pharmaceuticals (Sudarshan et al., 2023). Global production of synthetic dyes runs to
roughly 8 x 10° tonnes each year, of which the azo class is by far the largest, making up
around 60-70 % of all commercial colorants (Berradi et al., 2019; Jamee and Siddique,
2019). Textile dyeing is also quite water-intensive: coloring one kilogram of fiber in typical
aqueous dyeing requires approximately 100-180 liters of water (Hussain and Wahab, 2018).
A substantial part of the applied colorant never binds to the fiber; for azo dyes, an estimated

15-50 % is lost to the effluent as a result of inefficient dyeing processes (Al-Tohamy et al.,
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2022). Once this effluent, whether only partly treated or not treated at all, reaches the

environment, it becomes a pollution concern on a global scale (Berradi ef al., 2019).

Textile effluent is chemically complex because it combines residual dyes with the auxiliary
chemicals, salts, and processing aids used during pretreatment, dyeing, and finishing (Al-
Tohamy et al., 2022). Its pollution load is therefore monitored through a set of standard
parameters before discharge: such effluent is intensely coloured and chemically
heterogeneous: pH swings widely while BOD, COD, TOC, and suspended-solids loads run
high (Al-Tohamy et al., 2022), raised temperature, salinity, dissolved solids, and heavy-

metal traces add to the treatment burden.(Berradi et al., 2019).

2.1.6 Environmental and health impact of reactive azo dyes

Studies have indicated that reactive azo dyes are accumulated in alarming levels because of
their complex aromatic structures and sulfonated substituents in the environment, with toxic,
mutagenic, and carcinogenic effects (Haag and Yao, 1992; Rawat, Mishra and Sharma,
2016). Synthetic reactive azo dyes may cause genetic mutations, inflammation of the skin,
hypersensitivity reactions, and skin irritations, which might lead to additional severe health
conditions (Goswami ef al., 2024). Conventional treatment trains struggle to fully strip the
color or the dye load from effluents that carry reactive azo dyes. The primary environmental
hazard of untreated azo dyes is the creation of degradation products, namely, aromatic
amines, resulting from the dissociation of the central azo bonds (Alzain et al., 2023). Their
reach is not limited to aquatic systems. Once these dyes reach the soil, they can suppress the
microbial populations that drive nutrient turnover, and a disturbed soil community of this
kind may, in turn, lower agricultural yields (Sarah Hassan QasimDuaa Rahman Ibrahim,

2025).

The release of any of the listed carcinogenic aromatic amines from the use of reactive azo
dyes is strictly regulated. In the European Union, the relevant legal instrument is no longer
the 2002 Directive but Regulation (EC) No 1907/2006 (REACH), Annex XVII, Entry 43,
which prohibits the marketing of reactive azo dyes that can release any of 22 listed aromatic
amines above 30 mg/kg in textile and leather articles in prolonged contact with skin or the
oral cavity (Pisanello, 2014). Similar restrictions exist in Japan, where the 2016 amendment

of the Act on Control of Household Products Containing Harmful Substances (Act No. 112
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of 1973) classifies 24 aromatic amines originating from reactive azo colorants as harmful

substances at the same 30 mg/kg threshold (Intertek, 2015).

2.1.7 Conventional treatment of reactive azo dye effluent

A number of different physicochemical as well as biological methods have been researched
in the remediation of reactive azo dye effluents. They have all been found to be insufficiently
suitable as a standalone process (Shah, 2018) , and each has its own merits and major
demerits. Among the most common physical processes employed for the elimination of dye-
contaminated effluents, adsorption on activated carbon exhibits high removal efficiency,
ease of operation, and versatility with regard to dye structure (Khan et al., 2024). Its major
drawback, however, is that it does not destroy the dye molecule: adsorption simply transfers
the contaminant in the aqueous phase to the solid phase, generating a secondary waste stream
that must be disposed of or the contaminant recovered by regeneration of the saturated
adsorbent (Aragaw and Bogale, 2023; Khan et al., 2024). Besides, the regeneration of high-

grade activated carbon is also costly, limiting its large-scale industrial use (Crini, 2006b).

The membrane filtration technologies have high dye retention due to size exclusion and
electrostatic repulsion, but are impacted by progressive membrane fouling, resulting in
frequent maintenance, reduced membrane service life, and significantly higher operating

costs (Aragaw and Bogale, 2023; Carrascal-Hernandez et al., 2025)

Coagulation-flocculation is operationally not very complex and relatively rapid when using
inorganic coagulants (alum or ferric chloride) for disperse and vat dyes, but is largely
ineffective on the sulfonated, water-soluble reactive azo dyes; often, they generate large

volumes of sludge laden with metal (Aragaw and Bogale, 2023; Lucas et al.,2025).

Furthermore, Advanced oxidation processes (AOPs) release hydroxyl radicals (¢OH) that
attack the azo bond and aromatic rings. Also, decolorization efficiencies of 80-95 % are
obtained for textile azo dyes and can be reached within minutes for Fenton and photo-Fenton
systems (Konstantinou and Albanis, 2004; Tehrani-Bagha and Mahmoodi). However, AOPs
consume significant energy, use chemicals that are often expensive and toxic, cannot operate
without strict pH control, and sludge disposal is difficult (Sarkar et al., 2017). Besides, in

AOPs, incomplete mineralization might result in the formation of harmful aromatic
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intermediates, which constitute a significant drawback to the toxicological characteristics of

azo dye degradation products (Konstantinou and Albanis, 2004).

Conventional biological treatment of municipal and industrial wastewater is based on
aerobic activated sludge. This is poorly suited to reactive azo dyes, with removal rarely
exceeding 30 % and most of that occurring by sorption rather than degradation (Stolz, 2001;
Dos Santos, Cervantes and Van Lier, 2007). Anaerobic processes (upflow anaerobic sludge
blanket reactors, anaerobic digesters) achieve rapid decolorization by the breakage of the
azo link; however, the aromatic amines produced are more hazardous than the dye itself and
persist in anaerobic conditions (Stolz, 2001; Van der Zee and Villaverde, 2005; Dos Santos,
Cervantes and Van Lier, 2007). Because of that reason, the biological treatment technique
would require a combination of an anaerobic treatment for the bond cleavage and an aerobic
treatment for the mineralization of the aromatic amines, which entails an exponential
increase in treatment complexity, hydraulic retention time, and cost (Aragaw and Bogale,

2023b)

2.2 Laccase as an enzymatic route for azo dye degradation

Laccases have been the subject of considerable study as a route for treating dye-bearing
wastewater. Table 2.3 summarizes a selection of previous studies that have applied laccase,

alone or with a mediator, to the decolorization of azo dyes.

Table 2.3 Summary of the previous studies using laccase as an enzymatic route for azo dye
degradation.

Laccase source Dye (class) Mediator and Main outcome Reference
conditions
Trametes pubescens | Reactive Black 5 HBT; decolorization Maximum (Roriz et
(crude laccase) (diazo) optimized by central decolorization of al.,2009)
composite design approximately
60% achieved.
Trametes trogii Acid Orange 51 HBT; four-factor Box— | A maximum of (Daassi et
(crude laccase) (azo) Behnken optimization about 88% al.,2013)
achieved
Coriolopsis gallica Sirius Red and HBT; four-factor Box— | About 99% (Benali et
(laccase-like cell- Sirius Blue (poly- Behnken optimization decolorization al., 2024)
free supernatant) azo) achieved.
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Pleurotus sajor-caju | Reactive Black 5 HBT; four-factor Box— | Highest 84.4% (Murugesan
(purified laccase) (diazo) Behnken optimization decolorization was | et al., 2007)
achieved.

2.2.1 Fungal laccase and structure

Laccases (EC 1.10.3.2) are attractive for dye wastewater treatment because of their broad
substrate range, their reliance on molecular oxygen alone as the co-substrate, and their
occurrence across many organisms, fungi, bacteria, plants, and insects, among them
(Brugnari et al., 2021; Rajendran, Kalairaj and Senthilvelan, 2025). Laccases are usually
monomeric, but they can be dimeric or tetrameric glycoproteins belonging to the cupredoxin
group of multicopper oxidases (Arregui ef al., 2019). In fungi specifically, laccase typically
has a molecular mass of 60-70 kDa, a glycan content of 10-25% of the total mass, and an

isoelectric point near pH 4.0 (Arregui et al., 2019).

Four copper atoms make up the enzyme’s active center, sorted by their spectroscopic
signatures into three categories: a single Type 1 (T1) Cu, a single Type 2 (T2) Cu, and a pair
of Type 3 (T3) Cu. The T2 atom and the two T3 atoms are arranged together as a trinuclear
cluster (TNC) (Arregui et al., 2019). T1 copper serves as the site for substrate
oxidation(Arregui et al., 2019). Over one complete turnover, the T1 site performs four
sequential single-electron oxidations of substrate molecules; the four electrons collected this
way pass to the T2/T3 cluster, where they reduce one molecule of oxygen to two molecules

of water and close the redox cycle (Arregui ef al., 2019), as presented in Figure 1.
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Laccase
T2
5 T1®

Oxidation X Reduction

Trinuclear cluster

Substrate

0, + 4H™ +4e”

[ Reduction ]

Figure 1: The whole catalytic process of laccase with the copper sites, adapted from

(Younus et al., 2025) licensed under CC by 4.0 https://doi.org/10.3390/catal15100921

2.2.2 Laccase mediator systems

How efficiently a given compound is oxidized depends on the redox potential gap (AEO)
between the substrate and the T1 copper center (Frasconi et al., 2010; Yang et al., 2017a).
A number of compounds either lie at redox potentials above that of the enzyme or are simply
too bulky to enter its active site(Cafias and Camarero, 2010; Yang ef al., 2017b). Even so,
these compounds can be oxidised if low-molecular-weight redox mediators are added; such
molecules shuttle electrons between substrate and enzyme and thereby broaden the range of
targets laccase can act upon (Bourbonnais and Paice, 1990; Canas and Camarero, 2010)

(Figure 2).
HZO Laccase - Mediator Substrate
02 Laccase
(red) Medlator Substrate

Figure 2: Catalytic mechanism of laccase utilizing mediators. Adapted from (Riva, 2006)

(red)

The redox mediators can be categorized into synthetic and natural. Synthetic mediators

include ABTS, HBT, and TEMPO (Bourbonnais and Paice, 1990; Call and Miicke, 1997).
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Phenolic compounds derived from lignin are predominantly natural mediators, including
acetosyringone,acetovanillone, and p-coumaric acid, which are typically cheaper, more
biodegradable, and less toxic than the synthetic mediators (Martinez, 2005; Yang et al.,
2017a; Rodriguez-Couto, 2018). In Tables 2.4 and 2.5, some mediators, along with their

chemical structures, are presented.

Table 2.4 Synthetic redox mediators with their chemical structure, adapted from (Rodriguez-

Couto, 2018)

Synthetic redox mediator Chemical structure

HaC—

N
0,8 s N=( :@\
ABTS NH4+\©:N>:N S S0,
\CH,§ NH*
N\
‘,N
HBT

N

OH
TEMPO HsC™ "N” “CHs

O.

Table 2.5 Natural redox mediators with their chemical structure,adapted from (Rodriguez-

Couto, 2018)

Natural redox mediator Chemical structure
Acetosyringone o
H
3CO CHs
HO
OCHjs
Acetovanillone 0 CHj3
OCH;

OH
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p-coumaric acid o]

HO

2.3 Cerrena unicolor as a Promising Fungal Source of Laccase
2.3.1 Taxonomy, ecology, and morphology

Cerrena unicolor is a white-rot basidiomycete of the family Cerrenaceae (order Polyporales,
class Agaricomycetes). The species was first described by the French botanist Jean Baptiste
Bulliard in his Herbier de la France as Boletus unicolor, published in 1789, and was
transferred to the genus Cerrena by Murrill in 1903 (Bulliard, 1789; Murrill, 1903; Miettinen
et al.,2023). It has a wide distribution in Europe, Asia, and North America, and a wide host
range of hardwoods such as Betula spp., Fagus spp., and Acer spp. It initially acts as a
parasite on living trees and subsequently becomes saprobic on dead wood. (Pawlik et al.,
2019; Miettinen et al., 2023). It produces semicircular, bracket-like fruit bodies with a
characteristic maze-like (daedaloid) pore surface (Figure 2), and shows the highest catabolic
activity when cultivated on lignocellulose-rich substrates such as birch or ash sawdust

(Pawlik et al., 2019).
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Figure 3: The fruiting bodies of Cerrena unicolor growing on hardwood, photo adopted
from Copyright © Michael Wood http://www.mykoweb.com/

2.3.2 Cerrena unicolor as a producer of laccase isoenzymes

C. unicolor is known as a prolific generator of multiple extracellular laccase isoenzymes
(Michniewicz et al., 2006; Pawlik et al., 2021). In these isoforms, biochemistry, induction
pattern, and the exact number vary between strains, making a strain-by-strain comparison
necessary. Michniewicz et al. characterized two isoforms (Lacc I and Lacc II) from C.
unicolor strain 137 (obtained from Maria Curie-Sklodowska University, Poland) with
molecular masses of 64 and 57 kDa, respectively. Also, they have isoelectric points of 3.6
and 3.7, respectively. 50uM Cu?* was supplemented in a Kirk medium, the laccase activity
was up to 4000 U/L, whereas laccase activity was negligible without copper addition.
Interestingly, in a tomato juice medium, the activity was up to 19000 U/L (Michniewicz et
al., 2006), indicating that the juice medium contained copper and other laccase-stimulating

compounds.
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Copper is among the most potent and frequently reported catalysts of laccase production in
C. unicolor. In this regard, Kachlishvili et al. showed that supplementing the medium of
shaken cultures of C. unicolor CBS 117347 with 1 mM CuSOs raised laccase activity from
87.6 U/mL to 127.4 U/mL when copper was added at inoculation time and higher than 200
U/mL when added on the 3™ cultivation day (Kachlishvili, Metreveli and Elisashvili, 2014).
Importantly, they also reported that a distinctive feature of C. unicolor CBS 117347 was that
it produced large quantities of laccase under both elevated carbon and excessive nitrogen

environments (Kachlishvili, Metreveli and Elisashvili, 2014).

The production of fungal laccase in the laboratory relies on two cultivation modes, which
are commonly distinguished by the water status of the system (Pandey, Soccol and Mitchell,

2000; Holker, Hofer and Lenz, 2004). The two modes are summarised in Table 2.6.

Table 2.6 Fermentation modes used in fungal laccase production. Adapted from (Pandey, Soccol

and Mitchell, 2000; Holker, Hofer and Lenz, 2004)

Where the fungus Where the enzyme is
Mode Water status
grows found
Dispersed in the liquid as
Submerged pellets or filamentous Secreted into the liquid,;
fermentation Continuous liquid phase = mycelium. Also, it can recovered by filtration or
(SmF) grow immobilized in centrifugation
solid supports.
Solid-state Moisture fully absorbed o _ Adsorbed onto the
) ) On and within the solid
fermentation by the solid support; no support; recovered by
substrate. ) )
(SSF) free water extraction with buffer

2.3.3 Semi-solid-state fermentation (SSSF)

In the SSF, microorganisms grow on a solid support without any free water (Pandey, 1992).
There are 2 types of solid support that could be utilized in SSF. Natural (non-inert) supports
serve as both an anchoring and a nutrient source for the microorganism, due to which they
are called support-substrates, whereas inert supports only serve as an anchorage place for
the microorganism. SSF has some advantages over SmF, like high production values, low

energy demand, simplified aeration, diminished wastewater production, and decreased
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bacterial contamination. Semi-solid-state fermentation (SSSF) is a variant of solid-state
fermentation (SSF), which has more volumes of free liquid to help the fermentation process

(Rodriguez-Couto et al., 2002; Economou et al., 2010).

2.4 Potential substrate for laccase production

The silver birch is one of the key species for the wood industry, and in Finland alone, 1.44
million m? of bark is generated yearly, which can be used for burning in electricity generation
(Yadav ef al., 2024). This is equivalent to 363 million m?, which is 16% of the forestland of
the country. It is mostly generated as a waste from timber production, and is particularly

abundant in the South Savo region (Dorta de Oliveira, 2025).

The bark is generally burnt, but it contains valuable compounds, including lignin,
hemicellulose, and cellulose (Ek, Gellerstedt and Henriksson, 2009). C. unicolor is regularly
found on dead wood of deciduous hardwood trees, especially birch, ash, maple, beech, oak,
and horse chestnut (Pawlik ef al., 2019). Birch bark is therefore a good candidate combining
low cost, local availability in Finland, a lignocellulosic composition that resembles the
fungus's natural habitat, and lignin-derived compounds that support the biological induction

of the enzyme.

3 Methodology

This chapter outlines the materials, reagents, equipment, and experimental procedures that
led to the achievement of the results of the present study. The laboratory work was conducted
at the Department of Separation Science, LUT University, Mikkeli campus (Finland),
between December 2025 and May 2026.
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A summary of the most relevant compounds, together with their CAS numbers, formulae,

suppliers, and country of origin, is given in Table 3.1, while in Table 3.2 the laboratory

equipment employed throughout the experimental work is shown.

Table 3.1 Chemicals utilized in the laboratory experiment.

Chemical CAS Formula/grade Supplier Origin
No.
Bezaktiv Navy reactive dye - Commercial CHT Group, | Austria
industrial textile dye | Switzerland
Congo Red 573-58- | Cs2H22NeNa206S2 (> | Sigma- India
0 35 %) Aldrich
Azure B 531-55- | CisHisCIN:S (> 90.0 | Fluka Switzerland
5 %)
ABTS 30931- CisH1sN4O6Ss (> Bio-Rad China
67-0 98.0 %)
1-Hydroxybenzotriazole (HBT) 2592- CsHsN5O (= 97.0 %) | Sigma- Germany
95-2 Aldrich
Kraft lignin 8068- >97.0% Sigma- USA
05-1 Aldrich
Vanillin 121-33- | CsHsOs3 (> 99.0 %) Sigma- USA
5 Aldrich
Malt extract agar (MEA) 8002- Food grade Sigma- Germany
48-0 Aldrich
Yeast extract 8013- Food grade Scharlau Spain
01-2
D-Glucose 50-99-7 | CeH1206 (> 99.0 %) | VWR Belgium
Thiamine hydrochloride 67-03-8 | CizH1sCLN4OS (> Sigma- Germany
99 %) Aldrich
Chloramphenicol 56-75-7 | CuHi2CLN2Os (= Thermo China
98.0 %) Scientific
Ammonium sulphate 7783- (NH4)2S04 (= 99.0 Sigma- USA
20-2 %) Aldrich
Magnesium sulphate heptahydrate | 10034- | MgSO.-7H20 Sigma- Germany
99-8 (ACS) Aldrich
Tris(hydroxymethyl)aminomethane | 1185- H>NC(CH20OH)s Sigma- Spain
53-1 (ACS) Aldrich
Glycine 56-40-6 | C:HsNO:z (>99.0 %) | Sigma- USA
Aldrich
Potassium dihydrogen phosphate 7778- KH2POs4 (> 99.0 %) | Sigma- India
77-0 Aldrich
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Disodium hydrogen phosphate 7558- Na2HPOa4 (= 99.0 Sigma- USA
79-4 %) Aldrich
Succinic acid 110-15- | C4aHsO4 (= 99.0 %) | Sigma- China
6 Aldrich
Citric acid (anhydrous) 77-92-9 | CeHsO7 (= 99.6 %) | Sigma- Germany
Aldrich
Sodium tartrate dihydrate 6106- Na2CsH4Os'2H20 Sigma- Germany
24-7 (ACS) Aldrich
Acetic acid (glacial) 64-19-7 | CHsCOOH (= 99.8 | Sigma- Germany
%) Aldrich
Sulphuric acid 7664- H.SO4 (ACS) Sigma- Germany
93-9 Aldrich
Phosphoric acid (85 %) 7664- HsPO4 (ACS) Sigma- Germany
38-2 Aldrich
Hydrogen peroxide (30 %) 7722- H-0: (ACS) Sigma- Germany
84-1 Aldrich
Copper(1l) sulphate pentahydrate 7758- CuSO0s4-5H20 (ACS) | Merck Germany
99-8
Calcium chloride dihydrate 10035- | CaCl>-2H20 (ACS) | Sigma- Germany
04-8 Aldrich
Potassium chloride 7447- KCI (=99 %) Sigma- Germany
40-7 Aldrich
Sodium sulphate (anhydrous) 7757- Na:S04 (=99 %) Sigma- Germany
82-6 Aldrich
Methanol 67-56-1 | CHsOH (> 99.9 %) | Sigma- France
Aldrich
Ethanol (95 %) 64-17-5 | C:HsOH (ACS) Sigma- Finland
Aldrich
Ethyl acetate 141-78- | C4HsO2 (> 99.5 %) | Sigma- Germany
6 Aldrich
Glycerol 56-81-5 | CsHsO0s (>99.0 %) | Sigma- Germany
Aldrich
Carboxymethylcellulose 9004- MW = 250,000 Sigma- USA
32-4 (ACS) Aldrich
Bovine serum albumin (BSA) 9048- Lyophilised, > 96 % | Sigma- USA
46-8 Aldrich
Coomassie Blue G-250 6104- C47H4sN3NaO-S2 Thermo China
58-1 (ACS) Scientific
Coomassie Blue R-250 6104- CasHaaN3NaO-S: Bio-Rad UK
59-2 (ACS)
30 % Acrylamide/Bis (37.5:1) 79-06-1 | - Bio-Rad USA
/ 110-
26-9
TEMED 110-18- | CsHisN2 (ACS) Bio-Rad USA
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Ammonium persulfate 7727- (NH4)2S20s (ACS) Bio-Rad Japan
54-0
Sodium dodecyl sulphate (SDS) 151-21- | NaCi2H25S04 Bio-Rad Japan
3 (electrophoresis
grade)
-Mercaptoethanol 60-24-2 | C:HsOS (= 99.0 %) | Sigma- Germany
Aldrich
Bromophenol Blue 115-39- | CisH10BrsOsS Sigma- India
9 (ACS) Aldrich
PageRuler™ Plus protein ladder - - Thermo USA
Scientific

Table 3.2 Main laboratory equipment used in the laboratory experiment

Equipment Brand Model

Vertical electrophoresis system Bio-Rad Z[;Ei-PROTEAN fetra
Laminar flow cabinet Nordic Labtech N safe pro one
UV-Vis spectrophotometer Shimadzu UV-1900i

Static incubator Memmert IF750plus
Analytical balance Sartorius BP 2218

pH meter VWR pH 1100 L
Thermomixer Eppendorf ThermoMixer C
Stirred ultrafiltration cell (Amicon™) Merck Millipore UFSC40001
Field-emission scanning electron

microscope (FE-SEM) 1EOL 1SM-7900F
Shaker incubator Infors HT Multitron Standard
Semi-analytical balance Sartorius ED 42028

FT-IR spectrophotometer (ATR) Bruker Vertex 70
Refrigerated micro-centrifuge Eppendorf 5425 R

Autoclave Sanyo MLS-3751L
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A birch sawmill named Haka Wood Oy, situated in Viitasaari, Finland, supplied the silver
birch (Betula pendula) bark. According to the method of Vedernikov (Vedernikov,
Shabanova and Roshchin, 2011), the bark was oven-dried at 80 °C for 48 h, then milled and

passed through a sieve to retain particles of 4 mm or smaller.

< v 4

Figure 4: Birch bark after oven dried at 80 °C for 48 hours (left and milled and sieved

particles. Source: Author of this thesis.

3.2 Microorganism

Cerrena unicolor BRFM 3379 was employed throughout this study. The strain was obtained
from the CIRM-CF fungal collection, France. To maintain its viability and metabolic
activity, the strain was subcultured every 3 months on fresh MEA Petri dishes (50 g/L, pH
5 at 30 °C for 7 days). Once colonies developed over 5-7 days, the plates were Parafilm-

sealed and stored at 4 °C until needed.

3.3 Enzyme activity screening in Petri plates

As a preliminary step to scaling up the cultivation in liquid medium, the capacity of C.
unicolor to produce various oxidative and hydrolytic enzymes was determined qualitatively
on solid media. Four screening media were tested, each containing a different indicator
molecule that develops a color or decolorized zone due to the secretion of the specific

enzyme. Table 3.3 summarises the constituents of the various media used.

Table 3.3 Composition of the solid screening media used for qualitative detection of

extracellular enzyme activity in Cerrena unicolor
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Target enzyme Indicator Concentration = Base medium Method
group compound
Cellulolytic Congo Red 0.10 % (w/v) MEA + CMC (0.5 @ (Civzele and
enzymes % w/v) Mezule, 2024),
modified
Peroxidase Azure B 0.01 % (w/v) MEA (Civzele and
Mezule, 2024),
modified
Laccase ABTS 0.35 g/L MEA (Dhouib et al.,
2005), modified
Ligninolytic Kraft lignin 0.25 % (w/v) MEA (Rodriguez-
enzymes Couto, 2017)

ABTS: 2,2-azino-di-[3- ethyl-benzo-thiazolin-sulphonate] diammonium salt
CMC: carboxymethyl cellulose sodium salt
MEA: malt extract agar

The medium was modified to pH 5 before autoclaving at 121°C for 20 minutes. Then, when
the medium was cooled down, chloramphenicol was added, previously sterilized by filtration
(0.2 um) at a final concentration of 0.01% to prevent bacterial contamination during the
experiment. After the medium had solidified in the plates, a 7 mm diameter mycelial plug
was extracted from the periphery of an actively growing C. unicolor colony on MEA and
positioned at the center of the plates. All plates were placed at 30 °C for 7 days in an
incubator with 90% relative humidity. Triplicate assays were carried out for each plate. Two
control sets were set up: biotic control with only fungus and chloramphenicol on MEA, and

an abiotic control without fungus, with only the screening medium and chloramphenicol.

3.4 Culture medium for laccase production by C. unicolor

By following a modified protocol of (Rodriguez-Couto, Osma and Toca-Herrera, 2009),
except that citrate-phosphate buffer at pH 4.6 was used to prepare the medium. The medium
underwent autoclaving at 121 °C for a duration of 20 minutes. Later, the medium was cooled
down and supplemented with thiamine, which was sterilized by filtration (0.22 um) and
added to the medium. Table 3.4 shows the composition used for the medium (Rodriguez-

Couto, Osma and Toca-Herrera, 2009)

Table 3.4 Composition of the culture medium employed for semi-solid-state cultivation of

Cerrena unicolor, grouped by functional role
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Functional role Medium component Working concentration
Carbon source Glucose 10 g/L
Organic nitrogen | Yeast extract 20 g/L
source
Inorganic nitrogen | (NH4)2SOq4 0.9 g/L
source
Mineral salts (macro- | KH2PO4 2.0 g/L
and micronutrients) MgS0O4-7H>0 0.5 g/L
CaCl2-2H20 0.1 g/L
KCl 0.5 g/L
Vitamin supplement Thiamine hydrochloride 0.5 mg/L (filter-sterilized)
Buffering system Citrate-phosphate ~ (Mcllvaine) | adjusted to pH 4.6
buffer
Laccase-inducing CuSO4-5H;0 (laccase inducer) 1 mM (introduced on day 3 of
supplement cultivation)

The cultivation was performed in cotton-plugged 250-mL and 2-L Erlenmeyer flasks
containing the lignocellulosic support (i.e., milled birch bark) and the liquid medium. The
flasks were autoclaved at 121 °C for 20 min. After that, they were left at room temperature
to cool down. From the actively growing edge of a C. unicolor MEA plate, three mycelial
plugs of 7 mm were used as inoculum in 250-mL flasks. And for the 2-L flasks, 20 mycelial
plugs of 7 mm were used. The inoculated flasks were placed in an incubator at 30 °C and a
relative humidity of 90%, with no agitation and in the dark (Figure 5). Samples of the
extracellular liquid were withdrawn aseptically 2-3 days, starting from day 3, in order to
follow the laccase production over time. To enhance enzyme production, ImM CuSOa4-5H-0
(final concentration) in the flask, sterilized by filtration (0.22 pm) beforehand, was added to
each flask on day 3 of the cultivation. The extracellular liquid was harvested (22 days) for
further processing.
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Figure 5: Cotton-plugged 250-mL and 2-L Erlenmeyer flasks containing the lignocellulosic

support and culture medium in an incubator at day 1, source: Author of this thesis

The collected extracellular liquid was vacuum filtered (Figure 6). The recovered filtrate was
subsequently centrifuged at 21,000xg for 15 minutes to further remove fine particulate
matter, yielding a clarified supernatant. The clear filtrate was frozen at —20 °C overnight,
defrosted, and filtered again to remove the polysaccharides that precipitated during the
freeze-thaw step. The clear filtrate was finally concentrated using a Merck Amicon™ stirred
ultrafiltration cell (Germany), which was equipped with a YM10 membrane having a
nominal molecular-mass cut-off of 10kDa. All subsequent experiments were done with the

concentrated enzyme, which was kept at 4 °C.
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Figure 6: Vacuum filtration using a Biichner funnel(left), Merck Amicon™ stirred

ultrafiltration system equipped with a cellulose membrane(right), Source: Author of this

thesis

3.5 Analytic assays

Analytical assays are conducted to assess enzyme activity, and quantitative studies on

absorbance and concentration using different methods.

3.5.1 Determination of Enzyme Activities

Laccase activity was measured spectrophotometrically by utilizing ABTS, following the
method established by (Niku-Paavola et al., 1988), except that the buffer pH was 3. The
reaction was performed at 25 °C in a 1.5-mL disposable plastic cuvette where the optical
path length is 1 cm, containing 1100 pL of 25 mM succinic-acid buffer (pH 3), 350 uL of
11 mg mL-1 ABTS solution prepared in distilled water, and 50 pL of suitably undiluted or
diluted sample. The samples were centrifuged for 10 minutes at 21,000xg at 4 °C before
analysis. Before each measurement, the spectrophotometer was zeroed using a blank
containing succinate buffer, the same amount of heat-inactivated laccase, and ABTS. The
increase in absorbance produced by the ABTS reaction was followed at 436 nm within two

minutes.
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The activity was measured by Equation 1,

AAbs % 1

— * cuvette dilution® sample Eq.1

Activity (U/L) = ¢ od

Where d is the cuvette thickness (1 cm) and ¢ is the extinction molar coefficient (29.3 mM-
"em™). AAbs/At is the linear slope of the absorbance vs. time curve. Activity was expressed
in U/L, with 1 (U) unit defined as the amount of enzyme that oxidizes 1 pumol of ABTS per
minute under the designated test conditions. It is notable that if AAbs/At increases above

0.50, the enzyme sample needs to be diluted.

Manganese peroxidase was measured by following, spectrophotometrically, the oxidation of
2,6-dimethoxyphenol (DMP) at 468 nm, taking €468 as 4900 L mol™ cm™; the assay ran at
30 °C and followed Kuwahara et a/ (Kuwahara et al., 1984). Reactions were set up in a total
volume of 1 mL that combined 50 mM sodium malonate buffer (pH 4.5), 1 mM DMP, | mM
MnSOs, and 600 pL of suitably diluted enzyme (200 pL of sample brought up to volume
with distilled water). The reaction was started by adding H.O> to 0.4 mM. One unit (U) was
taken as the quantity of enzyme oxidizing 1 pmol of DMP per minute, with results reported

as U/L.

Lignin peroxidase was determined using the Azure B procedure of Archibald (1992), where
the enzyme oxidizes the dye (Archibald, 1992). The mixture contained 32 uM Azure B and
100 uM H:0: in 50 mM sodium tartrate buffer (pH 4.5), and was run at 25 °C. The reaction
was tracked as a fall in absorbance at 651 nm (€651 = 48800 L mol™' cm™); this wavelength
was selected because the brownish tint of crude fungal extracts interferes little there. Results
were expressed as units per liter (U/L), one unit (U) corresponding to oxidation of 1 pmol

of Azure B per minute.

3.5.2 Total protein determination

The concentration of the total protein in enzyme preparations was measured according to the
procedure of the colorimetric Bradford method (Bradford, 1976). Bradford reagent was
prepared, as described by Kruger et al, by dissolving 100mg of Coomassie Brilliant Blue G-
250 in 50mL of 95% ethanol, then adding 100mL of 85% phosphoric acid. Distilled water
was used to make up the solution to 1 L (Kruger, 2009). The reagent produced was filtered
on the Whatman No.1 filter paper and kept at 25°C in the dark for a few weeks. If it is stored
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for a long period, precipitate may form, so it needs to be filtered again before use. All
glassware and plastic consumables were sure not to contain traces of detergent, as they can
be detrimental to the dye-binding reaction. The assay was done by taking 100uL of each
sample and mixing with ImL of the Bradford reagent, and the reading was done at 595nm
within 1 hour. The concentration of BSA ranged from 0 to 100 mg/L, and a calibration curve

was performed using BSA as a standard, as shown in Figure 7.
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Figure 7: BSA calibration curve for total protein determination

3.5.3 Calibration curve of Bezaktiv Navy S-BL (CHT Group, Switzerland)

For finding out the highest pick (Amax) of the Bezaktiv Navy S-BL dye, a gift from the CHT
Group, Switzerland, a wavelength scan from 350 to 750 nm was performed on a solution of
the dye in citrate-phosphate buffer of pH 4.6 at room temperature. At 598 nm, the highest
peak was observed. Then a calibration curve was built from a 1 g/L stock solution of the dye
by preparing eight standards (0, 2.5, 5, 10, 20, 30, 40, and 50 mg/L) in a final volume of 1.5
mL. The test was done in triplicate. The calibration curve for Bezaktiv Navy dye at 598 nm

is shown in Figure 8.
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Figure 8: Calibration curve of Bezaktiv Navy dye at 598 nm

3.6 SDS and native PAGE

The laccase preparations were profiled by SDS-PAGE on a discontinuous Tris-glycine
system (Laemmli, 1970), run on a Bio-Rad Mini-PROTEAN Tetra Cell with a 10 %
resolving gel beneath a 4 % stacking gel. Samples were combined 1:2 with reducing loading
buffer 0.0625 M Tris-HCI (pH 6.8), 10 % glycerol, 2 % SDS, 0.01 % bromophenol blue, and
5 % B-mercaptoethanol added just before use and held at 100 °C for 10 min so the proteins
would be fully denatured. Roughly 20 uL went into each well, and the gel was run at a
constant 175 V for about 1 h in SDS-containing Tris-glycine buffer. Protein bands were
visualized by gentle agitation for around 20 min in 0.25 % (w/v) Coomassie Brilliant Blue
R-250 made up in 50 % (v/v) methanol with 5.5 % (v/v) acetic acid, followed by destaining

in the same dye-free solvent until the bands stood out clearly.

Native-PAGE followed an identical procedure with the denaturing components left out: no
SDS in the gels, running buffer, or sample buffer, no B-mercaptoethanol, and no boiling step.
Once the run finished, the gel was immersed in 0.1 M succinate buffer (pH 4.5) with 2 mM
ABTS until strong green bands marked the positions of laccase activity. The ABTS solution

was then poured off, and the gel was held in distilled water ahead of imaging.
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3.7 Field-emission scanning electron microscope (FE-SEM)

The surface morphology and microstructural features of the bark with and without fungus at
high resolution to understand the modifications in the structure due to fungal activity are
examined by FE-SEM. Both the raw birch bark and a small portion of the birch bark with
fungus from the culture were air-dried at room temperature for 24 hours to get a clear image;
if water is present, the image can be distorted. Then the sample was cut very sharply with a
scalpel so that the cross-sectional image could be taken. After that, a very small portion of
the sample was attached to the carbon tape. Then, it was put inside the JOEL JSM-7900F

machine for imaging.

3.8 Optimization of dye decolorization conditions using the laccase enzyme

In this chapter, optimization of the Bezaktiv dye and the decolorization were performed.

3.8.1 Qualitative dye decolorization on Petri plates

To check whether C. unicolor could decolorize Bezaktiv Navy on solid medium, a
preliminary screening was run on plates. Malt extract agar (50 g/L) containing the dye at 50
mg/L. was modified to pH 5, and after that, autoclaved (121 °C, 20 min). Chloramphenicol
was not autoclaved with the rest; instead, it was filter-sterilized (0.2 pm) and added once the
agar had cooled, to a final level of 0.1 g/L (0.01%). Its purpose was to keep bacteria from

growing.

Plates were prepared in triplicate. Two types of control were included. In the abiotic control,
the dye-containing agar with chloramphenicol was left uninoculated, which showed whether
the dye stayed stable in the medium without any fungus. The biotic control had agar,
chloramphenicol, and fungus, but no dye. Test plates were centrally filled with a 7-mm
mycelial plug of C. unicolor. All plates were kept at 30 °C and 90% humidity, and the growth

of the fungus, together with any decolorization halo, was checked each day.
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3.8.2 Preliminary decolorization experiments and selection of the redox mediator

Before designing the optimization experiment, a preliminary decolorization experiment was
carried out to choose the conditions and concentration ranges. Reaction mixtures of 1.5 mL
final volume were prepared in 3-mL plastic cuvettes containing 50 mg/L of Bezaktiv
Navy, 1000 U/L of crude laccase, citrate-phosphate buffer (pH 4.6), and 1 mM of either 1-
hydroxybenzotriazole HBT or wvanillin as synthetic and natural redox mediators,
respectively. Three controls were run in parallel: (i) dye + buffer + heat-inactivated laccase,
(i) dye + buffer + HBT, and (iii) dye + buffer + vanillin, in order to check that dye

decolorization was only due to laccase action.

All cuvettes were placed in a shaker incubator at 25°C, where they were kept at an agitation
of 60 rpm, and absorbance was recorded from 750 to 350 nm at 0, 2h, 4h, and 24 h. The
mediator that produced the highest decolorization percentage in the shortest time was
selected for the subsequent optimization studies. Decolorization percentage was calculated

according to Equation 2,

(4o — At)

Decolorization (%) = x 100 Eq. 2

0

where Ao and A, are the absorbances at A, at time zero and at a given time t, respectively.

3.8.3 Design of experiments

Studying one variable at a time, with the rest kept fixed, has long been the traditional
approach in experimental work, yet it overlooks how factors influence one another and can
settle on conditions that are far from genuinely optimal, all while taking a considerable
number of runs. Before applying Response Surface Methodology (RSM), it is necessary to
select an experimental design. Central Composite Design (CCD) has been selected as the
most appropriate option because it is well-suited for building nonlinear second-order models.
It combines factorial, axial, and central points, allowing the interaction and quadratic effects
of all factors to be evaluated in a single framework, achieving optimal conditions with

relatively less experimental effort (Bezerra et al., 2008; Gregor et al., 2023)
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A 23 central composite design (CCD) with three independent factors (laccase activity, initial
dye concentration, and redox mediator concentration) at 2 levels (=1, 1) (2°= 8 runs) and 6
axial points (a = V23= 1.682) and 6 replicates of the central point (0, 0) were performed to
find the conditions that maximize dye decolorization. The dependent variable (response) was

the dye decolorization (%).

The test variables in the regression equation were encoded according to Eq. 3, where X;
represents the coded value of the independent variable, U; denotes the actual value of the
independent variable, U{ signifies the actual value of the independent variable at the center
point, and AU; indicates the interval, with i=1, 2, 3. The response was adjusted through a
quadratic relationship involving the selected variables, as illustrated in Eq. 4, where Y;
denotes the predicted response, X; and X; are the input variables affecting the response
variable Y; b, is the constant term; b; is the i*" linear coefficient; b; is the quadratic

coefficient, and b;; is the ij th interaction coefficient (Elibol, 2004).

_Ui=U?
Xi_A—Ui Eq3
Y; = byt Xty by Xithic, by XP+Y i, Yo by XiX; Eq.4

The coded and uncoded actual levels of independent variables are presented in Table 3.5 and

Table 3.6

Table 3.5. Coded values of the independent variables of the central composite design for the Bezaktiv

Navy decolorization by the C. unicolor laccase

Run [laccase] (U/L) [dye] (mg/L) [redox mediator] (mM)
1 -1 -1 -1
2 +1 -1 -1
3 -1 +1 -1
4 +1 +1 -1
5 -1 -1 +1
6 +1 -1 +1
7 -1 +1 +1
8 +1 +1 +1
9 -1.682 0 0
10 +1.682 0 0
11 0 -1.682 0
12 0 +1.682 0
13 0 0 -1.682
14 0 0 +1.682
15 0 0 0
16 0 0 0



48

17 0 0 0
18 0 0 0
19 0 0 0
20 0 0 0

Table 3.6. Actual values of the independent variables of the Bezaktiv Navy decolorization by the C.

unicolor laccase

Run [Laccase] (U/L) [Dye] (mg/L) [HBT] (mM)

1 500 50 0.5

2 1000 50 0.5

3 500 100 0.5

4 1000 100 0.5

5 500 50 1.0

6 1000 50 1.0

7 500 100 1.0

8 1000 100 1.0

9 329.5 75 0.75
10 1170.5 75 0.75
11 750 32.95 0.75
12 750 117.05 0.75
13 750 75 0.3295
14 750 75 1.1705
15-20 750 75 0.75

Each decolorization run was performed in 3-mL cuvettes at 25°C, with agitation at 60 rpm
in the dark. The absorbance was recorded at 0 h and 24 h from 350 to 750 nm. The
decolorization percentage at 24 h was calculated as in Equation 2. Statistical analysis of the
data, including ANOVA, regression coefficients, p-values, and three-dimensional response
surfaces, was performed using Design-Expert (State-Ease Software, Inc.) and Microsoft
Excel. The experimental data, the optimal levels of the three independent variables that led
to the maximum response, were determined and subsequently validated in scaled-up flask

cultures.



49

3.8.4 Scale up the experiment to flaks

Once the optimal conditions had been identified, the experiment was scaled up to 125-mL
Erlenmeyer flasks. The experiment was performed in triplicate, and two control sets were
done in duplicate. Controls were for checking that decolorization was only due to laccase
action. UV-Vis spectra wavelength of the reaction mixtures were recorded between 350 and
750 nm at 0 h and 24 h. An additional long-term experiment was carried out in flasks for up
to 72 h, with sampling at 0, 24, 48, and 72 h, to verify whether colored intermediate
compounds that appeared after 24 hours had changed and further degradation of the products

occurred.

3.8.5 Effect of HBT on Laccase Stability

This aims to determine whether the reduction in activity is attributable to HBT, deactivation
under the experimental conditions (primarily pH and temperature), or a combination of both.
Two reaction mixtures were prepared: one contained buffer (citrate-phosphate, pH 4.6),
laccase (500 U/L), and HBT (0.5 mM), and the other buffer with laccase (500 U/L) without
HBT, both kept at 25°C, 60 rpm, and in the dark. Activity was taken at time zero and 24 h,

and the activity at time zero was set as 100 %.

3.8.6 ATR-FTIR analysis

By following the protocol of Tauber et al. (2005), the laccase reaction was stopped using 10
mM NaF (Tauber, Guebitz and Rehorek, 2005). Then the laccase-treated sample was frozen
at -20 °C for 48 hours and was lyophilized for 46 hours in a freeze dryer prior to ATR-FTIR
determination. ATR-FTIR was performed on a Bruker Vertex 70 with a resolution of 4 cm”
'and 24 scans per spectrum to determine the structure of the raw dye powder form of
Bezaktiv Navy and after laccase-mediated treatment. Spectra were obtained in the mid-

infrared (4000 - 400 cm™).
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3.8.7 Toxicity assessment of the dye before and after laccase treatment

The effect of both treated and untreated dye solutions on the higher plant was evaluated with
a seed germination assay on Lactuca sativa L. (lettuce), a dicotyledonous species, which is
one of the species recommended by the OECD. The protocol was adapted from (Tsytlishvili,
2025). At first, filter paper was cut to fit every Petri plate. Then 20 seeds were placed on the
paper with proper spacing so that the roots can grow.3 Petri plates for 100 mg/L Bezaktiv
dye initial concentration, and another 3 plates with laccase-treated dye sample were used
without any dilution. Besides, 4 controls were used with distilled water. Then all the Petri
plates were incubated at 21°C for 7 days. After 7 days, the number of germinated seeds was
counted carefully, and both the sprout and the root length of each seed were measured with

a vernier caliper.

The relative germination (GR) percentage, the root growth inhibition (RGI %), the hypocotyl
(sprout) growth inhibition (HGI %), and the germination index (GI) were calculated

according to the following equations:

Relative germination (GR%) percentage,

0 = 055
GR% = 2= X 100 Eq5

where GSS and GSC are the number of germinated seeds in the sample and in the control,

respectively.

Root growth inhibition percentage (RGI %)

RGS
RGI%—RGC—E X 100 Eq6

where RGS and RGC are the mean root growth of the sample and the control, respectively.

Hypocotyl (sprout) growth inhibition (HGI1%)

0 = _ HGS
HGI% = HGC e X 100 Eq7

where HGS and HGS are the mean hypocotyl growth of the sample and of the control,
respectively.

Germination Index (GI)

RLS X GSS
~ RLC X GSC
Where RLS and RLC are the root lengths of the sample and the control, respectively.

Gl Eq 8
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4 Result and discussion

The results of the study are presented and interpreted in the sequence of the analyses:
qualitative screening of the ligninolytic profile of Cerrena unicolor BRFM 3379 on solid
media; time course of laccase production in semi-solid-state cultures; selection of a redox
mediator for the decolorization of the textile reactive azo dye Bezaktiv Navy by laccase; and
statistical optimization of laccase-mediated decolorization of the dye by response surface

methodology with validation in scaled-up cultures.

4.1 Enzyme activity screening in Petri plates

Before scaling up cultivation, the capacity of C. unicolor to secrete enzymes was confirmed
on four indicator media. Following the incubation period for the enzyme screening, the
presence of a color change or degradation halo and fungal growth was assessed on each plate

in contrast to the abiotic and biotic controls, as shown in Figures 9, 10, and 11.

ABTS showed a purple color in the plate, which demonstrated the second oxidative form of
ABTS, where the presence of a purple hue signifies the maximum oxidation of ABTS
(ABTS?*") (Hoyos et al., 2023). Also, if the ratio of the diameter of the colored halo and the
diameter of fungal growth was greater than 1, it indicates high enzyme activity (Dhouib et
al., 2005). In this case, the colored halo and fungal growth in the ABTS plate showed high
potential for producing laccase as the decolorization halo showed purple color, and its
diameter surpassed the fungal growth. Therefore, it was justified to select the strain for

laccase production.

Both the fungal growth and degradation halo were observed in the Azure B plates. The ratio
of the diameter of the colored halo and fungal growth was less than 1, which indicated some
level of lignin peroxide activity. Also, in the Congo Red plates, the same results were
obtained, which indicated some cellulolytic activity. In addition, the presence of an orange
color in the Kraft-lignin plate and a ratio of halo diameter to mycelial diameter greater than
1 indicated the lignin-degrading enzyme production of the fungus (Dhouib et al., 2005;
Rodriguez-Couto, 2017).
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Figure 9: Enzyme screening in Petri plates at time zero, where (a) Laccase screening, (b)Ligninolytic
enzymes screening, (c)Cellulolytic enzymes screening, and (d)Lignin peroxidase screening are

shown upwards, respectively, with abiotic and biotic controls. Source: Author of this thesis
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Figure 10: Enzyme screening in Petri plates after 4 days, where (a) Laccase screening,
(b)Ligninolytic enzymes screening, (c)Cellulolytic enzymes screening, and (d)Lignin peroxidase
screening is shown both upwards and downwards with abiotic and biotic controls, respectively.

Source: Author of this thesis
ABTS Lignin Congo Red  Azure B

Biotic Control
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Figure 11: Enzyme screening in Petri plates after 7 days, where (a) Laccase screening,
(b)Ligninolytic enzymes screening, (c)Cellulolytic enzymes screening, and (d)Lignin peroxidase
screening are shown both upwards and downwards, respectively, with abiotic and biotic controls.

Source: Author of this thesis

4.2 Production of Laccase in semi-solid-state cultures

There is no fungal growth observed in the culture medium for a couple of days of
fermentation, and on day 3, Cu®*'was supplemented to the culture medium at a final
concentration of 1 mM. After 7 days of fermentation, the fungal growth started to become
visible, and initial activity was also recorded as 259 U/L. The fungal growth and enzyme
activity were checked regularly, and the activity showed a consistent upward trend and rose
to 12000 (U/L) in 17 days, as shown in Figure 12, which is in the range of 4000-19 000 U/L

reported for C. unicolor strain 137 in a copper-supplemented medium and a tomato-juice
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medium, respectively (Michniewicz et al., 2006). Also, the fungus totally covered the

medium after 17 days, as shown in Figure 13.

After the extraction of the culture filtrate from all cultivation flasks at 22 days, the laccase
activity, total protein, and specific activity were 8340 U/L, 334.4 mg/L, and 24.9 U/mg,
respectively. And after ultrafiltration, the laccase activity, total protein, and specific activity
rose to 15016 (U/L), 393 mg/L, and 38.2 U/mg, respectively, as summarized in Table 4.1.

Table 4.1 Summary of the laccase activity, total protein, and specific activity of crude

enzyme at culture filtrate and after ultrafiltration

Laccase Total

activity ~protein (Sll;/elfllﬁ)c activity
(U/L)  (mg/L) g

Culture filtrate 8340 3344 24.9

Culture filtrates (after 15016 3030 5o

ultrafiltration)

Neither LiP nor MnP activities were detected. The crude enzyme (Figure 14) was then stored

at 4°C. The subsequent experiments were performed with this crude enzyme.
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Figure 12: Laccase activity profile in the 250-mL flasks
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)

(b)
Figure 13: Fungal growth on the culture medium (a) after 7 days in cotton-plugged 250-mL and 2-

L Erlenmeyer flasks(b)after 17 days in cotton-plugged 250-mL and 2-L Erlenmeyer flasks. Source:
Author of this thesis

Figure 14: Crude enzyme after ultrafiltration, Source: Author of this thesis
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4.3 SDS-PAGE and NATIVE PAGE

C. unicolor protein profile was studied by SDS-PAGE and Native-PAGE, as shown in Figure
15. Two bands were observed in the SDS-PAGE with molecular masses of =70 kDa and =55
kDa, presumably corresponding to laccases. The bands were highlighted in green in Native-
PAGE, as shown in Figure 12, probing laccase production. Michniewicz et al. also found
two laccase isoforms of C. unicolor strain 137, obtained from Maria Curie-Sklodowska
University, Poland, with molecular masses of 64 and 57 (Michniewicz et al., 2006)Also,
according to Arregui et al., the molecular weight of fungal laccases can vary in the range of

60-70 kDa (Arregui et al., 2019).

250 kDa
130 kDa
100 kDa

70 kDa

55 kDa -

35 kDa

25 kDa

(@ (b

Figure 15: SDS-PAGE (a) and Native-PAGE activity staining (b) of laccase with molecular weight
marker (left)

Change in the structure of bark with and without fungus due to fungal activity was analyzed
by FE-SEM, as shown in Figure 16. In the cross-sectional image of the raw bark before
fungal cultivation, continuous cell walls with phellem layers were seen. The cell edges

looked sharp and unbroken.

In the colonized bark, it was observed that some of the micropores were filled with fungal
hyphae. The cell walls looked smoother than before, visible at 3000x magnification. The
porous bark tissue was partially collapsed, which may be due to the degradation of the

structural components, lignin, cellulose, and hemicellulose of the cell wall. These were
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typical characteristics of white-rot fungi, which use extracellular oxidative enzymes (e.g.,

laccases) to break down lignin, thereby enabling them to invade and absorb nutrients.

Figure 16: SEM images (a) the cross section of raw birch bark at 1500x (left) and 3000x
magnification(b) the cross section of fungal colonized birch bark at 1500x (left) and 3000x

magnification(vight), Source: Author of the thesis
4.4 Decolorization of the dye Bezaktiv Navy with the laccase enzyme
4.4.1 Qualitative decolorization of Bezaktiv Navy dye by C. unicolor

C. unicolor was able to grow very little during the incubation period on the MEA plates with
50 mg/L Bezaktiv Navy S-BL compared with the abiotic and biotic controls, as shown in
Figure 17. After 7 days, it was observed in the inoculated MEA plate with 50 mg/L Bezaktiv
Navy that little mycelial growth occurred from the central inoculum and did not spread to

the edge of the plate. The abiotic control (50 mg/L dye, no inoculum) remained evenly
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coloured with no growth or fading, which indicates that the medium itself is stable and any

change in coloration of the inoculated plate was due to biological activity.

Biotic Control

Abiotic Control

Test (upwards)

Test (downwards)

(@) (b) (©
Figure 17: Qualitative screening of Bezaktiv Navy (50 mg/L) with abiotic and biotic controls (a)at

time zero, (b) at day 4, and (c)at day 7 of incubation. Source: Author of this thesis

4.4.2 Preliminary dye decolorization

Laccase alone could not decolorize the textile, dye Bezaktiv Navy (Figure 18). This must be
due to its large size, and/or it has a higher redox potential than that of the laccase enzyme.
This dependence on mediators is in close agreement with Roriz et al. (2009), who reported
that crude laccase (500 U/L) from Trametes pubescens alone, without a mediator,
decolorized the diazo dye Reactive Black 5 (150 mg/L) only to about 10% after 24 h, and
HBT had an immediate effect once it was added, reaching a decolorization of ~60% in 20

minutes (Roriz et al., 2009).

Consequently, a redox mediator is needed. For this, we selected one synthetic (HBT) and a
natural mediator (vanillin). The reaction mixture contained a concentration of 1000 U/L
laccase, 50 mg/L of Bezaktiv Navy, and either 1 mM 1-hydroxybenzotriazole (HBT) or
ImM vanillin with citrate-phosphate buffer (pH 4.6), and the reaction was conducted at 25°C
with an agitation of 60 rpm. Three controls were run in parallel: (i) dye + buffer + heat-

inactivated laccase, (ii) dye + buffer + HBT, and (iii) dye + buffer + vanillin, so that it can
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be confirmed that dye decolorization was only due to the laccase action. The decolorization
of the dye was followed over 24 h in a UV-Vis spectrophotometer from 350 to 750 nm. The

results obtained are shown in Figure 17.
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Figure 18: Decolorization of Bezaktiv Navy over 24 h by C. unicolor laccase in the presence of HBT

or vanillin, and by laccase alone.

With HBT, decolorization was rapid: about 44 % of the color was removed within the first
two hours and more than 60% within four hours, reaching 90 % at 24 h. On the other hand,

vanillin was far less effective, achieving only about 22% decolorization at 24 h.

This was in agreement with the comparative mediator screening done by Daassi et al. (2013),
who demonstrated the comparison between synthetic redox mediators such as HBT (1-
hydroxybenzotriazole) and TEMPO over the different natural mediators such as
acetosyringone, para, orto and meta coumaric acids. Of six compounds, the same
concentrations of 1mM were evaluated as laccase mediators, and among them,
acetosyringone and HBT gave the fastest decolorization of Acid Orange 51 at 50 mg/L,
exceeding 50% within six hours, whereas the coumaric acids were less effective with
increasing concentration. HBT was chosen for further studies since acetosyringone achieved
similar yields, but it was expensive and yielded red colored products, as reported (Daassi et

al.,2013). HBT was therefore selected as the redox mediator for the optimization study.

From analyzing the preliminary decolorization experiment, it was proven that a redox

mediator was required for degrading the dye Bezaktiv Navy. But using redox mediators
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could be problematic because they may deactivate the laccase if it crosses a certain
concentration (Garcia ef al., 2005). Also, excessive use of mediators such as HBT can cause
toxicity, and it is not economic (Weng, Liu and Lai, 2013; Becker et al., 2016). It was then

required to optimize the concentration of HBT, alongside laccase and dye concentration.

We used response surface methodology (RSM) with a full-factorial central composite design
(CCD) to see how the variables worked together and to find the conditions that gave the
highest decolorization of Bezaktiv Navy. We chose this over the usual one-factor-at-a-time
method, which is slow, takes a lot of work, and misses the interactions between
variables.(Montgomery, 2017). RSM with CCD was used to vary the chosen variables
simultaneously and systematically, detect potential interactions, and identify the optimum
operational conditions in a minimum number of experimental runs (Myers, Montgomery and

Anderson-Cook, 2016).

The decolorization of Bezaktiv Navy was optimized with respect to three independent
variables: laccase activity (A), initial dye concentration (B), and HBT concentration (C),

using a full factorial CCD. A total of 20 runs were performed, consisting of 2 levels (£1, £1)

(2°= 8 runs), 6 axial points (a = V23= 1.682) and 6 replicates of the central point (0,0). The
response (dependent variable) was the decolorization percentage of Bezaktiv Navy. For each
run, the experimentally measured response was compared with the value predicted by the
fitted quadratic model. The complete design matrix with the measured and model-predicted
responses is given in Table 4.2. Also, the statistical analysis of the model and the relationship

between the variables are presented in Tables 4.3 and 4.4.

Table 4.2 Central composite design matrix with the coded and actual values of the

independent variables and the experimental and predicted responses.

Run Coded values Actual values Decolorization (%)
Laccase Dye HBT Laccase Dye HBT Experimental Predicted
(U/L) (mg/L) (mM)
1 -1 -1 -1 500 50 0.50 83.79 83.82
2 +1 -1 -1 1000 50 0.50 84.18 81.06
3 -1 +1 -1 500 100 0.50 91.66 87.55
4 +1 +1 -1 1000 100 0.50 75.42 76.76
5 -1 -1 +1 500 50 1.00 94.75 92.80

6 +1 -1 +1 1000 50 1.00 96.10 99.41
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7 -1 +1 +1 500 100 1.00 91.82 94.14
8 +1 +1 +1 1000 100 1.00 93.38 92.73
9 -1.682 0 0 329.5 75 0.75 91.84 93.71
10 +1.682 0 0 1170.5 75 0.75 91.07 90.20
11 0 -1.682 0 750 32.95 0.75 93.59 94.28
12 0 +1.682 0 750 117.05 0.75 91.48 91.79
13 0 0 -1.682 750 75 0.33 67.64 70.78
14 0 0 +1.682 750 75 1.17 93.90 91.76
15 0 0 0 750 75 0.75 94.39 92.36
16 0 0 750 75 0.75 92.61 92.36
17 0 0 0 750 75 0.75 90.42 92.36
18 0 0 0 750 75 0.75 93.39 92.36
19 0 0 0 750 75 0.75 93.26 92.36
20 0 0 0 750 75 0.75 90.29 92.36

Table 4.3 Regression statistics of the model performed in Microsoft Excel software

Regression Statistics

Multiple R 0.955378723
R Square 0.912748504
Adjusted R- 0.834222158
Square

Standard Error 2.870833581
Observations 20

Table 4.4 ANOVA for the quadratic model performed in Design-Expert (State-Ease
Software, Inc.)

Source Sum of Squares df Mean Square F-value  p-value

Model 873.17 9 97.02 11.71 0.0003 significant
A-Laccase 14.85 1  14.85 1.79 0.2102

B-Dye 3.15 1 315 0.3800 0.5514

C-HBT 531.23 1 | 531.23 64.14 < 0.0001

AB 33.69 1 | 33.69 4.07 0.0714

AC 44.01 1 | 44.01 5.31 0.0439

BC 2.84 1 284 0.3425 0.5714

A? 0.7199 1 | 0.7199 0.0869 0.7742
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B2 4.07 1 4.07 0.4909 0.4995

C? 230.74 1 | 230.74 27.86 0.0004

Residual 82.83 10 8.28

Lack of Fit  68.73 5 13.75 4.88 0.0535 not
significant

Pure Error = 14.10 5 282

Cor Total 956.00 19

The highest response achieved was 96.10% for run 6, where the laccase, dye and HBT were
1000 U/L, 50 mg/L and 1 mM, respectively. The lowest was 67.64% for run 13 with 750
U/L,75 mg/L dye and 0.33 mM HBT. Roriz et al also found 1.17 mM HBT as the optimal
concentration for the decolorization of the diazo dye Reactive Black 5 (150 mg/L) by laccase
(500 U/L) from Trametes pubescens (Roriz et al., 2009). Besides, Daassi et al found 0.75
mM HBT to be the optimal mediator concentration for the decolorization of the azo dye Acid
Orange 51 (60 mg/L) by crude laccase (1 U/mL) from Trametes trogii (Daassi et al., 2013).
Recently, Benali ef al determined that 0.62 mM HBT was the optimal mediator concentration
for the decolorization of the poly-azo dyes Sirius Red and Sirius Blue (50 mg/L) using
laccase (0.89 U/mL) obtained from Coriolopsis gallica (Benali et al., 2024).

From Table 4.2, the regression statistics showed that the R? value was 0.913, which means
around 91.3% of the results are explained by the model. In Table 4.3, the F-value of the
model is 11.71, which is significant. This F-value has a probability of occurrence due to
noise of approximately 0.03%. Model terms with p-values < 0.0500 are significant. In this
case, C, AC and C? are significant model terms. So, the most effective variable was HBT in
the response with an F-value of 64.14 and a p-value < 0.0001, followed by the quadratic
HBT term C? (F = 27.9, p = 0.0004) and the laccase-HBT interaction AC (F = 5.31,p =
0.044), and laccase*laccase interaction A? had the weakest effect with an F-value of 0.087

and a p-value of 0.7742. There was not much difference observed between the predicted and
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actual values, as they were close to the line, as shown in Figure 19, which is why the data

sets could be reliable.

Predicted vs. Actual

Predicted

60 70 80 a0 100

Actual

Figure 19: Predicted and actual dye decolorization achieved after 24h

The effect of different concentrations of HBT and enzyme at a fixed concentration of dye
(75 mg/L) is presented in Figure 20. The maximum value of the reaction obtained was 1mM
HBT and 1000 U/L laccase. Also, further increase of concentration of HBT or laccase
beyond the range studied did not improve the decolorization of the dye (Roriz et al., 2009).
The effect of varied concentrations of HBT and dye at a constant concentration of laccase
(750 U/L) is shown in Figure 21. From the plot, it was visible that by reducing the dye
concentration and increasing the HBT concentration, the decolorization is enhanced. The
highest dye decolorization happened at 50 mg/L of dye and 1 mM HBT concentrations.
Similarly, at a constant HBT concentration (0.75 mM), the effects of different dye
concentrations and laccase activities are presented in Figure 22. The maximum dye
decolorization was observed at concentrations of laccase (1000 U/L) and dye (50 mg/L). It
was observed that the highest value of decolorization occurred for the highest laccase
concentrations and the lowest dye concentrations. As the laccase activity increases, there are
more active sites to oxidize the mediator and form the reactive radicals, which will attack
the dye to be removed. On the other hand, at high dye concentrations, the same amount of

laccase and mediator needs to decolorize more dye molecules in a given time, leading to a
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lower percentage of decolorized dye molecules, and the dye molecules have to race for the
finite number of enzyme active sites, and the dye may inhibit the enzyme at high

concentrations through steric effects or substrate inhibition (Kokkonen et al., 2021).

Roriz et al. (2009) had used a three-factor central composite design with HBT, dye, and
laccase as independent variables and decolorization as the response and found the same
direction of effects as in the present study, decolorization rising with HBT and laccase and
falling with increasing dye concentration, with laccase varying in the range 700-800 U/L
from 7. pubescens and Reactive Black 5 (RBS5) in the range of 100 to 125mg/L
concentrations, and HBT held at its central level of 0.75 mM. Even at high laccase
concentrations, decolorization was found to diminish as RB5 concentration increased due to
the restricted laccase active sites and a lot of dye molecules fighting over them (Roriz ef al.,
2009; Brooks et al., 2012). As in the present study, HBT concentration was the dominant
factor, and decolorization fell at higher dye loads; Daassi ef al reached ~88% under their
optimum, comparable to the ~96% obtained here for Bezaktiv Navy. Daassi ef a/ used a four-
factor Box-Behnken design where concentrations of laccase, HBT, dye, and the incubation
time were the independent variables to optimize the decolorization of azo dye Acid Orange
51 using Trametes trogii crude laccase (Daassi ef al., 2013). The quadratic model predicted
a maximum decolorization of ~88% at 1U/mL laccase, 0.75mM HBT, 60mg/L dye, and an
incubation period of 2 days. Benali ef al similarly reported HBT as a significant factor and
the decrease of decolorization with an increase in dye load, with the optimum value of HBT
at 0.62 mM, which was lower than the 1 mM obtained in the present study. They optimized
the decolorization of the poly-azo dyes Sirius Red and Sirius Blue by laccase-like cell-free
supernatant from Coriolopsis gallica, using a four-factor Box-Behnken design. The
independent variables included pH alongside HBT, dye, and enzyme concentrations. They
found the optimum of ~99% at 0.62 mM HBT, 50 mg/L dye, and 0.89 U/mL laccase at pH
4.58, and demonstrated that at higher dye loads, the competition of substrate molecules for
a limited number of enzyme active sites increases, which decreases the dye decolorization

(Kokkonen et al., 2021; Benali et al., 2024).
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Figure 20: 3D plot for the decolorization of Bezaktiv Navy as a function of laccase activity and HBT

concentration, at the central point dye concentration of 75 mg/L



66

3D Surface

100

90

70

e0

Dye Decoloration (%)

100 1000

B: Dye (Mg/L) A: Laccase (U/L)
50 500

Figure 21: 3D plot for the decolorization of Bezaktiv Navy as a function of initial dye concentration and HBT

concentration, at the central point of laccase activity of 750 U/L.
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Figure 22: 3D plot for the decolorization of Bezaktiv Navy as a function of initial dye concentration and

laccase concentration, at the central point of concentration of HBT of 0.75 mM
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For the scale-up, experiment run 3 was chosen with concentrations of laccase, dye, and HBT
of 500 U/L,100 mg/L, and 0.50 mM, respectively, though run 6 gave the highest
decolorization. However, the decolorization of both runs was quite similar, but in run 3, less
laccase and HBT were used, which reduced the experiment cost, and potential toxicity

caused by the redox mediator.

The experiment was scaled up to 125-mL Erlenmeyer flasks, which consisted of
concentrations of laccase, dye, and HBT of 500 U/L, 100 mg/L, and 0.50 mM, respectively,
operating at 25°C, with agitation at 60 rpm. The decolorization, determined at 24 h, was
81%. It was noticed that the dye turned from dark blue to a reddish-pink color, as shown in
Figure 23. To check if these byproducts disappeared over time, decolorization was
determined up to 72 h. It was found that decolorization slightly increased to 88.4 % at 48 h
and 91.4 % at 72 h, as shown in Figure 24.

(S

Figure 23: Bezaktiv Navy at zero hours (left) and decolorization at 24 hours (right)
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Figure 24: Decolorization of Bezaktiv Navy at 597 nm for 72 hours

4.4.3 Effect of HBT

The stability of laccase in HBT was investigated by the enzyme in buffer for 24 hours with
and without HBT. At the beginning, the laccase activity of both samples was similar (696
U/L for the control and 691 U/L with HBT), as shown in Figure 25. Both reached the same
value after 24 h (292 U/L), representing 42.0% and 42.3% of the initial activity retained,
respectively. The near identical residual activity would suggest that under the conditions
tested, HBT does not increase the rate of laccase activity loss, and so the activity loss
observed around 58% could be due to thermal and pH-gradual enzyme instability (Cho et
al.,2008). HBT during catalysis has been reported to inactivate the enzyme, and this occurs

to a greater degree as the concentration of HBT increases (Fillat ef al., 2012; Ashe et al.,
2016).

In line with this, Daéssi et al reported that at an HBT concentration of over 1.2mM, the
decolorization rate of Acid Orange 51 was inhibited, which was explained by the mediator
becoming toxic to the laccase at this stage (Dadssi et al., 2013; Kokkonen et al., 2021).
Benali et al found that the decolorization rate levelled off at an HBT concentration of ImM,
which was attributed to an excessive production of mediator radicals, making the substrate
unable to reach the laccase active site (Brooks et al., 2012). However, this expansion is

typically restricted because the decolorization may diminish due to substrate limitation or
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active site saturation at certain high concentrations of both mediator and laccase (Benzina et
al., 2012; Cifci et al., 2019).In the present study, the HBT concentrations tested (0.33-1.17
mM) remained at or just below the inhibitory thresholds reported in those studies, which
may explain why no decline in decolorization or enzyme activity was observed with
increasing HBT, in contrast to the inhibition those authors reported at higher mediator

concentrations

800 - 696 691 Bl Oh
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Figure 25: Laccase activity at 0 h and 24 h with no HBT (left) and activity 24 h with HBT (right)

4.4.4 ATR-FTIR

The ATR-FTIR spectroscopy results were used to monitor the chemical changes in Bezaktiv
Navy following the treatment with the laccase / (HBT) system. Spectra of the raw dye and
of the treated sample were monitored across the 400-4000 cm™* spectrum and are overlaid in
Figure 26, while the corresponding band positions and tentative functional-group
assignments are collected in Table 4.5. Since the manufacturer does not disclose the
chemical structure of Bezaktiv Navy, the interpretation below treats the dye as a bifunctional
reactive azo dye as described on the website of the company (CHT Group, Switzerland). It
is also speculated that the dye has sulfonic groups to make it soluble in water. On this basis,
the comparison of the two spectra was used to identify which functional groups of the parent
dye were preserved, which were destroyed, and which new groups were formed during the

enzymatic reaction.
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ATR-FTIR spectra of Bezaktive navy dye before and after laccase / HBT treatment
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Figure 26 ATR-FTIR spectra of the dye Bezaktiv Navy dye before treatment (rved trace) and after

laccase/HBT treatment (blue trace). The wavenumbers of the most diagnostic peaks are labelled.

The shaded regions highlight the aromatic C=C / carbonyl window (1500-1750 cm™) and the

sulfonate/fingerprint window (1000-1300 cm™)

Table 4.5 Wavenumbers (cm™) of the most prominent ATR-FTIR bands of Bezaktiv Navy before and

after laccase / HBT treatment, with tentative functional-group assignments and the status of every

band after treatment. “— indicates that no peak was observed in that region, adapted from

(Bartosova et al., 2017; Liu et al., 2020; Adeniyi ef al., 2023)

Before treatment = After treatment Tentative assignment (functional = Status after

(em™) (cm™) group)
~3200-3400
3417 (weak,
(broader, more O—H stretching
broad) _
intense)
2922, 2852 not resolved

C-H stretching of azo

treatment
broadened and
shifted to a lower
wavenumber
essentially
disappeared,

confirming
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cleavage of the

azo bond
1697 C=0 stretching of newly formed newly appeared
carbonyl products (shoulder)
' _ _ shifted and
1574 (weak) 1589 aromatic C=C ring stretching
sharpened
1489 —N=N- stretching of the azo no longer present
chromophore (azo bond cleaved)
1338 1392 C-N stretching shifted
1213 1234 asymmetry stretching of the S-O  gpifted, intensified
(SOs-H) group
1124 1142 asymmetry stretching of the S-O shifted
(SOs-H) group
1045 1043 symmetry stretching of the S-O retained,
(SOs-H) group intensified
aromatic C—H out-of-plane
993, 891, 843 928, 872 . shifted, intensified
bending
735, 663 658 C-H stretching shifted
_ shifted, strongly
619, 522 615, 501 C-H stretching

intensified

The FTIR comparison shows that the appearance of new bands and loss of others indicated
chemical transformation of the dye by the laccase / HBT treatment. On the side of bonds that
were broken or lost, the -N=N- azo stretch at 1489 cm™ disappeared, and the C—H stretches
at 2922/2852 cm! essentially vanished, confirming the breakage of the azo bond. Also, the
bonds that were formed, C=0 stretching of carbonyl appeared at 1697 cm™, which can be
attributed to quinone formation. The most reasonable interpretation is that the azo
chromophore was cleaved, and the OH groups on the aromatic rings oxidized to their
corresponding quinones due to the loss of azo bands and appearance of carbonyl bonds. This
is in agreement with the products reported for laccase-catalyzed degradation of azo dyes
(Chivukula and Renganathan, 1995; lark ef al., 2019). But the exact identity of the oxidation
products cannot be established from FTIR alone and would require complementary mass
spectrometry or NMR analysis, which will also be difficult because the chemical structure

of the dye is unknown. Also, the sulfonate stretches between 1043 and 1234 cm ™ persisted
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throughout, which means the —SO3~ groups stayed bound to the aromatic rings rather than

being released.

Because enzymatic treatment can generate new compounds, the toxicity of the breakdown
products must be assessed rather than assumed. A phytotoxicity assay using Lactuca sativa

seeds was therefore carried out for this purpose.

100 mg/L Bezaktiv dye, laccase-HBT-treated dye, and controls with distilled water were
conducted. After 7 days of incubation in the dark at 21°C, sprouts with roots were visible in
the untreated dye, but in the treated one, small sprouts had grown, and only a couple of seeds

had root elongation, as shown in Figure 27.

Time zero

Control
(distilled water)

Untreated
Bezaktiv Navy

Laccase-HBT-
treated
Bezaktiv Navy

Figure 27: Lactuca sativa L seeds with untreated Bezaktiv Navy dye and with laccase-HBT-treated
dye, at zero hours with control(left), and after 7 days with control(right), Source, Author of this thesis

On Zucconi’s scale, a germination index under 50 % signals strong phytotoxicity, 50—80 %
a moderate effect, and above 80 % effectively none (Zucconi et al., 1985) GI below 50 %.
As summarised in Table 4.6, the untreated Bezaktiv Navy solution yielded a GI of 78.7 %,
and the laccase-HBT-treated sample produced a GI of 0 %. That put the untreated dye in the
moderate toxicity range and the laccase/HBT-treated dye as highly toxic.
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Table 4.6 Phytotoxicity parameters of untreated and laccase—HBT-treated Bezaktiv Navy

Parameter Control Untreated Bezaktiv Laccase-HBT

Navy treated Bezaktiv
Navy

Replicates (n) 4 3 3

Germinated seeds (of 20) 17.5+2.1 183+1.5 170+ 1.0

Mean root length (cm) 1.00+0.23 0.75+0.22 0.00+0.00

Mean sprout length (cm) 1.82+0.29 1.31+0.13 0.25+0.05

Relative germination (%) 100 104.8 + 8.7 97.1+£5.7

Root growth inhibition, RGI (%) — 249 +21.8 100.0 £ 0.0

Hypocotyl growth inhibition, HGI = — 27.7+£6.9 86.2+2.8

(%)

Germination index, GI (%) 100 78.7 (= 30.0) 0

Daassi et al found that crude Trametes trogii laccase detoxified the azo dye Acid Orange 51
by using cress seeds (Lepidium sativum L.), in which the germination index (GI) was
determined 72 h after incubation. The germination index was higher relative to the untreated
dye, but the presence of HBT in the laccase-mediator system increased the phytotoxicity of
the treated dye, as interpreted by the GI classification of Zucconi ef al in which a GI below
50% denotes high phytotoxicity, 50-80% moderate phytotoxicity, and above 80% the
absence of phytotoxicity (Daassi ef al., 2013). Though the present result mirrors this HBT-
associated toxicity, it is unknown whether HBT remained at the toxicity-testing stage, and it
may have been consumed during the reaction. Also, the effect observed for Bezaktiv Navy
was more severe, resulting in complete inhibition of root growth. Benali et a/ similarly
reported that the laccase-HBT treatment of the poly-azo dyes Sirius Red and Sirius Blue
only marginally improved the germination index from 14.6% to 36.1% and from 31.6% to
37.0%, respectively, using Radish seeds (Raphanus sativus) interpreted by the GI
classification of Zucconi et al and concluded that the metabolites generated during treatment
remained toxic to the test seeds. A similar situation likely applies here, where the
transformation products of Bezaktiv Navy appear to be responsible for the increased
phytotoxicity, as the GI percentage in both studies is zero. Several factors may account for
the elevated toxicity of the treated sample. Tentative assignment of ATR-FTIR indicates
cleavage of the azo bonds and the OH groups on the aromatic rings were oxidized to the
corresponding quinones,as seen by the disappearance of azo bands and emergence of
carbonyl bands. Quinones are reactive, toxic intermediates, and the color ranges from

yellow through orange-red to reddish-brown depending on their substitution, which matched
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the reddish-pink color of the final mixture after treatment, though it cannot be verified

without LC-MS (Bolton et al., 2000; Dulo et al., 2021).

5 Conclusions

This work set out to test whether laccase from C. unicolor BRFM 3379 could decolorize the
reactive azo textile dye Bezaktiv Navy. The enzyme was obtained by growing the fungus on
locally sourced birch bark through semi-solid-state fermentation. The laccase was then tested
against the dye, first by itself and later alongside a mediator in a laccase-mediator system
(LMS) that removed most of the color from the dye. The phytotoxicity data, however,
exposed a clear limitation: the treated solution proved more toxic than the untreated dye,
pointing to the development of harmful by-products during treatment. Overall, the aims set
at the start were reached, and the study offers a clearer picture of enzyme screening, enzyme
production, optimization of dye decolorization, and characterization of both dye and laccase-

treated dye.

a) In the enzyme screening experiment, ABTS Petri plates showed a purple production
halo, which is the second oxidative form of ABTS and denotes high laccase potential.
Also, the orange decolorization halo in the Kraft lignin plate proved the ligninolytic
ability of the enzyme. But in the Congo Red and Azure B plate, they showed less
decolorization compared to fungal growth, showing less cellulolytic and lignin-

peroxide activities.

b) Laccase production under semi-solid-state fermentation was achieved successfully,
with birch bark proving to be a workable support substrate for the process. On day
17, laccase activity increased steadily to 12,000 U/L from the initial 259 U/L
(recorded on day 7). After ultrafiltration, the laccase activity, total protein, and
specific activity were 15,016 (U/L),393 mg/L, and 38.2 U/mg, respectively. For

peroxidases, no activity was detected.

c) A central composite design full factorial used for optimization of dye decolorization
conditions. HBT was chosen as a redox mediator for dye decolorization. The highest
response achieved was 96.10%, where the laccase, dye, and HBT were 1000 U/L, 50
mg/L, and 1 mM, respectively. The lowest was 67.64% with 750 U/L,75 mg/L dye,
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and 0.33 mM HBT. By analyzing the design, the response was chosen with
concentrations of laccase, dye, and HBT of 500 U/L,100 mg/L, and 0.50 mM,
respectively, for scale-up to 125-mL Erlenmeyer flasks because it used less laccase
and HBT while still achieving high decolorization at a higher dye loading, which
reduced the experiment cost and the toxicity that the mediator may cause. In the
scale-up experiment, a decolorization of about 81 % was achieved within 24 hours;

it then continued to rise more gradually to 88.4 % at 48 h and 91.4 % at 72 h.

d) After laccase treatment, the cleavage of the azo bond was confirmed from ATR-
FTIR. Besides, C=0 stretching of carbonyl (quinone-type) oxidation products may
be formed. But for knowing the specific identity, mass spectrometry or NMR
analysis was required. In the phytotoxicity experiment, the untreated Bezaktiv Navy
solution showed a GI of 78.7%, and the laccase-HBT-treated sample showed a GI of
0%. That value placed the unrated dye in the moderate-toxicity range and showed

that the treated dye was highly toxic.
Future perspectives

Future work should be considered

Identify the byproducts after laccase-HBT-treated dye by LC-MS, and acknowledge

that the undisclosed chemical structure of the dye limits interpretation.
e Evaluate natural, lower-toxicity, and cheap mediators instead of HBT.
e Redo the phytotoxicity test with different plant species to verify the results.

e To check whether the HBT is totally consumed and the reaction mixture can go

further, some small amount of HBT can be added to the reaction mixture after 24 hr.

e The stability of laccase can be checked with the real textile wastewater or simulated

(synthetic) textile wastewater
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