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Bisphenol A (BPA) is an endocrine-disrupting compound that can enter aquatic 

environments through wastewater, landfill leachate, industrial discharge and diffuse urban 

sources. Because BPA contains phenolic groups, fungal laccases offer a potential biological 

treatment route for its transformation. This thesis investigated the production of extracellular 

laccase by Trichoderma atroviride and Fomes fomentarius and evaluated the use of crude F. 

fomentarius laccase for BPA removal from aqueous solution. 

In T. atroviride, despite positive laccase screening, significant laccase production was not 

achieved under different liquid and semi solid conditions. In comparison, F. fomentarius 

produced 7442 U/L laccase (specific activity 9.3 U/mg) on day 13 under semi-solid 

fermentation using wheat bran support-substrate and defined glucose based medium. SDS-

PAGE showed a main protein band between 55 and 70 kDa, while Native-PAGE activity 

staining confirmed the presence of active laccase. The highest observed BPA removal was 

88.8% after 30 min at pH 5, 220.7 U/L laccase activity, 30 °C, 125 rpm and 50 mg/L initial 

BPA concentration. This showed that crude F. fomentarius laccase could remove BPA 

rapidly without adding an external redox mediator. On the other hand, phytotoxicity 

assessment using L. sativa showed that BPA removal did not result in detoxification under 

the tested conditions. 
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SYMBOLS & UNITS 

ΔAbs

Δt
 

→ 
Slope of absorbance vs time  

 
 

Gs → g-force   

g/L → Grams per liter   

Mol → Mole → M 

mM → Milimol   

mA → Miliampere   

mg/L → Milligrams per milliliter   

mM → Milimol   

mg/L → Milligrams per milliliter   

ng/L → Nanograms per liter   

nm → Nanometer   

T → Temperature → ºC 

Rpm → Revolutions per minute → rpm 

U/L → Enzyme activity units per liter   

V → Voltage   

µg/L → Micrograms per liter   

ε → Molar extinction coefficient   
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ABBREVIATIONS → 

ABA → Abscisic acid 

ABTS → 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

AHA → Acetohydroxamic acid 

ATR-FTIR → Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 

AOP → Advanced oxidation process 

BFR → Brominated flame retardants 

BPA → Bisphenol A 

BSA → Bovine serum albumin 

CAS → Chemical Abstracts Service 

CC → Cultural condition 

CLEA → Cross-linked enzyme aggregate 

CMC → Carboxymethyl cellulose 

CR → Congo Red 

DSMZ → Deutsche Sammlung von Mikroorganismen und Zellkulturen 

EC → Enzyme Commission 

EDC → Endocrine-disrupting compound 

EFSA → European Food Safety Authority 

ECHA → European Chemicals Agency 

EPA → Environmental Protection Agency 

GR → Relative germination 

GSS → Germinated seeds in sample  

GSC → Germinated seeds in control 

GI → Germination index 

HGI  → Hypocotyl/sprout growth inhibition 

HGS → Average hypocotyl length in the sample 

HGC → average hypocotyl length in the control. 

MERs → Membrane estrogen receptors 

MD → Membrane Distillation 

Native-

PAGE 

→ Native Polyacrylamide Gel Electrophoresis 

REACH → Registration, Evaluation, Authorization and Restriction of Chemicals 
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RO → Reverse Osmosis 

RGI → Root growth inhibition 

RGS → Average root length in the sample 

RGC → Average root length in the control 

RLS → Root length of the sample 

RLC → Root length of the control 

SRT → Sludge retention time 

SEM → Scanning Electron Microscopy 

SSF → Solid-state fermentation 

SFF  Semi-solid state fermentation 

SDS-PAGE → Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis 

SVHC → Substance of Very High Concern 

SS → Sunflower seeds 

THL → Finnish Institute for Health and Welfare 

UF → Ultrafiltration 

WRF → White-rot fungi 

WWTP → Wastewater treatment plant 

YLE → Yleisradio Oy 
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1  Introduction 

Bisphenol A (BPA) is a major synthetic bisphenol in modern industrial setting and has been 

recognized as a high production volume chemical. Bisphenol A, along with phthalates, have 

been crucial chemical building blocks in the plastic industry. BPA, first synthesized in 1800s 

did not see commercial use until 1940s after it gained importance as a vital component for 

manufacturing of epoxy resins (Warner and Flaws, 2018). During 1970s, BPA production 

reached 0.5 billion pounds/ year (Vogel 2011) with worldwide production of 5.5 billion tons 

in 2021 with China being the leading producer, consumer and importer (Qu et al. 2024). 

BPA is used primarily as a monomer or intermediate in the manufacture of polycarbonate 

plastics and epoxy resins, with smaller shares going to other polymeric materials and 

specialty applications (U.S. EPA 2010). The industrial importance of BPA is closely linked 

to its functional properties. Polycarbonate materials synthesized from BPA are valued based 

on their transparency, heat tolerance, impact resistance and stability, while BPA-based 

epoxy resins are widely used because of their adhesion, chemical resistance, and protective 

coating performance (Abu Hasan et al. 2023). As a result, BPA and its derived materials 

have found common use in several industrial applications including food and beverage 

packaging, electrical and electronic equipment, automotive parts, construction materials, 

coatings, and historically thermal paper. Structurally, it consists of 2 phenolic aromatic rings 

linked through an isopropylidene bridge [C(CH3)2] and contains two phenolic hydroxyl (-

OH) functional groups in para positions relative to the bridging carbon. See figure 1 for BPA 

chemical structure.  

 

Figure 1: Chemical structure of BPA 

These OH functional groups play a key role acting as reactive sites which allow BPA to 

function as a difunctional monomer for manufacturing of epoxy resins along with PCs 

(polycarbonate plastics) (van den Brand et al. 2024). From a physicochemical perspective, 

BPA is a moderately hydrophobic solid with relatively low solubility in water of up to 300 
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mg/L and a log Kow value of 2.2 – 3.4 reported by the National Institute of Health (NIH). 

These properties explain the occurrence of BPA in dissolved form in water and associated 

with sludge and sediments.  

Although first considered a suitable chemical, the discovery of estrogenic BPA leachate in 

1993 and growing environmental and health concerns brought BPA under the spotlight, after 

which, BPA’s estrogenic activity, which was considered beneficial for medicinal application 

during 1930s turned into a vital focus of scientific investigation (Warner and Flaws 2018). 

According to Van den Brand et al. (2024) the presence and spacing of the two phenolic 

groups in BPA contribute to its ability to interact with hormone-related receptors. 

BPA enters the environment through multiple pathways throughout its whole life cycle 

including both point sources and diffused sources with environmental releases occurring 

from domestic wastewater, industrial wastewater and landfill leachate. Due to large 

quantities of BPA used in industrial applications, environmental entry can occur during 

manufacturing, processing, use, recycling and even final disposal (U.S. EPA 2010). 

Recycling thermal paper is historically relevant because BPA used as a free color developer 

is more available for release than BPA bound within polymers. EPA’s thermal paper 

assessment also notes that free BPA in paper receipts is more available for exposure than 

polymerized BPA in resins and plastics (U.S. EPA 2015). 

The removal of BPA from drinking and wastewater has been extensively studied through 

physical, chemical and biological methods. Conventional approaches include adsorption, 

advanced oxidation processes (AOPs), and membrane technology but biological treatment 

methods hold importance as they are environmentally compatible and can degrade a broad 

range of phenolic compounds (Ivanec-Goranina et al. 2015). BPA is a phenolic compound 

containing 2 aromatic phenol rings, making it susceptible to oxidation by phenol oxidative 

enzymes such as laccase, giving laccase-based systems a promising scope of research for 

treatment of BPA. Laccase’s catalytic property allows them to oxidize a broad variety of 

substances, particularly phenolic and aromatic compounds (Chakroun et al. 2010). 

Bourbonnais and Paice (1990) showed that the substrate range of laccase could be expanded 

to non-phenolic compounds by addition of a redox mediator such as ABTS ((2,2′-azinobis-

(3-ethylbenzothiazoline-6-sulfonic acid)) that would otherwise be resistant to direct enzyme 

oxidation. Most fungal laccases are secreted as extracellular enzymes, which enables them 

to interact directly with complex environmental substrates.  
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Although a number of studies have investigated fungal laccases for the treatment of 

endocrine-disrupting compounds such as BPA, most studies have focused on laccases 

derived from white-rot basidiomycete fungi, including, Polyporellus, Trametes, Pleurotus 

and Coriolopsis (Cabana et al. 2007; Eun-Hye Shin et al. 2007; Kim et al. 2008; Zeng et al. 

2017; Bilal et al. 2019; Hongyan et al. 2019; Razia et al. 2024). However, studies about the 

production of laccase by Trichoderma atroviride and Fomes fomentarius are scarce. In 

addition, there is almost no research using laccase from both fungi for BPA degradation. 

Fungi of the genus Trichoderma such as Trichoderma atroviride, a white-rot ascomycetous 

fungus, have attracted significant interest in environmental biotechnology due to their fast 

growth, metabolic versatility, and ability to secrete large quantities of extracellular enzymes. 

The use of laccase excreted from T. atroviride for solubilization of lignite was first reported 

by (Holker et al. 1999). Grosse (2000) further complimented that study by providing 

evidence that the enzyme oxidation resulted in the formation of water-soluble products 

during lignite solubilization by T. atroviride. The genus Trichoderma is comprised by fast-

growing fungal species, an attribute associated to their rapid colonization ability and 

competition for space and nutrients, with conidiophores having tree like appearance and 

mature conidia ranging from yellow to green in color (Jaklitsch 2011; Guzmán-Guzmán et 

al. 2025) as shown in Figure 2. Apart from their ecological importance, a review by Lima et 

al. (2024) discussed that fungi of genus Trichoderma had the ability to secret large quantities 

of secondary metabolites, including extracellular enzymes (i.e., laccase, cellulase, lignin and 

manganese peroxidase, hemicellulose, amylase, chitinase). Among these, laccases are redox 

enzymes participating in the breakdown of complex phenolic and aromatic amino groups 

(U. Holker et al. 2002). Chakroun et al. (2010) have further complimented Holker’s findings 

by showing that a purified laccase from T. atroviride could efficiently transform phenolic 

compounds such as catechol and o-cresol, achieving nearly complete conversion after 24 

hours of incubation. Additionally, they also demonstrated its ability to degrade chlorinated 

phenolic compounds, including 4-chlorophenol in the presence of ABTS as a redox 

mediator. 
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Figure 2: Trichoderma atroviride from Pontiac Lake Recreation Area (1) and Harmonie State Park (2), USA. 

Source: https://www.inaturalist.org/photos/329122312 , https://www.inaturalist.org/photos/102932216  

In contrast to Trichoderma, which is a white-rot ascomycetous species, white-rot 

basidiomycete fungi have previously been utilized for the production of extracellular 

laccases which have been proven to play a crucial part in phenolic degradation. Moreover, 

several review articles emphasized that extracellular ligninolytic enzymes from white rot 

fungi, including laccases, could degrade/transform a number of xenobiotics and endocrine-

disrupting compounds including BPA, nonylphenol and Bisphenol S (Torres et al. 2003; 

Cabana et al. 2007; Balcázar-López et al. 2016; Barrios-Estrada et al. 2018; Grelska and 

Noszczyńska 2020). Among white rot basidiomycetes, Fomes fomentarius is a wood decay 

fungus commonly found in Europe, North Africa, Asia and North America. The fruiting 

bodies of F. fomentarius are generally ungulate (hoof-shaped) with a concave pore surface 

as can be seen in Figure 3. F. fomentarius has demonstrated to produce laccase (up to 6400 

U/L after 13th day) under solid state fermentation (SSF) using wheat bran as support 

substrate. Moreover, addition of copper sulphate (2 mM) stimulated the laccase activity by 

threefold reaching up to 27864 U/L (Neifar et al. 2009). Neifar et al. (2010) further studied 

that laccase produced by F. fomentarius under similar SSF and substrate conditions had 

strong oxidative capacity towards several phenolic compounds specifically for 2,6-

dimethoxyphenol, pyrogallol, caffeate, vanillate, and ferulate.  

https://www.inaturalist.org/photos/329122312
https://www.inaturalist.org/photos/102932216
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Figure 3: Fomes fomentarius from Repovesi national park, Finland 

Despite a demonstrated laccase production capability, there are limited research studies 

evaluating the application of T. atroviride and F. fomentarius-derived laccase systems 

specifically for BPA degradation. The oxidative capacity of both laccases toward phenolic 

substrates suggests that this enzyme system could represent a promising alternative for BPA 

degradation. However, the degradation efficiency and detoxification performance of BPA 

transformation by T. atroviride and F. fomentarius laccase remain unstudied.  

Therefore, a systematic investigation of BPA degradation by using extracellular laccase 

produced by T. atroviride and F. fomentarius would add significant value to current research 

compilation as it can provide crucial insights into the sustainability and feasibility of 

employing these fungal strains and contribute towards sustainable biotechnological strategy 

development for removing endocrine-disrupting pollutants from aquatic environments. 

This research aimed at comparing the laccase production capability of T. atroviride and F. 

fomentarius and choosing the superior for subsequent BPA removal experiments and 

evaluate the BPA removal potential without addition of any redox mediator. The study 

further focused on determining whether laccase treatment only reduced BPA or also reduced 

the phytotoxicity of treated BPA. 
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1.1  Objectives 

This research had following objectives:  

• To evaluate T. atroviride & F. fomentarius ability to produce extracellular laccase 

under the tested conditions.  

• To evaluate BPA removal from aqueous solution under varying pH and laccase 

activity.  

• To identify structural changes and phytotoxicity of BPA after treatment using ATR-

FTIR and a Lactuca sativa seed germination test. 
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Literature Review 

This section discusses the environmental presence of BPA, main treatment strategies, 

discusses sources, pathways, degradation routes along with ecological effects and regulatory 

context. It also compares major BPA treatment technologies and focuses on laccase-based 

treatment as a biological approach. Finally, it dives deeper into F. fomentarius and T. 

atroviride potential for laccase production and links it to potential BPA treatment  

2  Bisphenol A in natural waters and degradation pathways 

As discussed earlier, Bisphenol A (BPA) is a common precursor used for production of 

numerous industrial and consumer products. The European Union’s REACH (Registration, 

Evaluation, Authorization and Restriction of Chemicals) regulations registered a production 

or import volume of over 1 million tons BPA/year (Swansborough et al. 2025). European 

assessment identified domestic, industrial and urban wastewater along with landfill leachate 

as major entry points for BPA (Fischer et al. 2014). In urban areas, BPA enters wastewater 

through everyday activities involving consumer products including washing, cleaning, etc. 

The Baltic Nonhazcity regional project (Gercken et al., 2018) reported the presence of BPA 

in all the indoor dust samples collected in Stockholm, Sweden. In addition, stormwater or 

urban runoff became a major contributor as that dust was washed away into the urban 

wastewater (Jens Gercken et al. 2018). The same report also identified municipal wastewater 

treatment plants (WWTPs) as a contributor emphasizing that conventional treatment 

methods were not designed to completely eliminate hazardous chemicals including BPA. 

This finding also aligns with that by Swansborough et al. (2025) and Fischer et al. (2014) 

who stated that BPA emission to surface waters in Europe occurred through WWTPs 

discharge which are receiving water from BPA manufacturing, processing or utility 

facilities. In a review of German WWTPs, effluent BPA concentrations of <0.01 to 0.65 

μg/L were observed, corresponding to 89% removal (Swansborough et al. 2025). Moreover, 

that study also covered 23 European countries from 2010 to 2022 reporting freshwater BPA 

concentrations from less than 0.03 ng/L and one exceptional outlier of 588,000 ng/L, with a 

median of 36 ng/L and a 95th percentile of 360 ng/L. In saline waters, concentrations ranged 

from less than 0.03 ng/L to 4,800 ng/L, with a median of 22.2 ng/L and a 95th percentile of 
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392 ng/L. A decline in the BPA concentration in freshwater was observed during the 2016-

2022 period corresponding to increasing awareness and stricter regulations.  

For the Baltic region, the BPA distribution data are scarce and fragmented as compared to 

inland Europe. The Nonhazcity report (Jens Gercken et al. 2018) highlighted the absence of 

regular data on BPA monitoring for the Baltic Sea, such as in sediments and biota, even 

though BPA was continuously released through WWTPs and other pathways. The study 

focused on the WWTPs from 7 municipalities (Gdansk, Poland; Riga, Latvia; Pärnu, 

Estonia; Turku, Finland; Kaunas and Šilalė, Lithuania) in the Baltic region and concluded 

the presence of BPA in all the wastewater samples with effluent concentrations having a 

median value of 112 ng/L and a highest  concentration of 481 ng/L. This indicates that the 

removal is incomplete and traces of BPA are being released into the Baltic Sea highlighting 

the need for more effective treatment technologies. Turku, Finland was among of the 7 

municipalities studies and had evidence for the presence of BPA along with phthalates, per- 

and polyfluoroalkyl substances (PFAS), brominated flame retardants (BFR) and other 

alkyphenols. 

The assessment of Baltic region identified land-based routes as major sources of BPA. For 

instance, Staniszewska et al. (2016) identified the Vistula River, Poland, as the main pathway 

for BPA and phenolic compounds to enter seawater while indicating a seasonal accumulation 

of BPA in blue mussels and Baltic fishes in summer more than in winter which can be linked 

to a higher BPA solubility at increased temperatures during the summer.  

In the case of Finland, there is no credible data on BPA contamination in water bodies. 

However, the Finnish Institute for Health & Welfare (THL) have repeatedly advised its 

citizens against drinking hot tap water in epoxy coated water pipes. According to Finland 

national news agency Yleisradio Oy (YLE), THL is planning a follow up study on 

accumulation of BPA in humans (Yleisradio Oy 2024). In Finland, non-occupational BPA 

exposure to humans have been a focus of research. 75% of the urinary samples collected had 

BPA with an average concentration of 0.71 µg/L as compared to an earlier average of 2.4 

µg/L recorded in 2011 (Porras et al. 2024). This decrease is attributed to stricter 

environmental regulations and decrease in BPA use. However, current exposure levels may 

still exceed health-based thresholds, suggesting continued environmental exposure from 

diffuse sources rather than occupational pathways. 
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BPA does not react naturally with water through hydrolysis under natural environmental 

conditions. According to the National Institute of Health (NIH), BPA lacks the functional 

groups which are required to undergo rapid hydrolysis under normal environmental 

conditions. The degradation of BPA under natural conditions is due to processes like 

biodegradation, oxidation, sorption or photochemical transformation. The main route for 

BPA degradation in natural aquatic environments is biodegradation including direct and 

indirect photodegradation. The transformation, depending upon the degradation pathway, 

can yield different intermediates. For instance, in bacterial biodegradation, reported products 

include, p-isopropylephenol (p-IPP) 4-hydroxyacetophenone (4HAP), 4-

hydroxybenzaldehyde (4HB), and 4-hydroxybenzoic acid (4HBA), with 4-HB being further 

oxidized to 4-HBA and both 4HAP and 4HBA subsequently mineralized (Spivack et al. 

1994; Ferro Orozco et al. 2016). under natural aquatic conditions. BPA can also undergo 

direct and indirect photodegradation, generating additional products such as nitrated and 

chlorinated derivatives, with product formation strongly influenced by reactive species and 

water chemistry (Han et al. 2024). This indicates that although BPA concentration can 

naturally decrease in water, the transformation and toxicity of its by-products depend on 

water chemistry, dissolved organic matter, nitrate/nitrite, iron, and light exposure. 

In addition, BPA is moderately hydrophobic and can be adsorbed to suspended particles and 

sediments. This was also reported by Swansborough et al. (2025) with a median 

concentration of 78.5 ng/g dry weight in freshwater sediments and 2.25 ng/g dry weight in 

saline waters, while the Baltic municipalities screening also reported BPA in sewage sludge 

indicating that BPA has tendency to adsorb to suspended particles (Jens Gercken et al. 2018). 

It is of utmost importance that BPA contamination is treated as a catchment problem rather 

than a point source or manufacturing plant problem. The available evidence is enough to 

support a BPA pathway chain initiating from consumer goods, industrial uses, indoor dust, 

waste streams; transferred to domestic & industrial wastewater, urban runoff and landfill 

leachate. This is only partly removed by conventional treatment technologies, transported to 

fresh and saline water bodies where further dilution, degradation and transformation occur. 
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3  Environmental and health impacts of BPA  

BPA has attracted significant scientific and regulatory attention due to its classification as 

an endocrine disrupting compound (EDC) and widescale occurrence and use. The molecular 

structure containing 2 phenolic rings linked by an isopropylidene bridge enables it to interact 

with biological systems in the environment, disrupting normal physiological processes. Its 

biological activity is strongly linked to its structure mimicking endogenous hormones such 

as 17β-estradiol (Okada et al. 2008). The spatial arrangement of 2 phenolic rings allows it to 

bind to hormone receptors including estrogenic receptors, therefore disrupting endocrine 

pathways (Okada et al. 2008; Rochester 2013). As discussed in the previous section, BPA 

does not go rapid hydrolysis under normal environmental conditions and degradation occurs 

primarily through external processes like biodegradation.  

A comprehensive review by Rochester (2013) also links BPA exposure with reproductive 

disorders including but not limited to changes in hormone levels, reduced fertility and 

development abnormalities. The review also reports that BPA exposures can lead to other 

health effects such as diabetes and obesity, as well as cardiovascular disease and immune 

system effects. Even at low concentrations of ng/L, BPA has the potential to disrupt human 

cell function by disrupting extranuclear receptors (Michałowicz 2014). BPA contributes to 

nongenomic signaling pathways by binding with GPR 30 protein receptors and MERs 

(Membrane Estrogen Receptors) (Rubin 2011; Cygankiewicz et al. 2015) 

A recent European Food Safety Authority (ESFA) review concluded that BPA has the 

potential of causing severe health risks even at very low concentrations as it lowered the 

tolerable daily intake to 0.2 ng/kg body weight/day based on immunological effects (Lambré 

et al. 2023).  

BPA has similar endocrine disruption effects on marine organisms and is of particular 

interest due to the continuous input from wastewater. As discussed earlier, BPA has been 

detected in lakes, rivers and sediments across Europe (Jens Gercken et al. 2018; 

Swansborough et al. 2025). A global review of BPA by (Corrales et al. 2015) concludes that 

concentration of BPA in marine wildlife, particularly in fish, reached up to 13,000 ng/g 

causing similar effect in marine life, leading to endocrine disruption, changes in hormone 
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levels, impaired gonadal development, and feminization of male individuals. These findings 

are important as endocrine disrupting compounds affect wildlife at much lower levels during 

sensitive development stages. Although BPA is not considered a highly accumulating 

substance as compared to other hydrophobic pollutants, it can still be taken up by organisms 

and detected in biota, indicating potential transfer through the food chain. Evidence of BPA 

presence in fish and mussels through a Baltic Sea study by Jens Gercken et al. (2018) 

supports that continuous environmental exposure can lead to biological uptake. Additionally, 

BPA can be associated with suspended particles and sediments due to its moderate 

hydrophobicity, which contributes to its persistence in aquatic systems. 

In addition, BPA can disrupt crop growth especially through contamination irrigation water 

or soils. Studies have shown that BPA exposure inhibits seed germination, reduces root 

elongation, and interferes with photosynthetic processes. Li et al. (2018) discussed that 

although at lower concentrations BPA positively affected root growth, yet at higher 

concentrations of up to 6 and 12 mg/L, inhibition in root growth was observed, causing the 

decrease of IAA (indole-3-acetic acid), GA3 (gibberellic acid) and ETH (ethylene) contents 

and the increase of ABA (abscisic acid) content. While IAA, GA3 and ETH play a significant 

role in plant growth, IAA acts as a stress manager in plants and an increase in IAA shows an 

increase in plant stress. Decreasing the BPA concentration recovered both root growth and 

hormone contents. Similar results for low and high BPA concentrations have been reported 

by Sun et al. (2013) on soybean roots.  

Even though BPA can be partially degraded in natural systems, its constant input from 

wastewater, industrial activities, and consumer products leads to persistent exposure to the 

environment, impacting humans, flora and fauna alike. Its strong ability as an endocrine 

disruption compound and vast production signifies the need for reliable and sustainable 

treatment technologies. 

4  Environmental regulations  

In the EU, BPA is regulated not only as a water-quality issue but also as a chemical substance 

placed on the market, manufactured, imported, and used in products. REACH Regulation 

(EC) No 1907/2006 requires companies to register substances they manufacture or import 
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in quantities of 1 ton or more per year per company. As a result, BPA production and import 

in the Member States of the EU are governed by the REACH system administered through 

the European Chemicals Agency (ECHA). BPA is also subject to stricter concern-based 

regulation under the EU chemicals law. ECHA identifies BPA as a Substance of Very High 

Concern (SVHC), and BPA is a part of REACH Candidate List. This status is legally 

important because it triggers supply-chain communication duties and can support further 

regulatory actions, but it does not by itself amount to a complete ban on manufacture or use. 

In addition, BPA is regulated through binding use restrictions in specific product categories. 

Under Commission Regulation (EU) 2016/2235, which amended Annex XVII to REACH, 

thermal paper may not be placed on the EU market if its BPA concentration is ≥ 0.02% by 

weight. Furthermore, Commission Regulation (EU) 2024/3190 now lays down broad use 

restrictions on BPA and other hazardous bisphenols in such materials which might come in 

contact with any food products, while also amending Regulation (EU) No 10/2011 and 

repealing the earlier BPA-specific food-contact measure, Regulation (EU) 2018/213. 

ECHA’s official substance information shows that BPA has harmonized regulatory 

treatment under EU chemicals legislation, including hazardous classification relevant to 

reproductive toxicity and other regulatory consequences. This classification matters legally 

because it influences labelling, safety data sheet obligations, downstream-use controls, and 

the treatment of BPA-containing wastes that may display hazardous properties. 

Finland has a standard BPA limit in its drinking water legislation. In 2023, amendment by 

Ministry of Social Affairs and Health Decree on drinking water added BPA 2.5 µg/L into 

Annex I, specifically under the group of parameters that can be significantly affected by the 

building water installation (Sosiaali- ja terveysministeriön 2023). The same amendment also 

requires municipal health-protection authorities to include BPA in the drinking-water 

surveillance program by 12 January 2026. In comparison, disposal of BPA-containing 

materials in Finland is governed by the Finnish Waste Act (646/2011), which is based largely 

on the EU Waste Framework Directive 2008/98/EC. Under this framework, waste containing 

hazardous substances are managed according to general waste-law principles, hazardous-

waste classification rules, and obligations for safe handling and treatment. There is also no 

single nationwide BPA limit for municipal and industrial wastewater. Wastewater control 

appears to operate through the general environmental-permit system and through the 

framework on substances dangerous or harmful to the aquatic environment. 
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Drinking Water Directive (EU) 2020/2184 is the central instrument which is intended to 

protect human health from any potential contaminants that may be present in drinking water. 

The directive added BPA as a chemical parameter with a health-based parametric value of 

2.5 µg/L and required its members to ensure compliance with that value by 12 January 2026 

adding that BPA value might later be updated in the light of scientific and technical research.  

5  Treatment of Bisphenol A 

Treatment of Bisphenol A (BPA) is a focus of ongoing research because it has been detected 

in municipal and industrial wastewater and can persist through treatment systems if 

conditions are unfavorable for removal. BPA removal has been studied through physical, 

chemical and biological treatment pathways. Conventional treatment technologies such as 

coagulation, flocculation and sedimentation are not designed to remove BPA (Godiya and 

Park 2022) as practical studies showed coagulation, even rapid filtration was less effective 

in reduction of phenolic compounds (Chen et al. 2013). Therefore, recent BPA removal 

research has primarily focused on separation, adsorption, AOPs, electrochemical 

degradation, and biological degradation (Godiya and Park 2022). 

Adsorption is the most widely used treatment technology for BPA removal offering cost 

effectiveness, energy efficiency, simple operation and most importantly minimal hazardous 

by product formation. BPA adsorption generally occurs through hydrophobic interactions, 

π–π interactions, electrostatic interactions, hydrogen bonding, van der Waals forces, or 

combinations of these mechanisms (Godiya and Park 2022; Kataria et al. 2022). However, 

adsorption mainly transfers BPA from water to a solid phase rather than degrading it and 

spent adsorbents becomes secondary waste after their adsorption capacity has depleted 

(Godiya and Park 2022). Similar to adsorption, membrane technologies, including Reverse 

Osmosis (RO), Ultra and Nano filtration (UF & NF) and membrane distillation also offer a 

promising BPA removal approach. Membrane technology can achieve high selectivity and, 

in some cases, nearly complete BPA removal. RO and NF membranes are particularly 

efficient for BPA removal based on their size exclusion mechanism. However, membrane 

fouling, pressure requirements, sludge formation, complex operation, and challenges in 

large-scale application remain important limitations (Godiya and Park 2022). Biological 

methods are also important BPA removal pathway in which BPA may be transformed into 
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lower molecular-weight intermediates that can potentially be further mineralized into CO2 

and H2O using fungal enzymes along with bacteria and microalgae (Godiya and Park 2022). 

During bacterial biodegradation of BPA, microorganisms such as the Gram-negative 

bacteria Sphingomonas spp. strain MV1 and Pseudomonas spp. can transform BPA into 

monocyclic aromatic compounds and hydroxylated intermediates metabolites, such as p-

HAP, p-HBA, p-hydroxybenzoic acid, p-hydroxyphenacyl alcohol, and 2,3-bis (4-

hydroxyphenyl)-1,2-propanediol (Spivack et al. 1994; Eltoukhy et al. 2020) which have 

lower toxicity than the parent compound (Ike et al. 2002). In WWTPs, BPA removal occurs 

through a combination of mechanisms, primarily biodegradation and sorption to sludge. 

However, biodegradation, primarily in activated sludge process (ASP) has been identified 

as the dominant removal pathway, contributing more significantly than adsorption to 

biosolids and other minor processes such as volatilization (Melcer & Klecka 2011). Table 1 

comprises different BPA removal techniques along with their advantages and limitations.  

Table 1: Comparison of BPA removal technologies 

Technology Mechanism Advantages Limitations Reference 

Adsorption 

BPA transfer to adsorbent 

surface through 

hydrophobic, π–π or 

electrostatic interactions, 

hydrogen bonding, and van 

der Waals forces 

Low cost, low energy 

requirement, broad 

adsorbent availability, 

selective removal specially 

for trace aqua contaminants 

Adsorbent becomes secondary 

waste, adsorption capacity 

decreases after several cycles 

(Zare et al. 

2021; 

Godiya and 

Park 2022) 

Membrane 

Separation 

Size exclusion, adsorption, 

hydrophobic interaction, 

charge effects, and 

membrane selectivity 

High selectivity; can 

remove trace contaminants; 

RO/NF/MD can achieve 

very high BPA removal 

Fouling, high pressure/energy 

demand, sludge formation, 

complex operation, scale-up 

challenges 

(Hube et al. 

2020) 

Advanced 

Oxidation 

Process 

(AOP) 

Oxidation by reactive oxygen 

species, especially OH 

radicals, light catalyzed in 

case of the photo-Fenton 

process. 

Fast degradation, nearly 

complete BPA removal 

with suitable catalysts 

High cost and energy demand, 

secondary product formation, 

complex catalyst preparation 

(Wang et al. 

2020) 

Convention

al biological 

treatment 

Microbial biodegradation 

and partial adsorption onto 

sludge 

Economical; effective in 

well-operated WWTPs 

Slower process; requires long 

sludge retention time (SRT). 

unable to completely remove 

micropollutants 

(Godiya et 

al. 2020) 
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Among biological treatment options, laccase-based degradation is especially relevant for 

BPA as laccases are multi-copper oxidoreductase enzymes have the ability of oxidizing not 

only phenolic but also non-phenolic pollutants. 

5.1  Laccase based systems 

Ligninolytic fungi have been studied because of their potential to degrade a diverse range of 

pollutants because they produce oxidative enzymes including laccase, manganese 

peroxidase and lignin peroxidase (Reddy 1995; Gianfreda et al. 2006). Among these, 

Laccase (EC 1.10.3.2) is a multicopper oxidase that catalyzes the oxidation of a broad range 

of aromatic substances, especially phenolic compounds, while reducing molecular oxygen 

to H2O (Baldrian 2006). In fungal systems, laccase is commonly extracellular and has gained 

significance because of its ability to oxidize a wide range of compounds and potential in 

bioremediation and xenobiotic degradation (Chakroun et al. 2010; Bilal et al. 2019b; Grelska 

and Noszczyńska 2020). The catalytic range of laccase was first shown to be extendable to 

non-phenolic lignin units by using low molecular weight compounds that acted as redox 

mediators, such as ABTS, by Bourbonnais and Paice (1990). Further, Chakroun et al. (2010) 

showed that laccase of T. atroviride oxidized chlorinated phenols in the presence of ABTS. 

In contrast, Minussi et al. (2007) examined laccase-mediated treatment of phenolic 

compounds in a Kraft effluent and found that between the two redox mediators tested, 

acetohydroxamic acid (AHA) performed better than 1-hydroxybenzotriazole (HBT) for 

phenol removal indicating that although mediators can expand the reactivity of laccase, 

actual effectiveness is based on the source of laccase, the nature of the substrate and the 

treatment conditions. 

Laccase from white rot fungi (WRF) has been a focus of research for the treatment of EDCs 

due to its high reactivity and selectivity (Daâssi et al. 2016). Laccase is involved in several 

processes in WRF including sporulation, lignin degradation and stress management. In most 

WRF species, laccases are predominantly extracellular, although some fungi also produce 

intracellular laccase. The localization of the enzyme is believed to be closely related to its 

physiological function and dictates which substrates can react with it (Baldrian 2006). As 

compared to other microorganisms like bacteria, WRF are able to degrade EDCs even at 

very low concentrations (Mir-Tutusaus et al. 2018; Grelska and Noszczyńska 2020) through 
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multiple mechanisms (S. Pointing 2001), including transformation by extracellular, 

intracellular and mycelium associated enzymes along with initial sorption to fungal biomass 

which might be the first degradation step (Harms et al. 2011). Laccase production in fungi, 

primarily WRFs including F. fomentarius, T. atroviride, Ganoderma lucidum, Pleurotus 

florida, Pleurotus eryngii, Trametes versicolor and Pleurotus sajor-caju can be enhanced by 

supplementing the culture media with various inducers which include metal ions like Cu+2 

and Mn+2, as well as phenolic compounds like guaiacol (Neifar et al. 2009; Chakroun et al. 

2010; Sodhi et al. 2024). Copper ions (Cu²⁺) are particularly important for laccase production 

because they strongly influence laccase gene expression and contribute to the formation of 

the enzyme’s copper-containing active sites (Sodhi et al. 2024).  

For BPA removal, a strong evidence comes from Lassouane et al. (2022) who reported that 

under experimental conditions of 30 °C, pH 5, 125 rpm in an orbital shaker, dark, 20 mg/L 

BPA, and 1000 U/L free laccase or 1500 U/L immobilized laccase, BPA removal reached 

100% and 99.6%, respectively, within 2 h, in flask scale experiments. A number of other 

studies explored the potential of BPA removal from laccase from white rot fungi including 

Trametes villosa, Coriolopsys polyzona, Grifola frondosa and Trametes versicolor, 

founding that laccases from the aforementioned WRF are capable of degrading or 

transforming BPA, accompanied by reduced estrogenic activity (Fukuda et al. 2001a; 

Cabana et al. 2007; Kim et al. 2008; Nitheranont et al. 2011; Margot et al. 2013). Nguyen et 

al. (2015) reported 97 ± 4.2% removal of BPA (100µg/L) in 24 h using a commercial laccase 

(180 U/L) from a genetically modified Aspergillus oryzae, operating at pH 6.8 and 25 ºC in 

a rotatory shaker (70 rpm). Similarly, Cabana et al. (2007) reported complete BPA (5 mg/L) 

degradation within 4 h using laccase (10 U/L) from C. polyzona, pH 5 and 50 °C.  

Fukuda et al. (2001) demonstrated that a purified laccase (1.5 U/mL) from T. villosa rapidly 

degraded BPA (2.2 mM) within 3 hours at pH 6 without requiring any redox mediators and 

that BPA transformation products included both high and low molecular weight compounds 

including 4-isopropenylphenol and 5,5′-bis-[1-(4-hydroxy-phenyl)-1-methyl-ethyl]-

biphenyl-2,2′-diol. Furthermore, the addition of redox mediators (i.e phenothiazine-10- 

propionic acid, syringic acid and syringaldazine) did not accelerate the enzyme-catalysed 

reaction (Fukuda et al. 2001). A further study by Fukuda et al. (2004) identified the pathways 

and transformation products of laccase-mediated BPA removal from their previous study 

(Fukuda et al. 2001) concluded that BPA transformation had 2 main processes, oxidative 
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condensation which resulted in a variety of oligomers followed by cleavage of the oligomers 

to release 4-isopropenylphenol and oligomer fragments containing phenol moieties. On the 

other hand, Chairin et al. (2013) found that with a purified laccase from Trametes polyzona 

(0.64 U/mL) under pH 4 and 28 ºC, the addition of the HBT (2 mM) as a redox mediator 

strongly increased BPA (0.01%) degradation from 12% to 66.8% in 1 h. Their metabolite 

analysis used similar conditions but with 1.5 U/mL laccase and observed 4-

isopropenylphenol as the major biodegradation product of BPA in the absence of the redox 

mediator, while in the presence of HBT as a redox mediator, 4-isopropenylphenol was 

detected only at early stages and disappeared after 3 h, likely due to polymerization. 

Benzotriazole was also detected as a reduction product of HBT radical (Chairin et al. 2013).  

Asadgol et al. (2014) further supported the applicability of fungal laccase for BPA removal 

by evaluating phenol and BPA removal from aqueous solution using a purified laccase from 

Paraconiothyrium variabile. They found that 59.7% of 4 mM BPA was removed after 30 

min using 5 U/mL laccase at pH 5, 35°C, and 50 rpm. Further increased of temperature to 

50℃ increased BPA removal to 88.3%  

The study by Daâssi et al. (2016) is particularly important in this regard because it not only 

compared different fungal laccases for BPA degradation but also identified the BPA 

transformation products. BPA degradation (0.01%) was tested at pH 5, 45 °C, and 1 U/mL 

laccase. Among the laccases examined, laccase from Coriolopsis gallica showed the fastest 

BPA oxidation, removing more than 62% of BPA after 1 h, about 85% after 2 h, and 100% 

after 4 h (Daâssi et al. 2016). In comparison, Bjerkandera adusta and T. versicolor laccase-

catalysed reactions were slower during the first hour, although 100% degradation was still 

observed for all tested laccases after 8 h. In reactions with no redox mediator, the main final 

BPA degradation product was identified as β-hydroxybutyric acid for C. gallica laccase, 

whereas the major product formed by T. versicolor and B. adusta laccases, and was identified 

as glycerol. By adding 1 mM HBT as a redox mediator, BPA was 100% removed within 3 

h, and the byproducts identified included tartaric acid, , 3-phenyl-3-hydroxypropanoic acid, 

hydrocinnamic acid and pyroglutamic acid, although the authors noted that pyroglutamic 

acid and part of the tartaric-acid may be due to the HBT degradation (Daâssi et al. 2016).  

Summary of laccase-based studies for BPA and related phenolic-contaminant removal is 

given in Table 12 (section 7.5) 
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5.1.1  Trichoderma atroviride as a laccase producer and potential treatment for BPA 

removal 

T. atroviride is an ascomycetous fungus of interest for laccase-based biodegradation because 

it combines rapid growth and extracellular enzyme secretion with a demonstrated ability to 

oxidize phenolic substrates (Chakroun et al. 2010). Evidence for laccase production in T. 

atroviride was described by (U. Holker et al. 2002), who cultivated the fungus under 

submerged fermentation conditions. They tested glucose and glutamate 1.2% as a carbon 

source and found that for glucose cultures, laccase activity appeared after about 7 days, 

increased during the following 3 days, and reached a plateau at day 20. On the contrary, 

laccase was almost absent in glutamate cultures. They also reported spore-associated laccase 

activity in Trichoderma. In glucose-supplemented cultures, laccase activity appeared with 

green conidial pigmentation and was detected in spore suspension, whereas spores grown in 

glutamate-containing medium remained yellow. (Holker et al. 2002) They also reported that 

laccase activity was associated to spores in T. atroviride. Thus, in a glucose medium, laccase 

activity appeared with green conidial pigmentation and was detected in spores, whereas 

spores grown in a glutamate medium remained yellow and presented no laccase activity. 

Authors linked this difference to the rise in the medium pH derived from the carbon source 

citing an earlier work of Hölker et al. (1997) in which glutamate containing media became 

alkaline during cultivation, while carbohydrate media remained acidic. Building on these 

findings, U. Holker et al. (2002) buffered the glutamate culture medium with 0.5 mol/L MES 

(2-morpholino-l-ethanesulfonic acid) at pH 5.8 before inoculation resulting in green spores 

exhibiting laccase activity. 

Another study of extracellular laccase production by T. atroviride by (Chakroun et al. 2010), 

using a defined glucose-peptone medium under submerged fermentation conditions, at 30 

°C and 160 rpm, showed that the laccase production occurred on 4th day (≈100 U/L) and a 

maximum activity (661 U/L) was reached on 7th day. (Chakroun et al. 2010)also showed that 

a purified T. atroviride laccase (0.3 U/mL) was able to oxidize several phenolic pollutants 

at pH 5 and 30 °C, although removal depended strongly on the substrate. Thus, a complete 

transformation of o-cresol and catechol was achieved within 24 h, whereas 4-chlorophenol 

and 2,4-dichlorophenoxyacetic acid (2,4-D) were hardly transformed in the absence of a 

redox mediator (Chakroun et al. 2010). This is because phenolic transformation by laccases 
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becomes less effective with higher molecular weight and the positioning of the substituents 

related to the aromatic ring’s OH group. Thus, the chlorine groups attached to the aromatic 

rings of 2,4-D and 4-chlorophenol, reduced their susceptibility to direct laccase oxidation 

(Gianfreda et al. 1999; Chakroun et al. 2010). The addition of ABTS improved chlorophenol 

transformation, and for 4-chlorophenol the addition of 1.25 mM ABTS operating at 1 U/mL 

laccase, 30 °C and pH 5 allowed 100% transformation within 4 h while degradation of 2,4-

D remained limited to 60% after 24 h (Chakroun et al. 2010). This shows that Trichoderma 

laccase was more effective against some phenolic compounds than others, depending upon 

the chemical structure of the phenolic compound and the size, nature and position of 

functional groups with redox mediators being needed toward more recalcitrant chlorinated 

phenols such as 2,4-D.  

T. atroviride appears to be a strong candidate as a credible laccase source with extracellular 

laccase production under semi solid and submerged culture conditions. Both (U. Holker et 

al. 2002; Chakroun et al. 2010) reported that the fungus started producing laccase between 

4-7 days of cultivation with laccase activity peaking around day 7-10 days, depending upon 

cultivation conditions. The T. atroviride laccase, like a wide variety of laccases, performed 

best against phenolic compounds with low redox potential and size, while more complex 

substrates may require redox mediators such as ABTS to achieve substantial transformation.   

5.1.2  Fomes fomentarius as a laccase producer and potential treatment for BPA 

removal 

Fomes fomentarius is a white-rot basidiomycete fungus capable of producing high amounts 

of extracellular laccase under low-cost cultivation conditions and the potential to apply the 

laccase for oxidation of aromatic dye substrates and phenolic compounds. One of the major 

studies on laccase production potential of F. fomentarius was reported by Neifar et al. (2009) 

considering different culture conditions. Thus, when culturing the fungus under solid-state 

fermentation, using wheat bran as a support substrate at pH 5 and 30C, highest activity of 

6400 U/L on the 13th day was attained. This value was much more significant than that 

obtained by submerged fermentation using stainless steel sponges and plastic as 

immobilization support. Moreover, Elisashvili and Kachlishvili (2009) obtained a maximum 

laccase activity of 17.5 U/mL on 7th cultivation day under submerged fermentation in 
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mandarin peel based medium. Kiseleva et al. (2022) reported similar results with 17 U/mL 

laccase activity on day 14 from F. fomentarius under submerged fermentation using a 

modified glucose peptone medium pH 6. More recently, Riffat et al. (2024) reported high 

laccase production from F. fomentarius under SSF using corn stover, resulting in a maximum 

laccase activity of 260 U/mL after 10 days at 30 ºC.  

BPA degradation by F. fomentarius laccase has not been reported and there is also little 

evidence about the capability of F. fomentarius laccase for oxidation of different phenolic 

compounds, despite its significant laccase production capability. This research gap has 

motivated the current study to explore the F. fomentarius laccase ability to degrade 

Bisphenol A.  

A recent master’s thesis work performed at LUT by (Dorta de Oliveira 2025)showed the 

suitability of a wild strain of F. fomentarius, isolated from the Finnish forests, as a laccase 

source for Kraft lignin degradation. F. fomentarius cultivated under optimized conditions 

(i.e., pH 5, 4 g/L glucose, 5 g/L yeast extract, 0.2 g/mL milled birch bark and 2 mM CuSO4) 

produced 5990 U/L in 21 days (Dorta de Oliveira et al. 2025). Although not a primary journal 

evidence, these findings align with the reviewed literature indicating that F. fomentarius can 

produce active laccase on inexpensive lignocellulosic substrates and that mediators can 

extend its oxidative action toward more complex aromatic matrices.  
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EXPERIMENTAL PART 

This part aimed at evaluating Trichoderma atroviride’s and Fomes fomentarius’s ability to 

produce extracellular laccase under different cultivation conditions and to apply the superior 

enzyme activity for BPA removal from aqueous solution. The selected laccase was then 

characterized using protein assay and gel electrophoresis Finally, BPA removal was studied 

under controlled reaction conditions, and the treated samples were further examined using 

ATR-FTIR and Lactuca sativa phytotoxicity testing. 

6  Materials & methods 

6.1  Chemicals, reagents & equipment 

The list of reagents and chemicals utilized for this research are provided below in Table 2. 

Table 2: List of Chemicals & Reagents used for this study 

Sr.  Name Formula CAS # Origin 

1 Bisphenol A (BPA) C15H16O2 80-05-7 Sigma-Aldrich 

Enzyme Screening 

2 Malt extract agar (MEA) - -  

3 Chloramphenicol C11H12Cl2N2O5 56-75-7 Thermo 

Scientific 

4 Kraft lignin - 8068-05-1 Sigma-Aldrich 

5 Azure B C15H16ClN3S 531-55-5 Fluka 

6 2,2-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid (ABTS) 

C18H18N4O6S4 30931-67-0 Bio-Rad 

7 Carboxymethyl cellulose (CMC) -  9004-32-4 Sigma-Aldrich 

8 Congo Red C32H22N6Na2O6S2 573-58-0 Sigma-Aldrich 

Culture Media 

9 Glucose C6H12O6 50-99-7 Avantor 

11 Yeast extract - 8013-01-2  

12 Ammonuim sulphate (NH4)2SO4 7783-20-2 Sigma-Aldrich 

12 Potassium dihydrogen phosphate KH2PO4 7778-77-0 Sigma-Aldrich 

13 Potasium chloride KCL 7447-40-7 Sigma-Aldrich 

14 Calcium chloride dihydrate  CaCl2·2H2O 10035-04-8 Sigma-Aldrich 

15 Thiamine hydrochloride C12H17Cl2N4OS.HCL 67-03-8 Sigma-Aldrich 

https://www.sigmaaldrich.com/GB/en/product/aldrich/370959
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16 Magnesium sulfate heptahydrate  MgSO4·7H2O 10034-99-8 Sigma-Aldrich 

17 Copper sulfate CuSO4 7758-98-7 Merk 

18 Tryptone - 91079-40-2 Merk 

19 Guaiacol C7H8O2 90-05-1 Sigma-Aldrich 

20 Sodium chloride NaCl 7647-14-5 - 

21 Disodium hydrogen phosphate Na2HPO4 7558-79-4 Sigma-Aldrich 

Laccase activity & Protein assay 

22 Succinic acid C4H6O4 110-15-6 Sigma-Aldrich 

23 Coomassie Blue G 250  C47H48N3NaO7S2 6104-58-1 Bio-Rad 

24 Bovine serum albumin (BSA) - - - 

25 Phosphoric acid H3PO4 7664-38-2 Sigma-Aldrich 

SDS & Native PAGE 

26 Sodium dodecyl sulphate (SDS) NaC12H25SO4 151-21-3 Bio-Rad 

27 Tris(hydroxymethyl)aminomethane H2NC(CH2OH)3 1185-53-1 Sigma-Aldrich 

28 Ammonium persulfate (NH4)2S2O8 7727-54-0 Bio-Rad 

29 TEMED (n,n,n',n'-tetramethyiethylenediamin) C6H16N2 110-18-9 Bio-Rad 

30 Methanol CH4O 67-56-1 Sigma-Aldrich 

31 Acetic acid (glacial) C2H4O2 64-19-7 Sigma-Aldrich 

32 30% Acrylamide/Bis acrylamide 37.5:1 

(Acrylamide/N,N-methylenediacrylamide) 

- 79-06-

1/110-26-9 

Bio-Rad 

33 Bromophenol Blue C19H10Br4O5S 115-39-9 Sigma-Aldrich 

34 β-mercaptoethanol C2H6OS 60-24-2 Sigma-Aldrich 

35 Glycerol C3H8O3 56-81-5 Sigma-Aldrich 

36 Glycine C2H5NO2 56-40-6 Sigma-Aldrich 

37 Coomassie Blue G 250  C47H48N3NaO7S2 6104-58-1 Bio-Rad 

BPA analysis 

38 Ammonium hydroxide NH₄OH 1336-21-6 Sigma-Aldrich 

39 Potassium dihydrogen phosphate KH2PO4 7778-77-0 Sigma-Aldrich 

40 Dipotassium phosphate K2HPO4 7758-11-4 Sigma-Aldrich 

41 4-Aminoantipyrine C11H13N3O 83-07-8 Sigma-Aldrich 

42 Potasium ferricyanide K3[Fe(CN)6] 13746-66-2 Sigma-Aldrich 

43 Sodium flouride NaF 7681-49-4 Sigma-Aldrich 
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List of equipment used is given in the below Table 3: 

Table 3: List of equipment used for this study 

Sr Equipment Name  Brand & Model 

1 Analytic scale Sartorius BP 2215 

2 Semi-analytic scale Sartorius ED 42025 

3 Autoclave  Sanyo MLS-3751L 

4 Static incubator Memmert IF750plus 

5 Shaker incubator Infors HT Multitron Standard 

6 Shaker incubator Solaris SK2000R 

7 Laminar flow cabinet Nordic Labtech n-safe pro one 

8 UV-VIS spectrophotometer Shimadzu 1900i plus 

9 Centrifuge  Eppendorf 5425R & 5804R 

10 Amicon ultrafiltration cell Merck UFSC40001 

11 Scanning Electron Microscopy SEM JSM-7900F 

12 Freeze Dryer Christ Alpha 2–4 LD Plus 

12 FTIR spectrophotometer Bruker Vertex 70 

 

6.2  Fungal strains  

Two wild fungal strains were utilized for this study, namely Fomes fomentarius and 

Trichoderma atroviride. Both fungi were collected and isolated from the Repovesi National 

Park in Southern Finland. Then, they were sent for identification to the Leibniz Institute 

DSMZ–German Collection of Microorganisms and Cell Cultures GmbH. The isolated 

strains were identified as Fomes fomentarius and Trichoderma atroviride  

6.3  Screening of enzyme production on petri dishes 

Preliminary qualitative enzyme screening was conducted using agar plate assays based on 

diagnostic substrate oxidation or decolorization. In the present study, Trichoderma 

atroviride was screened in triplicate on malt extract agar (MEA) media supplemented with 

0.01% (w/v) chloramphenicol to suppress bacterial contamination. The screening media 

used different indicator substrates including kraft lignin (0.25%) for lignin-degrading 

enzymes, ABTS (0.035%) for laccase enzymes, Azure B (0.01%) for lignin peroxidase 
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enzymes, and carboxymethyl cellulose CMC (0.5%) with Congo Red CR (0.1%) for 

cellulolytic enzymes. 

The pH for all the media was adjusted to 5 followed by autoclaving at 120 ºC for 20 mins 

prior to inoculation. The Petri plates were inoculated with a 7-mm fungal plug from fungal 

cultures previously grown in MEA for 7 days at 30℃. The corresponding biotic and abiotic 

controls were included for each substrate. The biotic control contained the fungus with the 

respective screening agar media while abiotic control had agar medium without fungus. The 

incubation took place in darkness under static conditions at 30°C, 90% humidity using 

Memmert IF750 plus incubator and examined daily for 7 days for mycelial growth and for 

the appearance of oxidation or decolorization halos. Lignin-degrading enzyme production 

was recorded as clearance of the lignin-colored medium. The formation of a dark green color 

(ABTS oxidation to ABTS+) or a reddish-purple color (oxidation to ABTS+2) indicates 

laccase production. The disappearance of blue color in the Azure B plates confirms lignin 

peroxidase production. The production of cellulases was recorded as the clearance of the red 

medium.  

Screening results for F. fomentarius were taken from a previously conducted study at LUT 

(Dorta de Oliveira et al. 2025) performed under similar conditions.  

Table 3 summarizes the composition of screening media for T. atroviride  

Table 4: Composition of screening media T. atroviride 

Sr.  Enzyme Base Media Substrate Reference 

1 Lignin-degrading 50 g/L MEA with 0.1% 

chloramphenicol 

Kraft lignin 

(0.25%) 

(Rodriguez Cuoto 

2017) 

2 Laccase  50 g/L MEA with 0.1% 

chloramphenicol 

ABTS 

(0.035%) 

Adapted from (Dhouib 

et al. 2005) 

3 Lignin peroxidase 50 g/L MEA with 0.1% 

chloramphenicol 

Azure B 

(0.01%) 

Adapted from 

(Civzele and Mezule 

2024) 

4 Cellulases 50 g/L MEA with 0.1% 

chloramphenicol 

CMC (0.5%) 

+ CR (0.1%) 

Adapted from 

(Civzele and Mezule 

2024) 
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Laccase screening for T. atroviride in the presence of BPA 

Screening of laccase production for T. atroviride was conducted on MEA supplemented with 

bisphenol A (BPA) at two concentrations, 20 and 50 mg/L, along with 0.1% 

chloramphenicol to suppress contamination. The prepared plates were inoculated with a 

fungal plug and incubated in Memmert IF750plus in darkness at 30°C and 90% humidity for 

7 days. After visible fungal growth, holes were made in the agar plates using sterile pipette 

tips and 20 mM ABTS was added. The plates were observed for the development of green 

coloration, which indicates ABTS oxidation and presumptive extracellular laccase activity. 

6.4  T. atroviride: cultural conditions & laccase production  

Initial cultivation of T. atroviride was carried out under semi-solid-state fermentation (SFF) 

to assess the production extracellular laccase. Experiments were conducted to investigate 

whether modification of the cultural conditions could stimulate laccase production.  

All the tests were performed in 250-mL cotton-plugged Erlenmeyer flasks inoculated with 

3 fungal plugs obtained from the actively growing 7-day-old T. atroviride culture grown on 

MEA at 30 ºC. Static incubator Memmert IF750 plus was used for incubation of CC1, 2, 3 

& 5 while CC4 was incubated in Infros HT Multitron Standard incubator. 

T. atroviride cultural condition CC1 

Laccase production by T. atroviride was studied under SFF using sunflower seeds shells 

(SS) (Figure 5) as a solid support-substrate. SFF was selected as it allows fungal growth on 

a moist solid matrix while maintaining sufficient free liquid to improve the availability of 

nutrients and facilitate control of cultural conditions (Rodríguez-Couto 2012). The use of a 

defined culture medium is particularly important because the concentration and nature of the 

nitrogen and carbon sources, and the presence of trace metals can strongly affect the fungal 

growth and production of extracellular metabolite (Umar and Ahmed 2022).  

Cultivation was done in 250-mL cotton-plugged Erlenmeyer flasks containing 1.5 g of SS 

and 20 mL of culture medium. The culture medium consisted of 0.05 M pH 4.6 citrate–

phosphate buffer supplemented with glucose (10 g/L), yeast extract (20 g/L), ammonium 

sulfate (NH4)2SO4 (0.9 g/L), potassium dihydrogen phosphate KH2PO4 (2 g/L), magnesium 
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sulfate heptahydrate MgSO4·7H2O (0.5 g/L), calcium chloride dihydrate CaCl2·2H2O (0.1 

g/L), potassium chloride KCl (0.5 g/L), (Rodríguez-Couto 2012; Rodríguez-Couto 2014). 

The flasks with SS and culture medium were autoclaved at 120 ºC for 20 minutes prior to 

inoculation. When cooled down, the culture media was supplemented with thiamine 

hydrochloride (0.5 g/L), sterilized by filtration (0.22 µm) and incubated in darkness under 

static condition at 90% humidity and 30 °C for 8 days. Finally, CuSO4 was added on 3rd day 

to have final 0.5 mM Cu+2 concentration to boost laccase production (Rodríguez‐Couto et 

al. 2009). 

T. atroviride cultural condition CC2 

Next experiments were designed to determine whether changing the cultural conditions 

could improve T. atroviride laccase production. The fungus was grown under SFF using 1.5 

g of SS as support-substrate and 20 mL culture medium. The medium was composed of 10 

g/L glucose, 5 g/L yeast extract, 0.9 g/L (NH4)2SO4, 0.5 g/L MgSO4·7H2O, 0.1 g/L 

CaCl2·2H2O, 0.5 g/L KCl, and 0.5 g/L thiamine hydrochloride and supplemented with 1 mM 

guaiacol during inoculation. This condition differed from the first medium mainly by 

reducing the yeast extract concentration and by using guaiacol as the laccase inducer. 1 mM 

guaiacol was used based on its phenolic nature and based on the evidence by Hou et al. 

(2004), reporting that 1 mM guaiacol resulted in an increased laccase production by 

approximately two to three-fold in the white-rot fungus Pleurotus ostreatus. The 

concentration of organic nitrogen (i.e., yeast) was decreased as high nitrogen can lead to 

lower laccase production (Hou et al. 2004). The fungus was incubated for 8 days under 

similar conditions as CC1 (i.e., static, darkness, 30 ºC & 90% humidity), and laccase activity 

was measured daily. The aim was to determine whether decreased organic nitrogen and early 

supplementation with a phenolic inducer could stimulate laccase production in T. atroviride. 
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Figure 4: Trichoderma atroviride grown under CC2 

 

Figure 5: SS support-substrate used for CC1, 2, & 3 

T. atroviride cultural condition CC3 

Cultural conditions CC3 were kept similar to CC2 except that tryptone (5 g/L) was used in 

the culture media instead of yeast extract while the rest of the cultural conditions remained 

the same. This was done to examine the effect of changing the nature of organic nitrogen 

sources, as it can significantly affect the laccase production. Tryptone is a casein-derived 

peptone mainly used as a peptide source. (Hou et al. 2004) found that optimum enzyme 

production (143 U/mL) in Pleurotus ostreatus was obtained when peptone was used as the 

only nitrogen source. 

 

Figure 6: Trichoderma atroviride grown under CC3 
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T. atroviride cultural condition CC4 

Since it was evident from screening tests on Petri plates that T. atroviride produces laccase, 

these cultural; conditions were designed to test whether the positive plate response observed 

on MEA could be replicated to liquid cultivation. In this test, T atroviride was cultivated 

under submerged fermentation conditions. The culture medium consisted of only 10 g/L malt 

extract ME, 2 g/L (NH4)2SO4, and 0.5 g/L thiamine hydrochloride, prepared in citrate–

phosphate buffer at pH 4.6. The medium was inoculated with 3 fungal plugs and CuSO4 was 

added at inoculation to have a final 0.5 mM Cu+2 concentration. Cultivation was done in 

250-mL cotton-plugged Erlenmeyer flasks containing culture media (50 mL) incubated at 

30 °C and 150 rpm in a shaker incubator (Infros HT Multitron). The orbital shaking causes 

the filamentous mycelium to form pellets similar to the ones seen in Figure 7. 

 

Figure 7: Trichoderma atroviride grown under CC4 

T. atroviride cultural condition CC5 

CC5 was designed to evaluate whether using a liquid mycelium as inoculum could improve 

and support laccase production under SFF. 

A liquid mycelium inoculum of T. atroviride was prepared using MEA based media 

supplemented with glucose. The pre-culture media contained 20 g/L ME and 10 g/L glucose. 

The preculture medium was inoculated with 3, 7 mm fungal plugs taken from a 5-day old 

actively growing T. atroviride culture. The cultures were incubated in 250-mL Erlenmeyer 

flasks for 3 days in an Infros HT Multitron shaker incubator at 27 ºC and 100 rpm. After 

incubation, the fungal biomass was recovered, centrifuged at 8000xg for 15 minutes, washed 

with distilled water and suspended in a solution of 0.9% NaCl. The mycelial suspension was 
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homogenized using an IKA Ultra-Turrax homogenizer to obtain a uniform liquid mycelial 

inoculum for further cultivation experiments (M. Bensoussan and L. Serrano-Carreón 1997).  

T. atroviride was cultivated using the prepared liquid mycelial inoculum. The culture media 

contained 10 g/L ME, 2 g/L (NH4)2SO4, and 0.5 g L thiamine hydrochloride. Each flask 

contained 20 mL of culture media and 1 g wheat bran as the support substrate. The culture 

media were inoculated with 2 mL of the liquid mycelium suspension per 20 mL of culture 

medium (i.e., 10mL/100mL). The media was supplemented with 0.5 mM CuSO4 at the time 

of inoculation. Incubation took place in darkness under static conditions for 8 days at 90% 

humidity and 30 °C and daily measurement of laccase activity. 

 

Figure 8: Trichoderma atroviride grown under CC5 

6.5  F. fomentarius: cultural conditions and laccase production  

Fomes fomentarius was cultivated under SFF in 250-mL cotton plugged Erlenmeyer flasks 

using 1 g of wheat bran as support-substrate and 20 mL culture media (Osma et al. 2011). 

The use of wheat bran was based on previous studies reporting its suitability as a cost-

effective support substrate for higher laccase production, including F. fomentarius under 

solid and semi-solid state fermentation conditions (Neifar et al. 2009; Neifar et al. 2010; 

Osma et al. 2011). Neifar et al. (2009) reported that under solid state fermentation, F. 

fomentarius with wheat bran produced 40-80 times higher laccase activity as compared to 

other tested substrates i.e. stainless-steel sponge and plastic material.  

The culture medium consisted of pH 4.6 citrate–phosphate buffer supplemented with 10 g/L 

glucose, 20 g/L yeast extract, 0.9 g/L (NH4)2SO4, 2 g/L KH2PO4, 0.5 g/L MgSO4·7H2O, 0.1 
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g/L CaCl2·2H2O, 0.5 g/L KCl supplemented with 0.5mM Cu+2 on the 3rd day of  cultivation 

(Rodríguez-Couto 2012; Rodríguez-Couto 2014). The culture medium and wheat bran 

substrate were autoclaved at 120 °C for 20 min. When cooled down, the culture media was 

supplemented with 0.5 g/L thiamine hydrochloride, sterilized by passing through syringe 

filter (0.22 µm). Each flask was inoculated with 3, 7 mm diameter fungal plugs from a 7-

day-old actively growing fungus cultivated on MEA at 30 °C. Incubation took place in 

darkness under static conditions at 30 °C and 90% humidity for 13 days and laccase activity 

was monitored daily. 

 

Figure 9: Fomes fomentarius growth on incubation day 10  

 

Figure 10: Wheat bran support-

substrate used for cultivation 

6.6  Enzyme activities and protein assay 

Spectrophotometric determination of laccase activity was conducted with ABTS as the 

substrate as described by Niku-Paavola et al. (1990). The reaction mixture comprised of 350 

μL of 20 mM ABTS, 50 μL of sample and 1.1 mL of 25 mM succinic buffer (pH 3). Samples 

were centrifuged at 21,000xg for 5 minutes before measurement. Absorbance was measured 

at 436 nm for 2 mins at room temperature using a UV-Vis spectrophotometer (Shimadzu 

1900i plus). Activity was calculated using the following equation. 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝑈

𝐿
) =  

∆ 𝐴𝑏𝑠

∆𝑡
∗  

1

ε ∗ d
∗ 𝑐𝑢𝑣𝑒𝑡𝑡𝑒 𝑑𝑖𝑙𝑙𝑢𝑡𝑖𝑜𝑛 (1) 

Where;  ε is extinction molar coefficient (29,300 L/molcm); d is cuvette thickness (1 cm); 

∆ 𝐴𝑏𝑠/∆𝑡 is slope 
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One unit of laccase activity corresponded to the enzyme quantity that oxidized 1 µmol of 

ABTS per minute under the assay conditions, and the activity was reported in U/L. 

Manganese-dependent peroxidase (MnP) activity was assayed following the procedure of 

Kuwahara et al. (1984) using 2,6- dimethoxyphenol (DMP) as substrate. The assay was 

performed in a final volume of 1 mL with 50 mM pH 4.5 sodium malonate buffer, 1 mM 

DMP, 1 mM MnSO4 and 600 µL of diluted sample prepared from 200 µL enzyme extract 

and DI water. The reaction was initiated by adding 0.4 mM H2O2 and the oxidation of DMP 

was monitored spectrophotometrically at 468 nm (ε468 = 4900 L/mol cm) at 30 ºC. One unit 

(U) of MnP activity corresponded to the oxidation of 1 µmol of DMP per minute. The 

activity values were reported as U/L. 

Lignin peroxidase (LiP) activity was determined using the Azure B assay as described by 

Archibald (1992) using 32 µM Azure B, and 100 µM H2O2 in 50mM sodium tartrate buffer 

(pH 4.5) at 25 ºC. The decrease in absorbance was monitored at 651 nm (ɛ651=48800 L/mol 

cm), where the interference from the brown color of the crude enzyme fungal extracts is 

minimal. One unit (U) was defined as 1 µmol of Azure B oxidized in 1 min, and the activities 

were reported as U/L. 

The total protein content of crude extract was quantified by the Bradford method using 

bovine serum albumin (BSA) as a standard protein (Bradford 1976). Bradford reagent was 

prepared as described by Kruger (1994). Briefly, Coomassie Brilliant Blue G-250 (100 mg) 

was dissolved in 95% ethanol (50 mL), then 85% phosphoric acid (100 mL) was added, and 

distilled water was added to bring the volume to 1 L. The reagent was filtered prior to use 

with Whatman filter paper No. 1 and kept in an amber bottle at room temperature. 

A calibration curve (Figure 11) was developed with a 100 mg/L BSA stock to prepare 

standard solutions in distilled (DI) water with concentrations of 0, 10, 20, 40, 60 and 80 

mg/L. For measurement of each standard, 100 µL of BSA solution (or DI water in case of 

blank) was added to 1 mL of the Bradford reagent. The absorbance was measured at 595 nm 

at room temperature. For sample analysis, 100 µL of sample was used instead of BSA or DI 

water (controls) and all measurements were taken in triplicates. 
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Figure 11: Bradford protein assay calibration curve using BSA as a standard 

6.7  SEM analysis 

While separating the fungal mycelium and wheat bran from culture medium, sample of 

mycelium grown on the support-substrate was taken for SEM analysis. SEM is an imaging 

technique which uses a focused beam of electron to produce high resolution surface images 

of a sample. The sample was air dried for 24 hours to remove excess moisture before being 

subjected to SEM. SEM analysis was performed using a SEM JSM-7900F at electron high 

tension voltage 2.00kV, working distance 10 mm and magnifications 500 and 1,000, to 

evaluate the surface characteristics of substrate and mycelium growth pattern, and 

colonization of the wheat bran substrate by F. fomentarius. For reference, SEM analysis of 

raw wheat bran was also conducted.  

6.8  SDS and Native-PAGE 

The crude concentrated laccase extract from F. fomentarius was analysed using sodium 

dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and native 

polyacrylamide gel electrophoresis (Native PAGE) following the method described by 

(Laemmli 1970). Electrophoresis was performed using a Mini-PROTEAN Tetra Cell system 

(Bio-Rad, USA).  
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Polyacrylamide gels consisted of a 10% separating gel prepared using distilled water (4 mL), 

1.5 M Tris-HCl buffer (pH 8.8, 2.5 mL), 30% acrylamide/bis-acrylamide solution (37.5:1, 

3.35 mL), 10% ammonium persulfate (APS, 50 µL), and TEMED (7 µL). The stacking gel 

(4%) comprised of distilled water (6.1 mL), 0.5 M Tris-HCl buffer (pH 6.8, 2.5 mL), 30% 

acrylamide/bis-acrylamide solution (1.3 mL), 10% APS (50 µL), and TEMED (7 µL). For 

SDS-PAGE, 100 µL of 10% SDS solution was additionally added to the stacking gel. Protein 

samples were mixed with reducing sample buffer containing 0.5 M Tris-HCl buffer (pH 6.8), 

glycerol, 10% SDS, Bromophenol Blue, distilled water, and β-mercaptoethanol. Samples 

were diluted 1:2 with sample buffer and heated at 100 °C for 5 min prior to loading in the 

gels. 5, 10 and 15 µL of sample were loaded into each well. SDS-PAGE was carried out 

using Tris–glycine running buffer containing Trizma base (15 g/L), glycine (72 g/L), and 

SDS (5 g/L) at a constant voltage of 175 V and 250 mA for 1 h.  

Following electrophoresis, gels were stained using Coomassie Brilliant Blue R-250 staining 

solution containing 0.25% (w/v) Coomassie Brilliant Blue R-250, 5.5% (v/v) acetic acid, 

and 50% (v/v) methanol. Gels were stained for approximately 20 min under shaking 

conditions and subsequently destained using a solution containing 10% acetic acid, 40% 

methanol, and distilled water under shaking until clear protein bands became visible. 

Native PAGE was performed under non-denaturing conditions without SDS, β-

mercaptoethanol and samples were not boiled. Electrophoresis was conducted using SDS-

free Tris–glycine running buffer at a constant voltage of 150 V. Following electrophoresis, 

laccase activity staining was done by incubating the gel in succinate buffer (pH 4.5) with 3 

mM ABTS until active laccase bands appeared as green-colored zones. 

6.9  BPA degradation experiments 

The residual concentration of bisphenol A (BPA) was determined using the 4-

aminoantipyrine (4-AAP) colorimetric method, adopted from the Standard Methods for the 

Examination of Water and Wastewater, APHA 5530 D: Phenols, Direct Photometric 

Method. The method involves the reaction of phenolic compounds with 4-AAP under 

alkaline conditions in the presence of potassium ferricyanide K3[Fe(CN)6], producing a red 

color detectible in the visible range. 
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The reagents used for the colorimetric assay were prepared as follows: 

• 0.5 N NH4OH was prepared by diluting 35 mL NH₄OH to 1 L with distilled water. 

• For phosphate buffer solution, 104.5 g K2HPO4 and 72.3 g KH2PO4 were dissolved 

in 1 L DI water, giving a final pH of approximately 6.8. 

• Potassium ferricyanide solution was prepared by dissolving 8.0 g K3[Fe(CN)6] in 100 

ml DI water. 

• 4-AAP was prepared by dissolving 2.0 g 4-aminoantipyrine in 100 mL DI water.  

For the calibration curve (Figure 12), a distilled water blank and BPA standard solutions 

(0.5, 1, 2, 3, 4, and 5 mg/L) were prepared in 100 mL final volume. All standards were 

prepared in triplicate. The same procedure was followed for the blank, standards and 

samples. First, 2.5 mL of 0.5 N NH4OH was added to the samples, followed by immediate 

adjustment of pH to 7.9 using phosphate buffer. Then, 1.0 mL of 4-AAP was added, followed 

by 1.0 mL of K3[Fe(CN)6] solution. Samples were left for 15 min to allow for the 

development of color. After color development, the absorbance was measured at 500 nm 

using a UV-Vis Shimadzu 1900i plus spectrophotometer against the reagent blank. UV-Vis 

spectrophotometry measures the absorbance of ultraviolet and visible light at specific 

wavelengths allowing the changes in concentration to be quantified. For BPA removal 

experiments samples, a sample volume of 1 mL was diluted to 10 mL followed by the same 

procedure.  

  

Figure 12: BPA calibration curve following the 4-AAP method 
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BPA degradation by F. fomentarius laccase was optimized using the Response Surface 

Methodology (RSM) employing a Central Composite Design (CCD) full factorial design 

based on its suitability to fit second order polynomial model and to estimate linear and 

quadratic effects of the selected variables. RSM is a statistical approach which allows to 

model the relationship between experimental factors and response, while CCD is an 

experimental design within RSM comprising of factorial, axial and central points. Two 

independent variables i.e pH (X1) and laccase concentration (X2) were selected and the BPA 

removal (%) was the dependent variable (response). Experiments were performed in 125-

mL Erlenmeyer flasks with 25 mL reaction mixture (20% working volume). The mixture 

comprised of 50 mg/L BPA, citrate phosphate buffer adjusted to the desired pH, and varying 

laccase activity based on the CCD matrix. Incubation was conducted in orbital shaker 

incubator (Solaris SK2000R) in darkness at 30 ºC and 125 rpm. Samples were collected after 

every 15 minutes to monitor the BPA degradation following the 4-AAP method. Based on 

preliminary experiments 30 min was identified as the optimal reaction time and was further 

used for RSM optimization experiments. The coded and actual values of the independent 

variables are given in Table 5. Each factor, i.e pH and laccase concentration was evaluated 

at five levels consisting of factorial points (±1, ±1), axial points (±α, ±α) and central points 

(0, 0). 
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Table 5: Coded and actual values of the independent variables used for BPA degradation experiments 

Runs 
pH (X1) 

Laccase activity (U/L) 

(X2) 

Actual Coded Actual Coded 

1 4 -1 100 -1 

2 4 -1 200 +1 

3 6 +1 100 -1 

4 6 +1 200 +1 

5 5 0 79.3 -α 

6 5 0 220.7 +α 

7 3.586 -α 150 0 

8 6.414 +α 150 0 

9 5 0 150 0 

10 5 0 150 0 

11 5 0 150 0 

12 5 0 150 0 

13 5 0 150 0 

 

The experimental data was fitted into second order polynomial regression equation  

Y =  β0 + β1X1 + β2X2 + β11𝑋1
2 + β22𝑋2

2 + β12X1𝑋2 (2) 

Where; Y is the response; β0 is Intercept term; β1X1 is Linear effect of pH; β2X2 is Linear 

effect of laccase ; β11X1
2 is Quadratic effect of pH; β22X2

2 is Quadratic effect of laccase; β12

X1X2 is Interaction between pH and laccase activity. 

Analysis of variance (ANOVA), regression analysis, and response surface analysis were 

performed using Design-Expert software (V25.0, Stat-Ease Inc.). Model adequacy was 

evaluated using the coefficient of determination (R²), adjusted R², predicted R², lack-of-fit 

test, and adequacy precision. Contour and 3-D response surface plots were generated to 

evaluate the combined effects of pH and laccase concentration and determine the optimum 

BPA degradation conditions.  
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6.10  ATR-FTIR analysis 

Following the degradation experiments, the experimental conditions corresponding to the 

highest BPA degradation efficiency were selected for further characterization using 

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) which 

measures the absorption of infrared radiation by molecular bonds, allowing changes in 

functional groups and chemical structure to be observed. After completion of the degradation 

reaction, 10 mM NaF was added to the reaction mixture to stop the laccase reaction. Sodium 

fluoride (NaF) is a known laccase inhibitor because it binds to the type 2 copper site, 

interfering with oxygen reduction (Naqui and Varfolomeev 1980). Further studies have also 

used 10 mM NaF to inhibit laccase (Paukner et al. 2015; Gangwar et al. 2016).  

The resultant reaction mixture was frozen for 24 hours and subjected to freeze drying in a 

Christ Alpha 2–4 LD Plus freeze dryer at -50 °C for 72 h. The samples were allowed to cool 

down to room temperature and then immediately transferred to desiccator to avoid moisture 

absorption from the atmosphere, which can cause noise interference with the FTIR analysis. 

The dried samples were analyzed using a Bruker Vertex 70 FTIR spectrometer operating in 

transmittance mode. Spectra were recorded within the range of 400-4000 cm-1. Each 

spectrum was obtained by averaging 20 scans at a spectral resolution of 4 cm-1. The degraded 

sample spectra were compared to commercial BPA >99% purity from Sigma Aldrich. 

6.11  Toxicity Tests 

The phytotoxicity of BPA and laccase treated BPA was evaluated using a Lactuca sativa L. 

seed germination bioassay, adopted from Tsytlishvili (2025). L. sativa, a dicotyledonous 

plant, is one of the recommended test species by the OECD guidelines for the testing of 

chemicals. The assay was performed in Petri plates using lettuce seeds as a test organism. 

Whatman no. 3 filter papers were placed on each plate as support for seed germination and 

growth. Triplicates were prepared for each sample while 4 replicates were prepared for the 

control.  

BPA stock (50 mg/L) and laccase treated BPA solutions (undiluted & 50% diluted) were 

used as samples with three replicates of each, while the control was prepared with at least 
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four replicates. 20 L. sativa seeds were placed on each filter paper, ensuring sufficient 

spacing between the seeds for root growth. 4 mL of sample solutions i.e 50 mg/L BPA, 

undiluted degraded solution and 50% diluted degraded solution were added to the respective 

Petri plates. For control, 4 mL of DI water was used instead of samples. The plates were 

sealed with Parafilm to minimize moisture loss and incubated in an Infros HT incubator in 

the dark at 21 ºC for 7 days. After the incubation period, the number of germinated seeds 

were noted. The root length and sprout length of each germinated seed were measured 

carefully. The relative germination percentage (GR%) was calculated as: 

𝐺𝑅 % = (
𝐺𝑆𝑆

𝐺𝑆𝐶
) ∗  100 (3) 

Where; GSS is the germinated seeds in the sample and GSC is the germinated seeds in the 

control 

Root growth inhibition (RGI%) was calculated using the average root length values as 

follows: 

𝑅𝐺𝐼% = (
𝑅𝐺𝐶 − 𝑅𝐺𝑆

𝑅𝐺𝐶
) ∗ 100 (4) 

Where; RGS is the average root length in the sample and RGC is the average root length in 

the control. 

Hypocotyl growth inhibition (HGI%) was calculated using the average hypocotyl/sprout 

length values as indicated below: 

𝐻𝐺𝐼% = (
𝐻𝐺𝐶 − 𝐻𝐺𝑆

𝐻𝐺𝐶
) ∗ 100 (5) 

Where; HGS is the average hypocotyl length in the sample and HGC is the average 

hypocotyl length in the control. 

The germination index (GI) was calculated to assess the response variability between Lettuce 

seeds treatments as follows: 

𝐺𝐼% = (
𝐺𝑆𝑆

𝐺𝑆𝐶
) ∗ 

𝑅𝐿𝑆

𝑅𝐿𝐶
∗ 100 (6) 
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where RLS is the root length of the sample, RLC is the root length of the control, GSS is 

the number of germinated seeds in the sample and GSC is the number of germinated seeds 

in the control. 

According to Zucconi et al. (1985) a GI <50 % indicates high phytotoxicity, values between 

50 % and 80 % moderate phytotoxicity, and a GI> 80 % no phytotoxicity for the tested 

species. 
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7  Results and discussion 

7.1  Screening of enzyme production 

The Petri plates were analysed for the formation of any degradation halo after the incubation 

period as shown in Figure 13 for T. atroviride  

T. atroviride grew on all screening media at a comparable rate and generally produced green 

spores typical of Trichoderma colonies. In ABTS plates, T. atroviride produced a clear 

reddish-purple halo around the fungal growth, indicating clear oxidation of ABTS and the 

presence of extracellular laccase activity. Similar ABTS screening assays have reported 

reddish purple color as a positive test for ABTS oxidation by laccase (Moin et al. 2012; 

Wiśniewska et al. 2021). In comparison, no visible color change was observed on kraft 

lignin, Azure B, or CMC–CR plates. The results indicated that T. atroviride had positive 

response for laccase production while lignin-degrading, lignin peroxidase and cellulolytic 

activity were not detected.  

For F. fomentarius, the qualitative screening results from Dorta de Oliveira et al. (2025) 

showed positive response on kraft lignin and ABTS media showing the ability of F. 

fomentarius to produce lignin-degrading enzymes and laccase, respectively.  
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Figure 13: Enzyme screening for Trichoderma atroviride. Left to right: (1) Laccase screening, (2) Lignin peroxidase 

screening, (3) Cellulase screening, (4) Ligninolytic screening, (5) Biotic control. Respective controls (row 1), Day 0 

(row 2), Day 5 (row 3), Day 7 (row 3 & 4) from front and back.  

Laccase screening for T. atroviride in the presence of BPA 

The growth rate of the T. atroviride under both BPA concentrations (i.e., 20 mg/L and 50 

mg/L) was almost the same. After the incubation period (7 days), the plates were flooded 

with 20 mM ABTS to observe the color change. The appearance of green color around the 

holes confirmed the presence of laccase activity even in the presence of BPA, visible on 

back side of the plates in Figure 14 & Figure 15. 
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Figure 14: Trichoderma atroviride laccase screening in the presence of 20 mg/L BPA (front and back) 

 

Figure 15: Trichoderma atroviride laccase screening in the presence of 50 mg/L BPA (front and back) 

7.2  Laccase activity by T. atroviride & F. fomentarius and protein assay 

Laccase production by T. atroviride 

Laccase production by T. atroviride was evaluated under five different culture-medium 

conditions designed to evaluate and stimulate laccase production. However, no significant 

laccase activity was observed under any of the tested conditions. Below Table 6 summarize 

the cultural conditions and respective laccase production which is presented in Figure 16 

 

Figure 16: Laccase production profile of T. atroviride under different culture conditions 
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Table 6: T. atroviride culture medias and laccase production 

Cultivation 

condition 

Media composition  Fermentation 

technique 

Max. Laccase 

activity (U/L) 

Cultivation 

time 

CC1 Glucose 10 g/L, yeast extract 20 g/L, 

(NH4)2SO4 0.9 g/L, KH2PO4 2 g/L, 

MgSO4·7H2O 0.5 g/L, CaCl2·2H2O 0.1 

g/L, KCl 0.5 g/L, and thiamine 

hydrochloride 0.5 g/L, 0.5mM Cu+2 (3rd 

day) 

Semi Solid 5 Day 5 

CC2 Glucose 10 g/L, yeast extract 5 g/L, 

(NH4)2SO4 0.9g/L, MgSO4·7H2O 0.5 g/L, 

CaCl2·2H2O 0.1 g/L, KCl 0.5 g/L, 

thiamine hydrochloride 0.5 g/L and 1mM 

guaiacol (1st day). 

Semi Solid 0 Day 8 

CC3 Glucose 10 g/L, tryptone 5 g/L, 

(NH4)2SO4 0.9g/L, MgSO4·7H2O 0.5 g/L, 

CaCl2·2H2O 0.1 g/L, KCl 0.5 g/L, 

thiamine hydrochloride 0.5 g/L and 1mM 

guaiacol (1st day). 

Semi Solid 2 Day 8 

CC4  Malt Extract 10 g/L, (NH4)2SO4 2 g/L, 

thiamine hydrochloride 0.5 g/L and 

0.5mM Cu+2 (1st day) 

Submerged 37 Day 7 

CC5 Malt Extract 10 g/L, (NH4)2SO4 2 g/L, 

thiamine hydrochloride 0.5 g/L and 

0.5mM Cu+2 (1st day) 

Semi Solid 20 Day 7 

No significant extracellular laccase production was observed from T. atroviride under the 

tested cultural conditions. Among the tested conditions, the malt-extract-based medium 

containing ammonium sulfate and thiamine under submerged and semi solid fermentation 

conditions (CC4 & 5) gave the highest measured laccase activity of 37 U/L & 20 U/L, 

respectively. However, the preliminary laccase screening on agar plates as well as BPA 

containing plates indicated oxidative enzyme activity through visible color change. A 

possible explanation can be that the enzyme activity was associated with conidial spores and 

was not being released into the culture medium as also discussed by Holker et al. (2002) who 

reported that laccase activity in T. atroviride was associated with the formation of green 

conidial spores and was confined in the periplasm space of the spores or linked with conidial 

cell wall. Therefore, the low laccase activity measured in the culture medium may be partly 



54 

 

explained by poor release of laccase into the extracellular medium, rather than complete 

absence of laccase production. 

Laccase production by F. fomentarius 

Extracellular laccase activity from F. fomentarius became detectable on day 3 of cultivation 

and increased progressively until reaching a maximum activity of 7442 U/L on day 13 and 

then gradually decreased till day 15 (Figure 17). This production profile is consistent with 

previous wheat bran-based cultivation study by Neifar et al. (2009), where F. fomentarius 

produced high laccase activity after 13 days. 

 

Figure 17: Laccase production profile of F. fomentarius over a period of 15 days 

Since the laccase activity of F. fomentarius was significantly higher than the laccase 

activities obtained under all previously tested Trichoderma cultivation conditions, F. 

fomentarius was selected as the enzyme-producing organism for subsequent BPA 

degradation. Neither MnP nor LiP activity were detected in either T. atroviride or F. 

fomentarius cultures. Therefore, laccase was the only detectable ligninolytic enzyme activity 

in the crude extract used for the subsequent BPA degradation experiments. 

The fermented culture was then processed to obtain crude laccase. The culture medium was 

filtered to separate the fungal mycelium and wheat bran residues by vacuum filtration 

through Whatman No. 1 filter paper. The filtrate was centrifuged at 4500xg for 15 min using 
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substrate and biomass. The resulting clear filtrate was frozen at -20 ºC for 24 h, defrosted 

and filtered to remove the precipitated polysaccharides.  

The crude enzyme extract was then subjected to concentration using Amicon, Merk stirred 

cell ultrafiltration with a 10 kDa molecular cutoff membrane. The laccase activity and total 

protein were determined before and after Amicon concentration. Specific activity was 

calculated using the formula: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑙𝑎𝑐𝑐𝑎𝑠𝑒 𝑎𝑐𝑡𝑖𝑖𝑣𝑡𝑦 (
𝑈

𝑚𝐿
) =  

𝐿𝑎𝑐𝑐𝑎𝑠𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝑈

𝑚𝐿
)

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑚𝑔
𝑚𝐿

)
 (7) 

The crude extract before Amicon showed a laccase activity of 7442 U/L and a protein 

concentration of 0.80 mg/mL, corresponding to a specific activity of 9.30 U/mg. After 

Amicon ultrafiltration, the laccase activity increased to 138,410 U/L, while the protein 

concentration increased to 4.62 mg/mL, giving a specific activity of 29.96 U/mg, resulting 

in a 3.22-fold concentration. This high specific activity indicated that unwanted proteins and 

impurities were successfully removed from the enzyme extract after Amicon. 

Table 7: Laccase activity, total protein and specific activity before and after stirred cell ultrafiltration 

Sample Activity 

(U/mL) 

Total protein 

conc. 

(mg/mL) 

Specific 

activity (U/mg) 

Concentration 

fold 

Crude laccase before 

Amicon 

7442 0.80 9.30 1 

Crude laccase after 

Amicon 

138410 4.62 29.96 3.22 

7.3  SDS and Native-PAGE  

SDS-PAGE analysis of F. fomentarius enzymatic extract (Figure 18A) showed a visible 

protein band between 55 kDa and 70 kDa, presumably corresponding to laccase enzyme. 

Further, Native-PAGE confirmed the presence of laccase as indicated by a green highlighted 

band (Figure 18B). Thus, the laccase of F. fomentarius has a molecular weight between 55 

and 70 kDa, which is consistent with the commonly reported molecular mass of fungal 

laccases (Viswanath et al. 2014; Arregui et al. 2019). Reported molecular mass of laccase 

can vary and is dependent on strain and purification level. For instance, some other strains 
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of F. fomentarius have reported laccase´s molecular masses of 44 kDa (Riffat et al. 2024), 

51 kDa (Neifar et al. 2010) and 60 kDa (Elibol 2004). SDS-PAGE also showed a lower 

molecular weight band below 25 kDa. Since the enzyme was concentrated/partially purified, 

this band can be associated with smaller proteins or lower molecular weight components of 

crude laccase. Further purification or protein identification by mass spectrometry would be 

required to confirm the identity of this low-molecular-weight band. 

             

Molecular weight marker               Sample                           Sample            

                                          A                                                          B 

Figure 18: A: SDS-PAGE and B: Native-PAGE activity staining 

7.4  SEM analysis of F. fomentarius and wheat bran 

SEM analysis of raw wheat bran and wheat bran with F. fomentarius after cultivation was 

conducted to analyze surface characteristics, mycelial growth pattern, and colonization of 

the support-substrate. The SEM images of untreated wheat bran and colonized wheat bran 

were taken from the cross section. The SEM view (Figure 19) of untreated raw wheat bran 

at 500 and 1,000 magnification shows the seed coat and pericarp layers labelled A which 

were densely packed, and the aleurone layer labelled B as series of well-defined cellular 

compartments with organized morphology, which is typical for untreated wheat bran (Lee 

et al. 2021). These layers, particularly the aleurone layer, concentrate most of the minerals, 
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vitamins and bioactive phytochemicals such as lignan (Brouns et al. 2012) serving as crucial 

nutrients for fungal growth.  

         

                                     A                                                                     B 

         

                                        C                                                                   D 

Figure 19: Cross section of SEM image of wheat bran before at 500 (a) and 1000 (b) magnification and after fungal cultivation 

at 500 (c) and 1000 magnification (d). A: surface; B: aleurone. 

Compared to the untreated raw wheat bran, (Figure 19 a and b) the colonized substrate 

(Figure 19 c and d) showed substantial structural modification as the organized aleurone 

layer is no longer clearly distinguishable and appears to be covered by fungal mycelia. The 

surface was covered by a dense pure layer of F. fomentarius biomass on the top while the 

layer below the surface exhibited loose and randomly packed hyphae of F. fomentarius 

labelled D strongly connected to the substrate labelled C (Figure 19 d). The fungal biomass 

and hyphae can be more closely seen in Figure 19c. 
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7.5  BPA degradation experiment results 

BPA degradation by laccase from F. fomentarius was optimized using RSM. The effects of 

pH (X1) and laccase activity (X2) (U/L) on BPA removal percentage (Y, response) were 

evaluated through a total of 13 runs consisting of 4 factorial points, 4 axial points, and 5 

replicated central points. The experimental conditions and corresponding BPA removal 

percentage, experimental and predicted are presented in Table 8.  

Table 8: Coded and actual values of the independent variables together with the experimental and predicted responses  

Run pH Laccase 
(U/L) 

X1 X2 Y exp. Y pred. Y resid. 

1 4 100 -1 -1 57.8 49.9 7.9 

2 4 200 -1 1 64.8 61.3 3.5 

3 6 100 1 -1 58.2 51.9 6.3 

4 6 200 1 1 86.6 84.7 1.9 

5 5 79.3 0 -1.414 51.2 59.2 -8 

6 5 220.7 0 1.414 88.8 90.6 -1.8 

7 3.58 150 -1.414 0 34.0 40.0 -5.6 

8 6.41 150 1.414 0 54.2 58.0 -3.8 

9 5 150 0 0 45.0 43.7 1.3 

10 5 150 0 0 43.8 43.7 0.1 

11 5 150 0 0 44.0 43.7 0.3 

12 5 150 0 0 42.6 43.7 -1.1 

13 5 150 0 0 43.2 43.7 -0.5 

 

Experimental BPA removal percentage ranged from 34.0% to 88.8% while predicted BPA 

removal percentage ranged from 40.0% to 90.6% under the tested conditions. The highest 

experimentally observed removal percentage (88.8%) and predicted removal percentage 

(90.6%) were achieved at pH 5 and 220.7 U/L laccase activity, whereas the lowest 

experimental removal percentage (34.0%) and predicted removal percentage (40.0%) were 

observed at pH 3.5 and 150 U/L laccase activity. The central point runs (pH 5 and laccase 

activity150 U/L) showed relatively consistent removal ranging between 42.6% and 45.0%.  

The experimental data were fitted to a quadratic polynomial regression model. The model 

fit summary obtained from Design Expert indicated that the quadratic model was the most 

appropriate model for describing BPA removal. Analysis of variance (ANOVA) further 

demonstrated the statistical significance of the model with an F-value of 18.15 and a p-value 

of 0.0007. In RSM, the F-value compares the variation explained by the model with 
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unexplained residual error with a higher value indicating that a significant part of response 

variation is explained by the model. On the other hand, p-value explains the probability that 

the observed model effect could occur by random chance if the model terms had no real 

effect with a lower p- value indicating that the model is statistically significant. The ANOVA 

results for the fitted model developed using Design Expert are shown in Table 9.  

Table 9: ANOVA for the quadratic model describing BPA removal obtained from StateEase Design Expert software 

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

Model 3110.7 5 622.14 18.15 0.0002 

X1-pH 322.16 1 322.16 9.40 0.0182 

X2-Laccase 980.68 1 980.68 28.62 0.0011 

X1X2 114.49 1 114.49 3.34 0.1103 

X1
2 48.48 1 48.48 1.41 0.2730 

X2
2 1690.77 1 1690.77 49.34 0.0002 

Residual 239.89 7 34.27   

Lack of Fit 236.64 3 78.88 97.14 0.0003 

Pure Error 3.25 4 0.8120   

Cor Total 3350.59 12    

 

Laccase activity concentration (X2) had the strongest influence on BPA removal, as 

evidenced by its high F-value (28.62) and low p-value (0.0011). The linear effect of pH (X1) 

was also statistically significant (F-value = 9.40; p-value = 0.0182) indicating that the pH 

also contributed to BPA removal, although its effect was less significant than that of laccase 

activity. In addition, the quadratic term of laccase activity (X2
2) was highly significant (p = 

0.0002), indicating a pronounced nonlinear effect of enzyme concentration on BPA removal. 

In contrast, the interaction term between pH and laccase activity (X1X2) and the quadratic 

pH term (X1
2) were not statistically significant, suggesting limited interaction effects and 

weaker curvature associated with pH.  

The final quadratic regression equation in terms of coded factors was expressed as: 

Y = 43.72 + 6.35X1 + 11.07X2 + 2.64X1
2 + 15.59X2

2 + 5.35X1X2
 

where:  

Y = BPA removal percentage (%). X1 = coded pH value, X2 = coded laccase activity 

(U/L). 
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The regression model exhibited a high coefficient of determination R2 = 0.9284 indicating 

that 92.84% of the variation in BPA removal was explained by the model. The adjusted 

coefficient of determination (Adjusted R2 = 0.8773) further confirmed a satisfactory model 

fitting. Although the predicted value of R2 = 0.4963 was lower than the adjusted R2, the 

model was retained because of its significant F-value, acceptable residual diagnostics, and 

satisfactory representation of the experimental response surface. Despite significant lack of 

fit, a high R2 (0.9284) indicated that the model was well adapted to response. Furthermore, 

the adequate precision value of 12.706 indicated an adequate signal-to-noise ratio and 

confirmed the suitability of the model for navigating the design space (Table 10). 

Table 10: Fit statistics for the quadratic model obtained from StateEase Design Expert software 

Std. 

Dev 
5.85 R2 0.9284 

Mean 54.94 Adj. R2 0.8773 

C.V.% 10.66 Pred. R2 0.4963 

  Adeq. Precision 12.7061 

 

Table 11: Regression coefficients and statistical parameters of the quadratic model obtained from StateEase Design 

Expert software 

Factor Coeff. 

Estimate 

df Std. Error 95% Cl 

Low 

95% Cl 

High 

VIF 

Intercept 43.72 1 2.62 37.53 49.91  

X1-pH 6.35 1 2.07 1.45 11.24 1.0 

X2-Laccase 11.07 1 2.07 6.18 15.97 1.0 

X1X2 5.35 1 2.93 -1.57 12.27 1.0 

X1
2 2.64 1 2.22 -2.61 7.89 1.02 

X2
2 15.59 1 2.22 10.34 20.84 1.02 

 

The adequacy of the developed quadratic model was further evaluated using diagnostic plots. 

The normal probability plot (Figure 20) of residuals demonstrated that the residual points 

were distributed reasonably close to the reference line, indicating approximate normal 

distribution of residuals and compliance with ANOVA results. The residuals vs predicted 

values plot (Figure 21) showed random distribution of residuals without obvious systematic 

patterns, indicating homogeneity of variance and absence of significant heteroscedasticity 

within the experimental dataset. The predicted vs actual plot (Figure 22) demonstrated 
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acceptable agreement between experimentally observed and model-predicted BPA removal 

values. Most data points were distributed near the diagonal reference line, confirming the 

adequacy of the developed regression model for describing the experimental response. 

 

Figure 20: Normal probability plot of residuals for the quadratic 

model  

 

Figure 21: Residuals vs predicted values plot for the quadratic model  

 

Figure 22: Predicted vs actual BPA degradation values obtained from the quadratic regression model. 

The contour plot (Figure 23) and 3-D response surface plot (Figure 24) illustrated the 

combined effects of pH and laccase activity on BPA removal percentage. BPA removal 

increased substantially with increasing laccase activity, particularly at higher pH values. The 

response surface also showed clear curvature effects associated with laccase concentration, 

which was consistent with the highly significant quadratic laccase term identified in the 

ANOVA results. 
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Figure 23: Contour plot showing the combined effects of 

pH and laccase activity on BPA degradation 

 

Figure 24: Three-dimensional response surface plot showing the effects of 

pH and laccase activity on BPA degradation 

The highest BPA removal percentage was obtained at the axial point corresponding to pH 5 

and laccase activity of 220.7 U/L. Under these conditions, the experimental BPA removal 

was 88.8%, while the quadratic regression model predicted 90.6% removal. These conditions 

represented the optimal removal within the investigated CCD design space. Therefore, pH 5 

and a laccase activity of 220.7 U/L were selected for further FTIR analysis and toxicity tests. 

The following Table 12 provides a summary and compares the experimental conditions and 

results of this study with previous BPA studies 
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Table 12: Summary of laccase-based treatment of BPA removal and comparison with previous studies operating with 

free laccase 

Reference Laccase source Concentration Laccase 

dose 

pH & 

Temp. 

BPA removal 

This Study F. fomentarius 50 mg/L 220.7 U/L 5, 30 ºC 88.8 % in 30 min 

(Liu et al. 2023) T. hirusta 114 mg/L 1310 U/L 4.8 30 ºC 85.71% in 6 h 

(Elsayed et al. 

2023) 

T. hazardium 20 mg/L 750 U/L 5.5, 25 ºC 69% in 5 h 

(Lassouane et 

al. 2019) 

T. pubescens  20 mg/L 1000 U/L 5, 30 ºC 100% in 1.5 h 

 

(Hongyan et al. 

2019) 

T. vesicolor 5 mg/L 80 U/L 5.2, 44 ºC 97.6% in 1h 

(de Freitas et 

al. 2017) 

P. ostreatus and  

P. pulmonarius 

100 mg/L 5000 U/L 5, 28 ºC P. ostreatus: 100% in 30-45 

min 

P. pulmonarius: 100% in 1 

h 

(Nguyen et al. 

2015) 

Genetically 

modified A. oryzae 

(commercial) 

1 mg/L 180 U/L 6.8 97% in 24 h 

(Asadgol et al. 

2014) 

P. variabile 

(purified) 

900 mg/L 5000 U/L 5, 30-50 

ºC 

At 35 °C, 59.7% in 30 min. 

At 50 ºC, 88.3% in 30 min 

(Chairin et al. 

2013) 

T. polyzona 

(purified) 

100 mg/L 640 U/L 4, 28 ºC Without HBT 12% in 1 h 

and ≈ 13% in 3 h.  

With HBT (2 mM), 66.8% 

in 1 h and 100% in 3 h. 

(Cabana et al. 

2007) 

C.  polyzona 5 mg/L 10 U/L 5, 50 ºC 100% in 4 h 

(Fukuda et al. 

2001b) 

Commercial 

Denilite®  

500 mg/L 1500 U/L 6, 60 ºC 100% in 3 h 

7.6  ATR-FTIR results  

The FTIR spectrum of commercial BPA (Figure 25) exhibited a broad absorption band 

around 3300–3400 cm-1, corresponding to O-H stretching vibrations associated with 

phenolic hydroxyl groups. Aromatic C–H stretching vibrations of the phenyl rings were 

expected just above 3000 cm-1 which were relatively weaker in the observed spectrum, while 

the absorption peaks observed near 2950 - 2850 cm-1 were attributed to symmetric and 
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asymmetric stretching of the C-H bonds in the methyl groups (-CH3). The spectral peaks 

between 1600 -1500 cm-1 showed characteristic aromatic C = C stretching vibrations 

associated with BPA aromatic ring structures. Moreover, the peak observed near 1357 cm-1 

corresponded to the C-H bending vibrations of the CH3 group in the central isopropyl unit 

of BPA. Strong peaks in the 1250 - 1100 cm⁻¹ region were associated with the phenolic C-

O stretching vibration, while bands between 850 - 700 cm⁻¹ and below generally 

corresponded to aromatic C-H out-of-plane bending vibrations of para substituted aromatic 

benzene rings of BPA.  

 

Figure 25: FTIR spectra of commercial BPA 

 

Figure 26: FTIR spectra laccase-treated BPA after 30 min 
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The raw BPA and the laccase-treated BPA FTIR spectra (Figure 25 & 26) are quite different, 

indicating that laccase modified the chemical structure of BPA. After laccase treatment, no 

distinct broad O-H band around 3200-3600 cm-1 or clear C-H stretching bands around 3000-

2850 cm-1 were evident which means that the phenol related OH groups were altered, 

confirming the enzymatic transformation of the BPA monomers. A weak band observed at 

1600 cm-1 may be associated with aromatic ring vibrations from oxidized BPA intermediates 

including possible quinone structures formed during laccase reaction. Another weak band at 

1359 cm-1 showed that the methyl groups of the central isopropyl unit were intact. The 

absorption bands observed between 1200, and 1000 cm-1 could be overlapping contributions 

from the phenolic C-O stretching of BPA or its transformation products. The persistence of 

strong C-O stretching vibrations showed that the aromatic core was not mineralized but 

rather rearranged into soluble, stable by products. Additional bands observed within the 

1000-800 cm-1 region correspond to aromatic C-H bending vibrations either due to 

transformed or residual BPA aromatic rings. Furthermore, the intact peak at 854 cm-1, 

corresponding to C-H bending out of plane of aromatic rings, indicated that the aromatic 

rings of BPA were not destroyed.  

7.7  Phytotoxicity test results 

Lactuca sativa germination assay was used to determine the phytotoxicity of untreated and 

laccase treated BPA. The test assessed whether BPA removal by F. fomentarius laccase 

resulted in formation of more toxic byproducts. After the incubation period (7 days), the 

number of germinated seeds were counted, and root and sprout lengths were measured. The 

results were expressed as germination index % which is the combined indicator of seed 

germination and root growth. The results of the toxicity tests are provided in Table 13 and 

Figure 27 shows the growth of L. sativa on petri plates. 
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Table 13: Phytotoxicity tests results for raw BPA and laccase-treated BPA using Lactuca sativa 

Treatment Germinated 

seeds/20 

Absolute 

germination % 

Relative 

GR % 

Root 

length 

(cm) 

RGI % Sprout 

length 

(cm) 

HGI % GI % 

Control 17.25 ± 

2.22 

86.25 ± 11.09 100.0 1.00 ± 

0.23 

0.0 1.81 ± 

0.29 

0.0 100.0 

BPA 50 mg/L 15.67 ± 

1.53 

78.33 ± 7.64 90.8 0.59 ± 

0.23 

40.8 1.34 ± 

0.40 

25.8 53.8 

Degraded 

BPA 

undiluted  

4.33 ± 1.15 21.67 ± 5.77 25.1 0.06 ± 

0.02 

94.0 0.11 ± 

0.08 

93.7 1.5 

Degraded 

BPA 50% 

dilution 

7.00 ± 3.00 35.00 ± 15.00 40.6 0.16 ± 

0.08 

84.5 0.74 ± 

0.23 

58.9 6.3 

where: GR= relative germination, RGI = root growth inhibition, HGI = hypocotyl/sprout 

growth inhibition, and GI = germination index 

In the untreated BPA solution (50 mg/L), the GI (%) was 53.8% indicating moderate toxicity 

(Zucconi et al. 1985). However, the undiluted and the 50% diluted laccase-treated BPA 

solutions presented a GI% of 1.5 and 6.3, respectively, showing a very high toxicity (Zucconi 

et al., 1985). Therefore, the byproducts of laccase BPA treatment were more toxic than the 

parent compound against L. sativa seeds. 
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Figure 27: Toxicity tests (1) control, (2) 50 mg/L BPA, (3) laccase-treated BPA 

undiluted, (4) laccase-treated BPA 50% diluted 
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8  Conclusions 

This study showed that the two fungal strains Trichoderma atroviride and Fomes 

fomentarius behaved very differently in terms of extracellular laccase production. Although 

T. atroviride gave a positive qualitative response on ABTS and on BPA-containing MEA 

Petri plates, significant laccase production was not observed in liquid and semi-solid 

fermentation state giving a maximum activity of 37 U/L in all the tested conditions. F. 

fomentarius, on the other hand, was a much stronger laccase producer. Under semi-solid-

state fermentation using wheat bran as a support-substrate, a maximum laccase activity of 

7442 U/L was obtained on day 13. SDS-PAGE showed a main protein band between 55-70 

kDa while Native-PAGE activity staining confirmed that it corresponded to laccase. 

The BPA degradation experiments confirmed that crude F. fomentarius laccase could 

remove BPA from aqueous solution under the tested conditions. Using CCD, the optimal 

conditions for maximum BPA removal were determined to be pH 5 and 220.7 U/L laccase 

when operating at 30 ºC, 125 rpm, 50 mg/L BPA and 30 min. Under these conditions, the 

highest BPA removal achieved was 88.8% This shows that the crude enzyme preparation 

was able to remove BPA without the addition of any redox mediator. BPA removal results 

were consistent with previous crude laccase BPA studies (Cabana et al. 2007; Asadgol et al. 

2014; Hongyan et al. 2019; Lassouane et al. 2019; Liu et al. 2023) which observed >80% 

BPA removal under different conditions, and particularly with (de Freitas et al. 2017) who 

observed 100% removal in 30-45 mins using 5000 U/L laccase and 100 mg/L. However, 

their utilized laccase activity and BPA concentration were higher as compared to this study. 

Real wastewater effluent contains dissolved organic matter, salts and competing substrates 

that may affect laccase activity and BPA transformation. Testing the enzyme system under 

real conditions would provide a better understanding of its possible application in water and 

wastewater treatment. In addition, immobilization of F. fomentarius laccase on suitable 

support substrates should be investigated for BPA removal as it offers superior enzyme 

stability and reusability. 

The FTIR results supported that BPA was structurally modified after laccase treatment. The 

treated sample showed clear changes compared with the raw BPA, especially in regions 
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associated with phenolic O-H, aliphatic C-H and aromatic ring vibration indicating potential 

formation of metabolites. 

Toxicity tests showed that although BPA removal was high under the optimized laccase 

treatment conditions, the byproducts formed were more phytotoxic to Lactuca sativa seeds 

than the original 50 mg/L BPA solution.  

F. fomentarius showed clear potential as a source of extracellular laccase for BPA 

transformation. However, the treatment process cannot yet be considered environmentally 

safe because detoxification was not observed. Further study using LC-MS, GC-MS or 

HRMS is required to identify the byproducts formed.  

In terms of T. atroviride, future work should focus on understanding why positive screening 

could not be replicated in culture medium for strong laccase production. Since T. atroviride 

laccase may be linked to spores, future work should study direct extraction of spore-

associated laccase. 
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