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Abstract 

Mycotoxins are toxic secondary metabolites produced by filamentous fungi mainly 

belonging to Aspergillus, Penicillium, Fusarium and Alternaria genera. They can be found as 

common contaminants of cereals, fruits, seeds and spices as a result of fungal spoilage. 

Mycotoxin contamination is an significant health and economic concern worldwide. Some 

of them were recognized by the International Agency of Research on Cancer (IARC) as 

carcinogenic (aflatoxin of the B and G series), possible carcinogenic (aflatoxin M1, AFM1; 

fumonisin B1, FB1; ochratoxin A, OTA) to humans. Moreover, they exert both acute and 

chronic toxic effects towards humans and animals. Because of mycotoxin contamination, 

billions of dollars are lost every year due to unsold commodities, decrease of animal 

health and productivity or to sustain a complex and integrated mycotoxin management 

system. Prevention strategies are not completely effective and require the implementation 

of novel post-harvest methods, able to mitigate or remove mycotoxins from contaminated 

materials.  

The aim of this thesis was to evaluate and study the capability of laccase enzymes to 

reduce mycotoxin contamination both in vitro and in contaminated materials through an 

environmental friendly and mild approach. In addition up to eight different redox 

mediators were used within the laccase mediator system (LMS) to maximize mycotoxin 

degradation. 

Within this purpose, the activity of two different purified LCs, native Lac2 from Pleurotus 

pulmonarius and the recombinant Ery4 from P. eryngii, was tested towards the main classes 

of mycotoxins. 

Lac2 was identified and evaluated for the in vitro degradation of aflatoxins, while Ery4 

was tested towards AFB1, AFM1, FB1, OTA, deoxynivalenol (DON), zearalenone (ZEN) 

and T-2 toxin. The preliminary screening revealed that the inclusion of a toxin - specific 

redox mediator is required to achieve high levels of degradation with both enzymes. 

However, the use of the LMS resulted ineffective for DON and not efficient for OTA. 
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By the use of one LMS, the simultaneous in vitro degradation of two different toxins was 

also achieved for AFB1/ZEN and FB1/T-2 toxin pairs.  

In addition, LMS treatment was successfully tested in real artificially and naturally 

contaminated matrixes (milk and maize flour) for AFM1 and ZEN degradation. 

Despite the great potentialities showed by both enzymes in the field of bioremediation, 

LCs remain versatile biocatalysts which can be applied in various food processes. LMS 

application in milk was deeply investigated to evaluate the effects on milk proteins and 

the possibility of manufacturing a curd with improved technological and nutritional 

properties. 

The results presented in this thesis lay the basis for the development of a 

biotransformation methods based on a LMS approach  and open new perspective for the 

use of this versatile and green biocatalyst in the field of safety and quality of mycotoxin 

contaminated commodities. 
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1. General introduction and background on mycotoxins 

Mycotoxins are secondary metabolites produced by fungi mainly belonging to 

Fusarium, Aspergillus and Penicillium genera, which display toxic, carcinogenic, 

teratogenic and mutagenic activity towards humans and animals (Bennet and 

Klich, 2003).  

Mycotoxins are low molecular weight metabolites, which exhibit very diverse 

chemical structure, toxicity and are produced by different organisms. Due to their 

huge heterogeneity, mycotoxins are not easy to classify. They can be grouped 

according to the chemical structure (e.g. coumarins, lactones etc.), target organ 

(e.g. nephrotoxic, hepatotoxic etc.) or producer fungus (Aspergillus toxins, 

Penicillium toxins). Cereals, seeds, spices, fresh and dried fruits are the major food 

commodities susceptible to mycotoxin contamination. The most important 

mycotoxins are shown in Table 1-1.  

Mycotoxin contamination poses a severe risk for the health and economy of 

food and feed supply chains. The Food and Agriculture Organization (FAO) 

estimates that up to 25% of food commodities is contaminated with mycotoxins 

and from 30 to 100% of it is co-contaminated by multiple mycotoxins. 

Cereals are the main source of mycotoxin exposure. At the same time, they 

represent the staple food of human diet worldwide, and have a considerable role 

in animal nutrition and biofuel production. Cereals by-products are precious 

ingredients in feed manufacture, and contribute to maintain the sustainability of 

food processing industries by converting wastes and by-products into valuable 

products (Pinotti et al., 2016). 

Mycotoxigenic fungi are able to contaminate crops, both pre and post-

harverst. Improper storage or prolonged drying can stimulate fungal growth and 

mycotoxin production (IARC, 2012).  

Mycotoxins are stable to the most commonly used food processing methods, 

thus they can be found in processed products, including sterilized, extruded and 
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fermented ones. Carry over in animal products was also documented for AFB1 (as 

AFM1 in milk and dairy) and OTA (Volkel et al., 2011).  

Being secondary metabolites, mycotoxin production is not easy to predict, 

hence it depends on several environmental, as well as biological factors, such as 

the complex host-pathogen interactions (Logrieco et al., 2002). Among the 

environmental factors, the most important ones are temperature, nutrient 

availability, atmospheric gases, pH, water activity, photoperiod and light intensity 

(Fanelli et al., 2015; Fanelli et al., 2013). On the other hand, the size of the 

inoculum, presence- absence of competing microflora and strain-host variability 

are determining biological factors (Popovski et al., 2013). 

Generally, a wide number of different mycotoxins may be found in the same 

product since a single fungal species can produce several toxic metabolites, or 

several species can be present simultaneously, producing different toxins (Pereira 

et al., 2014).  

Aflatoxin B1 (AFB1) is the most toxic mycotoxin and was classified as 

carcinogenic to humans (group 1) by the International Agency of Research on 

Cancer (IARC) in 2002 (IARC, 2002). Aflatoxin M1 (AFM1), ochratoxin A (OTA) 

and fumonisin B1 (FB1), were recognized as possibly carcinogenic to humans 

(group 2B) due to the limited availability of their toxicological data on humans 

(IARC, 2002). 

Toxic outcomes of mycotoxin ingestion are classified into acute or chronic 

mycotoxicosis, depending on the type of mycotoxin assumed and its daily intake. 

Mycotoxicosis symptoms include gastro intestinal inflammation, anorexia, 

immune dysfunction, growth impairment and endocrine disorders. In addition, 

synergistic or additive effects have to be taken into account because of the co-

occurrence of multiple toxins on the same product (Speijers et al., 2004).  

c 

impact of mycotoxin contamination is also a topic of great interest. In addition to 

the money loss due to unsold commodities, which cannot enter the market 
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(Commission Regulation 1881/2006), additional costs have to be considered. Food 

and feed recalls or rejections at the borders, the reduction in animal productivity, 

sanitary treatments for mycotoxicosis, the safe disposal of contaminated 

biomasses, the development of detection and quantification methods as well as the 

development of strategies able to reduce mycotoxins occurrence have a great 

impact on the economic balance of mycotoxins contamination (Marroquín-

Cardona et al., 2014). Economic losses are difficult to quantify, but range in the 

order of billions of dollars annually worldwide (Schmale and Munkvold, 2017). 

Mycotoxin occurrence is regulated in many countries worldwide. The 

European Union has a solid legislation covering both food and feed commodities. 

Commission Regulation (EC) No. 1881/2006 sets mycotoxins maximum levels 

specifically established for food products (e.g. type pf food commodity, raw or 

processed) and consumer category (e.g., adults or infants). As regards 

trichothecenes T-2 and HT-2 toxins (T-2, HT-2), only indicative levels in cereals 

and cereals products have been established (Commission Recommendation 

2006/576/EC; Commission Recommendation 2013/165/EU), while for the so called 

emerging mycotoxins (e.g., enniatins, beauvericin, fusaric acid and moniliformin) 

neither, maximum nor indicative levels have been yet established. 

Different regulation limits were set in approximately 100 countries worldwide; 

however, they are still lacking in some African and Latin American regions. 

During the last 10 years, many efforts were made to harmonize regulations in 

several economic communities, such as EU (European Union), MERCOSUR 

(Mercado Cómun del Sur, which includes Argentina, Brazil, Paraguay, Uruguay 

and Venezuela), Australia and New Zealand (Egmond et al., 2007).  

Regulation limits are formulated in accordance to toxicological and occurrence 

data, but can significantly vary. In US and China, the limit for AFM1 in milk, for 

example, is 10 times higher than EU limits (0.5 vs 0.05 µg/Kg). 

The differences in food safety standards and regulation on mycotoxin 

occurrence have an important impact on food and feed trade, with both economic 
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and health related implications. In developing countries, poor control measures, 

less strict regulations increase the overall mycotoxin exposure risk. High quality 

food is exported, while the most contaminated one is retained or imported for the 

local trade (Wu et al., 2012).    
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Table 1-1. Mycotoxin classification and properties 

Food commodity 

Maize, wheat, rice, 
sorghum, nuts 

Cereals, grapes dried 
fruits, wine, coffee 

Cereals, cereal 
product 

Maize, maize 
products, sorghum 

Cereals, cereal 
product 

Chemical group 

Difuranocoumarin 

Dihydro-
isocoumarin linked 

-phenylalanine 

Sesquiterpenoid 

Diesthers of acyls 

Resorcilyc acid 
lactones 

Toxicity 

Hepatotoxic, 
carcinogenic (liver) 

Nephrotoxic 

Cytotoxic 

Hepatotoxic and 
carcinogenic 
(esophagus) 

Estrogenic 

Main producing 
organisms 

Aspergillus flavus, 
A. parasiticus, A. niger 

Aspergillus ochraceus, 
Penicillium verrucosum 

Fusarium graminearum 
F. poae, 

F. sporotrichioides, 
F. equiseti 

F. verticillioides, 
F. proliferatum, 

F. fujikuroi 

F. culmorum, 
F. graminearum 

Mycotoxin 

Aflatoxin B1, B2, G1, G2 

Ochratoxin A, B, C 

Deoxynivalenol 
Nivalenol 
T-2 toxin 

HT-2 toxin 

Fumonisin B1, B2, B3, B4 

Zearalenone 
-Zearalenol 
-Zearalenol 

Mycotoxin  
class 

Aflatoxins 

Ochratoxins 

Trichothecenes 

Fumonisins 

Zearalenons 
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1.1. Overview of the main mycotoxins  

1.1.1. Aflatoxins 

derives from its principal fungal producer, 

Aspergillus flavus (Hesseltine, et al., 1966). AFs group includes more than 20 fungal 

secondary metabolites synthetized by Aspergillus species. AFs are primarily 

produced in the field, under elevated temperature and water stress conditions, but 

also during storage when relative humidity is maintained at 65% or during 

prolonged drying (Villers et al., 2014). Maize (Zea mays L.) is the major crop 

susceptible to Aspergillus spp. infection and subsequent AF contamination, 

together with nuts and dried fruits (Masood et al., 2015). Nuts, nut products and 

seeds were the most notified AF contaminated commodity by the Rapid Alert 

Alarm System for Food and Feed (RASFF) entering EU borders in 2016 (RASFF, 

2016). 

Afs are difuranocumarins 

chemical structure (Fig. 1-1). The difurocoumarocyclopentenone group includes 

AFB1 2 2a, AFM1 2 1 (AFQ1), and 

1, 

2 2a.  

B and G designations refer to their characteristic blue and green fluorescence 

under UV-light, while the M refers to the first evidence of AFM1 occurrence in the 

milk of lactating cows fed with AFB1 contaminated feed.  

AFs of the B and G series co-occur in cereals and their derived products, fruits, 

oilseeds, nuts, tobacco and spices, while the M serie, AFL and AFQ1 can be found 

in food as carry-over products of AFB1 contaminated feeds. In fact, in vivo AFB1 is 

readily metabolized through hydroxylation (to AFM1 or, to a lesser extent, to 

AFQ1) or reduction (to AFL). Among in vivo metabolites, AFM1 deserves particular 

attention because it is excreted through the mammary glands of lactating humans 

and animals and can be found as natural contaminant in milk and breast milk.  
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AFs toxicity was discovered in 1960, when 100,000 turkeys died from AF 

induced liver necrosis (Blount, 1961). Their toxicity is both acute, at high doses, 

and chronic, if low amounts are assumed for a long period of time. Common 

symptoms of acute aflatoxicosis include vomiting, abdominal pain, pulmonary 

oedema, fatty infiltration and necrosis of the liver. Chronic assumption of AFs 

leads to liver cancer. 

AF poisoning has been reported in developing countries such as India and 

Kenya, where poor agronomical practices, poor control measure and improper 

storage systems are in use. Additionally, environmental conditions are extremely 

favourable to fungal growth and mycotoxin production (Wild et al., 2015). One of 

the largest aflatoxicosis outbreak occurred in rural areas of Kenya leading to 314 

cases and 125 deaths, due to the consumption of contaminated home-grown 

maize. AFs consumption is also a serious health threat for breast fed infants, since 

AFM1 has been recently detected also in breast milk (Ishikawa et al., 2016). 

Figure 1-1. Aflatoxins chemical structure. Toxic determinants are highlighted in red (C-8 
C-9 double bond) and blue (ester bond in the lactone moiety). Tables show substituent 
groups of different analogues. 
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Both B and G series were enlisted in group 1 by IARC (2002) and are 

carcinogenic to humans and animals. Upon ingestion, they are metabolized in the 

liver by cytochrome P450 (CYP450) microsomal enzymes to aflatoxin-8,9-epoxide. 

The epoxide ring is a crucial determinant for AFs carcinogenicity, since it is 

responsible for the binding to N7-guanine and the subsequent G to T 

transversions in the DNA molecule (Essigmann et al., 1977). Activated AFs are 

also able to form schiff bases with cellular and microsomal proteins (via 

methionine, histidine and lysine), thus leading to acute toxicity (Eaton et al., 1997). 

The lactone ring also plays a role in AFs toxicity and carcinogenicity, since 

1 (AFD1), which still retains the 8,9-dihydrofuran double bond but not 

the lacton ring, lacks the strong in vivo DNA binding activity of AFB1, 

demonstrating that DNA alkylation depends upon both difuranocumarin and 

lactone moieties (Schroeder et al., 1985). 

1.1.2. Fumonisins 

Fumonisins are a wide group of mycotoxins produced by several Fusarium 

species, including F. verticillioides, F. proliferatum, F. oxysporum and F. globosum, 

commonly found as saprophytes on maize, wheat and other cereals. 28 different 

fumonisins have been described so far and divided into A, B, C and P-series. The 

B-serie includes the most common and toxic fumonisins, with FB1 being the most 

abundant.  

Chemically, fumonisins are composed by a long 19- or 20 carbon aminopolyol 

backbone substituted with two tricarballylic acid moieties (Fig. 1-2) which 

resembles the sphingoid bases sphinganine (SA) and sphingosine (SO).  
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The structural similarity to SA and SO is responsible for FB1 toxicity. FB1 acts 

as a competitive substrate for ceramide synthase, which is technically a SA and SO 

N-acetyltransferase. As a consequence, ceramide biosynthesis is disrupted, SA and 

SO accumulate in cells and tissues leading to inhibition of cell growth, apoptosis, 

liver and kidney disfunction (Soriano et al., 2005). Other specific toxic effects on 

animals include porcine pulmonary edema and equine leukoencephalomalacia. 

In 1993 and 2002 FB1 was enlisted in group 2B by the IARC, thus possible 

carcinogenic to humans (IARC, 2002). Although carcinogenicity was not directly 

proven in humans, it has been positively correlated with the occurrence of 

oesophageal cancer in certain areas of South Africa and China (Marasas, 1996), 

while evidence of the carcinogenic effect on animals has already been proven in 

rats and mices (Stockmann-Juvala et al., 2008).  

Both the tricarballylic moieties and the amino group are responsible for FB1 

toxicity. Hydrolysed FB1 (HFB1) and N-acetyl FB1 are significantly less toxic or 

unable to disrupt ceramide biosynthesis. 

Maize is the main food commodity affected by FB1 contamination, although it 

was also rarely found in sorghum and sporadically in wheat, asparagus, tea, and 

cowpea (Jackson, 2013).  

Figure 1-2. Fumonisins (FBs) chemical structures. FB1ester bonds hydrolyzed by the main 
degrading pathways, leading to the formation of HFB1 and the two tricarballylic acid 
moieties, are indicated in red. Table shows substituent groups of different fumonisin 
analogues. 



Introduction 

 10 

Available data on carry over exclude that FB1 transfer occurs from feed to 

animal tissues or animal derivatives, such as milk and eggs (EFSA, 2005). 

However, a recent study by Magoha and colleagues (2014) reported FB1 carry over 

in breast milk of Tanzanian women, suggesting that carry over contribution to the 

total FB1 exposure should be reconsidered, at least in developing countries 

(Magoha eta l., 2014). 

1.1.3. Zearalenone 

Zearalenone (ZEN) is a phenolic -resorcyclic acid lactone, non-steroidal yet 

oestrogenic mycotoxin, mainly produced by several Fusarium species, including F. 

culmorum, F. equiseti and F. graminearum. It can be found as natural contaminant of 

maize as well as wheat, barley, sorghum and rye. Also vegetable oils produced 

from corn and wheat contain considerable amounts of ZEN. 

The main toxic effect of ZEN is related to its oestrogenic potential, due to its 

structural similarity to 17-  (Fig. 1-3). ZEN is capable of binding the 

-estradiol, estriol andestrone (Zinedine et al., 2007). Besides ZEN, 

other related compounds can be generated in vivo upon reduction, s - and 

- -ZEL, respectively). Surprisingly ZEL results in 

greater ER binding capacity and oestrogenic potential than the parent compound. 

Figure 1-3. Structural analogies between zearalenone (A) and 17-  (B). 
Chemical groups interacting with estrogen receptor are highlighted in red, blue and 
green 

A B 
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-

resembles that of C3 i -

allowing those molecules to be more flexible and to undergo some conformational 

changes leading to a better interaction with ER receptor. Also hydroxyl groups in 

C4 and C2 contribute to the bindin

latter in increasing ZEN estrogenic potential (Shier et al., 2001). 

Acute toxic effects of ZEN are many and vary according to reproductive status 

(prepuberal, cycling or pregnant) of the affected animal and gender. ZEN is able to 

decrease fertility, cause sterility, induce precocious puberty and persistent oestrus. 

Symptoms include inflammation of reproductive organs, enlarged reproductive 

tracts in females and atrophy of the seminal vesicles and testes in males. ZEN was 

also found to be hematotoxic, genotoxic, hepatotoxic, to cause liver lesions leading 

to cancer (Zinedine et al., 2007).  

1.1.4. Trichothecenes 

Trichothecenes are a large group of sequisterpenoid sharing a common rigid 

tetracyclic ring. More than 190 compounds have been isolated and characterized 

(Rocha et al., 2005). Fusarium, Myrothecium, Spicellum, Stachybotrys, Cephalosporium, 

Trichoderma, and Trichothecium are the main producing fungal genera. 

Trichothecenes are classified in four groups, namely A, B, C and D, according to 

their substitutions on the core structure (Fig. 1-4). Type A (e.g., T-2 and HT-2) 

trichothecenes do not posess a carbonyl group substitution in C-8, while type B 

(e.g. deoxynivalenol, DON and nivalenol, NIV) do. Type C trichothecenes (e.g., 

crotocin and baccharin) possess an additional epoxy ring C-7 and C-8, or between 

C-9 and C-10; type D trichothecenes (e.g., satratoxin and roridin), contain a 

macrocyclic ring between C-4 and C-1 (Desjardins et al., 2007).  
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Type A and B are the most important ones with respect to occurrence and 

toxicity (Fig. 1-5), with T-2 toxin being the most toxic (Miller, 2002). DON and NIV 

display also phytotoxicity, thus they can be classified both as mycotoxins and 

phytotoxins.  

Trichothecenes cause a wide variety of toxic effect in animals, including 

growth retardation, reduced ovarian function and reproductive disorders, 

immunocompromization, feed refusal and vomiting. At cellular level, they induce 

apoptosis, inhibition of protein, nucleic acids synthesis and membrane structure 

alteration (Arunachalam et al., 2013). 

 

The main determinant of toxicity is the 12,13-epoxy ring. In addition, the 

presence of hydroxyl or acetyl groups at appropriate positions on the 

Figure 1-4. Trichothecenes general structure 

Figure 1-5. Chemical structure of type A and B trichothecenes. Table shows substituent 
groups of the most important trichothecenes analogues 
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trichothecene core; the presence of substituents on C-15 and C-4, and of the side 

groups, define the degree of toxicity (Cundliffe et at., 1977; Karlovsky et al., 2011). 

1.1.5. Ochratoxins 

Ochratoxins are a group of mycotoxins mainly produced by Aspergillus 

ochraceus, A. carbonarius, A. niger and Penicillium verrucousm. OTA is the most 

important representative and can be defined as a 7-carboxy-5-chloro-8hydroxy-

3,4-dihydro-3-R- , -

phenylalanine (Phe) by an amide bond.  

Ochratoxin B and C are OTA derivatives and are formed upon dechlorination 

and esterification, respectively. 

from the cleavage of the amide bond and the release of the Phe moiety (Fig. 1-6). 

on-toxic compound, with a 10-times shorter 

elimination half-life than OTA (Koszegi et al., 2011). 

Figure 1-6. Chemical structure of ochratoxin A and derivatives. A) Structural 
determinants of OTA. The amide bond hydrolyzed by the main degrading pathway is 

OTA 

A 

B 
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OTA is toxic and carcinogenic to animals and possibly carcinogenic to humans 

(IARC, 1993). Kidney is the main target organ, but also immune system 

suppression has been described as an important adverse effect. At cellular levels, it 

is responsible for the inhibition of protein synthesis, the formation of DNA 

adducts, indirect oxidative DNA damage and epigenetic modifications. 

OTA exposure in humans has been correlated with the outbreaks of several 

nephropathies, of which the most known is the Balkanic endemic syndrome 

( ), although a direct carcinogenic effect in humans has not been 

yet verified. 

OTA is a common contaminant of cereals, dried fruits, grape juices, coffee and 

fermented products such as wine and beer. The carry over in kidney, blood and 

muscular tissue of pigs and milk and dairy was also reported (Völkel et al., 2011). 

 

1.2. Prevention and reduction strategies 

Mycotoxin contamination of food commodities depends upon several 

environmental and physiological factors governing the secondary metabolism of 

the producing fungus and can occur both in field and during storage. Thus, it is 

difficult to predict and almost impossible to avoid their occurrence in food 

commodities. 

Managing mycotoxin risk is a complex task and requires an integrated 

strategy, covering both the pre and post-harvest. 

1.2.1. Prevention in pre-harvest 

Mycotoxin prevention in pre-harvest starts with the application of the good 

agricultural practice (GAPs) which include the choice of resistant varieties, correct 

soil management and the application of appropriate agronomical practices and 

use of biocontrol agents. They aim at reducing the extent of fungal contamination, 

thus mycotoxin contamination risk.  
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Plants show different susceptibility to fungal infection. Specific genes are 

known to regulate metabolic pathways for new or increased resistance systems 

governing the initial fungal infection (type I resistance) or its spread (type II 

resistance). Also phenotypic traits (height, dwarfing, lodging susceptibility, flower 

opening, anthers type) contribute to plant resistance to fungal infection (Steiner et 

al., 2017). 

The correct soil management aims at reducing fungal contamination and 

interrupt the cycles of infection. Correct timing of fungicide application allows to 

control fungal contamination. However, the presence of different species, with 

different fungicide susceptibility and the non-homogenous phenological 

development of plants might reduce the efficiency of the treatment (Wegulo et al., 

2015). 

Tillage to bury host crop residues and crop rotation with non-susceptible cops 

reduce fungal infection frequency and intensity. Other important factors in 

reducing fungal infection are a correct fertilizer and water management. Early 

harvesting helps in reducing mycotoxin production, since less time is available for 

fungi to produce toxins. 

The use of biocontrol agents is another important strategy which can be used 

to control mycotoxin producing fungi in an environmentally friendly way. There 

are several mechanisms through which they act: they are able to compete, produce 

antifungal substances, parasitize the mycotoxigenic fungi or promote plant 

defence systems (Nguyen et al., 2017) 

Predictive models are also in use to forecast mycotoxin contamination in crops 

and plan the most effective risk management strategies. They were developed 

implementing data from variables having a significant impact on the possible 

mycotoxin production (crop type, environmental conditions, fungal infection 

cycle) into mathematical models. A correct prediction is a powerful supporting 

tool to apply the correct intervention strategies to counteract mycotoxin 

contamination and minimize the risk (Battilani, 2016). 
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1.2.2. Post-harvest reduction strategies 

Pre-harvest strategies are only able to mitigate mycotoxin contamination, 

which can also occur during storage. Post-harvest strategies have to be 

implemented within the pre-harvest ones to reduce mycotoxin contamination and 

to improve the safety of food and feed commodities. They can be divided into 

physical, chemical or biological methods. 

Desired process characteristics should i) be effective (ii) produce non-toxic 

metabolites (iii) not alter the nutrient profile and technological production and if 

possible, (iv) destroy fungal spores (Grenier, et al., 2014). 

It is noteworthy mentioning that, to date, in Europe the detoxification of 

commodities intended for human consumption exceeding regulatory limits is not 

allowed (Commission Regulation EC number 1881/2006). However, these methods 

can be applied to commodities intended for animal consumption (Commission 

Regulation EC 786/2015).   

Physical methods: physical methods include the removal of highly 

contaminated fractions from raw materials (by sorting, cleaning, milling, 

dehulling), the application of heat, the use of and cold plasma application. 

Sorting is the first step to drastically reduce mycotoxin contamination. In fact, 

it is well known to occur heterogeneously, with hot spots of high contamination in 

fine materials, broken kernels and dust. DON, FB1, T-2 and HT-2 toxin are more 

frequently associated with the pericarp layers and bran, thus cleaning, dehulling 

and milling leads to their removal from refined grains and accumulation in cereal 

by-products. (Fleurat-Lessard, 2017). 

Toxins are generally heat stable within the range of food-processing 

temperatures (80 121 °C), however higher temperatures, like in roasting and 

extrusion processes were reported to reduce mycotoxins in nuts and maize 

(Kabak, 2008). 
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Cold plasma appears to be an innovative method for mycotoxins reduction 

with minimal effect on the nutritional value of food. Degradation of compounds in 

solid materials by cold plasma is restricted to thin surface layers, where 

mycotoxins are present the most, and occurs at room temperature. However, 

degradation was shown to be strongly dependent on mycotoxin structure and 

food matrix assayed (Bosch et al., 2017). 

The use of adsorbents is very popular in feed production. The principle is that 

bioavailability of mycotoxins is reduced because of their binding to mineral, 

organic or biological material. The most common mineral adsorbents are activated 

charcoal, bentonites, silicates and yeast cell walls. The major drawback is the 

limited efficacy towards trichothecenes and the lack of specificity, which leads to 

unspecific binding of nutrients and antibiotics (Jarda et al., 2011). 

Chemical methods: several chemical compounds among acids, bases, oxidising, 

chlorination or reducing agents, were shown to reduce, destroy and inactivate 

mycotoxins. AFB1, FB1 and trichothecenes degradation by ammoniation was 

reported (Kabak et al., 2007). However, despite the efficacy, the application of 

chemicals is limited because it can be impractical, unsafe, expensive and 

unfavourable. Chemical treatments require harsh conditions, which can generate 

toxic residues and drastically reduce the nutritional, sensory and functional 

properties of the product (Jalili, 2015). 

Biological methods: recently, biological degradation with microorganisms or 

their enzyme arose great interest in the scientific community. Many organisms 

were reported to degrade AFs, DON and ZEN among fungi and bacteria 

(Vanhoutte et al., 2016) and many enzymes were isolated and characterize for 

mycotoxins degradation capability (Loi et al., 2017). The use of enzymes allows to 

use mild condition to obtain a specific, likely irreversible reaction, with minimal 

impact on the sensory and nutritional quality of raw matrices. 
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It is important to discriminate among biodegradation and bio-detoxification. 

The biodegradation leads to the formation of new products, with no regards to 

their toxicity, which can also be equal or higher than that of the parent compound 

-ZOL, AFM1). Through the biodetoxification, the toxic compound is 

transformed into a non-toxic, or significantly less toxic compound (e.g. HFB1, 

OT ). The biotransformation of mycotoxins implies that a biodetoxification 

process is performed (EFSA, 2009). 

Among the many identified enzymes capable of degrading or detoxifying 

mycotoxins, laccases (LC) deserve particular attention because they are green 

catalysts, thus environmental friendly, extremely versatile, and their ability to 

degrade several toxins, such as AFs and ZEA, was already reported (Alberts et al., 

2009, Banu et al, 2014). 
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2. Laccases  

2.1. Overview, occurrence and physiological role of laccase enzymes 

Laccases (LCs) (benzenediol: oxygen oxidoreductases, EC 1.10.3.2) represent 

the largest subgroup of blue multicopper oxidases (MCO). LCs are copper 

containing enzymes which catalyse the oxidation of mono and ortho-diphenols, 

thiols and anilines to the corresponding quinones concurrently to the four-electron 

reduction of oxygen to water (Giardina et al., 2015). LCs were discovered in the 

early 1880s, in the sap of the Japanese lacquer tree Rhus vernicifera and since then 

they have been extensively studied (Yoshida, 1883). They are ubiquitous enzymes, 

as they have been identified in fungi (Hatakka, 1994), plants (Mayer, 1987), 

bacteria (Enguita et al., 2003) and insects as well. Fungal LCs are secreted by most 

white-rot basidiomycetes during lignin biodegradation, however they are also 

involved in melanin-like pigment synthesis, as well as in the bio-detoxification of 

harmful compounds or humus turnover in soil (Lisova et al., 2012).  

Other important roles are played by laccases in chitin and lignin synthesis (in 

insects and higher plants, respectively). Lastly, in bacteria, they may be involved 

in pigmentation, resistance of spores and pathogenesis (Cañas and Camarero, 

2010).  

Fungi and in particular white rot fungi are the main LCs producers and have 

been extensively studied for many biotechnological applications from a molecular 

and biochemical point of view. Among white rot fungi the genus Pleurotus is one 

of the most studied because it is a safe, edible mushroom, easy to be cultivated 

and one of the most important genus from a commercial point of view. Originally 

it was supposed that the variability of LC proteins was due to the differential post 

traduction modification of the same gene product. Instead, many laccase genes 

and relative cDNA copies were identified and characterized during the last 20 

years. Great variability exists among the same genus; in Pleurotus genus, 12 

different complete gene sequences have been described for Pleurotus ostreatus, 5 
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for Pleurotus sajor caju and 8 for Pleurotus eryngii (https://www.ncbi.nlm.nih.gov/, 

accessed on 08/11/17). 

LC genes expression can be divided into constitutive (e.g. Lacc3 and Lacc12 of 

P. ostreatus; Lac3 of P. sajor caju) or inducible (e.g. Lacc2 and Lacc10 of P. ostreatus; 

Lac1, Lac2 and Lac4 of P. sajor caju). Constitutive LCs are evenly expressed in 

changing environmental conditions, the latter are expressed or significantly more 

expressed in response to environmental stimuli or specific molecules. The 

promoters of these genes contain a high number of motifs that are sensitive to 

components present in the wheat straw extract, such as xenobiotic response 

elements (XRE) and metal-responsive elements (MRE) (Castanera et al., 2012). 

Physiological mechanisms occurring during mycelia development can also 

modulate the relative expression levels of laccase isoenzymes. Some isoforms have 

been observed during the lag and exponential phases of fungal fermentation and 

should be involved in substrate degradation, whilst other isoforms have been 

detected in the stationary phase and should be involved in mushroom 

morphogenesis and pigmentation processes (Piscitelli et al., 2011). In P. 

pulmonarius (formely known as P. sajor caju) three different laccase isoenzymes are 

produced by the fungus in presence of different aromatic compounds (Zucca et al., 

2011), while in P. ostreatus Lacc2 and Lacc10 resulted upregulated when wheat 

straw extract is added to the culture media (Castanera et al., 2012). 

2.2. Molecular structure and catalytic activity 

The crystal structures of LCs from several fungal species were fully resolved, 

e.g. LC from the ascomycete Melanocarpus albomyces (Hakulinen et al., 2002) and 

the basidiomycetes C. cinerea (Ducros et al., 1998), Trametes versicolor (Piontek et al., 

2002; Bertrand et al., 2002), Rigidoporus lignosus (Garavaglia et al., 2004), Cerrena 

maxima (Lyashenko et al., 2006) and Lentinus (Panus) tigrinus (Ferraroni et al., 

2007). 
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LCs are usually monomers, although some dimers and tetramers exist (Lisova 

et al., 2012; Molitoris and Reinhammar, 1975). They are generally glycosylated, 

with 10 to 30% of glycosylation which may have a role in the protection of the 

enzyme from proteolysis and correct folding (Maestre-Reyna et al., 2015). Their 

isoelectric point is usually acidic, ranging between 3 and 6. 

LC owes its blue color to the presence of one to four copper ions named T1 

and T2/T3, coordinated by amino acid residues in two conserved regions (Fig. 2-1). 

T1 site has only three conserved ligands, two histidines and one cysteine which 

coordinate one copper ion in a trigonal planar geometry, whereas one axial ligand 

is usually variable and greatly contributes to the determination of the redox 

potential of the enzyme (Strong and Claus, 2011). This axial ligand is methionine 

in the bacterial laccases (CotA), and leucine or phenylalanine in fungal laccases; 

mutations of these two residues leads to the decrease of the oxidation potential 

(Kumar et al., 2003). 

 
 

Figure 2-1. LC copper centers 
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T2 and T3 copper ions form a trinuclear cluster, where molecular oxygen is 

reduced to water. The T2 copper is coordinated by two histidines and one water 

molecule; and each of the two T3 copper ions by three histidines. Some variants 

from this general scheme do exist. 

The 12 amino acid residues in the enzymes serving as the copper ligands are 

located within four conserved regions which are named L1, L2, L3 and L4. The 

eight histidines that serve as ligands of the trinuclear cluster occur in a highly 

conserved pattern of four HXH motifs. In one of these motifs, X is the cysteine 

bound to the T1 copper, while each of the histidine is bound to one of the two T3 

coppers. Intraprotein homologies between the conserved L1 and L3 and between 

L2 and L4 suggest the occurrence of duplication events. 

Some LC variants lack the T1 copper and are often referred to as the yellow 

LCs, as they show no characteristic absorption band around 600 nm (Leontievsky 

et al., 1997). 

The T1 copper is characterized by a strong absorption around 600 nm, 

whereas the T2 copper exhibits only weak absorption in the visible region. The T2 

site is electron paramagnetic resonance (EPR)-active, whereas the two copper ions 

of the T3 site are EPR-silent due to an antiferromagnetic coupling mediated by a 

bridging ligand (Ferraroni et al., 2007).  

In contrast to most enzymes, which are generally substrate specific, LC is able 

to oxidise a wide variety of substrates, ranging from phenols to polyphenols, 

anilines and benzenthiols. The catalytic activity of laccase can be divided into 

several steps shown in Fig. 2-2. 

Firstly, the phenolic substrate is oxidized by the resting, fully oxidized enzyme 

into a phenoxyradical (Fig. 2-2, A). In particular, due to its high redox potential 

(ca. +790 mV) type 1 copper is the site where substrate oxidation takes place. The 

extracted electrons are then transferred, probably through a strongly conserved 

His-Cys-His tripeptide motif, to the T2/T3 site. Once four substrates have been 

oxidized and the electrons have been transferred from the T1 copper to the 



Introduction 

 23 

trinuclear cluster, the enzyme switches to its fully reduced state (Fig. 2-2,B). 

Molecular oxygen binds to the trinuclear cluster to form a peroxide intermediate 

(Fig. 2-2,C). The presence of a conserved aspartate residue lowers the reduction 

potential of T2 and T3 copper, allowing them to donate an electron to the oxygen 

molecule. It results in a peroxide bridge. The peroxide intermediate then decays 

through the O-O bond cleavage.  

The cleavage may proceed through a proton unassisted pathway at high pH 

and a proton-assisted pathway at low pH, the latter being supported by a 

conserved glutamate residue.  

The resulting hydroxide lowers the reduction potential of the T2, facilitating 

electron transfer to the peroxide which turns into an oxyl radical intermediate 

(Fig. 2-2,D). In the absence of excess reductant, the radical intermediate decays 

slowly to the resting, fully oxidized enzyme (Fig. 2-2,E) (Jones and Solomon, 2015).  

 

Figure 2-2. Laccase catalytic cycle (adapted from Wong, 2009) 
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Since no hydrogen peroxide is detected during laccase activity, it seems 

reasonable to suppose that a four-electron oxidation of oxygen to water occurs. As 

the oxidation of the substrate is a one electron reaction, laccase oxidizes four 

substrates in order to reduce oxygen to water. Thus, the trinuclear cluster is able to 

store electrons coming from each of the four substrates. In the case of substituted 

compounds, the reaction can be accompanied by partial demethylations and 

dehalogenations. 

LC activity is strongly dependent on its redox potential and surprisingly it is 

not limited to phenolic substrates. Factors affecting metal-protein redox potential 

are varied and of great complexity. Many aspects such as solvation, metal ligand 

interactions, intramolecular electrostatic interactions, and/or protein folding 

restrictions (governing the position and orientation of the ligands) can modulate 

the redox potential (E0) values of these enzymes (Frasconi et al., 2010). Above all, 

E0 is strongly governed by the geometry at the T1 Cu center (Kenzom et al., 2014). 

LC can be divided in to low and high redox potential laccases, as their E0 can 

be as low as +400 or as high as +800mV. High redox LC are able to oxidise a wide 

variety of substrates, whose redox potential is lower or similar to that of the 

enzyme. The redox potential of phenolic substrates (0.5 0.9 V, at acid pH) and 

enzyme (0.6 0.8 V) is similar therefore a fast and efficient oxidation occurs. 

However, 2,4,6-tri(But)phenol is not oxidized by LC due to steric hindrances, 

proving that not all polyphenols are suitable LC substrates ( Acunzo et al., 2006). 

Low redox laccases have a limited range of substrates that can be oxidized, 

however this limit can be overcome by the use of redox mediators in the so-called 

Laccase Mediator System (LMS). 

2.3. Laccase mediator system 

Among the fungal oxidoreductive enzymes, laccases have the lowest redox 

potential (usually less than +0.8V); however, target compounds with high 

molecular weight or high redox potential can still be indirectly oxidized. As a 
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matter of fact, LC oxidation can be mediated by low molecular weight molecules 

which act as electron shuttles from the enzyme to the target substrate. This system, 

to which we refer as LMS, is naturally used by white rot fungi to degrade lignin, 

which is a high molecular weight polymer, as well as in industrial application, 

mostly in paper pulp and textile industry (Bugg et al., 2015). 

The enzyme acts towards a low molecular weight redox mediator, which is 

then oxidized. The oxidized mediator performs a non-enzymatic oxidation of the 

substrate, by using mechanisms that may be unavailable to laccase, thereby 

explaining the possibility to oxidise non-phenolic substrates, and widening the 

usefulness of a purely enzymatic method. The catalytic cycle is closed when 

oxygen is reduced to water by LC (Fig. 2-3). LMS is a powerful tool which has 

been applied for many years in the textile industry since it allows the degradation 

of recalcitrant dyes, such as alizarin Red, reactive black 5 and methyl orange using 

acetosyringone (AS), 1-hydroxybenzotriazole (HBT) and 2,2-azino-bis (3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS), respectively (Zucca et al., 2011; 

Wang et al., 2011; Telke et al., 2011).  
 

LMS allows to generate a compound with enhanced oxidative capacity and 

reduced steric hindrance with respect to that of LC itself. The oxidized mediator 

Figure 2-3. Laccase Mediator System 
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has a higher E0 and can easily react with other compounds without the steric 

restriction of an enzyme active site. 

More than 20 compounds of different origin and structure, including 

heterocycles, >N OH compounds, syringil and cynnamic acid derivatives have 

been used as LC mediators and their mechanism of oxidation studied (Baiocco et 

al., 2003; Brogioni et al., 2008).  

Simple and substituted phenols deriving both from fungal metabolism or 

lignin depolymerisation are efficiently oxidized by LC and they are the most used 

natural redox mediators. Syringil acid derivatives include syringic acid, vanillic 

acid, syringaldehyde (SA) and AS, while cynnamic acid derivatives comprise p-

coumaric acid (pCA), ferulic acid (FA), synaptic acid and caffeic acid.  

Artificial compounds include HBT, N-hydroxyphtalimide (HPI), (2,2,6,6-

tetramethylpiperidin- 1-yl)oxyl (TEMPO), violuric acid (VA), and ABTS. The 

structures of representative laccase mediators are shown in Fig. 2-4. 

The rate-determining step in LMS is the oxidation of the mediator, thus the 

electron transfer to the T1 copper centre. LC and mediator type, i.e. their E0, is a 

crucial parameter that governs the kinetics of oxidation: the higher LC E0, or the 

lower the mediator E0  
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Substrate oxidation by the oxidized mediator can occur by multiple 

mechanisms according to the type of mediator used. Substrate oxidation may 

occur by hydrogen atom transfer (HAT), single electron transfer (ET) or following 

a ionic route. This variety of mechanism is another strong point of LMS, because a 

selective oxidation can be performed by choosing the right mediator. 

An ideal mediator should be a small-size molecule, able to quickly create a 

stable radical (i.e. electrochemically stable), easily regenerated, not consumed in 

unwanted side reactions such as polymerization or enzyme inactivation (Fig 2-3). 

Figure 2-4. Chemical structures of the major natural (A) and artificial (B) redox mediators. 
hydroxybenzotriazole (HBT), N-hydroxyphtalimide (HPI), (2,2,6,6-tetramethylpiperidin- 1-
yl)oxyl (TEMPO), violuric acid (VA), and 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic 
acid) (ABTS). 
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In view of an industrial application, the natural origin, availability and low cost 

are also features of great importance (Canas and Camarereo, 2010). 

Electron transfer mediated mechanism 

The first synthetic mediator to be discovered for the oxidation of both lignin 

and non-phenolic compounds was ABTS (Burbonnais and Paice, 1990). ABTS is 

oxidized by LC into the green radical cation ABTS +, which then undergoes 

disproportion to restore ABTS and generate the dication radical ABTS 2+ (Fig. 2-

5,A) (Rochefort et al., 2003). The dication radical is stable and has a greater E0 than 

the single radical cation (0.91V compared to 0.47V, respectively). Both redox states 

of ABTS are stable and reversible (Morozova et al., 2007) and are shown in Fig. 2-

5,A. Substrate oxidation by ABTS 2+ follows an electron transfer mechanism, thus a 

single electron is abstracted with subsequent proton loss from the substrate (Fig. 2-

5,B). 

Radical hydrogen atom mechanism 

Natural phenols and N-OH type mediators oxidize the substrate through a 

radical route. Upon LC oxidation, those compounds are transformed into reactive 

phenoxy or nitroxy radicals, which remove a hydrogen atom from the substrate, 

thus regenerating itself and producing another radical (Fig. 2-6). In this case, the 

rate of HAT route, therefore mediator reactivity, is strongly dependent on the 

bond dissociation energy rather than on the electrochemical potential of the final 

substrate.  
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Phenoxy radicals can also undergo further enzyme-independent reactions 

such as homo- and hetero-coupling to form dimeric, oligomeric, polymeric, or 

cross-coupling product, and in some cases, aromatic ring opening reactions 

(Hashmi et al., 2016). Coupling and crosslinking reactions are exploited in organic 

synthesis and grafting processes (Wells et al., 2006). Among natural phenols, 

metoxy-substituted ones (i.e. acetosyringone, syringaldehyde or synaptic acid) 

proved to be extremely effective in removing industrial dyes (Camarero et al., 

2005) because electron-donating substitutes, like methoxide, lower phenol 

Figure 2-5. ABTS oxidation by laccase (A) and electron transfer mechanism (B) 
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electrochemical potential. Moreover, ortho-substituted phenols are endowed with 

increased lifetime and less susceptibility to 5

2010).  HAT route is the only mechanism available for N-OH type mediators like 

HBT, HPI VA.  

Despite their efficacy, artificial N-OH mediators can be toxic and expensive, so 

their use in industrial application has been limited (Canas et al., 2010).  

 

Ionic route  

TEMPO is a stable N-oxyl radical known to be a highly selective catalyst in the 

oxidation of alcohols. Its role as laccase mediator was also reported (Fabbrini et al., 

2001). Upon oxidation by LC, TEMPO is transformed into a oxoammonium ion 

(Fig. 2-7), which is a relatively strong oxidant (E0 = 0.75 V). 
 

Within LMS, TEMPO is supposed to proceed through an ionic mechanism, 

which was well described for alcohol oxidation to aldehyde. A nucleophilic attack 

of the substrate onto the nitrogen atom of the oxoammonium takes place leading 

Figure 2-6. Hydrogen atom transfer mechanism. 4-methoxy benzyl alcohol is oxidized by 
phenoxy and N-
rearrangements proceeds via aldehyde formation 

N

OH

N+

O

LC

Figure 2-7. TEMPO oxoammonium cation catalysis by laccase (LC) 
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to a transient adduct. Cleavage of the -C-H bond and deprotonation leads to the 

reduced form of TEMPO and an aldehyde (Fig. 2-8). 

 

Unlike TEMPO, other transient N-oxyl radicals, generated by LC from the 

oxidation of N-OH mediators such as HBT and HPI, react by an HAT route. The 

oxidation of those N-oxyl mediators to the corresponding oxoammonium ion 

would occur at a too high redox potential (>1.3V), unattainable by LC. 

In the case of TEMPO, the HAT mechanism only occurs at a very slow rate 

because it is enthalpically unfavoured. The enthalpic variation for the removal of a 

hydrogen atom would be too high, owing to the weak O-H bond that would be 

formed. Since the oxidation of TEMPO to oxoammonium ion is fast, the ionic 

mechanism takes over (Fabbrini et al., 2001). 

2.4. Laccase applications 

LC applications are widespread in view of its green feature and possibility to 

selectively extend its activity with redox mediators. The radical mechanism 

followed by many redox mediators activates both anabolic and catabolic pathways 

and can be exploited to produce new compounds, to degrade already existent 

ones and to develop redox biosensors. LMS have been applied in the pulp and 

Figure 2-8. Ionic mechanism. Oxidation of the model compound 4-methoxybenzyl 
alcohol by tempo follows an ionic route. Electrophylic oxygen athom of 4-methoxybenzyl 
alcohol attacks electrondeficient nitrogen in TEMPO (1), leading to a transient abduct (2), 
which is then deprotonated to 4-methoxybenzyl aldehyde and the reduced form of 
TEMPO (3). 

1 2 3
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paper industry, textile, organic synthesis, environmental bioremediation, food 

production, pharmaceuticals and nano-biotechnology. Many of those applications 

are patented and used at industrial level (Kunamneni, et al., 2008). 

Delignification of lignin and pulp bleaching for paper production by means of 

LC has been exploited in substitution of conventional and polluting chlorine-

based methods.  

Bioremediation with LMS is an expanding field. Many important 

environmental pollutants can be degraded by means of LMS treatment, such as 

polycyclic aromatic hydrocarbons (Collins et al., 2006) sulphonamide antibiotics 

(Shi et al., 2014), industrial dyes (Zucca et al., 2011) chloro-phenols and other 

phenol derivatives from industrial wastes (Zhang et al., 2008).  

Phenols are natural antioxidants, but at very high concentration can be toxic to 

microorganisms, including bacteria and yeasts, plants and the marine 

environment. Detoxification of phenols can be achieved using LC and applied for 

the detoxification of olive mill wastewater (Tsioulpas et al., 2002) as well as of 

vegetable biomasses prior ethanol production by yeasts (Jurado et al., 2009). The 

presence of phenols is also undesirable in some food products and their reduction 

stabilizes colour and reduces haze in juices, wines and beers (Osma et al. 2010).  

LC applications in food industry are not limited to phenol stabilization. LC 

and LMS were reported to crosslink proteins, create olysaccharide polyphenol or 

protein polyphenol polysaccharide conjugates to improve food texture, heat 

resistance, emulsifying properties, stability and viscosity (Liu et al., 2017; Zeeb et 

al., 2017) in dairy, bakery and meat products. 

Coupling reactions, oxidation of sulphur compounds, hydroxylamines and 

alcohol to aldehyde are exploited in organic synthesis for the production of 

chemicals, antibiotics (Mikolasch et al., 2008) or grafted and functionalized 

materials in a green and environmental friendly way (Wells et al., 2006). 
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2.5. Laccase as tool for mycotoxins bioremediation in feed, food and bioenergy supply 
chains 

Mycotoxin bioremediation with enzymes is emerging as a new and innovative 

strategy to reduce or remove those harmful compounds. The evidence that white 

rot fungi could degrade mycotoxins has been already reported, but only recently 

the degrading activity has been directly ascribed to LC enzyme (Loi et al., 2016). 

Certainly, when the whole microorganism is employed, several other 

oxidoreductive enzymes participate together with LC in the degradation process. 

Indeed, other oxidases were reported to degrade AFs (Yehia et al., 2014; Wang et 

al., 2011), ZEN (Yu et al., 2012) and DON (Ito et al., 2013). 

LC has been recently reported to degrade structurally diverse toxins, such as 

AFs (Alberts et al., 2009; Loi et al 2016) and ZEN (Banu et al., 2013). In addition, 

purified enzyme was reported to efficiently degrade toxins only in presence of a 

redox mediator.  

LC application in the field of mycotoxins bioremediation is appealing, 

especially in view of its environmental friendly feature, versatility and broad 

range of substrate oxidation. 

Although no detoxification process for food exceeding regulatory limits is 

allowed in EU, acceptability criteria for detoxification processes applied to 

products intended for animal feed were set in May 2015 (Commission regulation 

(EU) 2015/786).  

Enzyme application in feed is not a new topic, actually it dates back to 1920s 

with  a commercial preparation from Aspergillus orizae, used in 

poultry diets (Clickner et al., 1925). Several feed enzymes are currently in use to 

increase nutritional value and micronutrient availability of feed, such as phytases, 

- - amylases and polygalacturonidases. 

Mandatory requirements for the application of any degrading enzyme are i) 

solid supporting information about production, safety and efficacy (both in vitro 
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and in vivo) and ii) non-alteration of feed nutritional and organoleptic features 

(Commission regulation (EU) 2015/786).   

So far only one enzyme, the fumonisin esterase FumZyme® by Biomin 

(Holding GmbH), was patented and approved for all avian species and pigs upon 

and extensive evaluation by the Panel on Additives and Products or Substances 

used in Animal Feed (FEEDAP) (EFSA, 2014; EFSA 2016). The fumonisin esterase 

is also part of a combined product, Mycofix®, which exploits a trichothecenes, 

zearalenone and ochratoxin degradaing microorganisms as well as an aflatoxin 

adsorbent in a unique all in one formulation.  

No regulation on mycotoxin occurrence in biofuel industries exists, although 

mycotoxins accumulation in by-products has been reported. During bioethanol 

production, mycotoxins are not detected in the alcoholic fractions but accumulate 

in the spent grain products. Since of the biomass is transformed into alcohol 

and another into CO2, mycotoxins accumulate by three folds in dried 

solubles (DDGS) which are then used as feed or fertilizers 

(Pinotti et al., 2016). Thus, mycotoxin risk is driven back to the food and feed 

supply chains. Biofuel production efficiency might also be lowered by mycotoxin 

contamination, as some of them can be toxic and reduce the growth of 

microorganisms or fermentation rates  Moreover, the 

manipulation of such contaminated products is also a concerning risk for 

operators.  

Vegetable biomass pre-treatment could be easily implemented in the biofuel 

industry, where it is usually used to remove lignin and reduce phenol content 

(Galbe et al., 2002). 

Nonetheless, no implementation of laccase or any other degrading enzyme in 

the biofuel industries has been yet developed. 
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2. Aim and outline of the thesis 

The aim of this thesis was to investigate the capability of LC enzymes to 

degrade structurally and chemically heterogeneous mycotoxins, specifically AFB1, 

AFM1, FB1, OTA, DON, ZEN and T-2 toxin. LCs alone and in combination with 

natural and artificial redox mediators were tested in order to evaluate the 

feasibility of a potential application of novel mycotoxin reduction methods in food 

and feed. 

To this purpose, a preliminary screening was performed by in vitro assays, set 

up using two different purified LCs, specifically Lac2 from P. pulmonarius 

(Chapter 4) and Ery4 from P. eryngii (Chapters 5 and 6), and up to eight different 

natural and artificial redox mediators. With regards to the natural co-occurrence of 

multiple mycotoxin in raw materials or in foods and feeds composed by different 

ingredients, both single and combined in vitro mycotoxin degradation assays were 

also performed with Ery4-LMSs.  

Considering the promising results obtained in the preliminary screening, we 

also investigate more deeply the factors governing the reaction of mycotoxin 

degradation, crucial step to propose any industrial application, by the statistical 

approach of the design of experiments (DOE). DOE was used to assess the role of 

the concentration of each element in the reaction (Ery4, SA as mediator, AFB1) and 

time in the determination of the degradation response. Consequently, the 

optimization of AFB1 degradation reaction was also investigated (Chapter 8.2). 

Since LCs are already used within a wide variety of biotechnological and 

industrial food processes, the application of Ery4 based LMS was also investigated 

in milk to evaluate the potential effects on safety and quality of milk and derived 

products.  

In particular, AFM1 degradation by LMS was evaluated in UHT skim milk. To 

study the feasibility of an application in a real contaminated matrix, the kinetics of 

degradation in vitro and in milk were studied and compared (Chapter 6). The 
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effect of LMS treatment on milk proteins were analysed and exploited for the 

manufacturing of a curd, which resulted in a product with increased antioxidant 

properties (Chapter 7). 
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Aflatoxin B1 and M1 Degradation by Lac2 from Pleurotus 
pulmonarius and Redox Mediators 

Loi M1,2, Fanelli F1, Zucca P3, Liuzzi VC1, Quintieri L1, Cimmarusti MT1,2, Monaci L1, 
Haidukowski M1, Logrieco AF1, Sanjust E3, Mulè G1 
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The contents of this chapter were published in Loi M, Fanelli F, Zucca P, et al. 
Aflatoxin B1 and M1 Degradation by Lac2 from Pleurotus pulmonarius and Redox 
Mediators. Toxins (Basel). 2016, 8(9):245; doi:10.3390/toxins8090245 
 

Abstract: Laccases (LCs) are multicopper oxidases that find application as versatile 
biocatalysts for the green bioremediation of environmental pollutants and 
xenobiotics. In this study, we elucidate the degrading activity of Lac2 pure enzyme 
form Pleurotus pulmonarius towards aflatoxin B1 (AFB1) and M1 (AFM1). LC enzyme 
was purified using three chromatographic steps and identified as Lac2 through 
zymogram and LC-MS/MS. The degradation assays were performed in vitro at 25 °C 
for 72 h in buffer solution. AFB1 degradation by Lac2 direct oxidation was 23%. 
Toxin degradation was also investigated in the presence of three redox mediators, 
(2,2′-azino-bis-[3-ethylbenzothiazoline-6-sulfonic acid]) (ABTS) and two naturally-
occurring phenols, acetosyringone (AS) and syringaldehyde (SA). The direct effect 
of the enzyme and the mediated action of Lac2 with redox mediators univocally 
proved the correlation between Lac2 activity and aflatoxins degradation. The 
degradation of AFB1 was enhanced by the addition of all mediators at 10 mM, with 
AS being the most effective (90% of degradation). AFM1 was completely degraded 
by Lac2 with all mediators at 10 mM. The novelty of this study relies on the 
identification of a pure enzyme as capable of degrading AFB1 and, for the first 
time, AFM1, and on the evidence that the mechanism of an effective degradation 
occurs via the mediation of natural phenolic compounds. These results opened 
new perspective for Lac2 application in the food and feed supply chains as a 
biotransforming agent of AFB1 and AFM1. 

Keywords: laccase; Pleurotus; mycotoxins; aflatoxin B1; aflatoxin M1; biodegradation; 
redox mediators 
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4.1.  Introduction 

Laccases (LCs, benzenediol: oxygen oxidoreductase, EC 1.10.3.2) are 

multicopper oxidases widely distributed in plants, bacteria, insects, and fungi 

(Claus et al., 2004). Among fungi, white rot basidiomycetes, such as Pleurotus spp. 

are the most efficient producers of LCs (Osma et al., 2010). Laccases typically 

contain four cupric ions, classified within three distinct spectroscopic types, T1, T2, 

and T3 (Leontievky et al., 2007). They are essential for the one-electron oxidation of 

a reducing substrate and for the reoxidation of the enzyme by means of molecular 

oxygen, which is in turn reduced to water. Some “white” or “yellow” fungal 

laccases have been described (Pardo et al., 2015; Palmieri et al., 1997), lacking the 

T1 cupric ion, which confers the blue color to the enzyme. 

Pleurotus pulmonarius Fr. (Quél.), or Indian oyster mushroom, is an edible 

mushroom known for its medicinal properties and biotechnological potential 

(Khatun et al., 2015). It produces several LC isoforms, which are encoded by 

complex multi-gene families. LCs have different substrate specificity, catalytic 

properties, regulatory mechanisms and localization. Their synthesis and secretion 

depends upon nutrient levels, culture conditions, developmental stage, and can be 

increased by the addition of a wide range of inducers to cultural media (Munoz et 

al., 1997). 

LC catalyzes the oxidation of phenols, aromatic amines, and other non-

phenolic compounds, while reducing molecular oxygen to water; LC activity can 

be further extended to non-phenolic substrates by the use of synthetic or natural 

redox mediators (Zucca et al., 2015). The mediators, after being oxidized by LC, 

diffuse out of the active site and oxidize recalcitrant compounds which possess 

high redox potential or high molecular weight. Being structurally diverse, different 

mediators may act on chemically-unrelated compounds, widening LC substrate 

range (Baiocco et al., 2003). 

Several compounds have been used as redox mediators in the laccase mediator 

system (LMS). Synthetic mediators such as 2,2-azino-bis-[3-ethylbenzo-thiazolin-
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sulfonate] (ABTS), 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO), and 1-

hydroxybenzotriazole (HBT), have been widely used in many biocatalytic 

processes (Camarero et al., 2005; Moldes et al., 2008). However, their use is limited 

due to their high cost, toxicity, and the high mediator-substrate molar ratio needed. 

Being a green catalyst with a broad range of substrates, LC has been 

industrially applied since the early 1990s in chemical synthesis, the food industry, 

and bioremediation (Pezzella et al., 2005). 

In addition, LC and LC-like activities in crude fungal extracts have been 

positively correlated with mycotoxin degradation (Doyle et al., 1979; Engelhardt et 

al., 2002), though neither the mechanism of action, nor the degradation products, 

have been yet fully elucidated. 

Mycotoxins are secondary metabolites mainly produced by Aspergillus, 

Penicillium, and Fusarium spp., which display toxic, carcinogenic, teratogenic, and 

mutagenic activity towards humans and animals, and contaminate staple food 

commodities worldwide. Aflatoxins are mycotoxins produced by Aspergillus spp., 

and aflatoxin B1 (AFB1) is the most toxic: it has been classified by the International 

Agency for Research on Cancer (IARC) as Group 1, carcinogenic to humans, and it 

is known for its teratogenic, hepatotoxic, and immunosuppressive effects on 

humans and animals (IARC, 2012) 

Due to their stability, which confers resistance to physical and chemical 

treatments of food processing, aflatoxins can persist and are usually found in 

cereal-based and animal products. 

Aflatoxin M1 (AFM1) is the animal catabolic product of AFB1 and contaminates 

milk and dairy products. AFM1 is classified in group 2B by the IARC due to its 

demonstrated hepatotoxic and carcinogenic effect on animals, although its toxicity 

is one order of magnitude lower than AFB1 (IARC, 2012). 
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Due to aflatoxin contamination, every year billions of dollars are lost along the 

food and feed supply chain worldwide Wu, 2015), constituting a huge economic 

problem and a public health concern.  

In the current study, we purified a LC isoform from P. pulmonarius, a well 

characterized LC producer and a source of LC isozymes with recognized 

biotechnological potential in the field of bioremediation. We tested the degrading 

activity of purified LC towards AFB1 and AFM1, elucidating the effect of direct and 

mediated oxidation using a model synthetic mediator, ABTS, and two naturally-

occurring phenols, acetosyringone (AS) and syringaldehyde (SA). 

4.2. Materials and Methods 

4.2.1. Organism, Culture Conditions, LC Induction, and Production 

The Pleurotus pulmonarius strain ACR-16 of Cattedra di Chimica Biologica 

Collection, department of Biomedical Sciences, University of Cagliari, syn. P. sajor-

caju, (Pegler et al., 1975), was maintained as ITEM17144 in the Agri-Food Microbial 

Fungi Culture Collection of the Institute of Sciences of Food Production 

(www.ispa.cnr.it/Collection). ITEM17144 was routinely grown on malt extract agar 

plates (MEA, Oxoid) at 25 °C. 

For LC production, ITEM 17144 was grown in liquid medium (2% w/v malt 

extract, 0.5% w/v yeast extract, 10 mM of potassium phosphate buffer pH 6, 0.1 mM 

of CuSO4) supplemented with 10 mM ferulic acid as a laccase inductor for 24 days, 

in darkness at 25 °C, in static conditions (relative humidity 70%). 

4.2.2. Chemicals and Reagents and Standards Preparation 

Chemicals for gel electrophoresis including Bio-safe Coomassie stain and 

Bradford reagent were supplied by Bio-Rad Laboratories (BioRad, Milan, Italy). 

Acetonitrile (ACN) (LC–MS grade), formic acid, acetic acid, ammonium 

bicarbonate, trizmaTM base, tween20, hydrochloric acid, trifluoroacetic acid (TFA), 

iodoacetamide (IAA), dithiothreitol (DTT), 2-azino-di-[3-ethylbenzo-thiazolin-

sulphonate] (ABTS), acetosyringone (AS), syringaldehyde (SA), AFB1 and AFM1 
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standards (purity > 99%) were obtained from Sigma-Aldrich (Milan, Italy). Trypsin 

(proteomic grade) was purchased from Promega (Milan, Italy). Regenerate 

cellulose syringe filters, 0.2 µm (size 4 mm) were obtained from Sartorius Italy S.r.l. 

(Muggiò, Italy) 

Mycotoxin stock solution of AFB1 (10 µg/mL) was prepared by dissolving solid 

commercial toxins in toluene:ACN (9:1, v/v) (HPLC grade). The exact concentration 

of aflatoxin B1 was determined according to Association of Official Analytical 

Chemists (AOAC) Official Method 971.22 (AOAC, 2000). Aliquots of the stock 

solution were transferred to 4 mL amber silanized glass vials and evaporated to 

dryness under a stream of nitrogen at 50 °C. The residue was dissolved with 

water:methanol (60:40, v/v) to obtain calibrant standard solutions at 0.4, 1.2, 2.0, 4.0, 

5.0, and 10.0 ng/mL. Standard solutions were stored at −20 °C and warmed to room 

temperature before use. 

Mycotoxin stock solution of AFM1 (10 µg/mL) was prepared by dissolving 

solid commercial toxins in ACN (HPLC grade). The exact concentration of 

standard aflatoxin solution was determined according to AOAC official method 

2000.08 (AOAC, 2008). Aliquots of the stock solution were transferred to 4 mL 

amber glass vials and evaporated to dryness under a stream of nitrogen at 50 °C. 

The residue was dissolved with water : ACN (75:25, v/v) to obtain calibrant 

standard solutions at 1.0, 2.5, 5.0, 7.5, and 10.0 ng/mL. Standard solutions were 

stored at −20 °C and warmed to room temperature before use. 

4.2.3. LC Purification 

LC purification was performed according to Zucca et al. (2011) with slight 

modifications. Briefly, after 24 days of incubation, the culture medium was 

collected, diafiltered, and concentrated in 50 mM potassium phosphate buffer and 

50 mM 6-aminohexanoic acid (protease inhibitor) using a Vivaflow 200 apparatus 

(Vivascience AG, Hannover, Germany) equipped with a Hydrosart membrane 

module (nominal MW cut-off 10,000 Da) and a Masterflex L/S system pump (Cole-
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Parmer, Vernon Hills, IL, USA) at 4° C. The enzyme solution was added with NaCl 

to a final concentration of 0.25 M and gently stirred with freshly prepared calcium 

phosphate gel at 4 °C for 30 min. The slurry was centrifuged at 8000× g for 30 min, 

the supernatant recovered and diafiltered as previously described. 

The resulting solution was adjusted to 0.2 M NaCl and loaded onto a DEAE-

cellulose column (15 cm × 5 cm), which was pre-equilibrated with 50 mM 

potassium phosphate buffer pH 6 and 0.2 M NaCl. Bounded brown pigments were 

separated from unbound LC, which was eluted with the same buffer and desalted 

by dialysis against 50 mM potassium phosphate buffer prior to a second ion 

exchange chromatography. 

Desalted LC fractions were loaded onto a Hiprep 16/10 DEAE FF assembled on 

an Akta Prime FPLC (Amersham Bioscience, Milan, Italy) equipped with a UV 

detector for protein absorbance monitoring at 280 nm. Column equilibration was 

performed with 50 mM potassium phosphate buffer pH 6 at a constant flow of 5 

mL/min. Unbound proteins were washed out while LC was eluted with a linear 

gradient of 50 mM potassium phosphate buffer pH 6 containing 0.5 M NaCl in 40 

min. 

LC-rich fractions were pooled, concentrated, dialyzed, separated by size 

exclusion chromatography with a HiLoad 16/60 Superdex 75 column (GE 

Healthcare, Milan, Italy) assembled on the Akta Prime FPLC; equilibration and run 

were performed with 50 mM potassium phosphate buffer pH 6 at constant flow of 

0.4 mL/min. Proteins were eluted and stored at −20 °C until use. 

Protein content was determined using the Coomassie Brilliant Blue G250 

method (Bradford, 1976), the standard curve was performed using bovine serum 

albumin (BSA, 1–0.025 mg·mL−1). 

4.2.4.  LC Spectrophotometric Activity Assay 

Laccase activity was photometrically measured (Ultraspec 3100pro, Amersham 

Pharmacia Biotech Italia, Cologno Monzese, Italy). The reaction was performed in 
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100 mM sodium acetate pH 4.5, 2 mM ABTS and an appropriate amount of enzyme 

solution in a final volume of 1 mL. The oxidation of ABTS was determined after 10 

minutes by photometric assay at 420 nm (ε420 = 36,000 M−1·cm−1). One unit was 

defined as the amount of enzyme which oxidized 1 µmol of substrate per minute 

(Bleve et al., 2008). 

4.2.5. Zymography  

The activities of the crude extract, both in presence (Induced, I) and absence 

(Not Induced, NI) of ferulic acid, as well as DEAE cellulose fractions were detected 

by zymograms, as previously reported (Téllez-Téllez et al., 2005). 

Amounts of 5 µg (on average) both for I sample and the DEAE cellulose 

fraction, and 2 µg of NI samples, were dissolved in denaturant, non-reducing 

sample buffer (62.5 mM Tris-HCl pH 6.8, 25% glycerol, 2% SDS, and 0.01% 

Bromophenol Blue); all samples were loaded on two sodium dodecyl sulfate-

polyacrylamide gels electrophoresis (SDS-PAGE, 12% T, 3% C), performed 

according to Laemmli (1970). The unstained molecular weight marker M12 (2.5–

200 KDa, Life technology, Waltham, MA USA) was used as the reference. 

Electrophoretic separation was performed in a Miniprotean System (Biorad, 

Segrate, Italy) filled with running buffer composed of 25 mM Tris and 0.19 M 

glycine at 100V for 15 min and 150 V for 1 h. 

After the run, the gel was divided into two segments: one segment was 

washed with distilled water (four washes of 15 min and one of 30 min) at room 

temperature in order to remove SDS and then incubated with a solution of 5 mM 

ABTS in 50 mM potassium phosphate buffer pH 6; LC activity was revealed within 

six minutes. The remaining segment was fixed with 40% ethanol, 10% acetic acid 

50% H2O for 30 min and then stained with Bio-safe Coomassie stain (Bio-Rad), 

following the manufacturer’s instructions. 

Destained gels were digitally acquired by an Image Scanner III (GE Healthcare, 

Pittsburgh,  
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PA, USA). The experiment was performed in two replicates. The putative laccase 

band corresponding to the induced isoform, detected in the electrophoretic pattern 

of DEAE sample stained with Coomassie, was excised and analysed by mass 

spectrometry. 

4.2.6. LC-MS/MS Analysis 

The excised gel band shown in Fig. 4-1 was cut into small pieces and placed in 

1.5 mL vials for in-gel digestion, with trypsin chosen as the proteolytic enzyme. 

Protein digestion was accomplished according to the manufacturer’s instructions 

with slight modifications. Firstly, gel slices were destained by adding 200 µL of 100 

mM NH4HCO in 50% ACN and kept at 37 °C for 45 min; this step was repeated 

until electrophoresis dye was removed. Gel slices were then dehydrated in 100 µL 

of ACN and dried in a Speed Vac. Then, 130 µL of 10 mM DTT solution (prepared 

in 25 mM NH4HCO3) were added to the batch and incubated in shaking conditions 

for 1 h at 57 °C. Thirty microliters of 55 mM IAA solution (prepared in 25 mM 

NH4HCO3) were added and the mixture was incubated in darkness for 30 min at 

room temperature. After incubation, 0.3 µg of trypsin were added to the batch and 

incubated under shaking conditions overnight at 37 °C. The sample was then 

incubated with 150 µL of MilliQ water for 10 minutes, with frequent vortex mixing. 

Liquid was then removed and saved in a new microcentrifuge tube (Sigma, Milan, 

Italy). The extraction of gel slices digest was performed by adding 50 µL of 50% 

can, 5% TFA, 45% H2O solution. The extract was incubated under shaking 

conditions at room temperature for 1 h and centrifuged to recover the supernatant 

fraction. The procedure was repeated twice. Both supernatants were collected, 

mixed, and added with the aliquot obtained by sample incubation with water, and 

evaporated in the speed-vac in order to concentrate the sample. The final pellet 

was re-suspended in 50 µL of H2O:ACN (90:10 + 0.1% of formic acid) and filtered 

through regenerate cellulose filters (0.22 µm) before injection into the HPLC-MS 

system. 
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For the HPLC-MS/MS analysis a system consisting of UHPLC pump coupled 

through an ESI interface with a dual pressure linear ion trap mass spectrometer 

VelosProTM (Thermo Scientific, San José, CA, USA) was used. Peptide separation 

was performed on an Aeris peptide 3.6 µm XB-C-18 analytical column (150 × 2.10 

mm, 3.6 µm, 100 Å, Phenomenex (Torrance, CA, USA); the injection volume was 20 

µL. The following linear elution gradient was used for the analytical separation: 

solvent B was varied from 5%–60% in 55 min; then was increased up to 90% in 1 

min and this ratio was maintained constant for the following 15 min. The precent 

of B was suddenly decreased at 5% and kept stable for 15 minutes for column 

reconditioning. The two reserves used were: A = H2O + 0.1% formic acid and B = 

ACN + 0.1% formic acid; flow rate was set at 200 µL/min. 

MS system was operated in Data DependentTM) Acquisition mode (DDA) by 

selecting the option Nth order double play mode. In particular, two events were set 

for this experiment: (1) full MS in the range 400–2000 m/z, four microscans; and (2) 

full MS/MS DDA of the 20 most abundant ions in the MS spectrum using a 

normalized collision energy at 35%. Dependent settings for the DDA were set as 

reported Monaci et al., 2014). 

4.2.7. Bioinformatic Analysis 

Data obtained from LC-MS/MS acquisitions were searched against a 

customized database (DB = approximately 12,900 entries) containing amino acid 

sequences referred to all Pleurotus spp., downloaded from the largest UniProt DB 

available online (Uniprot database, accessed on 13 June 2016) Protein identification 

was performed by the commercial software Proteome DiscovererTM based on 

Sequest™ (version 1.4, 2012, Thermo-Fisher-Scientific, San José, CA, US) () scoring 

algorithm. Software results were filtered post-acquisition by peptide mass 

deviation (300 ppm), by setting n = 3 as minimum number of peptides for protein 

identification and peptide confidence medium (meaning better than 5% of 

confidence level). 
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4.2.8.  In Vitro Degradation of AFB1 and AFM1 with LC and Redox Mediators 

Degradation assays were performed in 500 µL of reaction volume of 1 mM 

sodium acetate buffer pH 5 with 1 µg/mL of AFB1. 2.5 units of LC were added to 

each reaction. Alternatively, ABTS, AS, or SA were independently tested as redox 

mediators at 1 mM and 10 mM. 

With respect to AFM1, degradation assays were performed by incubating 0.05 

µg/mL of AFM1, 2.5 units of LC and ABTS, AS, or SA as redox mediators at 10 mM. 

In control samples, the enzymatic solution was replaced by an equal volume of 

buffer. Reactions were incubated at 25 °C for three days in the dark. Each 

experiment was performed in triplicate. 

4.2.9.  Chemical Analyses 

AFB1 analyses were performed with a HPLC Agilent 1260 Series (Agilent 

Technology, Santa Clara, CA, USA) with post column photochemical 

derivatization (UVE™, LCTech GmbH, Dorfen, Germany). The analytical column 

was a Luna PFP (150 × 4.6 mm, 3 µm) (Phenomenex, Torrance, CA, USA) preceded 

by a SecurityGuard™ (PFP, 4 × 3.0 mm, Phenomenex). 

Samples containing AFB1 were filtered using RC 0.20 µm filters (Grace) and 

100 µL of volume was injected into the HPLC apparatus with a full loop injection 

system. The fluorometric detector was set at wavelengths of 365 nm (excitation) 

and 435 nm (emission). The mobile phase consisted of a mixture of H2O:ACN 

(70:30, v/v) and the flow rate was 1.0 mL/min. The temperature of the column was 

maintained at 40 °C. AFB1 was quantified by measuring peak areas at the retention 

time of aflatoxin standard solutions (Sigma-Aldrich, Milan, Italy) and comparing 

these areas with the relevant calibration curve at 0.4–10.0 ng/mL. With this mobile 

phase, the retention time was about 14.5 min. The limit of quantification (LOQ) 

was 0.4 ng/mL, while the LOD of the method was 0.2 ng/mL based on a signal to 

noise ratio of 3:1.  
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AFM1 analyses were performed with a HPLC Agilent 1260 Series with a 

fluorometric detector (Santa Clara, CA, USA). The column used was a Zorbax SB-

C18 (150 × 4.6 mm i.d., 5 µm Agilent, (Santa Clara, CA, USA) with a security guard 

(4 × 3.0 mm). 

AFM1 levels in samples were determined by HPLC/FLD method. The solutions 

were filtered using RC 0.20 µm filters (Grace, Taipei, Taiwan); 50 µL were injected 

into the HPLC apparatus with a full loop injection system. The fluorometric 

detector was set at wavelengths of 365 nm (excitation) and 450 nm (emission). The 

mobile phase consisted of a mixture of H2O:ACN (75:25, v/v) and the flow rate was 

1 mL/min. The temperature of the column was maintained at 30 °C. AFM1 was 

quantified by measuring peak areas at the retention time of aflatoxin standard 

solutions and comparing these areas with the relevant calibration curve at 1.0–10.0 

ng/mL. With this mobile phase, the retention time of AFM1 was about 6 min. The 

LOQ was 1.0 ng/mL, while the limit of detection (LOD) of the method was 0.12 

ng/mL, based on a signal to noise ratio of 3:1. 

When needed, controls and samples were diluted to fit the calibration ranges 

of the corresponding HPLC methods. Degradation percentages were calculated as 

follows: % 𝑎𝑓𝑙𝑎𝑡𝑜𝑥𝑖𝑛 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛= 𝑎𝑓𝑙𝑎𝑡𝑜𝑥𝑖𝑛𝑎𝑓𝑙𝑎𝑡𝑜𝑥𝑖𝑛 × 100  

4.3. Results 

4.3.1. LC Production and Purification 

After 24 days of static incubation, the total activity (enzymatic activity, EU) of 

the crude extract (4 L) was 17,120 EU with specific activity of 6 U/mg. The 

purification steps for LC are detailed in Table 4-1. The apparent increase in total 

activity after Ca-phosphate gel might be due either to inhibition effect or 

interference with ABTS analysis by dark brown pigments (probably arising from 
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oxidation/polymerization of ferulic acid; these pigments are nearly totally removed 

during this first purification step). 

 
Table 4-1. Summary of Lac2 purification from P. pulmonarius culture filtrate. 

Purification Step 
Total 

Volume 
(mL) 

Total 
Activity 

(EU) 

Total 
Protein 

(mg) 

Specific 
Activity 
(u/mg) 

Purification 
Fold 

Crude extract 4000 17,120 2800.00 6 1 
Ca- phosphate gel 500 33,400 95.00 351 59 

DEAE cellulose 50 23,785 11.50 2068 344 
DEAE FF 10 3837 1.20 3224 538 
Superdex 14 2053 0.19 10,920 1820 

As preliminary steps, the batch treatment with calcium phosphate gel and the 
first anion exchange chromatography on diethylamino ethyl (DEAE) cellulose were 
performed to remove the majority of the brown pigments and contaminating 
proteins and resulted in the greatest increase in specific activity, from 6 to 2.068 
U/mg. In the last two chromatographic steps LC activity was further purified from 
remaining impurities and from the other contaminant proteins. This strategy 
resulted in 1820-fold purification with 12% final yield of laccase enzyme with 
respect to the crude extract. 

4.3.2  Zymography 

Fig. 4-1, panel A shows the zymogram of extracellular LC activity by using 
ABTS as the substrate; protein bands exhibiting activity in zymogram were also 
compared with the related electrophoretic pattern stained with Coomassie stain 
(Fig. 4-1, panel B and C). 
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Figure 4-1. Zymography (A) using ABTS as the substrate and SDS PAGE (B and C) of P. 
pulmonarius LC preparations. NI-not induced; I-induced; D cell-sample after DEAE 
cellulose, D-FF-sample after DEAE FF, Sdex-sample after Superdex, M-Marker. The 
arrows indicate Lac2 bands. 

In particular, the not induced (NI) sample putatively produced two laccase 
isoforms corresponding to a molecular weight ranging from 31 to 36.5 kDa in the 
electrophoretic profile stained with Coomassie (Fig. 4-1, panel B). The induced (I) 
sample showed an analogous zymogram pattern with the exception of the band 
showing a more intense activity than the NI sample due to LC induction by ferulic 
acid. However, the zymogram was more sensitive than Coomassie staining, as 
previously reported (Dong et al., 2005). LC activity with ABTS was still clearly 
detectable when as low as 0.3 µg of proteins were loaded on SDS-PAGE (data not 
shown). After the final purification step with Superdex, Lac2 appeared as one 
single band in SDS PAGE (Fig. 4-1, panel C). 

4.3.4.  Laccase Identification by MS/MS 

Table 4-2 summarizes the identification of the band digested from the 
polyacrylamide gel with the highest score. After protein digestion, the resulting 
peptide mixture was analyzed in data-dependent MS/MS acquisition mode. The 
acquired MS data were processed by Proteome Discoverer software (version 1.4, 
2012, Thermo Scientific, San José, CA, USA) and searched against a customized DB 
containing all Pleurotus spp. protein sequences present in UniProt. As a result, 
seven unique peptides were detected and assigned to Lac2 and Lac4 of P. 
pulmonarius and P. sajor-caju, respectively. In Table 4-2 the peptide sequences 
identified by MS and matching with part of Lac2 and Lac4 sequences in the 
Uniprot DB are reported. Considering that P. pulmonarius and P. sajor-caju are 
synonymous Pegler et al., 1975), and that the strain used in this study belonged to 
P. pulmonarius species, we identified our protein as Lac2 of P. pulmonarius. 
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4.3.5.  In Vitro Degradation of AFB1 and AFM1 With Laccase and Redox Mediators 

Degradation results are shown in Fig. 4-2, while examples of HPLC 
chromatograms of AFB1 and AFM1 degradation are shown in Fig. 4-3. Direct 
oxidation of AFB1 by means of Lac2 alone accounted for 23% degradation. The 
addition of a redox mediator resulted in a very effective degradation of the toxin. 
The lowest concentrations of ABTS and AS (1 mM) were able to double the 
degradation percentage compared to Lac2 alone (45% and 42%, respectively) 
while, in the case of SA, the presence of mediator at 1 mM lowered the degradation 
percentage (13%). Absolute values of aflatoxin concentrations are shown in Table 
4-3. 

Table 4-2. Overview of protein assignments referred to the analysis of the excised band 
obtained by the Sequest scoring algorithm interrogating a customized Pleurotus 
database imported by UniProt. 

Assigned 
Protein 

Accession 
Number 

Protein 
Coverage 

No. of 
Identified 
Peptides 

Sequences 
Confi
dence 
Level 

m/z (Da) 

Laccase 2 
Pleurotus 

pulmonariu
s 

Q2VT18 

21.24% 7 

YSFVLTADQTPD
NYWIR 

High 1045.07686 

YAGGPTSPLAVI
NVESTKR 

High 980.65433 

SAGSTTYNFDTP
AR 

High 744.42450 

GDNFQLNVVN
QLSDTTMLK 

High 1069.20405 

Laccase 4 
Pleurotus 
sajor-caju 

Q7Z8S3 

SAGSTTYNFDTP
ARR 

High 822.55662 

ANPNLGSTGFA
GGINSAILR 

High 644.12372 

SVPITGPTPATAS
IPGVLVQGNK 

High 735.54871 

GDNFQLNVVN
QLSDTTMLK 

High 718.38048 
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Figure 4-2. AFB1 and AFM1 degradation (%) after three days of incubation at 25 °C, 
performed by Lac2 and the respective redox mediator in buffered solution (1 mM sodium 
acetate pH5). ABTS-[2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)]; AS-
acetosyringone, SA-syringaldehyde. Values are the mean of three replicates and the error 
bars represent the standard error measured between independent replicates. 
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Figure 4-3. Examples of HPLC chromatograms of AFB1 (A—negative control, B—
positive control, C—sample after degradation by Lac2) and AFM1 (D—negative 
control, E—positive control, F—sample after degradation by Lac2). 

 

 

 

A 

B 

C 

E 

D 

F 
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Table 4-3. Absolute values of aflatoxin concentrations (ng/mL) after LC 
treatment and statistical analysis of aflatoxin degradation by Lac2 and redox 
mediators. 

Sample AFB1 AFM1 

 
med 1 mM med 10 mM med 10 mM 

Positive control 923 ± 33 * 923 ± 33 * 53 ± 7 * 
No med 710 ± 27 * 710 ± 27 * n.t. 

ABTS 508 ± 46 * 175 ± 5 * 0 ± 0 * 
AS 535 ± 9 * 92 ± 27 * 0 ± 0 * 
SA 803 ± 120 258 ± 16 * 0 ± 0 * 

n.t. = not tested; Comparisons between controls and treated samples were 
performed using a t-test. A p value < 0.001 was considered statistically significant 
(*). 

 

At 10 mM each mediator further enhanced AFB1 degradation which reached 

90% for AS, 81% for ABTS and 72% for SA. With regards to AFM1, Lac2 proved to 

completely degrade the toxin with all mediators added at 10 mM since after the 

reaction no AFM1 peak was detected by HPLC analysis. 

4.4. Discussion 

In this work, we purified and identified a Lac2 isoform from a strain of P. 

pulmonarius and evaluated the ability of the pure enzyme to degrade AFB1 and 

AFM1 either by direct or mediated oxidation with three different redox mediators, 

ABTS, AS, and SA. 

Mycotoxin degradation by fungi and bacteria is a widely investigated topic, 

especially in the last 10–15 years (Wu et al., 2009; Zhao et al., 2011), but a deep 

understanding of which enzyme is directly responsible for mycotoxin degradation 

and the mechanism involved, is still lacking. Many bioremediation applications 

exploit the fungus as a whole-cell biocatalyst, or its secretome, thus involving the 

concerted activity of several enzymatic systems, including laccases, extracellular 

peroxidases (Lignin peroxidase-LiP, EC 1.11.1.14, manganese peroxidase-MnP, EC 

1.11.1.13, and versatile peroxidase-VP, EC 1.11.1.16) and oxidases that generate the 
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H2O2 needed for peroxidase activity (tyrosinase-EC 1.14.18.1 and aryl-alcohol 

oxidase-EC 1.1.3.7). Furthermore, low molecular weight compounds that act as 

mediators might be present in the culture media. This limits the discrimination 

between the direct action of the enzyme and the mediated one, which is a crucial 

point to develop industrial or biotechnological applications. Even commercial 

fungal preparations may contain contaminant proteins: Margot and colleagues 

(Margot et al., 2013) recently verified that the most used commercial laccase from 

Sigma (Milan, Italy, Ref. 38429) actually contains a mixture of different proteins, 

from 17 to ~80 kDa, and different LC isoforms. 

Although aflatoxin degradation by fungal laccase enzymes has already been 

reported (Alberts et al., 2009; Scarpari et al., 2014; Zeinvand-Lorestani et al., 2015), 

to date no direct and unambiguous correlation between laccase and aflatoxin 

degradation has been described, since cultured filtrates or LC commercial 

preparation were tested in the degradation assays. 

In our study the LC isozyme responsible for aflatoxins degradation was 

identified as Lac2. This isozyme has been extensively biochemically characterized 

in a previous work by Zucca and colleagues (2011). They reported a copper content 

of 3.8 cupric ions per protein molecule and a sugar content of 6.7% ± 0.3% 

(expressed as glucose equivalents), measured the enzyme activity at different pH 

values, and its stability at different temperatures. 

Lac2 production was induced by low molecular weight compounds; among 

various putative inducers, ferulic acid proved to be by far the most effective (Zucca 

et al., 2011); according to this, the induced sample in zymography showed one 

band with a much more intense activity than the related NI sample. In order to 

remove contaminants and to purify laccase, a preparative chromatography was 

performed. As expected, this procedure increased the activity of bands detected in 

the NI and I samples (Fig. 4-1, panel A) and resulted in a laccase band with an 

apparent molecular weight close to 35 kDa, as determined by the comparison with 

the lanes stained with Coomassie (Fig. 4-1, panel B and C). Similar results were 
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described by Diaz (2013), who detected four laccase isoenzymes with molecular 

weights of 65, 47, 38, and 29 kDa. 

The predicted molecular weight of Lac2 is 56.6 kDa, in agreement with the 

previous estimation by SDS PAGE and RP-HPLC–electrospray ionization-MS 

which assigned Lac2 a molecular weight of 55–61 kDa (Zucca et al., 2011). 

However, in this study Lac2 apparent molecular weight, estimated by SDS PAGE, 

was approximately 35 kDa; a possible explanation of this divergence is that under 

non-reducing conditions LC shows increased mobility and a lower apparent 

molecular weight due to the extensive glycosylation, as measured for this LC 

isozyme by Zucca et al. (2011). Moreover, glycosylation has been reported to be 

responsible for unconventional electrophoretic behavior under non-reducing or 

native conditions (Perry et al., 1993) and to influence SDS/protein interaction; it 

may facilitate LC migration through the gel net, making the LC external structure 

more flexible and elastic. 

The limited reactiveness of Lac2 alone towards AFB1 might be explained by the 

high electrochemical oxidation potential, high ionization potential, or steric 

hindrance that prevents the substrate from being oxidized or enter the active site of 

LC (Tadesse et al., 2008). Those limitations can be overcome by the use of redox 

mediators, which are effective LC substrates and, in turn, oxidize recalcitrant 

compounds. 

Effective degradation of aflatoxins proceeds via LMS, both with ABTS and 

natural mediators, despite their proposed different mode of action. ABTS 

mediation is reported to occur via an electron transfer (ET) route, while phenoxy 

radicals mediate via hydrogen atom abstraction (HAT), at least when working at 

acidic or neutral pH values; only under alkaline conditions, where the mediators 

are in their anionic form, the HAT mechanism turns into an ET one (Zucca et al., 

2015: Baiocco et al., 2003). 
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ABTS was the first used artificial mediator (Buorbonnais et al., 1990). It is 

soluble in water and, upon one-electron oxidation, produces a stable radical cation 

with a high absorbance at 420 nm. Thanks to these features ABTS has been 

successively used as an oxidation mediator towards polycyclic aromatic 

hydrocarbons, in organic synthesis, and in the treatment of textile wastewater 

(Solis-Olba et al., 2008; Wells et al., 2006; Collins et al., 2006). ABTS is a model 

compound for LMS and an efficient mediator for AFB1 and AFM1 (81% and 100% 

degradation, respectively). However, it is a synthetic mediator and, as such, its 

high cost and concerns related to its potential toxicity have restricted industrial 

implementation of this LMS even in non-food applications, and raised the need for 

safe, cost-effective, and readily available mediators. 

With this aim, we investigated the role of two naturally-occurring compounds, 

AS and SA, which are both 2,6-dimethoxy-substituted phenols derived from 

syringyl lignin units. They were described as the fastest and most efficient laccase 

mediators for the degradation of industrial dyes, sulfonamide antibiotics, and for 

the removal of lignin from paper pulps (Shi et al., 2014; Dubé et al., 2008; Camarero 

et al., 2007). In addition to being natural compounds, they are inexpensive, safe, 

and can be as effective as the synthetic ones. 

Both AS and SA were demonstrated to be effective mediators for AFB1 

degradation at 10 mM, although SA was less efficient than AS and ineffective at 1 

mM. Most probably, the SA-derived radical undergoes an internal redox reaction 

leading to syringic acid and, therefore, wasting a significant fraction of the reactive 

radical. Such a decrease of the reactive radical did not occur in the case of AS, 

explaining the noticeable effectiveness of the compound. 

Methoxy substitutions in syringyl-type compounds decrease the redox 

potential and increase electron density at the phenoxy group. Those compounds 

are readily oxidized by LC and generate relatively stable radicals since the 

substitutions in the phenol ring impose steric hindrances for the polymerization 

via radical coupling (Caompos et al., 2001; Baiocco et al., 2003). The substituent in 
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the para position also influences the phenoxy radical stability, since electron donor 

groups at the para-position stabilize the phenoxy radicals, while electron-

withdrawing substituents lead to a decreased radical stability (Rosado et al., 2012) 

Accordingly, AS harbors the weakest electron acceptor group and generates a 

more stable radical than SA. 

With respect to AFM1, Lac2 was able to degrade it completely with all 

mediators tested at 10 mM with no differences emerging among ABTS, AS, and 

SA. The decontamination of AFM1 in buffered solution, in model and real food 

matrices, was previously investigated using lactic acid bacteria (Elsanhoty et al., 

2014). Nevertheless, the decontamination was a result of a reversible binding to the 

carbohydrates and peptidoglycan of the bacterial cell wall surface and not a 

biological degradation. To our knowledge, the present study reports for the first 

time the effective degradation of AFB1 and AFM1 by means of Lac2 from P. 

pulmonarius. 

The degradation products of aflatoxins have not been identified yet. 

Depending on the degrading agent, aflatoxins can be degraded by several 

mechanisms, such as epoxidation, hydroxylation, dehydrogenation, and reduction. 

A wide range of putative potential reaction products obtained accounts for the 

difficulties in the development of sensitive identification methods, as well as for 

the limited data on their toxicological characterization. Considering the 

degradation products deriving from laccase treatment, only a study conducted by 

Alberts and colleagues (2009) reported a reduced mutagenicity (using Ames test) 

of the degradation products of AFB1. 

According to our results we hypothesize that LMS acts on the lactone ring, 

which is responsible for fluorescence properties: cleavage of the lactone ring results 

in a non-fluorescent compound that has greatly reduced biological activity 

(Vazquez et al., 2010; Lee et al., 2010). However, the ring cleavage of lactones is a 

hydrolysis, rather than an oxidation. Therefore, as laccases cannot catalyze lactone 

hydrolysis, fluorescence quenching should be the consequence of a deeper 
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modification of the coumarin-like core of the toxins, which is responsible for their 

fluorescence. In fact, oxidative demethoxylations of simple aromatics by means of 

fungal laccases are well known (Kersten et al., 1990; Ander et al., 1983); methanol is 

released and the aromatic ring is changed into its quinonoid counterpart, which 

rearranges with the result of an irreversible and deep degradation. Hypothesizing 

that this mechanism is also valid for substituted aromatics, like aflatoxins, the 

reversibility of the reaction is unlikely. 

This forecast is confirmed by our observations reported here. Additionally, as 

expected, the use of redox mediators strongly enhances the degrading ability of 

Lac2. 

Laccase has been increasingly applied in food industry in the last 30 years. The 

demonstrated biodegrading activity towards mycotoxins, the green catalysis, and 

the use of natural mediators support a potential and feasible application in food 

and feed. A mandatory requisite for feed application is that products of mycotoxin 

degradation have to be stable and non-toxic. The development of these 

applications has to overcome the cost of production of the enzyme, the 

optimization of the degradation reaction, as well as the gap of knowledge related 

to the degradation products and their toxicity as required by the EU commission 

(Commission regulation EU 2015/786) 

Pleurotus spp. ligninolytic system is a source of biotechnologically important 

enzymes which play an essential role in green bioremediation; so far, P. 

pulmonarius LCs have been extensively used in the removal of industrial dyes and 

the treatment of lignocellulosic waste. 

This is the first time that P. pulmonarius Lac2 was unambiguously identified as 

capable of degrading AFB1 and AFM1 in the presence of natural redox mediators. 

Although further studies are needed to optimize the degradation assay, this study 

clearly illustrates the potentiality of Lac2 for its use as a biotransformation agent. 
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Abstract: Mycotoxin contamination of staple food commodities is a relevant health 
and economic issue worldwide. The development of green and effective reduction 
strategies to counteract the contamination by multiple mycotoxins has become an 
urgent need. The aim of this work was to evaluate the capability of a laccase (LC) 
from Pleurotus eryngii and a laccase-mediator systems (LMSs) to degrade aflatoxin 
B1 (AFB1), fumonisin B1 (FB1), ochratoxin A (OTA), deoxynivalenol (DON), 
zearalenone (ZEN) and T-2 toxin in in vitro assays. In addition, the simultaneous 
mycotoxin degradation capability with selected LMSs was evaluated with 
combinations of AFB1 and ZEN, and FB1 and T-2 toxin. Redox mediators were 
found to drastically increase the degradation efficiencies of the enzyme. AFB1, FB1, 
OTA, ZEN and T-2 toxin degradation by the best performing LMS were 73%, 74%, 
27%, 100% and 40%, respectively. No degradation was registered for DON. 
Notably, AFB1 and ZEN were simultaneously degraded by 86% and 100%, while 
FB1 and T-2 by 25% and 100%, respectively. LMS proved to be a promising 
approach to enhance degradation properties of LC enzymes and for the potential 
development of a multi-mycotoxin reducing method. 

 
 
Keywords: mycotoxins, bioremediation, laccase-mediator system, multi-

mycotoxin degradation 
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5.1. Introduction 

Food and feed contamination by mycotoxins is a concerning issue worldwide, due 

to their adverse health effects and their important economic impact (Rocha et al., 

2014). Multiple mycotoxin contamination frequently occurs as a result of the 

concomitant mycotoxin production by different fungal species, the production of 

different mycotoxins by the same organism, or the combination of differently 

contaminated raw materials needed for food and feed production (Smith et al., 

2016). Mycotoxin reduction strategies have to take into account the co-occurrence 

of multiple mycotoxins, which often hampers efficacy and applicability in real 

food, or feed matrix. Since food contamination by mycotoxins also arises from the 

carry-over from feed to animal and animal derived products, such as meat, milk 

and eggs, it is important to counteract mycotoxins contamination at every stage of 

the food supply chain (Streit et al., 2012). 

Biological degradation is a strategy which can be used to mitigate mycotoxins 

contamination through a mild, sustainable and environmental friendly approach. 

Microorganisms can achieve mycotoxin reduction by multiple means, such as 

adsorption, chemical, or enzymatic degradation. Since multiple mechanisms are 

involved, the identification of a specific degradation pathway and the resulting 

degradation products remains challenging.  

While single mycotoxin degradation is often achieved by enzymes, the 

simultaneous enzymatic degradation is a challenging task, due to enzyme catalytic 

specificity and mycotoxin chemical heterogeneity. Mycotoxins bioremediation by 

enzymes has been recently reviewed (Loi et al., 2017). Several enzyme activities 

are specifically addressed to one type of toxin, while oxidoreductive enzymes, 

such as laccases (LCs), are less specific with respect to substrate oxidation and can 

be potentially applied for the simultaneous degradation of more than one type of 

mycotoxin. LCs (benzenediol: oxygen oxidoreductase, EC 1.10.3.2) belong to the 

multicopper oxidase family and catalyse the oxidation of phenols, aromatic 
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amines, and other non-phenolic compounds, with the concomitant reduction of 

molecular oxygen to water. The range of LC substrates can also be extended by the 

use of redox mediators within the Laccase Mediator System (LMS). In LMS, 

oxidative capacity is enhanced by the generation of a new, often radical, species; 

oxidation mechanisms are diversified according to the nature of the mediator 

used; the use of a free effector, the oxidized mediator, reduces steric hindrance. 

Indeed, the degradation of recalcitrant and chemically heterogeneous compounds, 

including aflatoxin B1 (AFB1), aflatoxin M1 (AFM1) and Zearalenone (ZEN), by 

LMS was already reported (Loi et al., 2017; Loi et al., 2016; Banu et al., 2013). 

Additionally, LCs have been already used in food processing to improve the 

techno-functional properties of bakery, dairy and meat products (Osma et al., 

2010). To this purpose, a scientific risk assessment on one LC from Trametes hirsuta 

by EFSA is currently in progress (European commission, 2016). 

In this study, we describe the application of Ery4 laccase from Pleurotus eryngii 

coupled with various redox mediators for the in vitro degradation of AFB1, 

fumonisin B1 (FB1), ochratoxin A (OTA), deoxynivalenol (DON), ZEN and T-2 

toxin. In addition, the simultaneous degradation of a combination of AFB1 and 

ZEN, and FB1 and T-2 toxin was assessed in order to investigate the feasibility of a 

potential LC and LMS application in food and feed. 

 

5.2. Materials and methods 

5.2.1. Chemicals, reagents and mycotoxins standard preparation 

2-azino-di-[3-ethylbenzo-thiazolin-sulphonate] (ABTS), acetosyringone (AS), 

syringaldehyde (SA), p-coumaric acid (p-CA), 1-hydroxybenzotriazole (HBT) 

2,2,6,6-tetramethylpyperidyloxil (TEMPO), phenol red (PhR), chlorogenic acid 

(CGA), ferulic acid (FA), mycotoxin standards (purity > 99%) of OTA, AFB1, DON, 

T-2 and HT-2 toxins, and ZEN were purchased from Sigma Aldrich (Milan, Italy). 
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FB1, -zearalenol (-ZON) and -zearalenol (-ZON) were purchased from 

Biopure (Romer Labs Diagnostic GmbH). RC 0.2 µm (regenerated cellulose 

membranes) filters were obtained from Alltech Italia-Grace Division (Milano, 

Italy). All solvents (HPLC grade) were purchased from J. T. Baker Inc. (Deventer, 

The Netherlands). Ultrapure water was produced by Milli-Q system (Millipore, 

Bedford, MA, USA). 

5.2.2. Laccase production and purification 

Ery4 laccase was produced from Saccharomyces cerevisiae ITEM 17289 of the Agri-

Food Microbial Fungi Culture Collection of the Institute of Sciences of Food 

Production (www.ispa.cnr.it/Collection), engineered with pYES2 vector 

(Invitrogen, USA) bearing ery4 gene sequence from Pleurotus eryngii. Cultured 

media was filtered and dialyzed against Tris - HCl 50mM, pH 7 using a Vivaflow 

200 apparatus (Vivascience, AG, Hannover, Germany) equipped with a hydrosart 

membrane module (10 kDa molecular weight cut off) and a Masterlfex L/S system 

pump (Cole-Parmer, Vernon Hills, IL, USA) to 50 mL of final volume. Purification 

was performed by Fast Protein Liquid Chromatography (FPLC) using the NGC™ 

Quest 10 Plus Chromatography System equipped with a 1 mL ENrich™ Q High-

Resolution Ion Exchange Column (Bio-Rad, Milan, Italy) pre-equilibrated with 

TRIS/HCl 50 mM pH 7. LC was eluted with 30% NaCl 1 M in TRIS/HCl 50 mM pH 

7. The collected fraction was then loaded on a ENrich™ SEC 650 High-Resolution 

Size Exclusion Column (Bio-Rad) equilibrated with TRIS/HCl 50 mM pH 7 and 

fractionated with 1 CV (24 mL) of the same buffer. Fractions were tested for 

enzymatic activity using the ABTS colorimetric assay (Bleve et al. 2008).  

5.2.3. In vitro mycotoxins degradation by Ery4 and LMS 

Ery4 capability of degrading AFB1, FB1, OTA, ZEN, DON and T-2 toxin was 

assessed through an in vitro assay performed in 500 µl of sodium acetate buffer 1m 

M, pH 5. One µg/mL (AFB1, FB1, ZEN, DON and T-2) or 0.5 µg/mL (OTA) of 

mycotoxin, in combination with 3 or 9 U/mL of LC, were added to each reaction 
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and gently mixed. In control samples Ery4 was replaced by an equal amount of 

buffer solution. Reactions were incubated for 72h at 25°C in static conditions.  

Subsequently, eight different redox mediators at two different concentrations (1 

and 10mM) were independently tested in combination with Ery4 (5 U/mL) for 

their ability to degrade AFB1, FB1 and OTA.  In particular, four natural mediators 

(AS, SA, p-CA and FA) and four artificial ones (ABTS, TEMPO, HBT, PhR) were 

used. ZEN, DON and T-2 toxin degradation was assayed in presence of three 

redox mediators, representative of the natural (SA) and artificial ones (TEMPO 

and ABTS). Reactions were performed in 500 µl of sodium acetate buffer 1 mM, 

pH 5. Control samples were also included replacing Ery4 with buffer.  

5.2.4. Simultaneous mycotoxins degradation by selected LMS 

Based on the preliminary screening with different LMSs, simultaneous AFB1/ZEN 

degradation was assessed using either SA, TEMPO or both, while FB1/T-2 using 

TEMPO. Each toxin concentration was 0.5 µg/mL while final mediator 

concentration was 10 mM. 

5.2.5. Chemical analyses 

Different chemical methods were performed to quantify the residual mycotoxin 

concentration in samples.  

AFB1 analyses were performed by high performance liquid chromatography with 

fluorescence detection (HPLC-FLD) as previously described (Loi et al., 2016). The 

limit of quantification (LOQ) was 0.4 ng/mL based on a signal to noise ratio of 

10:1. 

Samples containing FB1 were filtered using RC 0.20 µm filters and quantified by 

HPLC-FLD after derivatization with o-phtaldialdehyde (OPA) (Haidukowski et 

al., 2017). LOQ was  20 ng/mL based on a signal to noise ratio of 3:1. Standards of 

partially hydrolyzed fumonisins (PHFB1) and hydrolyzed fumonisin (HFB1) were 

prepared from pure FB1 according to the procedure described by De Girolamo et 

al., (2014). Multi-mycotoxin calibration solutions were prepared by opportunely 
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diluting with acetonitrile : water (1:1, v/v) to obtain calibrant solutions with 

concentration in a range of 10-1000 ng/mL for FB1, 100-1000 ng/mL for PHFB1 and 

1000-5000 ng/mL for HFB1. Determination of PHFB1, HFB1 and FB1 was performed 

by ultra-performance liquid chromatography with an Acquity QDa mass detector 

(UPLC-QDa). The chromatographic separation was performed on an Acquity 

UPLC BEH C18 column (2.1 × 100 mm, 1.7 µm) preceded by an Acquity UPLC® 

in-line filter (0.2 µm). Column temperature was set at 50 °C. The flow rate of the 

mobile phase was set at 0.4 mL/min. Eluent A was water, and eluent B was 

methanol, both containing 0.1% acetic acid. A gradient elution was applied by 

changing the mobile phase composition from 10% to 50% of eluent B in 10 min, 

and kept constant for 4 min then linearly increased up to 90% in 3 more min and, 

finally, kept constant for 4 min. For column re-equilibration, Eluent B was 

decreased to 10% in 1 min and kept constant for 3 min. For LC/MS analyses, the 

ESI interface was used in positive ion mode, with the following settings: 

desolvation temperature 600 ◦C; capillary voltage 0.8 kV, sampling rate 5 Hz. The 

mass spectrometer was operated in full scan (100–800 m/z) and in single ion 

recording (SIR) mode, by monitoring the individual masses of each compound 

(FB1 722.40 m/z, PHFB1 564.00 m/z, HFB1 406.30 m/z). Retention time for HFB1, 

PHFB1 and FB1 were about 14, 15, 16 min, respectively. Toxins were quantified by 

measuring peak areas and comparing these values with a calibration curve 

obtained from standard solutions. EmpowerTM 2 Software (Waters) was used for 

data acquisition and processing. LOQ values were 10 ng/mL for FB1, 100 ng/mL 

for HFB1 and 1000 ng/mL for PHFB1, calculated based on a signal to noise ratio of 

10:1. 

OTA quantification by HPLC-FLD was performed as described by Ferrara and 

colleagues (2014) and De Bellis (2015). LOQ for OTA and OT were 0.5 ng/mL, 

based on a signal to noise ratio of 10 :1.  
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DON levels in samples were filtered using RC 0.20 µm filters (Phenomenex, 

Torrance, CA, USA) and determined by ultra-high performance liquid 

chromatography linked with photodiode array detector (UPLC-PDA) (Pascale et 

al., 2014). The LOQ was 100 ng/mL, based on a signal to noise ratio of 10:1. 

The quantification of T-2 toxin by UPLC-PDA was performed as described by 

Pascale and colleagues (2012). LOQ for T-2 and HT-2 toxins were 0.05 µg/mL  

A novel chromatographic method was performed to quantify ZEN. ZEN stock 

solution (1 mg/mL in methanol) was diluted in methanol to a concentration of 10 

µg/mL. The exact concentration of ZEN stock solution was spectrophotometrically 

determined (Ɛ = 12623 L/mol cm at   = 274 nm in methanol). The stock solution 

was evaporated to dryness under a stream of nitrogen at 50 °C. The residue was 

dissolved in water/acetonitrile (50:50, v/v) in order to obtain a standard calibration 

curve (0.01 - 0.3 µg/mL). 

 and - ZON stock solutions (10 µg/mL in acetonitrile) were diluted with water 

to obtain a concentration of 5 µg/mL in acetonitrile/water (1:1, v/v). The standard 

calibration curve ranged from 0.01 to 0.3 µg/mL. 

The solutions were filtered using RC 0.20 µm filters. A volume of 100 µL was 

injected in the HPLC system (Agilent 1260 Series, Agilent Technology, Santa Clara, 

CA, USA) with a full loop injection system. The analytical column was a Luna C18 

(150×4.6 mm, 5 µm) (Phenomenex, Torrance, CA) preceded by a guard column 

inlet filter (0.5 µm x 3 mm diameter, Rheodyne Inc. CA, USA). The column was 

thermostated at 30 °C. The mobile phase consisted of a water/acetonitrile (50:50, 

v/v) eluted at a flow rate of 1.0 mL/min. The fluorometric detector for ZEN was set 

at wavelengths, ex= 274 nm, em= 440 nm and DAD detector set at 236 nm for -

ZON and set at 240 nm for -ZON. Data acquisition and instrument control were 

performed by LC Openlab software (Agilent). ZEA was quantified by measuring 

peak areas, and comparing them with a calibration curve obtained with standard 

solutions. With this mobile phase, the retention time of , -ZON and ZEN were 

about 4.4 min, 3.5 min and 7.3 min, respectively. , -ZON and ZEN were 
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quantified by measuring peak areas, and comparing them with a calibration curve 

obtained with standard solutions for each mycotoxin. The LOQ of the method was 

0.015 µg/mL for -ZON, -ZON and ZON, based on a signal to noise ratio of 10:1. 

Degradation percentage of each toxin was calculated as follows: 

𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 (%) = 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑚𝑦𝑐𝑜𝑡𝑜𝑥𝑖𝑛 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒𝑡𝑜𝑡𝑎𝑙 𝑚𝑦𝑐𝑜𝑡𝑜𝑥𝑖𝑛 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 × 100 

5.2.6. Statistical analysis  

All data are mean ± standard deviation of three independent replicates. Data were 

expressed as mean percentage ± standard deviation with respect to the control. 

Results were analyzed through Student's t-test (paired comparison) performed 

using STATISTICA software for windows, ver. 7 (Statsoft, Tulsa, and Okhla). 

Differences between samples and relative control were considered significant for a 

P value < 0.05 or <0.01. 

 

5.3. Results and discussion 

Ery4 capability of degrading different mycotoxins was assessed alone and in 

combination with different LMSs. In particular, AS, SA, p-CA and FA are natural 

phenols deriving from siringyl and cynnamic acids, while HBT, TEMPO, ABTS 

and PhR are artificial compounds. Among the three different mechanisms 

described so far, the natural phenols and HBT follow the Hydrogen Atom Transfer 

(HAT) mechanism, TEMPO follows the ionic route, while ABTS the Electron 

Transfer (ET) mechanism (Baiocco et al., 2003; Fabbrini et al., 2001). 

5.3.1. Aflatoxin B1 degradation by Ery4 and LMS 

Ery4 laccase was not able to directly oxidize AFB1, suggesting that this toxin is not 

a direct substrate of Ery4 (data not shown). The binding architecture of AFB1 

within the catalytic site of LC is responsible for the success of AFB1 oxidation and 

varies among LC enzymes and within LC isoforms. Indeed, Lac2 from Pleurotus 
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pulmonarius was found to be able to directly oxidize AFB1, though with low 

efficacy (Loi et al., 2016). An in-silico study on LC isoforms from Trametes versicolor 

(Dellafiora et al., 2017) proposes that AFB1 reduction is isoform-dependent. Also 

LC limited oxidative capacity might hinder direct AFB1 oxidation. In fact, 

oxidoreductive enzymes with greater oxidative capacity than LC, such as 

peroxidases from Pleurotus spp. and Armoracia rusticana, were reported to 

efficiently degrade AFB1 (Yehia  et al., 2014;  Chitrangada et al., 2000). 

In our study AFB1 degradation was achieved by using different LMSs (Fig 5-1). 

Syringyl-type phenols (AS and SA) were the best performing mediators, followed 

by ABTS and cynnamic acid derivatives (FA, p-CA) , while HBT, PhR and TEMPO 

were ineffective. Higher degradation percentages were reported for AS, SA, p-CA 

and PhR, when 10 mM mediator was used compared to 1 mM (73% vs 51% for AS, 

68% vs 48% for SA, 22% vs 0% for p-CA and 11% vs 0% for PhR). By contrast, 10 

mM was detrimental in the case of ABTS (39% with 1 mM vs 25% with 10 mM) 

and FA (24% with 1 mM vs 17% with 10 mM). 

Figure 5-1: Residual aflatoxin B1 (AFB1) in samples treated with different laccase 
mediator systems. AS: acetosyringone, SA: syringaldehyde, p-CA: p-coumaric 
acid, FA: ferulic acid, HBT: 1-hydroxybenzotriazole, TEMPO: 2,2,6,6-
tetramethylpiperidin-1-yl)oxyl, ABTS: 2,2-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid), PhR: phenol red. A P value <0.05 was considered statistically 
significant (*) and a P value <0.01 is considered highly statistically significant (**). 
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 These results confirmed the efficacy of these LMSs, as reported by Loi and 

colleagues (2016), who measured an efficient degradation of AFB1 by Lac2 from P. 

pulmonarius using 10 mM AS (90%), SA (72%) and ABTS (81%) as redox mediators. 

AFB1 degradation was putatively achieved through the HAT mechanism. After an 

initial hydrogen atom removal, further electronic rearrangements lead to the loss 

of the coumarin and/or lactone moieties, responsible for AFB1 characteristic 

fluorescence.  

5.3.2. Fumonisin B1 degradation by Ery4 and LMS 

FB1 was not degraded by direct Ery4 oxidation (data not shown). However, a 

statistically significant degradation (P< 0.01) was achieved using TEMPO 10 mM 

(74%), PhR 10 mM (30%) and SA 1 mM (25%) (Fig.  5-2). All other mediators and 

concentrations were ineffective or not statistically significant. 

 

 

Figure 5-2: Residual fumonisin B1 (FB1) in samples treated with different laccase 
mediator systems. AS: acetosyringone, SA: syringaldehyde, p-CA: p-coumaric 
acid, FA: ferulic acid, HBT: 1-hydroxybenzotriazole, TEMPO: 2,2,6,6-
tetramethylpiperidin-1-yl) oxyl, ABTS: 2,2-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid), PhR: phenol red. A P value <0.01 is considered highly statistically 
significant (**). 
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TEMPO acts through an ionic route. Specifically, once oxidized into the 

oxoammonium ion by LC, the nitrogen atom of TEMPO becomes susceptible to 

the nucleophilic attack by an oxygen atom, such as a primary hydroxyl group, as 

reported for the oxidation of the model compound 4-methoxybenzyl alcohol to the 

corresponding aldehyde (Fabbrini et al., 2001). The complete mechanism 

underlying FB1 oxidation with LC and TEMPO has not been yet clarified. 

Nonetheless, one or more hydroxyl groups of the aminopolyol backbone of FB1 

ought to be involved in the first steps of the degradation process. 

The main FB1 biotransformation method relies on the activity of the esterases, 

which hydrolyse the two ester bonds of FB1 (Duvick et al 1998; EFSA, 2014). So far 

no other enzymatic method was reported for FB1 degradation. No hydrolysed 

products were detected in the samples. 

 

5.3.3. Ochratoxin A degradation by Ery4 and LMS 

Ery4 was not able to directly degrade OTA (data not shown), nevertheless a slight 

reduction was observed in presence of redox mediators (Fig. 5-3). Natural phenols 

were the best performing mediators with degradation percentages of 27% (FA, 10 

mM), 25% (SA and p-CA, 1 mM) and 24% (AS, 1 mM). As regards artificial 

compounds, degradation percentage was 22% (HBT, 1 mM), 20% (TEMPO, 1 mM) 

and 18% (PhR, 1 mM). Only FA was more efficient when added at higher 

concentration (10 mM). 
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Figure 5-3: Residual ochratoxin A (OTA) in samples treated with  different laccase 
mediator systems. AS: acetosyringone, SA: syringaldehyde, p-CA: p-coumaric 
acid, FA: ferulic acid, HBT: 1-hydroxybenzotriazole, TEMPO: 2,2,6,6-
tetramethylpiperidin-1-yl)oxyl, ABTS: 2,2-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid), PhR: phenol red. All data are statistically significant (P< 0.01). 

 

LMS oxidation of OTA was not as effective as other enzymatic methods, by which 

80 to 100% of OTA degradation could be obtained in few hours of assay 

(Abrunhosa et al., 2010). Current enzymatic methods for OTA degradation rely on 

specific peptidases, able to break the amide bond releasing OTα and 

phenylalanine. In particular, OTα is considered a non-toxic compound with 10 

times shorter half life time in humans (Klimke et al., 2015). No other enzymatic 

method was reported for OTA degradation. 

5.3.4. Zearalenone, deoxynivalenol and T-2 toxin degradation by Ery4 and 

LMS 

Ery4 laccase was not able to directly oxidize ZEN, DON and T-2 toxin (data not 

shown).  

According to the preliminary data regarding AFB1, FB1 and OTA, the mediator 

screening for ZEN, DON and T-2 toxin was reduced to SA, ABTS and TEMPO, the 
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three representatives of the different origin and LMS mechanisms of action, at 10 

mM. 

ZEN was completely removed with all the tested mediators (data not shown). This 

result is in agreement with Banu and colleagues (2013), who reported that ZEN 

was degraded up to 81.7% using 0.16 mM ABTS as redox mediator, despite 

enzyme mediator and toxin concentrations were significantly lower than those 

used in our study. As expected, considering LC oxidative nature, in LMS treated 

samples, nor α or β-zearalenol, which derive from ZEN reduction, were detected 

(data not shown). 

DON is considered the most recalcitrant toxin to degrade.  Under the tested 

conditions no LMS was effective towards DON (data not shown). Peroxidases 

from Aspergillus oryzae and Rhizopus oryzae were positively correlated with DON 

degradation in submerged fermentation (Buffon et al., 2011), meaning that a 

higher redox capacity than that of LC or LMS tested may be needed to degrade 

DON. 

T-2 toxin was slightly degraded by LMS (Fig. 5-4). A statistically significant 

degradation (P<0.01) was obtained using TEMPO (40%), and ABTS (13%), while 

SA was ineffective. Since LMS was not able to degrade DON, a comparative 

structural investigation of the two trichothecenes could suggest a possible starting 

point for the degradation of T-2 toxin. LC- TEMPO LMS ought to firstly act on the 

acetoxy group in C15 or the ester in C8 positions. In accordance to this hypothesis, 

de-acetylation to HT-2 toxin was excluded, as it was not found in degraded 

samples. No biotransformation of T-2 toxin with enzymes, including LCs, has 

been reported so far. 
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Figure 5-4: Residual T-2 toxin in samples treated with different laccase mediator 
systems. TEMPO: 2,2,6,6-tetramethylpiperidin-1-yl)oxyl, ABTS: 2,2-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid), SA: syringaldehyde. A P value <0.01 is 
considered statistically significant (**). 

 

5.3.5. Combined mycotoxins degradation with selected LMSs 

Results of combined mycotoxin degradation for AFB1 /ZEN are shown in Fig. 5-5. 

AFB1 and ZEN were simultaneously degraded when SA, or SA and TEMPO were 

used as redox mediators. In accordance with the results reported in section 3.1, 

AFB1 was significantly degraded only in presence of SA, while ZEN was almost 

completely removed either with only SA, TEMPO or both. Since degradation 

percentages are comparable to those reported for the single toxin experiments, no 

relevant synergistic, or additive effects could be hypothesised to occur in presence 

of both mediators. 
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Figure 5-5: Residual aflatoxin B1 and zearalenone in samples treated with different 
laccase mediator systems. TEMPO: 2,2,6,6-tetramethylpiperidin-1-yl)oxyl, SA: 
syringaldehyde. A P value < 0.01 is considered statistically significant (**) 

 

As regards the simultaneous degradation of FB1 /T-2 toxin by LC and TEMPO, T-2 

toxin degradation was greatly enhanced with respect to the single degradation 

assay (100% VS 40%, P<0.001), pointing to a strong additive effect. By contrast, a 

negative effect was reported for FB1, whose degradation was drastically reduced 

from 74% to 25%, with respect to the single degradation assay. These results 

suggest the occurrence of combined degradation mechanisms, where mediators 

processed by LC can interact in a virtuous way towards the other toxin. 

5.4. Conclusions 

In this study for the first time, an extensive in vitro screening towards multiple 

toxins was performed with the pure LC and different LMSs. Mediators were 

found to drastically increase catalytic efficiency of Ery4. With the optimal choice of 

the LMS, AFB1, FB1, OTA ZEN and T-2 toxin were degraded by 73%, 74%, 27%, 

100% and 40%, respectively. By contrast, no degradation occurred for DON with 

any of the LMSs tested. Another novelty presented in this work is the use of LMS 
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for the simultaneous degradation of many toxins at the same time, possibly with 

the use of a single mediator. AFB1 and ZEN were simultaneously degraded by 

86% and 100%, while FB1 and T-2 by 25% and 100%, respectively. A strong 

additive effect was found for the T-2 degradation in the presence of FB1, enforcing 

the advantages of using LMS to selectively degrade toxins. This study represents a 

starting point for the development of methods to counteract the natural co-

occurrence of multiple mycotoxins in raw materials, or in composite food and feed 

by means of an efficient, environmental friendly and versatile LC enzyme. 
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Abstract: aflatoxin M1 (AFM1) is the main catabolite deriving from the 
hydroxylation of aflatoxin B1 (AFB1), found in the milk of animals fed with AFB1 
contaminated feeds. The International Agency for the Research on Cancer (IARC) 
has classified it in group 2B, thus possibly carcinogenic for humans. Its maximum 
limit in raw milk, heat-treated milk and milk for the manufacture of milk-based 
products, has been set by the Regulation (EC) 1881 of 2006 to 50ng/kg. AFM1 
resists to the most common treatments of food industry and persists in processed 
product. Its occurrence has been registered throughout the whole dairy supply 
chain, including yogurts and cheeses, and it represents a serious risk for humans 
and animals. The development of mild, green and efficient methods for AFM1 
degradation is an actual and crucial topic. Aflatoxins degradation is difficult to 
achieve since they must not affect the organoleptic and nutritional qualities of 
food. In this work, we evaluated the activity of a fungal laccase from Pleurotus 
eryngii for the degradation of AFM1 in buffer solution and in skimmed UHT milk. 
We also analyzed the effects on milk protein pattern in order to evaluate its 
application for the safety improvement of milk-based products. AFM1 
degradation in sodium acetate buffer (pH 6.5 1mM at 25°C) was nearly 50% after 
one hour and complete after 72h. The same trend was registered in skimmed UHT 
milk, although with a lower rate of degradation, at least during the first three 
hours of treatment. The analysis of the protein pattern revealed that the intensity 

-lactoglobulin and bovin sieroalbumin electrophoretic bands 
significantly decreased, while the appearance of protein aggregates of molecular 
weight higher than 200kDa was detected. These results highlight several potential 
applications of this laccase for the development of green detoxification methods 
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towards AFM1 in milk, and also for the improvement of the rheological, 
emulsifying and allergenic properties of milk and dairy products.  

Keywords: safety, milk, laccase, aflatoxin M1, protein cross-linking, milk texture, 
allergenicity 

6.1.  Introduction 

Aflatoxin M1 is the main in vivo hydroxylated metabolite of aflatoxin B1 (AFB1) 

which contaminates milk and meat of animals fed with AFB1 contaminated feeds 

(Iqbal et al., 2016). 

AFM1 was classified as possible carcinogen to humans (group 2B) by the 

International agency of Research on Cancer (IARC, 2012). It was also reported to 

be cytotoxic and genotoxic even without metabolic activation, thus it represents a 

great health concern for human health. 

A linear correlation between AFB1 in feed and AFM1 in milk exists. Therefore, 

AFM1 reduction strategies aim at reducing AFB1 in feed; however, they are only 

preventive and not completely effective (Commission regulation 1881/2006). AFM1 

can be found in milk, but also in dairy because it is extremely resistant to the 

physical and chemical treatments of food industry (Anfossi et al., 2011). Several 

methods for AFM1 reduction have been proposed in raw milk. However chemical 

or physical methods (use of bisulphites, hydrogen peroxydes, adsorbents, harsh 

heat treatments, UV irradiation) are not in use because of their partial efficacy and 

negative drawbacks on the nutritional and organoleptic properties (Ashiq et al., 

2015; Pransini et al., 2009). 

The most commonly used methods for AFM1 reduction rely on physical 

adsorption to acid lactic bacteria cell walls, which can be naturally present in milk 

or added as functional starters for yogurt or cheese manufacture (Elsanhoty et al., 

2014). However, physical adsorption cannot be considered as a true 

biotransformation since it is based on the non-covalent, possibly reversible 
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interactions between the toxin and the carbohydrate and hydrophobic regions of 

the cell walls (Ismail et al., 2016). 

The development of new methods for the effective AFM1 biotransformation is 

a crucial and essential need. Besides being effective and irreversible, the method 

has to preserve the and organoleptic properties of the matrix. 

Enzyme application for food biotechnology is increasingly studied for milk 

and dairy applications. Among the analysed enzymes, laccases (LC), 

lactoperoxidases, transglutamminases and tyrosinases are investigated for their 

crosslinking activity and their capability to modify the techno-functional 

properties of milk and milk based products (Heck et al., 2013). In particular, LC 

use in food industry deserves particular attention because of its green feature, as it 

uses molecular oxygen as electron acceptor and reduces it to water. LC is 

widespread in fungi and can be easily purified from culture filtrates of edible 

mushrooms, such as Pleurotus eryngii, which are safe and easy to cultivate. 

Moreover, LC was recently reported to in vitro degrade AFM1 (Loi et al., 2016) 

Therefore, the aim of this work was to evaluate the application of a LC 

isozyme from P. eryngii, a local Apulian mushroom, for AFM1 degradation. The 

degrading activity was evaluated in a model buffer system and then in UHT skim 

milk. Since LC can be used as food additive for the modification of the texture, 

emulsifying and foaming properties of milk, the effect of laccase treatment on the 

protein pattern of milk was also evaluated. 

6.2.  Materials and methods 

6.2.1. Chemicals and standard preparation  

2,2-azino-di-[3-ethylbenzo-thiazolin-sulphonate] (ABTS), syringaldehyde (SA), 

acetonitrile (ACN) and AFM1 standard (>99% purity) were purchased from Sigma 

Aldrich (Segrate, Milan, Italy). Reagents for sodium dodecyl sulphate gel 

electrophoresis (SDS PAGE), including Biosafe Coomassie and Bradford reagent, 
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were purchased from Bio-Rad Laboratories (Bio-Rad, Milan, Italy). AFM1 stock 

solution (10g/mL) was prepared by dissolving the toxin in ACN (HPLC grade). 

Exact toxin concentration was measured according to AOAC 2000.08 (AOAC, 

2008). Aliquots of standard stock solutions were dried under steam of nitrogen at 

50°C and resuspended in mobile phase (water:ACN 75:25 w/w) in order to obtain 

standard calibrant solutions (1.0-10.0 ng/mL). Standard solutions were stored at -

20°C and warmed to room temperature before use. 

6.2.2. Microorganism and growth conditions 

Saccharomyces cerevisiae ITEM 17289 (Agri-Food Microbial Fungi Culture 

Collection of the Institute of Sciences of Food Production, 

www.ispa.cnr.it/Collection) engineered with pYes2 vector bearing Ery4 laccase 

(pY_Ery4) gene sequence was used in this study. Yeast culture was grown in Yeast 

Nitrogen Base (YNB, 0.67% (w/v)) supplemented with adequate auxotrophic 

requirements and glucose 2% in shaking conditions at 28°C for 5 days. Yeast with 

empty pYes2 vector, was used as control. 

6.2.3. Induction and purification of Ery4 enzyme  

Yeast cultures (pY_Ery4 and pYes2) were grown in YNB until OD600 0.8 was 

reached. Cells were pelleted by centrifugation (10,000g for 15min) and 

resuspended at OD600 0.6 in the induction medium composed by YNB 

supplemented with auxotrophic requirements, 1 mM CuSO4 and 4% galactose. LC 

expression was induced for 3 days in shaking conditions at 18°C. 

After induction, cultured media was filtered and dialyzed against Tris-HCl 

50mM, pH8 in a Lab scale TFF system (Merk Milliporem Frankfurt, Germany) 

equipped with a Pellicon XL ultrafiltration membrane with amolecular weight cut 

off of 10,000 Da. Volume was reduced to 50mL and loaded on a Hi Q anion 

exchange column (1.6 × 10cm, Bio-Rad, Hercules, California) pre quilibrated with 

Tris-HCl 50mM, pH8. LC was eluted with Tris-HCl 50mM, pH 8 added with 0.4 M 
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NaCl (flux 1mL/min). LC fractions were pooled and used for the degradation 

assays. 

6.2.4.  Laccase activity assay and protein content determination 

LC activity in both pY_Ery4 and pYes2 yeasts was measured 

spectrophotometrically (Ultraspec 3100pro, Amersham Pharmacia Biotech, 

Cologno Monzese, Italy). Reaction was performed in sodium acetate buffer 

100mM, pH 4.5, 5mM ABTS and an adequate amount of enzyme solution. ABTS 

420nm=36,000 M-1 cm-1)after 10min of reaction 

(Bleve te al., 2008). Total protein content was determined according to Bradford 

(1976). 

6.2.5. Aflatoxin M1 degradation in buffer solution and in UHT skim milk 

The degradation assay was performed in sodium acetate buffer 1mM, pH 6.5 

of AFM1. Degradation was also 

evaluated in presence of 10mM SA, as redox mediator. Reactions were incubated 

at 25°C in static conditions for 72h. Aliquots were withdrawn after 30min, 1h, 3h, 

6h, 12h, 24h, 48h and 72h. 

The degradation assay in skim UHT milk (Granarolo, Italy) was performed as 

described above. Aliquots were withdrawn after 1h, 6h, 24h, 48h and 72h. 

6.2.6. Chemical analyses 

In vitro 

injected in a HPLC system (Agilent 1260 Series) equipped with a fluorescence 

detector (ex=365, em= 450nm and a reverse phase Zorbax SG-C18 column 

(4×3.0mm) as described by Loi et al., (2016). Milk samples were purified according 

to AOAC 200.08 (AOAC, 2008) prior injection. AFM1 was quantified by 

comparison with the standard calibrant curve (1.0-10ng/mL). 
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6.2.7.  Protein profile evaluation by SDS-PAGE 

40ng of proteins of control samples (milk or milk sample added with SA or 

Ery4 or their suspension buffers) and sample containing both Ery4 and SA were 

mixed with reducing, denaturating sample buffer (62,5 mM Tris-HCl pH 6,8, 25% 

-mercaptoethanol) and loaded on 

a polyacrilammide gel (4-

Molecular weight marker M12 (2.5 200 KDa, Life technology, Waltham, MA, 

USA) was added as reference. Electrophoretic separation was performed on a 

Miniprotean system (Biorad, Segrate, Milan) with a running buffer composed of 

25mM Tris and 0.19M glycine. 

After the run, proteins were fixed (40% ethanol, 10% acetic acid, 50% water) 

for 30min and then stained with the Bio-safe Coomassie stain (Biorad, Segrate, 

with the Image scanner III (GE Healthcare, Pittsburg, PA, USA).  

6.3.  Results and discussion 

6.3.1. Induction and purification of Ery4 laccase 

After induction, Ery4 production was monitored in liquid culture both for 

pY_Ery4 and pYes2 yeasts. As expected, only pY_Ery4 showed LC activity. As 

reported in Table 6-1, cultured filtrate showed 1445U and a specific activity of 4.7 

U/g. After concentration volume was reduced to 50mL with no appreciable LC 

loss. Specific activity increased up to 112.5 U/g after purification with the anion 

exchange chromatography. 
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Table 6-1. Summary of Ery4 purification from Saccharomyces cerevisiae culture 
filtrate 

Purification 
step 

Total 
volume 

(mL) 

Total 
activity 

(EU) 

Total 
protein 

(mg) 

Specific 
activity 
(U/g) 

Purification 
fold 

Crude extract 2000 1445.1 307.5 4.7 1 

Ultrafiltration 50 1403.4 301.8 4.6 1 

AEC 6 1105.0 10.6 104.3 24 

6.3.2. Aflatoxin M1 degradation in buffer solution and in UHT skim milk 

Degradation percentages with respect to the control without enzyme are 

shown in Table 6-2, while the time course degradation is shown in Fig. 6-1. 

Culture filtrate of control yeast pYes2 and Ery4 alone were not able to degrade 

AFM1 in buffer solution. However, a complete degradation of the toxin was 

achieved by Ery4 and SA after 72h of static incubation at 25°C. AFM1 degradation 

only proceeded via laccase mediator system, in which the oxidized SA is 

responsible for the degradation of the recalcitrant substrate, in this case AFM1 

(Canas et al., 2010). 

Table 6-2. Absolute values and degradation percentages of the time course 
degradation of AFM1 with Ery4 and SA 

time 

In vitro In matrix 

AFM1 ± DS 
(ng/mL) 

AFM1 
degradation 

± DS (%) 

AFM1 ± DS 
(ng/mL) 

AFM1 
degradation ± 

DS (%) 
0 min 36 ± 3 - 37.5 ± 2.0 - 
30 min 21 ± 1 43 ± 3 n.t. n.t. 

1 h 19 ± 2 46 ± 4 30.5 ± 2.9 18.5 ± 7.5 
3 h 14 ± 1 61* ± 1 n.t. n.t. 
6 h 11 ± 1 70* ± 1 13.7 ± 0.3 60* ± 1 
12 h 6 ± 0 85* ± 1 1 ± 0.1 97* ± 0.5 
24 h 3 ± 0 91* ± 0 n.t. n.t. 
48 h 1 ± 0 97* ± 0 0.46 ± 0.1 98* ± 0 
72h 0 ± 0 100* ± 0 0 ± 0 100* ± 0 

n.t., not tested; Comparisons between control and treated sample was performed 
using a t-test. A p value < 0.001 was considered statistically significant (*) 
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The toxin probably has a too high redox potential, ionization potential or steric 

hindrance to be oxidized directly by LC (Tadesse et al., 2008). This result is in 

accordance with Loi et al., (2016) who reported that a native LC from P. 

pulmonarius, was able to degrade AFB1 and AFM1 only in presence of a redox 

mediator (Loi et al., 2016). SA is a natural lignin derived phenol, which was 

already exploited in bioremediation, e.g. industrial dyes and polycyclic aromatic 

hydrocarbons (Zucca et al., 2011; Collin et al., 2006) 

Toxin degradation in buffer reached ca. 50% after only 1h of assay, 91% after 

24h and was complete within 72h. The degradation kinetic followed a logarithmic 

trend (R2= 0.9939). The same logarithmic trend was registered in UHT skim milk 

(R2= 0.9902), although the rate of degradation was lower, at least in the first three 

hours of the assay (18.5% VS 46.0% after 1h). Differences between the two matrixes 

were negligible after 48h and 72h, when the complete removal was, again, 

achieved. The different rate of degradation can be explained by the matrix effect 

exerted by milk carbohydrates and proteins. AFM1 adsorption to both, as well as 

to bacterial cell walls of lactic acid bacteria was well documented and possibly 

involved in the decreased bioavailability of the toxin to SA oxidation (Brackett et 

al., 1982; Barbiroli et al., 2007; Corassin et al., 2013). 

 

 

 

 

 

 

 

 

 

Figure 6-1. Time course degradation of AFM1 in buffer solution and in skimmed 
UHT milk by Ery4 and SA 
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6.3.3.  Protein profile evaluation by SDS-PAGE 

Fig. 6-2 shows the protein profile of control samples and milk treated with 

both Ery4 and SA. No changes in the protein profile was registered in control 

samples, even if treated with Ery4 or SA (Fig. 6-2 lanes 2, 3, 4, 6, 7 and 8). By 

contrast, significant changes were shown in sample treated with both Ery4 and SA 

(Fig. 6- - -lactoglobulin and bovine sieroalbumin bands were 

significantly reduced, while high molecular weight aggregates higher than 200kDa 

were detected. 

LC and other oxidases were already reported to induce the formation of high 

molecular weight oligomers (Moonkali et al., 2015) through the covalent link 

between tyrosine, cysteine and lysine residues of proteins and mediators in the 

case of LC (Mattinen et al., 2005). 

Protein crossinking, in particular that involving caseins and sodium caseinate, 

was reported to increase emulsion stability, heat and proteolysis resistance and 

Figure 6-2. SDS PAGE of milk samples: 1) marker, 2) control, 3) milk+ laccase, 4)
milk+syringaldeyde (SA), 5) milk +laccase + SA, 6) milk+laccase buffer, 7) milk+ SA 
buffer, 8) milk+laccase and SA buffesr, 9) lactoglobulins (Lgl) standard, 10) caseins 
(CN) standard 
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protect proteins against heat denaturation and harsh pH variations. (Struch et al., 

2015; Chen et al., 2012 -lactoglobulin crosslinking might have important 

outcomes in terms of allergenicity reduction. Indeed, the allergenic potential of 

allergenic proteins was proved to be reduced by LMS treatment (Tantoush et al., 

2011; Stanic et al., 2010). 

6.4.  Conclusions 

This study highlights the great potentiality of LC enzymes for the 

development of green alternative methods for AFM1 degradation. The toxin was 

completely removed in vitro and in UHT skim milk after 72h of treatment. 

LC and mediator are also able to induce significant modification in the protein 

- -lactoglobulin and 

bovine sieroalbumin bands. Among the many applications of LMS, the 

development of dairy products with increased rheological and technological 

properties, or reduced allergenicity deserve particular attention. The crosslinking 

effect, together with the degradation capability on AFM1, opens new perspective 

for the improvement of the techno functional properties and safety of milk and 

milk based products. 
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Abstract: Milk protein crosslink through the action of enzymes represents a 
feasible strategy to impart new functionalities to cheese. In this work we reported 
the effects of a laccase mediator system (LMS) on protein crosslink and antioxidant 
property of curd. The crosslinking activity of a purified recombinant laccase Ery4 
and a commercial enzyme preparation (cLC), with three mediators was firstly 
evaluated in milk and then applied before curd manufacture. Only Ery4-LMS 
significantly increased curd weight compared to that of the control sample. 
SDSPAGE revealed that similar high molecular weight bands produced by both 
LMSs in milk were also retained in curds. The antioxidant activity recorded in 
curds with Ery4-LMS was the highest among all samples both before and after 
gastro-pancreatic digestion. This is the first time that a CGA-based LMS is used in 
manufacture of curd with improved antioxidant properties. These results open 
new perspectives for dairy applications.  

Keywords: protein crosslink; laccase mediator system; caseins; gastro-pancreatic 
digestion; polyphenols. 

 

7.1. Introduction 

Milk proteins modification is emerging as an innovative method to improve 

the technological, rheological, functional and sensory properties of dairy products, 
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such as yield, heat stability, water and fat binding capacity and gel forming 

properties. In particular, protein incorporation in curd and cheese yield is a matter 

of great interest in the dairy industry, since considerable amounts of proteins are 

lost in whey during rennet clotting (Fox, Guinee, Cogan, & McSweeney, 2017). 

Cheeses display a large difference in yield mostly in relation to milk 

quality, casein amount, k-casein types, fat content, cheese type and manufacturing 

methods (for a review see Fox et al., 2017). In particular, in the early stages of the 

cheese-making process, collapsing caseins incorporate fat globules and water; this 

latter is lately purged due to coalescence and applied pressure. The higher the 

amount of casein in the milk, the greater content of fat and water the cheese might 

incorporate. 

Protein crosslink, obtained by means of chemical or enzymatic 

modifications, was shown to potentially increase cheese yield, texture properties, 

digestibility and to reduce the allergenicity of milk proteins (Zeeb, McClements, & 

Weiss, 2017). The enzymatic modification has the advantage of being highly 

specific and requiring mild reaction conditions. LCs (EC 1.10.3.2), tyrosinases (Tyr, 

EC 1.14.18.1) and transglutaminases (TGase, EC 2.3.2.13) were demonstrated to 

induce protein crosslink and to modulate some important functional properties of 

dairy and bakery products, including texture, gelling, foaming and emulsifying 

features as well as to increase whey protein recovery (Buchert et al., 2010). 

LCs are copper-containing enzymes which catalyze the oxidation of 

substituted phenols, anilines and aromatic thiols, using oxygen as the electron 

acceptor and the release of water as byproduct. Substrates undergo a single 

electron oxidation, producing unstable and highly reactive radicals. LCs were also 

reported to directly oxidize tyrosine and cysteine residues of milk proteins, which 

could further interact with lysine, tyrosine and cysteine residues of other proteins 

(Selinheimo, Kruus, Buchert, Hopia, & Autio, 2006). Thus, the cross-linking 

activity is primarily due to non-enzymatic reactions, leading to polymerization. 

However, extensive protein crosslink could be also achieved by including several 
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redox mediators in the so called Laccase Mediator System (LMS). By this way 

redox mediators, once oxidized, enhance protein crosslink acting as bridging 

agents between proteins (Steffensen, Andersen, Degn, & Nielsen, 2008). 

It has been reported that the use of a cLC and polyphenols as mediators 

reinforced the viscoelastic properties of low-fat yoghurt (Struch, Linke, 

Mokoonlall, Hinrichs, & Berger, 2015) and improved the protein emulsifying 

properties of sodium caseinate, allowing its supplementation in acidic products 

(Sato, Perrechil, Costa, Santana, & Cunha, 2015). This mode of action of LC was 

successfully exploited in several food research applications to improve the textural 

and rheological properties of bakery and dairy products (Pezzella, Guarino, & 

Piscitelli, 2015). New and already in use food enzymes need to be subjected to 

safety evaluation by the European Food Safety Authority (EFSA) and 

subsequently approved by the European Commission by means of a Union list. To 

date, an authorized food enzyme list does not exist, but a LC from Trametes 

hirsuta was included in the application list for the validity assessment (European 

Commission, 2015). 

LC are nonspecific with regards to reducing substrates. They catalyze the 

oxidation of various organic substances, including o- and p-diphenols, 

aminophenols, polyphenols, polyamines, methoxy phenols, lignins, aryl diamines, 

and some inorganic ions with the simultaneous and direct reduction of dioxygen 

to water without the intermediate production of hydrogen peroxide (Giardina & 

Sannia, 2015).  

LC mediators include organic compounds such as o- and p-diphenols, 

aminophenols, polyphenols, polyamines, methoxy phenols, lignins, aryl diamines. 

Polyphenolic compounds are exploited for their natural antioxidants and 

chemopreventive activity in production of nutraceutical foods. Indeed, functional 

foods enriched with polyphenols (dairy, bakery and meat products) have been 

recently developed (McDougall, 2017) and the evaluation of their antioxidant 

activity was also performed in vitro during gastro-pancreatic digestion (Helal, 
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Tagliazucchi, Verzelloni, & Conte, 2015) and in in vivo assays (Bastide et al., 2017). 

LMS application in milk is not limited to technological aspects but might be 

extended to safety issues. A recent study by Loi et al. (2017) reported the complete 

removal of aflatoxin M1in vitro as well as in artificially spiked milk obtained by 

means of LMS based on the recombinant Ery4 laccase, purified from Pleurotus 

eryngii, expressed in Saccharomyces cerevisiae. However, no details were given 

about the effect of this treatment in dairy applications. 

This work aimed at investigating the effect of milk protein crosslink 

induced by a LMS on curd preparation and its antioxidant properties. Thus, Ery4 

laccase was firstly assayed for milk protein crosslink in presence of three 

mediators, at two concentrations and at different times of incubation. Then, the 

selected mediator was added at the defined optimal concentration during curd 

making process in order to confer antioxidant properties of the final product and 

after in vitro gastro-pancreatic digestion. 

 

7.2. Materials and methods 

7.2.1. Chemicals and reagents 

The following mediators: 2-azino-di-[3-ethylbenzo-thiazolin-sulphonate] 

(ABTS), vanillin (VAN), ferulic acid (FA) and chlorogenic acid (CGA) were 

purchased from Sigma-Aldrich s.r.l. (Milan, Italy) and freshly diluted in working 

alcoholic solutions at 0.20M before use. The enzymes pancreatin from porcine 

pancreas (8× USP specification activity), pepsin from porcine gastric mucosa 

(250 units mg/solid), cLC from Trametes versicolor (0.89 - - -

- - - -

-LA; L6385- -lactoglobulin (BLG; L3908) 

and bovine serum albumin (BSA, A2153) were obtained from Sigma-Aldrich. 

Marzyme15® was purchased from Danisco Italy S.p.A (Cernusco sul Naviglio, MI, 
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Italy) and bovine lactoferrin (BLF) was obtained from Armor Proteines (Saint-

Brice-en-Cogle, France). The stained molecular weight markers Kaleidoscope (2.5

200.0

supplied by Bio-Rad Laboratories S.r.l, (Segrate, Italy) and Life Technologies Italia 

(Monza, Italy), respectively. Commercial skimmed UHT milk (5% lactose, 3% 

protein, 0.1% fat) and whole fat pasteurized milk (5% lactose, 3.5% protein, 3.3% 

fat) used in this work were purchased in a local market. 

7.2.2. Ery4 laccase production and purification 

Ery4 laccase was obtained from Saccharomyces cerevisiae ITEM 17289 

(Agri-Food Microbial Fungi Culture Collection of the Institute of Sciences of Food 

Production, www.ispa.cnr.it/Collection) engineered with pYES2 vector 

(Invitrogen, USA) bearing ery4 gene sequence from Pleurotus eryngii (pY-ery4) as 

reported by Loi et al. (2017). Yeast culture was grown in minimal YNB medium 

[0.67% (w/v) yeast nitrogen base, supplemented with adequate quantities of 

auxotrophic requirements and glucose (2%, w/v)] in shaking conditions at 28°C. 

Yeast cells were harvested by centrifugation at 0.8 OD600nm and then suspended 

at 0.6 OD600nm in induction medium (YNB medium supplemented with 4% (v/w) 

galactose and 1mM CuSO4. LC production was induced by incubating cells at 18°C 

for 72h. After induction, cultured medium was recovered by centrifugation 

(10,000g for 15 min), filtered and dialyzed at 4°C against 50 mM Tris-HCl, pH 8.0 

using a Vivaflow 200 apparatus (Vivascience AG, Hannover, Germany) equipped 

with a Hydrosart membrane module (nominal MW cut-off 10,000 Da) and a 

Masterflex L/S system pump (Cole-Parmer, Vernon Hills, IL, USA) up to a final 

volume of 50 mL. Ery4 was purified by using a High Q column (1.6 × 10cm; Bio-

Rad, USA) equilibrated with 50 mM Tris-HCl, pH 8. LC was eluted with the same 

buffer added with NaCl to a final concentration of 0.2 M at a flow rate of 

1 mL/min. Active fractions were pooled, desalted by ultrafiltration with 

Vivaspin15 (Sartorius Stedim S.p.a., Milan, Italy) and concentrated in 1 mL of the 
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same buffer. This enzyme solution was filter-sterilized and stored  °C until 

use. 

7.2.3. LC spectrophotometric activity assay 

LC activity was photometrically measured (Ultraspec 3100pro, Amersham 

Pharmacia Biotech Italia, Cologno Monzese, Italy) according to Loi et al. (2016). 

Briefly, the reaction was performed in 100 mM sodium acetatepH 4.5, 5 mM ABTS 

and an appropriate amount of enzyme solution in a final volume of 1 mL. After 

10 min of reaction the oxidized ABTS amounts were determined at 420 nm ( =420nm 

= 36,000 M cm ). One unit was defined as the amount of enzyme which oxidized 

1 mol of substrate per min. 

7.2.4. Crosslinking activity of Ery4 in milk with different mediators 

The ability of Ery4 laccase to crosslink milk proteins when combined with 

several mediators and at two different concentrations was evaluated in UHT skim 

milk. Crosslinked proteins were analyzed by SDS-PAGE as previously described 

(Loi et al., 2016). 

Ery4 laccase (5 U/mL) was added alone or in combination with the selected 

mediator (VAN, FA or CGA) at 1 or 10 mM to 0.5 mL of milk previously 

equilibrated at 38 °C for 15 min. Milk control sample contained neither LC nor 

mediator. The reaction was performed in triplicate at 38 °C for 180 min. Then the 

samples were diluted for protein quantification by Bradford method (Bradford, 

1976). In addition, the same determination was performed on the supernatants of 

each samples obtained by centrifugation at 13,000 rpm for 5 min. Aliquots of 

diluted samples and supernatants containing 7 g of protein were diluted with 

sample buffer (1:1, v/v; 4% SDS, 3% b-mercaptoethanol, 10% glycerol, 50 mM Tris

HCl pH 6.8) and loaded on a 26-well 12% Criterion TM TGX precast gels (BioRad). 

Two different reference proteins mixtures (Casein, CN Mix1: - -CN, and -

- -
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-lactoglubulin (BLG), respectively) were also loaded on 

the gel. Electrophoresis was carried out on Criterion TM Cell at 150 V for 75 min. 

Staining protocol and gel acquisition was carried out as described by Quintieri et 

al. (2017). The appearance of high molecular weight bands combined with the 

reduction in intensity of any milk protein band was associated to the protein 

oligomerization due to LC activity. The mediator and concentration able to 

produce an appreciable increase in crosslinked SDS-PAGE bands was selected and 

also evaluated after 30 and 60 min of incubation before the subsequent 

experiments. 

7.2.5. Evaluation of protein crosslinking by selected mediator in whole milk 

The same lab-scale level trials were performed using the most active mediator 

at the selected concentration in pasteurized whole milk. Furthermore, cLC was 

also used at same concentration of Ery4 as a comparison, in order to evaluate its 

ability to crosslink milk proteins. Quantification and SDS-PAGE protein profile 

was obtained for all milk samples following procedures reported below. 

 

7.2.6. Curd trials 

Curd trials were carried out in order to evaluate the efficacy of Ery4 combined 

with the most active mediator on cheese yield due to putative protein crosslink. 

Therefore, 10-gram samples of full fat pasteurized milk were pre-heated at 38 °C 

in a water bath and treated with 5 U/mL of LC (Ery4 or cLC) alone or combined 

with 1 mM mediator. Control samples were obtained by adding mediator alone 

or buffer to milk. After 45 min of incubation the rennet, Marzyme15® (600 L/L) 

was added to all samples and kept at the same temperature for 15 min. Finally, 

the curd gel cheese was cut transversely into four sections with a stainless-steel 

knife, kept in whey for additional 5 min at 38 °C and then moulded into a 10-mL 

plastic syringe (21G × 1 ; Terumo, Europe, Leuven, Belgium) appropriately 
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pierced with ca. 50 0.5 mm-holes. In addition, in order to facilitate whey drainage 

a 0.1 MPa uniaxial force-compression was applied to the syringe plunger for 

5 min partially similarly to the pressure generally applied for cheese (Bennett & 

Johnston, 2004). Then, curds and whey were recovered and analyzed as described 

below. Moisture content of each curd sample was assessed according to AOAC 

method 990.20 (2012). 

7.2.7. Analyses of proteins, free amino acids and small peptides 

In order to evaluate protein crosslink in curd, protein extraction was 

performed from each sample. Briefly, 0.5 g of homogenized curd were dissolved in 

2 mL of 0.1 M sodium citrate buffer pH 8.5 and incubated in stirring conditions 

for 1 h at 40 °C. The sample was added with water to 10 mL and centrifuged at 

9000 ×g for 20 min at 4 °C. The supernatant of each sample was collected and the 

pellet was solubilized with urea-mercaptoethanol solvent (8 M urea and 5% v/v 2-

mercaptoethanol; Owusu-Apenten, 2002). Both protein fractions were quantified 

using Bradford assay (Bradford, 1976) and their total content was also calculated. 

Fifteen micrograms of protein extracts from each curd sample were quantified and 

loaded on SDS PAGE as reported above. Likewise, drained whey volume was 

analyzed for its protein concentration and also loaded (15 hey samples 

were also analyzed for free amino acids (FAA) and small peptides concentrations 

by following the method described by Church, Swaisgood, Porter, and Catignani 

(1983). Each analysis was performed in triplicate. 

7.2.8. In vitro gastro-pancreatic digestion 

A two-stage in vitro digestive model was carried out by following the 

protocol described by Helal et al. (2015). One part of each curd was homogenized 

into 15 mL screw cap tubes with 9 parts of simulated gastric fluid (2 g/L NaCl, 

pH 2) for 1 min on an orbital shaker (Thermo Fisher Scientific). Each homogenate 

was adjusted at pH 2 with HCl and 315 U/mL of pepsin were added. Samples, in 
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triplicate, were incubated in shaking conditions at 37 °C for 2 h. At the end of the 

gastric digestion, samples were neutralized at pH 7.5 with 1.25 M NaCO3 adding 

0.8 mg/mL of pancreatin and 5 mg/mL of bile salts. Samples were then incubated 

at 37 °C for 2 h in an orbital shaker to simulate the intestinal phase of digestion. At 

the end of incubation, the pH of homogenates was lowered to 2 to inactivate the 

enzymes and stabilize polyphenols. Control samples without pepsin and 

pancreatin were also included. The efficiency of both digestion treatments was 

checked by evaluating residual protein amounts and the contents of free amino 

acids and small peptides as reported in the Section 7.2.7. 

7.2.9. Radical scavenging activity determination of digested cheese-curds 

The antioxidant properties of digested cheese-curds were evaluated, in 

triplicate, by ABTS radical cation. 7 mM ABTS stock solution was mixed with 2.45 

mM ammonium persulphate (1:1 v/v) and incubated overnight at room 

temperature in the dark. ABTS stock solution was diluted 1:20 with deionized 

distilled water as to obtain a solution of 0.5 OD600nm. Five hundred microliters of 

ABTS radical cation (ABTS+) solution were mixed with 20 L of sample or Trolox 

standard (2.3 150 M range). Absorbance reduction at 734 nm was measured on a 

48 well plate by using a Varioskan  LUX multimode microplate reader (Thermo 

Fisher Scientific) after 5 min of incubation. The inhibition percentage of 

absorbance at 734 nm was plotted as a function of the concentration of Trolox, and 

expressed as Trolox equivalent antioxidant capacity ( mol of TEAC/L). 

 

 

7.2.10. Statistical analysis 

All data are presented as mean ± SD among three replicates for each 

prepared sample. Statistical analyses were carried out using the IBM SPSS 
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Statistics release 20 (Armonk, NY, USA). Moisture percentages were normalized 

using arcsine-root transformation. Univariate analysis of variance (ANOVA) with 

post-hoc Tukey's test (P < 0.05) was applied for moisture percentages, protein, FFA 

contents in cheese samples after rejecting the homogeneity of their variances with 

Levene's test (P < 0.05). The General Linear Model (GLM) procedure, applying a 

two-way ANOVA (P < 0.05) was performed to evaluate individual effect of the 

factor studied (samples and treatments) and interaction effects between them on 

the antioxidant activity. Multiple comparisons among individual means were 

made by the Tukey post-hoc test (P < 0.05). 

 

7.2. Result and discussion 

7.3.1. Selection of redox mediator in milk  

The analysis of SDS-PAGE profiles of UHT skim milk allowed to select the 

best mediator and the concentration responsible for protein crosslinking after 

3 h of incubation (Fig. 7-1). No apparent changes were found in the protein 

profile of UHT milk incubated with Ery4 (lane 2), any mediator alone at 1 and 

10 mM (lanes 3, 5, 7, 9, 11, 13), and Ery4 in combination with FA or VAN at 1 

and 10 mM (lanes 4, 6, 8, 10). By contrast, the formation of protein bands with 

molecular weight in the range of 116 and 290 kDa was detected in milk 

samples incubated with 1 and 10 mM Ery4 and CGA (lanes 12 and 14, 

respectively). These data were in accordance with Cura et al. (2009), who 

reported that LC alone was not able to induce protein crosslinking, unless at 

very high concentrations.  
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As shown in Fig. 7-1 - -CN were putatively involved in the formation 

of oligomers, as suggested by a slight reduction of the related bands in the 

electrophoretic profile of samples (lanes 12 and 14). All milk samples (laccase-

treated and controls) were also centrifuged. This additional step allowed to put 

in evidence the occurrence of a precipitate in the samples treated with laccase 

and CGA mediator. On the other hand, the electrophoretic pattern of 

supernatants confirmed the reduction in the band intensity of caseins, as 

reported for the uncentrifuged samples (data not shown). 

Recently, LMS was reported to crosslink caseins and lactoglobulins in 

yoghurt-like model systems (Struch et al., 2015), caseinate gels (Cura et al., 2009) 

and whey (Ali, Homann, Khalil, Kruse, & Rawel, 2013). Steffensen et al. (2008) also 

Figure 7-1. SDS-PAGE of UHT milk samples (7µg) obtained by the addition of laccase 
Ery4 (5 U/mL) and 1 or 10 mM of different mediators and incubated for 3 hours of 
incubation. Lane are: M1-prestained kaleidoscope marker (BioRad); M2-
Unstained Protein Standard (Invitrogen,ThermoFisher Scientific); 1- milk control; 2- Milk 
+ Ery4; 3- milk + 1 mM vanillin; 4- milk +Ery4 + 1 mM vanillin; 5- milk + 10 mM vanillin; 6-
milk +Ery4 +10 mM vanillin; 7- milk +  1 mMferulic acid; 8- milk +Ery4 +1 mMferulic  acid; 
9- milk + 10 mMferulic acid; 10- milk +Ery4 + 10 mMferulic  acid; 11-  milk +  1 
mMchlorogenic acid; 12- milk +Ery4 + 1 mMchlorogenic  acid; 13- milk +  10 
mMchlorogenic acid; 14- milk +Ery4 + 10 mMchlorogenic  acid; 15- MCN, casein marker (5 

-  
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demonstrated the formation of a reducible aggregate with an apparent mass above 

206 -casein substrates treated with LC-ferulic acid at room 

temperature for 24 h. The protein aggregate showed a too high molecular weight 

-CN was instead crosslinked in presence of caffeic acid as 

mediator after 24 h of incubation (Stanic et al., 2009). Our results showed that the 

addition of CGA to milk greatly induced crosslink, even after only 3 h of 

incubation. In addition, no change was displayed in the electrophoretic profile 

when two different CGA concentrations were applied. This data was not in 

accordance with other studies applying LC in combination with lower amounts of 

CGA on porcine myofibrillar protein or yoghurt model in which an evident dose-

response effect was reported (Struch et al., 2015). By way of comparison, in our 

study an higher CGA concentration (1 mM) was used in order to ensure the 

crosslinking effect. 

Two different mechanisms were proposed to explain how the mediator 

promotes protein crosslinking in LMS: a) once oxidized into phenoxy radical by 

LC, it might stabilize by creating a reactive radical into the protein structure, 

which then undergoes a non-enzymatic polymerization with other proteins; b) the 

phenoxy radical might act as bridging agent between proteins, thus being 

incorporated into the protein structure (Mattinen et al., 2005). In particular, CGA 

was observed to preferentially promote crosslink in its oxidized dimeric form 

-amino group of lysine and the thiol group of 

cysteine (Liu, Ma, Gao, & McClements, 2017). These residues are widely abundant 

in milk proteins and therefore the crosslinking reaction by LMS could be strongly 

favoured (Steffensen et al., 2008). 

Since the curd gel formation generally takes <1 h, depending on the rennet 

type and dairy process used (Fox et al., 2017), the crosslinking effect of CGA and 

Ery4 laccase was also evaluated after 30 and 60 min in UHT skim milk. Therefore, 

the high molecular weight oligomers and one 160-kDa band were formed both 

into the uncentrifuged Ery4-CGA treated sample after 30 min of incubation and its 
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supernatant after 60 min. (Fig. 7-2 lanes 14 and 16). No differences in the protein 

pattern emerged in samples treated only with LC or CGA alone (Fig. 7-2 lanes 1

13, 15). Based on these results the following experiments were performed applying 

60 min incubation. 

 
 

7.3.2. Evaluation of protein crosslinking by selected mediator in whole milk 

Similar trials were also performed in commercial pasteurized whole fat milk 

by assaying the ability of both Ery4 laccase preparation and cLC combined to CGA 

to crosslink milk proteins. 

As demonstrated for UHT skim milk, the appearance of oligomers and 

additional bands around 160 kDa and 290 kDa were observed only in SDS PAGE 

protein profiles of whole fat milk treated with both Ery4 and the cLC combined 

Figure 7-2. SDS-PAGE of UHT milk samples obtained by the addition of laccase Ery4 (5 
U/ml) and 1 mM chlorogenic acid (CGA) and incubated for 30 min and 1 hour. Lanes are: 
M1: prestained kaleidoscope marker (BioRad); MWP- 

-uncentrifuged milk; 2, 10- milk supernatant; 3, 11-uncentrifuged 
milk + 1mM CGA; 4, 12- milk + 1mM CGA supernatant; 5, 13-uncentrifuged milk + Ery4; 6,
14- milk + Ery4 supernatant; 7, 15-uncentrifuged milk + Ery4 + 1mM CGA; 8, 16- milk + Ery4 
+ 1mM CGA supernatant 
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with the redox mediator CGA (Fig. 7-3, panel A, lanes 5, 6, 9, 10, 16, 17, 20, 21 and 

panel B lanes 7, 8, 10, 11). 

These results showed that, under experimental conditions, the protein 

crosslinking activity of LMS was pretty consistent with that found in the skimmed 

milk samples by confirming that it was not affected by elevated content of fat. 

Thus, lab-scale curds were produced with LMS-treated milk in order to investigate 

the changes in milk coagulation, protein retention and antioxidant properties.  

Figure 7-3. SDS-PAGE of uncentrifuged and supernatants pasteurized full fat milk 
amended with Ery4 (5U/mL), commercial laccase (cLC; 5 U/mL) and 1 mM chlorogenic 
acid (CGA) after 30 min, 1 hour (Panel A) and 3 hours of incubation (Panel B). Lanes 
are: Panel A: M2-
Scientific); 1, 12-uncentrifuged milk, 2, 13- milk supernatant; 3, 14-uncentrifuged milk + 
Ery4, 4, 15- milk + Ery4 supernatant; 5, 16-uncentrifuged milk + Ery4 + 1mM CGA; 6, 17-
milk + Ery4 + 1mM CGA supernatant; 7, 18-uncentrifuged milk + cLC; 8, 19- milk + 
cLCsupernatant; 9, 20-uncentrifuged milk + cLC + 1mM CGA; 10, 21- milk + cLC + 1mM 
CGA supernatant; 11- -
Protein Standard (Invitrogen, ThermoFisher Scientific); 1- 
2- -uncentrifuged milk, 4- milk supernatant; 5-uncentrifuged 
milk + Ery4, 6- milk + Ery4 supernatant; 7-uncentrifuged milk + Ery4 + 1mM CGA; 8-
milk + Ery4 + 1mM CGA supernatant; 9-uncentrifuged milk + cLC; 10- milk + cLC 
supernatant; 11-uncentrifuged milk + cLC + 1mM CGA; 12- milk + cLC + 1mM CGA 
supernatant. 
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Overall, under experimental conditions, the curds obtained with Ery4-LMS 

system showed a significant increase in dry matter (+29.7%) compared to the 

control sample prepared with rennet alone. By contrast, the use of cLC with or 

without CGA resulted in none or negative effects, respectively (data not shown). 

These preliminary results, although obtained using small amounts of curd, 

suggested that milk protein crosslink might affect yield increase in cheese. 

However, further and large-scale cheese manufacturing trials are necessary to 

confirm this hypothesis. Moreover, curd trial results showed that the feasible pre-

treatment of milk before adding rennet did not affect curdling conditions. By 

contrast, the application of the microbial TGase, used as protein crosslinker in 

cheese manufacture, can be added only after coagulum gel cutting (Cozzolino et 

al., 2003). 

7.3.3. Total protein of curds 

Total protein content increase was consistent with increase in dry matter for 

both LMSs samples (Table 7-1). However, a higher increase was measured for cLC 

and not for Ery4-LMS. A significant (P < 0.01) increase in total proteins was 

recorded only in samples containing laccase alone and laccase and mediator. No 

statistically significant differences in FAA and small peptides emerged among 

samples (data not shown).  

Protein extraction with sodium citrate is usually applied to favor the 

solubilization of caseins and improve their quantification by Bradford reagent. 

Nonetheless, 80% of total proteins was recovered and quantified by Bradford 

assay in all samples except for those treated with LMS. An additional urea-

mercaptoethanol solubilization was indeed required to recover the undissolved 

aggregates in both Ery4 and cLC-LMSs; these latter proteins constituted roughly 

68% of total proteins. 

Bradford reagent reactivity is greatly correlated with amino acid moiety of 

analyzed proteins showing high responses for basic protonated and aromatic 



Chapter 7 

 171 

amino acids (Brady & Macnaughtan, 2015). In view of these considerations, an 

overestimation in protein content cannot be excluded. 

Table 7-1. Content (g/100 g, wet matter) of retained proteins from curd 
samples fractionated according to the procedure described in Material and 
Methods. Curds were obtained by using the recombinant laccase Ery4 or the 
commercial laccase (cLC) alone and with chlorogenic acid (CGA). Control 
sample was curd prepared with rennet alone. 

 Citrate-soluble Citrate-insoluble Pooled 

Control 6.54 ± 0.40b 0.91 ± 0.03a 7.46 ± 0.42a 

CGA 6.60 ± 0.17b 0.84 ± 0.08a 7.44 ± 0.24a 

Ery4 8.14 ± 0.39c 0.99 ± 0.08a 9.12 ± 0.47b 

Ery4+CGA 2.80 ± 0.06a 5.90 ± 0.43b 8.70 ± 0.48b 

cLC 8.28 ± 0.08c 0.98 ± 0.08a 9.26 ± 0.14b 

cLC+CGA 2.68 ± 0.17a 6.31 ± 0.38b 8.99 ± 0.50b 

Values represent the averages ± standard deviation (N = 3). values with the 
same superscript letter are significantly similar (P> 0.05; HSD Tukey test) 
within each column. 

 

7.3.4. Electrophoretic analysis of curd proteins 

 Protein profiles of curd samples analyzed by SDS-PAGE are shown in Fig. 7-4. 

No difference in protein pattern was found in curds prepared either with CGA or 

LC in comparison with control samples. These profiles were also similar to those 

displayed in milk samples. In contrast, curds obtained with LMSs, irrespective of 

the type of laccase used showed additional unresolved protein bands ranging 

from 55to 200 kDa. A ca. 50 kDa band was also observed in SDS-PAGE of these 

latter samples. The results are partially consistent with electrophoretic profiles 

shown by Struch et al. (2015) in yoghurt after LMS treatment with vanillic acid. 

These authors achieved an improvement of rheological properties of yoghurt due 

to the milk protein cross linking.  
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To date only microbial TGase (currently available as a commercial preparation 

containing 1% of active enzyme) has been widely exploited for its ability to 

restructure several foods such as meat, fish and bakery products. This feature is 

due to protein crosslinking by isopeptide bonds between glutamine and lysine 

residues ( ). However, apart from the positive effect on 

syneresis reduction during yoghurt processing, TG application in dairy 

production was limited to few cheese types, especially brined semi-hard cheeses 

(Cozzolino et al., 2003; Özer, Guyot, & Kulozik, 2012. In fact, the addition of TGase 

in milk before rennet prevented primary phase of coagulation and required a 

strong heat treatment to inactivate the enzyme inhibitors (Bönisch, Heidebach, & 

Kulozik, 2008). 

Moreover, mTG application after rennet lead to increased clotting time, use of 

expensive co-factors, such as glutathione and high enzyme amounts (Özer et al., 

2012). To the best of our knowledge, no evidence of TG mediated crosslink in 

cheese was ever reported, other than the indirect observation of protein bands 

disappearance from whey (Cozzolino et al., 2003). 

Figure 7-4. SDS-PAGE of curds proteins manufactured with Ery4 (A, 5U/mL) or the 
commercial laccase (B; 5 U/mL): Panel A) MWP- 
MCN- ); lane 1- milk; lane 2- milk + 1mM CGA; lane 3- milk + 
Ery4; lane 4: milk + Ery4 + 1 mM CGA; M2-prestained kaleidoscope marker (BioRad).
Panel B) M2: prestained kaleidoscope marker (BioRad); lane 1- milk, lane 2- milk + 
1mM CGA; lane 3- milk + commercial laccase; lane 4- milk + commercial laccase + 
1mM CGA; MCS- -  
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7.3.1.  Antioxidant activity of digested curds 

The antioxidant activity of curds is showed in Table 7-2. The two-way 

ANOVA showed a statistically significant interaction between the effects of 

simulated gastro-pancreatic digestion and cheese treatments on antioxidant 

activity of curd (F(5, 24) = 494.515. P = 1 × 10 23). In fact, simple main effects 

analysis showed that the digestion process significantly increased the antioxidant 

activity of curd when LMS (neglecting laccase type) or none was applied 

(P < 0.0001). In contrast, concerning curds with CGA or cLC alone, the digestion 

significantly reduced the antioxidant activity (P < 0.0001). No significant difference 

was found between undigested and digested samples treated with Ery4 alone 

(P > 0.05).  

Overall, the highest values of antioxidant activity was registered in both 

undigested and digested curds treated with Ery4 based LMS (1607.3 and 

Table 7-2. Antioxidant activity of supernatants from in vitro digested 
curds prepared with recombinant or commercial laccase (Ery4 and 
cLC, respectively) alone or in combination with chlorogenic acid 
(CGA) expressed as Trolox equivalent antioxidant capacity (TEAC/L) 

Antioxidant activity (µmol of TEAC/L) 

 Undigested Digested 

Control 145.3 ± 7.4a 586.4 ± 18.8e 

CGA 843.4 ± 11.1f 315.9 ± 3.9c 

Ery4 279.7 ± 51.7c 271.7 ± 6.7c 

Ery4+CGA 1607.3 ± 15.2g 2273.3 ± 5.8i 

cLC 395.5 ± 80.2d 225.2 ± 3.2b 

cLC+CGA 888.7 ± 23.4f 1796.5 ± 17.2h 

Values represent means ± standard deviation (N = 3). Values with the 
same superscript letter are significantly similar (P> 0.05; HSD Tukey 
test). 
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2273.3 M TEAC/L, respectively), whereas the respective cLC-based LMS samples 

were significantly (P < 0.0001) less active (888.7 and 1796.5 M TEAC, 

respectively), although, upon digestion, their antioxidant power rose more than 

that of Ery4-LMS cheeses (1 and 0.4 times, on average). 

Milk proteins are by themselves a source of antioxidant peptides after 

gastrointestinal digestion, as confirmed by antioxidant activity of control sample 

(586.4  Helal et al. (2015). 

The covalent binding between polyphenols and proteins was already reported 

to increase the antioxidant capacity of polyphenol and protein mixtures (Huang, 

Zhang, Liu, & Li, 2012) and was also proposed as an effective tool to deliver 

antioxidant compounds with low bioavailability (Wang & Gao, 2013). Presumably, 

the covalent binding occurs by nucleophilic attack on the C6 position of the 

oxidized CGA or CGA dimer by the amino or thiol groups to form an N-quinoyl-

amino acid derivative. According to this hypothesis, the hydroxyl groups remain 

available after protein crosslinking, with no reduction in radical scavenging and 

antioxidant activity (Liu et al., 2016). 

Gallo, Vinci, Graziani, De Simone, and Ferranti (2013) also reported a 

significant reduction in antioxidant activity when different polyphenols, including 

CGA, were added to caseins and lactoglobulins standard solutions. CGA was 

reported to strongly interact with both and specifically bind to cysteine residues, 

thereby masking the hydroxyl residues responsible for the antioxidant activity 

(Liu et al., 2016). By contrast, Helal et al. (2015) reported an increase in antioxidant 

capacity of curd when different polyphenols, including CGA, were added in 

curds. Nevertheless, the increase in antioxidant activity that was reported was 

lower than that found in this study, despite they used a slightly higher amount of 

CGA (1.4 vs 1 mM). 
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7.4.  Conclusions 

For the first time a laccase-mediator system (LMS) was successfully applied to 

manufacture curd to improve both actual yield and antioxidant properties. 

Among different phenolic mediators screened in combination with the purified 

recombinant Ery4 laccase, CGA triggered an appreciable protein crosslinking in 

UHT skimmed and full fat milk samples within only 1 h of incubation at 38 °C. In 

a lab-scale curd manufacture a 45 min milk pretreatment with LMS before rennet 

addition allowed to obtain curds showing crosslinked proteins compared to the 

control sample. Indeed, no changes in dairy process conditions were needed. 

Besides, the antioxidant effect of CGA added to curd was boosted by LMS 

action leading to a final product with notable nutritional value. This effect was 

indeed enhanced after a simulated gastro-pancreatic digestion, hypothesizing an 

increase bioavailability of CGA. 

The application of the LMS in curd manufacture may fill the gap in the 

utilisation of food crosslinkers that are currently limited to other dairy products. 

Important technological, economic, nutritional and nutraceutical related outcomes 

for dairy chain could emerge and open new perspectives for further studies for 

new and innovative applications in cheese and other dairy products 

manufacturing. 
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8.1. Zearalenone degradation in naturally contaminated maize flour by 

Ery4 laccase mediator system 

Naturally contaminated maize flour was mixed 1:3 (w/v) with sodium acetate 

buffer 1 mM, pH 5 containing 10 mM SA and 5 U/mL of Ery4. The obtained slurry 

was incubated at 25°C in shaking conditions (120rpm). After 5 days of incubation 

ZEN was quantified by HPLC analysis (EN 15850:2010, 2010) and degradation 

percentage was calculated with respect to the control. 

Zearalenone degradation percentage in maize flour is shown in Table 8-1. 

Comparison with in vitro degradation (see chapter 5) was also provided. After 5 days 

of incubation ZEN was reduced by 40% by LMS. The extent of degradation was 

lower with respect to the in vitro assay, where the complete removal of the toxin was 

achieved. Possibly, the higher mycotoxin concentration or the matrix effect could 

have reduced the effectiveness of the treatment, which had been only tested in vitro 

with significant lower toxin amounts. Microbial degradation of ZEN was reported 

for Rhizopus, Streptomyces, Cunninghamella and Bacillus spp. (Ji et al., 2016). However, 

to best of our knowledge, this is the first evidence of the effective enzymatic 

degradation of ZEN in a real food matrix. ZEN degradation by LMS was, indeed, 

proved only in vitro (Banu et al., 2013; Loi et al., 2017).  

Table 8-1: Zearalenone (ZEN) degradation (%). Comparison 
between in vitro (previous study) and in matrix degradation by Ery4 
and syringaldehyde 

 In vitro In vivo 

ZEN degradation % 
1 µg/mL 8 µg/g 

100 40 ± 1 

 

For the first time an enzymatic method exploiting the LMS was applied for ZEN 

degradation in a real, naturally contaminated matrix. ZEN reduction accounted for 

40% despite the high level of contamination. These results are promising for the 
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development of an effective, yet environmental friendly method for ZEN reduction 

in maize and maize products. 
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8.2. Design of experiment for in vitro aflatoxin B1 degradation with 

laccase mediator system 

A D-optimal design consisting of 15 randomized runs was performed in order to 

determine the effects of four independent variables on the degradation of AFB1. 

Chosen factors were Ery4 concentration (0.5-5 U/mL), mediator concentration (1  12 

mM), AFB1 concentration (0.05  2 µg/ mL) and time of reaction (1-72 h) (Table 8-2). A 

purely quadratic model was used to describe the behaviour of the system. 

Table 8-2. Experimental runs of D-optimal design and response for aflatoxin B1  

(AFB1) measured as degradation (%) ± standard deviation (sd) 

Run 
no. 

Ery4 
(U/mL) 

Mediator 
(mM) 

AFB1 

(µg/ mL) 
Time 

(h) 
Degradation 

(%) sd 

1 0.5 1 0.05 12 39 1 
2 0.5 4 0.50 48 56 2 
3 0.5 10 1.00 72 68 2 
4 1.0 4 1.00 1 50 3 
5 1.0 10 2.00 48 67 1 
6 1.0 12 0.50 72 62 2 
7 1.5 1 0.50 6 28 3 
8 1.5 4 2.00 12 52 1 
9 1.5 8 0.05 1 37 3 
10 3.5 1 1.00 48 31 3 
11 3.5 8 2.00 6 55 2 
12 3.5 10 0.50 12 53 2 
13 5.0 1 2.00 1 32 2 
14 5.0 4 0.05 6 32 2 
15 5.0 8 1.00 12 55 2 
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A graphical representation of the results is given in Fig. 8-1. Higher degradation 

percentages (62  68%) were registered when high mediator concentrations were 

used (10  12 mM), even with low enzyme concentrations (0.5 - 1 U/mL) and 

regardless of the toxin amounts (runs 3, 5, 6). As regards time, 48 to 72h are needed 

to obtain the best results. 

These results are interesting, since it seems that low enzyme amounts are needed in 

order to achieve high levels of degradation (for a comparison, see chapters 4 and 5). 

This is a strong point of improvement, since enzyme is usually the limiting 

parameter for the economic sustainability for the industrial application of enzyme 

based processes. However, since the highest degradation percentages were registered 

in correspondence to the range limits or very close to them, a new range elaboration 

is needed to identify the best values of each parameter for the optimization of the 

degradation of AFB1.  
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Figure 8-1: Scatter plot of aflatoxin B1 degradation by Ery4 and 
syringaldehyde. Dots represent the measured experimental runs.  
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8.3. Aflatoxin M1 degradation by immobilized Ery4 and 
syringaldehyde 

Ery4 immobilization in acrylamide  poyethylenglycoldimethylacrylate 750 

hydrogel matrix was performed as described by Vittorio and colleagues (2016) using 

ammonium persulphate as initiator and 300µL of Ery4 purified solution (24 U/mL). 

Control hydrogels were also produced in absence of LC. Hydrogels were stored in 

dried form and hydrated overnight with milliq water before use. Hydrogels 

containing 0.97U of active enzyme were used for two parallel and consecutive 

experiments to evaluate reusability and catalytic efficiency. Immobilized Ery4 was 

also compared to the free enzyme in an analogous assay. 

AFM1 degradation assay was performed in sodium acetate buffer 1 mM, pH 5 

added with 10 mM of syringaldehyde (SA) as redox mediator and 0.05 µg/mL of 

toxin. Hydrogels were soaked in and kept in dark at 25°C in shaking conditions 

(120rpm). In the first experiment (1st run), aliquots of each sample were withdrawn 

after 6, 10, 24, 48, 72, 96h. At the end of the assay, hydrogels were washed for 1h with 

buffer solution and for an additional hour with methanol:water 80 : 20 (w/w) to 

evaluate the possible adsorbed AFM1. The second experiment (2nd run) was 

performed prolonged until 11 days; aliquots of each sample were withdrawn after 

3h, 1, 4, 7 and 11 days. 

AFM1 reduction was evaluated by HPLC analysis as reported by Loi et al., (2016). 

Degradation percentages were calculated as follows: 

 

 

Results are shown in Fig. 8-2. Degradation of AFM1 by the immobilized Ery4 

followed a linear fit in both runs (R2 = 0.9944 in the 1st run and R2 = 0.9386 in the 2nd 

run) and degradation efficiencies in the two cycles were comparable, confirming that 

Ery4 can be efficiently re-used with no apparent loss of catalytic activity. After 4 days 



Supplementary data 
 

186 
 

of assay, AFM1 degradation by the immobilized Ery4 reached 43% (1st run) and 36% 

(2nd run). After 11 days, AFM1 degradation was 54%.  

The free enzyme was more efficient than the immobilized one, as AFM1  was 

halved within 4 days of assay (56% of degradation vs 43%), and  almost completely 

removed within 11 days (97% vs 54%). The characteristics of an enzyme, such as 

catalytic efficiency and kinetic behaviour, greatly vary in free or immobilized form. A 

possible explanation is that when immobilized, Ery4 might undergo internal 

structural, conformational or orientation changes which may result in restricted 

access to the active site (Dwevedi, 2016). Also enzyme loading has a significant 

impact on degradation kinetics: using higher LC amounts switches the kinetic from 

linear (zero order reaction) to logarithmic (2nd order reaction, Loi et al., 2017) in the 

free form.  

Ery4 could be effectively immobilized in the hydrogel matrix for AFM1 degradation.  

However, further investigations will be needed to evaluate if a higher enzyme 

loading on hydrogel can increase the rate of degradation in order to apply this 

technology in a concrete application. 
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Figure 8-2. Time course of in vitro degradation of aflatoxin M1 (AFM1) by immobilized and 
free Ery4 and syringaldehyde. Residual toxin percentages and linear trend are indicated. 
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Conclusions and perspectives 

The present study aimed at investigating the capability of LC enzymes to 

degrade the most important classes of mycotoxins. In particular, two different 

enzymes were used: the native Lac2 and the recombinant Ery4. 

Lac2 is a well characterized laccase from Pleurotus pulmonarius, which has been 

applied for the degradation of different industrial dyes. During this study, Lac2 

was identified, purified by means of several chromatographic steps and 

characterized for the degradation of AFB1 and AFM1.  

Ery4 is a recombinant laccase, cloned from P. eryngii, a local, edible 

mushroom. Purification by a single chromatographic step was used to easily 

produce high amounts of enzyme to perform an extensive study on its 

degradation capabilities towards the main classes of mycotoxins. 

A different behaviour was observed with regards to the direct degradation of 

AFs. Structural differences in the active sites might be implicated, allowing Lac2, 

but not Ery4, to oxidize AFs even when no mediator is added. Nonetheless, for 

both enzymes the mediator is essential to achieve high levels of degradation. 

The use of the mediator seems to fill the efficiency gap between the two 

enzymes, suggesting that the oxidized mediator is responsible for the mycotoxin 

degradation. The slight differences in degradation percentages are not substantial, 

and can be easily explained by the different mediator specificity of each LC. In 

view of the development of possible application, it is very important to underline 

that the LMS system is responsible for the degradation and not solely LC. 

Theoretically, any LC with an adequate specificity towards the effective mediators 

might be used within the LMS for this purpose. This means that low cost enzymes, 

or requiring easy and fast production, purification and immobilization processes 

could be used.  
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Based on the results obtained in this study, the use of LC enzymes appears as 

a versatile, efficient and environmental friendly strategy to counteract mycotoxin 

occurrence in food and feed.  However, there are still some critical points that 

need to be investigated.  

A mandatory requirement for the application of a biotransforming method in 

feed is the elucidation of the toxicity of the degradation products. The 

identification of degradation products is the first step towards the evaluation of 

their toxicity, which must be tested in vitro and in target animals, as required by 

EFSA.  

This is a very important and debated topic in the scientific community, and so 

far, mycotoxin degradation products deriving from LC or LMS treatments have 

not been identified. There are several difficulties linked with the identification of 

the degradation products. A single technique is often insufficient to identify 

unknown compounds. The use of combined spectroscopic techniques, such as 

mass spectrometry, nuclear magnetic resonance or infrared spectroscopy is often 

required. LMS activity is rather non-specific and often of radical nature: it is 

difficult to predict or to search for a specific degradation product, likely more than 

one; instruments are often not sensitive enough to detect small amounts, 

especially if more than one product is formed after LMS treatment. To overcome 

the low instrument sensitivity, very high concentrations should be used. However, 

mycotoxins are toxic at very low concentration, so the amount which can be 

manipulated with acceptable risk for operators is also low. Additionally, some of 

the toxins are poorly soluble in water and using organic solvents to increase 

solubility would hinder enzyme activity and its efficacy. 

 Validation of the in vitro results should be performed in real, possibly 

naturally contaminated matrices. Food components, such as carbohydrates, 

proteins or lipid, might reduce degradation rate or effectiveness or the enzymatic 

method, lower the bioavailability of mycotoxins or mask them in a conjugated or 
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bound form. It is important to validate the in vitro methods in the specific raw 

materials taking into consideration all the possible masked forms. A new 

parameter optimization should be also considered, if necessary.  

Additionally, the overall nutritional and sensory attributes of the treated 

material, as well as its production process should not be significantly modified. 

Considering LC catalytic activity, oxidation of valuable nutrients should be 

strongly monitored. Conversely, the natural presence of phenols could be 

exploited not to add any mediator or to avoid a further addition.  

Mycotoxin biotransformation in food intended for human consumption is not 

allowed yet in EU. Nonetheless, LC is a versatile enzyme which can also be used 

for other purposes in the food industry. For example, LMS is able to induce 

protein crosslink and could be used to modify the rheological, functional or 

allergenic properties of milk proteins, for the formulation of improved or novel 

milk based products. 

Despite the critical points discussed above, the overall results are encouraging 

and promising and lay down the basis for the development of a LC based 

approach able to reduce the contamination of structurally diverse mycotoxins in 

vitro and in real food matrices.  
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