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ABSTRACT 

I 

 

ABSTRACT 

 

Carbon fiber-reinforced polymers (CFRPs), particularly epoxy-based CFRPs, have become 

essential materials in the aerospace, automotive, and wind energy industries due to their 

exceptional mechanical properties and lightweight characteristics. However, there is a lack of 

recycling technologies that are environmentally sustainable while also ensuring the recovery of 

carbon fibers in their original state. Although certain bacterial and fungal strains can colonize 

epoxy polymers, the identification of potential enzymes capable of efficiently degrading these 

materials remains elusive. Consequently, there is an urgent need for an effective, sustainable, and 

biologically inspired solution for eCFRP recycling.  

In this study, a chemo-enzymatic treatment inspired by natural processes was developed, involving 

a two-step oxidation of eCFRPs.  

Three novel bacterial laccases, derived from a metagenome of the European spruce bark beetle 

(Ips typographus), along with CueO from E. coli and the well-characterized horseradish 

peroxidase (HRP), were biochemically characterized in detail. These enzymes exhibited a 

preference for acidic pH conditions and moderate temperatures, with laccase ItL-03 demonstrating 

notable thermostability. Subsequently, their ability to oxidize three epoxy resin scaffolds 

containing tertiary amines and representing repeating units of the RTM6 epoxy used in aircraft 

applications was evaluated. Among them, ItL-03 showed the highest activity, converting over 80% 

of the substrates within 30 minutes. ItL-03 was therefore selected for application in a chemo-

enzymatic treatment approach. For this, organic acids were screened for their effectiveness in 

recovering carbon fibers from epoxy composites, in comparison to the aggressive standard method 

using sulfuric acid. Propionic acid combined with hydrogen peroxide emerged as the most 

promising combination, capable of recovering clean carbon fibers with potential for reuse. 

Integrating the organic pre-treatment with the enzymatic action on RTM6 (amine-cured epoxy 

powder) enabled the laccase to partially modify the epoxy and release defined products, which 

may potentially aid downstream processing. This sequential two-step oxidative treatment offers a 

more environmentally sustainable alternative, allowing the enzyme to participate in the 

degradation of recalcitrant polymers. This marks an initial step toward developing a bio-based 

recycling approach for epoxy-based CFRPs. 
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ZUSAMMENFASSUNG 

 

Kohlenstofffaserverstärkte Polymere (CFRP), insbesondere CFRP auf Epoxidbasis, sind aufgrund 

ihrer außergewöhnlichen mechanischen Eigenschaften und ihres geringen Gewichts zu 

unverzichtbaren Werkstoffen in der Luft- und Raumfahrt, der Automobilindustrie und der 

Windenergieindustrie geworden. Es mangelt jedoch an Recyclingtechnologien, die 

umweltverträglich sind und gleichzeitig die Rückgewinnung der Kohlenstofffasern in ihrem 

ursprünglichen Zustand gewährleisten. Obwohl bestimmte Bakterien- und Pilzstämme 

Epoxidpolymere besiedeln können, ist die Identifizierung potenzieller Enzyme, die in der Lage 

sind, diese Materialien effizient abzubauen, noch nicht gelungen. Daher besteht ein dringender 

Bedarf an wirksamen, nachhaltigen und biologisch inspirierten Lösungen für das Recycling von 

eCFRP. 

In dieser Studie wurde eine chemo-enzymatische Behandlung entwickelt, die von natürlichen 

Prozessen inspiriert ist und eine zweistufige Oxidation von eCFRP beinhaltet. 

Drei neue bakterielle Laccasen, die aus einem Metagenom des Europäischen Fichtenborkenkäfers 

(Ips typographus) stammen, wurden zusammen mit CueO aus E. coli und der gut charakterisierten 

Meerrettichperoxidase (HRP) biochemisch detailliert charakterisiert. Diese Enzyme zeigten eine 

Präferenz für saure pH-Bedingungen und moderate Temperaturen, wobei die Laccase ItL-03 eine 

bemerkenswerte Thermostabilität aufwies. Anschließend wurden diese auf ihre Fähigkeit 

untersucht, drei Epoxidharzgerüste zu oxidieren, die tertiäre Amine enthalten und wiederholende 

Einheiten von RTM6 Epoxidharz darstellen, das in der Luftfahrt verwendet wird. Unter ihnen 

zeigte ItL-03 die höchste Aktivität, indem es über 80% der Substrate innerhalb von 30 Minuten 

umwandelte. ItL-03 wurde daher für die Anwendung in einem chemo-enzymatischen 

Behandlungsansatz ausgewählt. Zu diesem Zweck wurden organische Säuren auf ihre 

Wirksamkeit bei der Rückgewinnung von Kohlenstofffasern aus Epoxid-Verbundwerkstoffen 

untersucht, im Vergleich zum aggressiven Standardeinsatz von Schwefelsäure. Propionsäure in 

Kombination mit Wasserstoffperoxid erwies sich als die vielversprechendste Kombination, die in 

der Lage ist, saubere Kohlenstofffasern mit Potenzial für die Wiederverwendung zu gewinnen. 

Die Integration der organischen Vorbehandlung mit der enzymatischen Wirkung auf RTM6 

(amingehärtetes Epoxidpulver) ermöglichte es der Laccase, das Epoxid teilweise zu modifizieren 
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und definierte Produkte freizusetzen, die möglicherweise die nachfolgende Verarbeitung 

unterstützen können. Diese sequentielle zweistufige oxidative Behandlung bietet eine 

umweltfreundlichere Alternative, die es dem Enzym ermöglicht, am Abbau von persistenten 

Polymeren teilzunehmen. Dies ist ein erster Schritt zur Entwicklung eines biobasierten 

Recyclingansatzes für CFRPs auf Epoxidbasis. 
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1 INTRODUCTION 

 

For over a century, synthetic polymers have become an integral part of modern life, making their 

presence unavoidable in our daily lives. Annual plastic production surpassed 400 million metric 

tons (Mt) since 2022 (Plasticseurope, 2024), and consumption is projected to reach approximately 

900 Mt annually by 2050 (Dokl et al., 2024). The majority of virgin plastics production, accounting 

for 75% of total output, consists of synthetic polymers polyethylene (PE), polypropylene (PP), 

polyvinyl chloride (PVC), polyethylene terephthalate (PET), polyurethane (PUR), and polystyrene 

(PS). Other thermosetting polymers, including epoxy resins, consist of less than 9% of total 

production (Plasticseurope, 2024). Despite their relatively small share, the demand for epoxy resin 

is steadily increasing, with a compound annual growth rate (CAGR) of 5.5% by 2028 

(Marketsandmarkets, 2023). Epoxy resins have also emerged as key materials in sustainable 

technologies, such as wind turbines and electric vehicles, driven by the global shift toward 

sustainability (Mohanty et al., 2023; Subadra & Griskevicius, 2021). Their lightweight nature 

contributes to energy efficiency, while their durability and recalcitrant nature pose significant 

environmental challenges at end-of-life. Consequently, increasing concerns over the accumulation 

of epoxy waste, alongside economic incentives to lower costs through material reuse and recycling, 

have emphasized the urgent need for recent research into efficient and sustainable waste 

management strategies for these polymers. 

 

 

1.1 Epoxy resins: from monomeric units to rigid cross-linked network 

Epoxy resins are a class of reactive prepolymers that contain epoxide or oxirane functional groups, 

typically comprising an oxygen atom bonded to two carbon atoms (May, 2018). Most epoxy 

monomers are produced by introducing an epoxide group into compounds containing acidic 

hydroxyl groups, typically through a reaction with epichlorohydrin (ECH) (Figure 1a). Common 

compounds with hydroxyl groups include aliphatic diols, polyether polyols, and phenolic 

compounds, with Bisphenol A (BPA) and Novolac being among the most well-known. These 

epoxy monomers, formed by reacting with ECH, are referred to as glycidyl-based epoxy resins 

(Pham & Marks, 2005). An alternative route for producing epoxy monomers involves the 
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epoxidation of aliphatic or cycloaliphatic alkenes using peracids, which utilizes aliphatic double 

bonds instead of acidic hydrogen atoms. The resulting epoxy monomers from this process are 

classified as non-glycidyl-based epoxy resins (Gall & Greenspan, 1955). Thus, there is a wide 

variety of epoxy monomers available. 

 

Figure 1. Bisphenol A diglycidyl ether (DGEBA)-based amine-cured epoxy. (a) Synthesis of epoxy monomer 

DGEBA from bisphenol A (BPA) and epichlorohydrin (ECH). The oxirane or epoxy ring is highlighted in 

yellow. (b) Formation of a crosslinked epoxy network by curing with an amine hardener diethylenetriamine 

(DETA). Figure modified from (Capricho et al., 2020). 

One of the most commercially utilized epoxy monomers is diglycidyl ether of bisphenol A 

(DGEBA), which is produced by reacting BPA with ECH (Figure 1a). Initially, a product with 

only a few repeat units appears as a viscous, clear liquid. As DGEBA continues to react with excess 

BPA at room temperature, more repeating units can form, potentially transforming the epoxy into 

a solid state (Jin et al., 2015). This process, where monomeric building blocks are pre-polymerized 

prior to curing, is referred to as pre-polymerization. However, epoxy prepolymers are only 

partially polymerized and not fully cross-linked, which means their molecular chains remain 

reactive (Zhang et al., 2024). These uncured epoxies (in liquid, solid, or semi-solid form) are 

typically linear or lightly branched molecules, making them less robust with weaker mechanical 

and chemical properties, and more prone to degradation.  
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Curing is a crucial chemical process that transforms epoxy from a liquid or soft state into a rigid 

solid structure, by forming a robust three-dimensional network of covalently bonded chains 

(Shundo et al., 2022; Sukanto et al., 2021). This transformation occurs through the reaction of 

epoxy monomers with curing agents or hardeners, such as aliphatic and aromatic amines, 

anhydrides, thiols, and acids, leading to the formation of various chemical linkages, including 

secondary amine (R-NH-CH2-R'), tertiary amine (R-N(CH2-CH3)-CH2-R'), carboxyl ester (R-

(C=O)-O-R'), ether (R-O-R'), and thiol (R-S-R') (Figure 1b).  By adjusting the type and ratio of 

curing agents and controlling the curing temperature and time, epoxy systems can be tailored for 

various applications, resulting in highly versatile materials (Pradhan et al., 2015). Catalysts, such 

as Lewis's acids and bases, can also initiate and accelerate homo-polymerization, although these 

catalysts will not remain in the polymer after curing. The resulting epoxy products typically form 

ether bridges that exhibit high thermal and chemical resistance; however, they tend to be brittle 

(Aziz et al., 2024). Therefore, these properties may limit their applicability compared to cured 

epoxies with hardeners, making them suitable primarily for niche applications. 

Epoxy resins, renowned for their versatility, chemical resistance, and excellent mechanical 

properties, are widely utilized across a diverse array of industries. Their applications span 

protective coatings, structural adhesives, electronic encapsulants, construction, and advanced 

composites (Saba et al., 2016). For example, BPA or Bisphenol F (BPF)-based epoxies are 

commonly used in the coatings and adhesives industry due to their strong adhesion and long-term 

durability (Tator, 2015). Cycloaliphatic epoxy resins are preferred in the electronics and electrical 

sectors because of their excellent dielectric properties and resistance to thermal cycling (W. Liu et 

al., 2012). In the construction industry, epoxy resins serve as structural adhesives, sealants, 

flooring systems, and concrete repair materials, offering superior adhesion to damp surfaces along 

with outstanding mechanical performance (Song & Gupta, 2012). In the automotive and aerospace 

industries, epoxy resins are a critical component in the manufacture of carbon fiber-reinforced 

polymers (CFRPs), where achieving an optimal balance of strength, durability, and lightweight 

properties is essential for high-performance structural applications (Hegde et al., 2019; Othman et 

al., 2019). 
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1.2 Epoxy-based CFRPs – an essential material in aerospace applications 

CFRPs, especially those used in aerospace applications, are exceptionally strong and lightweight 

materials composed of carbon fibers (CFs) embedded in epoxy resin matrices. One of the most 

common manufacturing techniques is the use of prepreg materials, in which CFs are pre-

impregnated with partially cured epoxy resin and then laid up in molds before being fully cured 

(Kim et al., 2022; Somarathna et al., 2024). This method ensures precise resin content and 

consistent fiber distribution. In aircraft, prepreg-based CFRPs, such as HexPly® M21E (Hexcel, 

USA), are commonly used for primary structural components, including fuselage sections, wing 

skins, stabilizers, and control surfaces (Sasal et al., 2015; Shetty et al., 2020). Another widely used 

composite manufacturing method is resin transfer molding (RTM), which falls under the broader 

category of liquid composite molding (LCM). In RTM, dry CFs are placed into a closed mold, and 

a low-viscosity epoxy resin is injected to impregnate the fiber (Sozer et al., 2012). The mold is 

then heated to cure the resin, producing parts with high fiber volume fractions, and the ability to 

form complex geometries, such as those made with HexFlow® RTM6 (Hexcel, USA) (Parsons et 

al., 2022). RTM is particularly advantageous for medium- to large-scale production of complex 

aerospace components, including engine nacelles, access panels, brackets, and aerodynamic 

fairings (Yonglin Chen et al., 2023). Notably, CFRPs constitute up to 53% (w/w) of the structures 

in current commercial aircraft e.g., Airbus A350, Boeing 787 (Gondaliya et al., 2016). The primary 

epoxy resins used in composites are glycidyl-based resins with diglycidyl ether of BPA (DGEBA), 

and tetraglycidyl methylene dianiline (TGMDA) being the most prevalent commercially 

(Budelmann et al., 2022; Flippen-Anderson, 1981).  

The global demand for CFRPs has been steadily increasing by about 10% over the past decade 

(Schüppel, 2023; J. Zhang et al., 2023). Consequently, global CFRP waste is projected to reach 20 

kt by 2025 (Jin Zhang et al., 2020), with an estimated 7,000 aircraft expected to be retired by 2036 

(Bombardier, 2017; Scheelhaase et al., 2022). Furthermore, Airbus, a leading aircraft 

manufacturer, plans to increase its fleet to nearly 50,000 aircrafts by 2040 (Airbus, 2025), 

indicating a significant number of aircraft will be retired and potentially enter the waste stream in 

the coming decades. Hence, there is a pressing concern about how to manage CFRPs disposal 

effectively, despite advances in current recycling approaches.  
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1.3     Current recycling technologies for epoxy composites   

Recycling is an essential process for reducing waste, minimizing environmental impact, and 

conserving resources. Despite increasing awareness and advancements in recycling technologies, 

only 9% of plastic waste is recycled globally (d’Ambrières, 2019). This is especially important for 

epoxy-based CFRPs (eCFRPs), as CFs are costly to produce due to energy-intensive 

manufacturing processes, and they retain much of their mechanical strength and stiffness even 

after use (Nunna et al., 2019). However, the thermoset nature of the epoxy matrix presents 

significant challenges, as it cannot be remelted or reshaped. Consequently, industry efforts 

primarily focus on recovering CFs from epoxy matrices while minimizing damage to preserve 

fiber quality. Nevertheless, it is also beneficial when the degradation products of epoxy can be 

reused. Current recycling methods include mechanical, thermal, and chemical treatments, each 

offering distinct advantages and limitations (Figure 2).  

 

 

Figure 2. Current epoxy composite recycling techniques for the recovery of high-quality carbon fibers 

(CFs), highlighting their benefits and limitations, with biological recycling emerging as a promising, eco-

friendly alternative. 

 

1.3.1 Mechanical recycling 

Mechanical recycling involves cutting and grinding composite materials into small pieces or 

powder, which can then be reused as filler materials in low-performance applications (Thamizh 

Selvan et al., 2021; Yang et al., 2012). Although this method is cost-effective and straightforward, 
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it often results in a significant reduction of fiber properties, making it generally unsuitable for 

structural reuse. The recovered CFs are typically shorter and may contain residual epoxy, and 

separating the fibers from the epoxy after grinding proves to be challenging (Martínez-Franco et 

al., 2024). Mechanically recycled CFRPs are often incorporated into new materials at low ratios, 

primarily to contribute to overall mass reduction, although this approach may compromise the 

mechanical performance of the final product (Asokan et al., 2009). 

 

1.3.2 Thermal recycling 

Thermal recycling employs high temperatures, typically between 400 and 600 °C, to thermally 

decompose the resin, leaving behind recovered CFs. However, the intense heat can damage the 

fiber surface and diminish their mechanical performance (Manis et al., 2015). Pyrolysis, a related 

technique, decomposes the resin in an inert atmosphere (often nitrogen) at temperatures ranging 

from 400 to 700 °C. This method better preserves fiber integrity, maintaining approximately 90% 

of the fibers' tensile strength (Kim et al., 2017). Despite this advantage, pyrolysis often leaves char 

residues on the fibers, necessitating additional cleaning steps (Soni et al., 2021). In the absence of 

oxygen, the epoxy resin does not burn but instead breaks down into smaller molecules such as 

gases, oils, and char, making separation of byproducts challenging. While thermal recycling can 

retrieve high-quality CFs, it is generally considered unfavorable due to its high energy 

consumption and the potential release of hazardous waste and pollutants during the process 

(Batista et al., 2024). 

 

1.3.3 Chemical recycling 

Among all recycling methods, chemical recycling, often referred to as solvolysis, holds the most 

promise for recovering CFs while yielding useful byproducts from the resin (Liu et al., 2022). This 

approach involves using solvents such as water, alcohols, acids, or supercritical fluids, to penetrate 

the cross-linked epoxy matrix and cleave covalent bonds, thereby breaking down the epoxy at 

moderate to high temperatures and pressures.  

Chemical recycling of epoxy can be conducted at temperatures below 120 °C; however, it typically 

requires the use of hazardous solvents such as strong acids (nitric acid, sulfuric acid), as well as 

solvents like acetone and dimethylformamide (DMF), often combined with oxidizing agents such 
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as hydrogen peroxide (H2O2) to enhance the reaction through free radical generation (Das et al., 

2018; Feraboli et al., 2012; Li et al., 2012; Ma et al., 2009). CFRPs are usually thick and 

multilayered, which impedes solvent penetration below their glass transition temperature (Tg), 

making the process longer and less efficient. To address this, a common pre-treatment involves 

swelling the composites at temperatures above Tg for a short duration, such as treating with acetic 

acid at around 180 °C for 6 hours, to weaken interlayer adhesion and increase surface access (Wang 

et al., 2015). This pre-treatment facilitates more efficient subsequent solvent penetration, reducing 

overall treatment time. Chemical recycling at low temperatures and atmospheric pressure offers 

advantages, such as reduced energy consumption; however, it often takes a prolonged duration, 

risking damage to the carbon fibers (Dang et al., 2002). Additionally, the use of harsh chemicals 

is costly, generates hazardous waste, and presents safety concerns for personnel. 

In recent developments, modern approaches employ supercritical fluids, such as supercritical 

water, alcohols, or acetone, operating at high temperatures (>230 °C) and pressures (> 5 Mpa) to 

accelerate polymer decomposition efficiently and in shorter periods (Gong et al., 2015). 

Supercritical water, with its dielectric constant comparable to that of organic solvents, can 

penetrate the epoxy resin effectively, enabling breakdown of the matrix (Patrick et al., 2001). 

Nonetheless, this method requires high-pressure equipment and costly reactors, and the cleavage 

of epoxy bonds can occur randomly. Alcohols like methanol, propanol, butanol, and ethanol are 

used to selectively cleave ester bonds in anhydride-cured epoxy systems, whereas their 

effectiveness in amine-cured epoxy varies, often resulting in non-specific cleavage (Okajima et 

al., 2014; Yan et al., 2013). These solvents typically operate at lower pressures than supercritical 

water but are prone to self-reaction and decomposition, which complicates recycling and reuse 

efforts (Huang et al., 2017). Catalysts such as potassium hydroxide (KOH) are sometimes 

employed to enable milder reaction conditions (Y. Liu et al., 2012). Furthermore, combining water 

with alcohol, acetone, or carbon dioxide under supercritical conditions holds potential to improve 

the efficiency of epoxy decomposition (Oliveux et al., 2015). 

Overall, chemical recycling typically requires high temperatures and pressures, and significant 

challenges remain in identifying environmentally friendly solvents that can operate effectively 

under milder conditions (Cheng et al., 2017; Keith et al., 2019). Despite the progress made, there 
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is still a lack of a truly sustainable, and biologically inspired approach for the degradation of 

eCFRPs (Klose et al., 2023). 

 

 

1.4     Advances in biodegradation of epoxy resins 

Biological recycling has advantages over conventional methods, as it operates under mild 

conditions, reducing energy use and environmental impact by utilizing microorganisms or 

enzymes to break down polymers into smaller components (Figure 2). The resulting enzymatic 

byproducts can also be used in downstream processing or upcycling, supporting a sustainable, 

circular economy (Zhu et al., 2022). Enzymatic solution have already been identified for polyester-

based polymers such as PET and PUR, which can be readily degraded by discovered enzymes (see 

PAZy database: https://www.pazy.eu/) (Buchholz et al., 2022). However, no such solutions 

currently exist for polymers with saturated hydrocarbon backbones like PE, PP, and PVC. 

Similarly, biodegradation of epoxy polymers remains highly challenging due to their synthetic 

nature, characterized by extensive cross-linking, stable chemical motifs (such as ethers and tertiary 

amines), and the absence of easily hydrolysable linkages. These features make epoxy polymers 

highly resistant to biodegradation. Consequently, this resistance remains a major challenge, as no 

microorganisms or enzymes have yet been conclusively shown to effectively degrade epoxy 

materials (Klose et al., 2023). 

 

1.4.1 Microorganisms involved in epoxy degradation 

In most studies, BPA- or DGEBA-based epoxy has been used primarily to identify potential 

microorganisms capable of degrading the polymer (Table 1). For example, co-cultivation of 

Rhodococcus rhodochrous and Ochrobactrum anthropi, isolated from soil near an epoxy-

producing facility, enabled these bacteria to utilize low-viscosity Araldite® LY 5052 resin as the 

sole carbon source for growth (Eliaz et al., 2018). Given that this resin was in an uncured form, it 

appears more susceptible to microbial degradation. Similarly, studies utilizing BPA, a pre-epoxy 

derivative monomer, have demonstrated that certain microorganism (e.g., Bacillus sp., 

Sphingomonas sp.) and enzymes (e.g., laccases) can effectively convert or oxidize this precursor 

(Nicolucci et al., 2011; Oh & Choi, 2019; Xiong et al., 2017; Yang et al., 2014). 

https://www.pazy.eu/
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Microbial activity on fully cured epoxy coatings has also been explored. Marine bacteria such as 

Pseudomonas putida (Wang et al., 2016), Bacillus flexus (Deng et al., 2019), and Pseudomonas 

aeruginosa (S. Zhang et al., 2023) have demonstrated the ability to decrease the corrosion 

resistance of epoxy-coated steel. After one month of immersion in seawater, biofilm formation by 

these bacteria was observed, often with tiny holes in the coating. Fourier-transform infrared 

spectroscopy (FTIR) analyses revealed that P. putida facilitated oxidation of hydroxyl (C-OH) 

groups, while B. flexus was capable of modifying aromatic rings and epoxy groups. P. aeruginosa 

caused a more pronounced reduction in C-O-C and C-O groups in the amine-cured epoxy. Sulfate-

reducing bacteria (SRB), e.g. Desulfovibrio desulfuricans, have also been shown to deteriorate the 

epoxy coating on steels (Tambe et al., 2016). SRB reduces sulfate to sulfide, which reacts with 

iron in steel to form ferrous sulfide, a black precipitate that signals coating decomposition. While 

evidence suggests that marine bacteria and SRB could contribute to epoxy corrosion, it remains 

unclear whether this modification is due to direct microbial breakdown or mediated through 

environmental factors. The saline and chemically harsh marine environment may accelerate epoxy 

corrosion, impairing its protective function. Biofilm formation can further hasten deterioration, 

likely through the secretion of organic acids and corrosive metabolites by microorganisms (Pal & 

Lavanya, 2022). 

Epoxy coatings used for protection often contain additives, pigments, and fillers that enhance 

adhesion, durability, and chemical resistance. These components can provide nutrients or create 

environments conducive to microbial growth, especially if they include esters or other vulnerable 

functional groups. For example, a study on epoxy coatings applied to marble in Milan Cathedral 

(Duomo di Milano) identified diverse microorganisms, including bacteria such as Bacillus, 

Pseudomonas, and Micrococcus, as well as fungi like Alternaria and Cladosporium, on DGEBA-

based epoxy surfaces (Cappitelli et al., 2007). While epoxy presence was confirmed, microbial 

degradation was likely driven more by other protective agents, such as poly(isobutylmethacrylate), 

which are more susceptible to microbial attack due to ester bonds. Biodegradation assays showed 

that fungi could degrade poly(laurylmethacrylate) and poly(isobutylmethacrylate) but not epoxy 

resin, indicating that deterioration was primarily due to these ester-linked agents rather than the 

epoxy itself. 
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Table 1. Reported microorganisms and enzymes involved in epoxy degradation. Table adapted from (Klose et al., 2023). 

  
Epoxy type Tested resin Biocatalyst(s) 

Experimental 
settings 

Analytics References 

M
ic

ro
o

rg
a

n
is

m
s
 

Precursor Bisphenol A 

Sphingomonadaceae sp.  
(Sphingobium, Novosphingobium,  

and Sphingopyxis) 

25 °C aerobically for 
70 days 

HPLC (Oh & Choi, 2019) 

Precursor Bisphenol A 
Bacillus, Thiobacillus, Phenylobacterium, 

and Cloacibacterium 
25 °C aerobically for 

7 weeks 
GC-MS (Xiong et al., 2017) 

Precursor Bisphenol A 
Gammaproteobacteria and  

Alphaproteobacteria 
25 °C aerobically for 

4 days 
HPLC (Yang et al., 2014) 

Uncured epoxy  
Araldite® LY 5052 (Huntsman Corp., 

USA)  
 (DGEBA-based epoxy) 

Rhodococcus rhodochrous 
Ochrobactrum anthropi 

30 °C aerobically for 
1 week  

Turbidity measurement 
SEM, LC-MS 

(Eliaz et al., 2018) 

Cured epoxy coating 
Epoxy vanish 

(DGEBA-based epoxy) 
Pseudomonas putida 

26 °C aerobically for 
1 month  

in seawater 

Coating permeability analysis 
EIS, Contact angle test, SEM, 

FTIR,  

(Wang et al., 2016) 

Cured epoxy coating 
Epoxy vanish 

(DGEBA-based epoxy) 
Bacillus flexus  

26 °C aerobically for 
1 month  

in seawater 
EIS, SEM, FTIR (Deng et al., 2019) 

Cured epoxy coating 

BADGE hardened with Jeffamine 
D230 hardener  

(DGEBA-based epoxy, amine 
hardener) 

Pseudomonas aeruginosa   
(1A00099)  

30 °C aerobically for 
2 weeks  

in marine media 

SEM, FTIR, EIS, Contact angle 
test 

(S. Zhang et al., 
2023) 

Cured epoxy coating 
Epoxy-Polyamide/Steatite 

(not specified epoxy, amine 
hardener) 

Desulfovibrio desulfuricans   
(NCIM 2047) 

37 °C anaerobically 
for 3 days 

Zone-inhibition, SEM, EIS, 
Adhesion test 

(Tambe et al., 2016) 
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 Epoxy type Tested resin Biocatalyst(s) 
Experimental 

settings 
Analytics References 

M
ic

ro
o

rg
a

n
is

m
s
 

Cured epoxy coating 
DGEBA-based epoxy coated on 

marble  

Bacteria: genera Bacillus,  
Brevibacillus, Micrococcus,  
Staphylococcus, Kocuria, 

Pseudomonas,  
Agrobacterium and Ochrobacter. 

Fungi: Alternaria sp. Cladosporium 
spp.  

Polluted area 
samples since 1972  

X-ray Diffraction, SEM, FTIR, 
Fluorescence microscope, FISH, 

Biodegradation assay (ASTM 
method) 

(Cappitelli et al., 
2007) 

Epoxy composites 
Epoxy Hercules 3501-6 

(amine-cured epoxy resin) 
Aspergillus versicolor 

Cladosporium cladosporioides 
30 days EIS, SEM, Mechanical testing (Gu et al., 1997) 

Cured epoxy 
Epoxy and epoxy-silicone blends  

(DGEBA-based epoxy, amine 
hardener) 

Bacterium Te68R 
Microbacterium sp. (strain MK3) 

Pseudomonas putida 

 37 °C aerobically for 
15 days 

FTIR, TG-DTG-DTA (Negi et al., 2009) 

Cured epoxy 

Epoxy resin L + hardener GL2 
(Suter Kunststoffe, Switzerland) 
(DGEBA-based epoxy, amine 

hardener) 

Ganoderma adspersum  
Trichoderma harzianum ITEM908 
Aspergillus calidoustus Kw18-1  

Variovorax sp.  
Methyloversatilis discipulorum FAM1  

Microcosms: 1-9 
months 

Microbial water: 3 
months, >3 years 

Weight loss,  
Contact angle test,  
Mechanical testing,  

FTIR, ESEM 

(Pardi-Comensoli et 
al., 2022) 

E
n

z
y

m
e

s
 

Precursor 
Bisphenol A, Bisphenol B 

Bisphenol F, Tetrachlorobisphenol A 
Laccase (rametes versicolor) 

Tyrosinase (mushroom) 

25 °C aerobically for 
90 minutes 

in citrate buffer pH 5 
HPLC (Nicolucci et al., 2011) 

Tertiary amine  
epoxy model  

substrate 

N,N-bis(2-hydroxypropyl)-p-toluidine 
(NNBT)  

derived from Hexflow® RTM6 

Unspecific peroxigenases (UPOs): 
PaDa-I (Agrocybe aegerita) 

GroGu (Psathyrella aberdarensis) 
rMroUPO (Marasmius rotula) 

PabUPO-II (Psathyrella aberdarensis) 

30 °C aerobically for 
2 hours 

in potassium 
phosphate buffer pH 

6 

GC-MS  (Dolz et al., 2022) 
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One of the first investigations into the biodegradation of eCFRPs, primarily used in aerospace and 

advanced composite applications, was conducted by Gu et al. (1997). Hercules 3501-6 epoxy 

(Magna, USA) was susceptible to colonization by a fungal consortium, comprising Aspergillus 

versicolor, Cladosporium cladosporioides, and Chaetomium sp. after 30 days. Fungal activity 

caused pore formation and weakened fiber-resin bonds, potentially utilizing both the epoxy matrix 

and chemical additives as substrates. 

DGEBA-based amine-cured epoxy has also been examined. Negi et al. (2009) demonstrated that 

bacterial consortia, comprising Bacterium Te68R PN12, Microbacterium sp. MK3, and P. putida 

MK4, can utilize the aforementioned epoxy as the primary carbon source, with notable weight loss 

observed after 15 days. The presence of filler in the material was also noted. FTIR analysis showed 

significant reductions in functional groups, such as C–N, C–OH, and C–O, in treated samples. 

Thermal stability tests at 325 °C showed a 34% weight loss for epoxy treated with the consortium, 

compared to 19% in the control epoxy. A study by Pardi-Comensoli et al. (2022) highlighted fungi’ 

potential in depolymerizing DGEBA-based amine-cured epoxy. Ganoderma adspersum reduced 

the polymer’s hydrophobicity over 9 months, indicating surface modification. A consortium of 

fungi (Trichoderma harzianum, Aspergillus calidoustus) and bacteria (Variovorax sp., 

Methyloversatilis discipulorum) colonized epoxy samples immersed for over three years in 

freshwater, with scanning electron microscopy (SEM) revealing surface cracks and holes.  

Although studies have shown that microorganisms can colonize cured epoxy and possibly alter its 

surface through metabolic activity, they have not demonstrated clear evidence of epoxy polymer 

degradation at meaningful (micro- or millimolar) levels. Unlike the breakthrough discovery of 

Ideonella sakaiensis for PET degradation (Yoshida et al., 2016), no comparable microorganisms 

have yet been identified for efficient epoxy breakdown. 

 

1.4.2 Enzymes involved in epoxy degradation 

Dolz et al. (2022) presents the first novel insights into enzymes involved in epoxy degradation 

(Table 1). To understand enzyme mechanisms, they used an epoxy model substrate, N,N-bis(2-

hydroxypropyl)-p-toluidine (NNBT), derived from Hexflow® RTM6, instead of cured epoxy 

resins. NNBT contains key motifs such as a tertiary amine, and is soluble in organic solvents, 

reducing hydrophobicity and enhancing enzymatic accessibility. GC-MS confirmed that UPOs 
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(EC 1.11.2.1) catalyze N-dealkylation of NNBT. When 5 mM NNBT was incubated for 2 hours, 

the conversion rates to the secondary amine were 12%, 9%, 8%, and 4% for PaDa-I (an evolved 

long-UPO mutant of Agrocybe aegerita), GroGu (an evolved long-UPO mutant of Psathyrella 

aberdarensis), rMroUPO (short-UPO from Marasmius rotula), and PabUPO-II (long-UPO), 

respectively. Though no enzyme capable of degrading epoxy polymers has been definitively 

identified thus far, some already discovered enzymes might have shown potential in modifying or 

breaking down related chemical structures. In particular, those involved in oxidative or reductive 

transformations could be harnessed to target the chemically resistant nature of epoxy resins. 

 

 

1.5     Oxidoreductases as potential enzymes for epoxy biodegradation  

Epoxy polymers are characterized by a cross-linked network of aromatic rings and ether bonds, 

similar to lignin, a complex biopolymer found in plant cell walls (Ralph et al., 2019). Due to these 

structural similarities, ligninolytic enzymes, such as peroxidases and laccases, are of interest for 

their potential to catalyze the breakdown of epoxy-based materials (Kumar & Chandra, 2020). 

These enzymes belong to the oxidoreductases (EC 1) family, which catalyzes oxidation-reduction 

reactions involving electron transfer (May & Padgette, 1983). Their catalytic versatility and 

substrate promiscuity make oxidoreductases attractive candidates for modifying non-hydrolysable 

polymers (e.g., PE, PP and PS) by randomly oxidizing their long chains into small molecules (Han 

et al., 2024). 

 

1.5.1 Heme peroxidases 

Heme peroxidases are heme-containing enzymes that use H2O2 as an oxidizing agent to catalyze 

the oxidation of a wide range of substrates with high redox potentials, including phenolic and non-

phenolic lignin-like compounds (Vlasits et al., 2010). The peroxidase-catalase superfamily, 

formerly known as the superfamily of bacterial, fungal, and plant heme peroxidases, is classified 

into three classes (Zámocký et al., 2014). Class I includes intracellular peroxidases such as 

cytochrome c peroxidase (Ccp; EC 1.11.1.5). Class II extracellular fungal peroxidases, such as 

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), play a crucial role in lignin decomposition. These enzymes are 

primarily found in white rot fungi (e.g., Phanerochaete chrysosporium and Pleurotus ostreatus), 
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and they have also been reported to break down plastics (Jha, 2019; Temporiti et al., 2022). Class 

III comprises secretory plant peroxidases, exemplified by the well-studied horseradish peroxidase 

(HRP; 1.11.1.7). Extracellular heme peroxidases, including those in class II and class III, share 

highly conserved structural features. These enzymes are monomeric glycoproteins with a 

predominantly alpha-helical structure surrounding a heme pocket. This pocket contains a 

protoporphyrin IX ring with a central Fe3+ ion, stabilized by four conserved disulfide bridges and 

two Ca2+-binding sites (Figure 3a) (Battistuzzi et al., 2010).  

 

Figure 3. Heme peroxidase structure and its catalytic mechanism. (a) 3D crystal structure of horseradish 

peroxidase isoenzyme C (PDB: 1H5A; (Berglund et al., 2002)) depicts the heme group in the center, surrounded 

by α-helical structures of the enzyme. Two calcium atoms are shown in green. (b) The protoporphyrin IX ring 

with Fe3+ ion (orange) is coordinated with key amino acid residues, specifically HIS42 and ARG38, which are 

the distal residues essential in H2O2 activation. (c) The catalytic mechanism of HRP involves the heme group 

with ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) as a reducing substrate. Figure modified 

from (Veitch, 2004). 

The catalytic cycle of these enzymes follows two one-electron redox reactions (Figure 3c) (Veitch, 

2004). First, the heme protein of the enzyme reacts with H2O2, which is reduced to water, while 

the enzyme itself is oxidized to compound I [Fe(IV)=O Por.+]. Compound I then proceeds through 

a one-electron reduction to form compound II [Fe(IV)-OH Por], while oxidizing a substrate, such 

as 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). In the final step, compound II 

completes another one-electron reduction, returning to its resting state [Fe(III) Por], 
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simultaneously oxidizing another substrate. The distal histidine and arginine residues near the 

heme group play essential roles in facilitating H2O2 activation, leading to the formation and 

stabilization of compounds I and II (Figure 3b) (Ozaki et al., 2001).  

LiP is effective at oxidizing high redox potential non-phenolic aromatic compounds, while MnP 

requires Mn2+ ions to oxidize phenolic substrates. VP, which combines catalytic features of both 

LiP and MnP, can act on a broader range of substrates, including phenolic and non-phenolic 

compounds (Falade et al., 2017; Morales et al., 2012). Given that lignin is the primary substrate 

for these enzymes, their substrate binding pockets are large and broad, enabling them to 

accommodate bulky molecules (Mester et al., 2001). Plant peroxidases, including HRP, are mainly 

involved in removing H2O2 from chloroplasts and cytosol and in oxidizing toxic compounds 

(Pandey et al., 2017). Typical substrates for HRP are small phenolic and aromatic compounds, and 

its substrate-binding pocket is relatively compact, making it well-suited for smaller molecules 

(Henriksen et al., 1998; Navapour et al., 2014). 

 

1.5.2 Multicopper oxidases (MCOs), including laccases 

MCOs are a diverse group of enzymes that catalyze the oxidation of various substrates, including 

phenolic compounds, amines, and aromatic molecules. They achieve this by utilizing copper ions 

to facilitate the reduction of molecular oxygen to water (Reiss et al., 2013). These enzymes are 

found across a broad range of organisms, including fungi, bacteria, plants, and animals, and they 

play vital roles in processes such as lignin degradation, metal homeostasis, bioremediation, and 

defense mechanisms. Examples of MCOs include laccases (EC 1.10.3.2), ascorbate oxidases (EC 

1.10.3.3), ceruloplasmin (EC 1.16.3.1), and laccase-like MCOs, such as cuprous oxidase (EC 

1.16.3.4), including CueO from E. coli, which functions in copper homeostasis (Sakurai & 

Kataoka, 2007).  

To perform catalytic function, MCOs depend on copper ions distributed across two active sites: at 

least one type I (T1) copper and one type II (T2) copper, along with two type III (T3) copper ions. 

The T1 copper site, located in the mononuclear copper center (MNC), is where substrate oxidation 

occurs. The T2/T3 copper center, known as the trinuclear copper center (TNC), is responsible for 

dioxygen reduction (Mot & Silaghi-Dumitrescu, 2012). These copper ions are generally 

coordinated by histidine residues; in the case of the T1 site, cysteine is also involved in bridging 
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the copper ions. According to structure predictions, cupredoxin-like domains are arranged in three 

different ways: two-domain (2dMCO), three-domain (3dMCO), and six-domain (6dMCO) 

structures (Figure 4) (Komori & Higuchi, 2010).  

 

Figure 4. Structures of multicopper oxidases (MCOs). Structures of 2dMCO, 3dMCO, and 6dMCO. 2dMCO 

has two domains arranged in a trimeric structure, while 3dMCO and 6dMCO form single-chain proteins. Type I 

copper ion (T1) is depicted as a single blue circle and is located within one domain. Type II and type III copper 

ions (T2/3) are grouped together at the interface between two domains. 3D crystal structure of SLAC (small 

laccase; PDB: 3CG8; (Skálová et al., 2009)), CotA (4Q89; (Liu et al., 2016)), and ceruloplasmin (5N0K; 

(Samygina et al., 2017)) illustrate the MCO architecture, each representing distinct structural classes. The copper 

ions are depicted in blue, highlighting their positions within the active sites of the multi-copper domains. Figure 

modified from (Komori & Higuchi, 2015). 

The most common and extensively studied form, 3dMCOs—such as bacterial laccase CotA from 

Bacillus subtilis and fungal laccase TvL from Trametes versicolor—feature three domains, with 

the MNC located in one domain and the TNC at the interface between two domains (Piontek et 

al., 2002). 2dMCOs are often found in small laccases (SLAC) or laccase-like enzymes from certain 

Streptomyces species. These typically form homo-trimers arranged in a hexagonal configuration, 

with each monomer containing two domains: the MNC in one domain and the TNC at the interface 

between the two domains (Komori et al., 2009). 6dMCOs, such as ceruloplasmin, contain multiple 
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MNC domains, with the TNC located at the interfaces between domains (Harris, 2019). Unlike 

3dMCOs, which primarily facilitate single-site oxygen reduction and substrate oxidation, 6dMCOs 

can support multiple substrate oxidation events and may enable cooperative or sequential electron 

transfer processes. 

 

Figure 5. Catalytic mechanism of MCOs. (a) The catalytic mechanism of MCOs involves two copper active 

sites: mononuclear center (MNC) and trinuclear center (TNC). The enzyme catalyzes the oxidation of substrates 

(S), coupled with four-electron (e-) reduction of O2 to H2O. (b) The O2 reduction mechanism at the TNC site. 

Figure modified from (Komori & Higuchi, 2015). 

A crucial step in the MCO redox cycle involves the four-electron reduction of O2 (Komori & 

Higuchi, 2015) (Figure 5a). The enzyme first oxidizes a substrate, transferring an electron to T1 
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copper site. This process repeats four times per O2, providing the four electrons for complete 

oxygen reduction. The T1 copper subsequently transfers these electrons to the TNC. The reduced 

TNC enables stable binding of O2, forming a di-copper peroxide intermediate (Intermediate I) after 

a two-electron reduction (Figure 5b). Another two-electron reduction leads to Intermediate II, with 

the T2 copper assisting in O–O bond cleavage. Finally, O2 is fully reduced to two water molecules 

through four sequential electrons, occurring in two two-electron steps. 

Enzymes involved in the partial oxidation of PE have been reported to be laccases (Buchholz et 

al., 2022). They have potential for oxidizing high redox potential substrates, such as synthetic dyes, 

lignin, and environmental pollutants, as they have evolved naturally and can be further engineered 

to extend their oxidative activity through the laccase-mediator system (LMS), which uses 

mediators as electron shuttles to enhance oxidation (Jin et al., 2016; Könst et al., 2013). Although 

bacterial laccases typically have lower redox potentials than fungal ones, they can benefit from the 

LMS, which enables them to effectively target high redox potential substrates despite their inherent 

limitations (Loi et al., 2021). Mediators are oxidized by an enzyme into stable radicals, which then 

diffuse and oxidize target substrates while being regenerated. This mechanism allows laccases to 

indirectly oxidize larger substrates outside their active site (Obleser et al., 2022). Mediators are 

classified into three groups based on their action mechanism. Class I (electron transfer, ET) 

mediators are oxidized by laccase into stable radicals or cations that directly oxidize substrates, 

e.g., ABTS, guaiacol. Class II (hydrogen atom transfer, HAT) mediators are oxidized to radicals 

that abstract hydrogen atoms from substrates, e.g., 1-hydroxybenzotriazole (HBT) (Barreca et al., 

2004). Class III (ionic or covalent mechanism, IC) mediators form reactive intermediates that 

undergo chemical reactions such as nucleophilic attack or covalent bonding, e.g., (2,2,6,6-

tetramethylpiperidin-1-yl)oxidanyl (TEMPO) (Bailey et al., 2007). Mediators are also classified 

by structure (aromatic amines, phenolics, nitroxyl radicals), origin (synthetic or natural mediators), 

and redox potential (Christopher et al., 2014; Fang et al., 2020).  
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1.6     Aim of the study 

As there is a lack of bio-based solutions for recycling eCFRPs, this work aimed to develop an 

enzymatic treatment to break down this recalcitrant polymer, with an additional chemical step 

incorporated to enhance and accelerate the overall process (Figure 6). The primary goal was to 

recover carbon fibers while obtaining defined products from epoxy decomposition to facilitate 

downstream processing. To achieve this, potential bacterial laccases derived from the beetle 

metagenome were biochemically characterized, and their activities were screened against three 

epoxy model substrates containing tertiary amine motifs, representing the repeating units of 

RTM6, an amine-cured epoxy commonly used in aerospace applications. HRP was also employed 

as a model heme peroxidase for comparison with laccases, due to its commercial availability and 

well-characterized structure. Another part of this work was to assess alternative mild pre-

treatments to replace the harsh standard methods typically involving sulfuric acid and H2O2, and 

to determine whether these alternatives can retrieve clean carbon fibers. Ultimately, the 

combination of pre-treatment with enzymes was assessed to determine if it enhances the enzyme's 

ability to decompose epoxy more effectively. 

 

 

Figure 6. The development of a chemo-enzymatic oxidative treatment method for eCFRPs is a goal of this 

study. Promising candidates for pre-treatment and enzymes were initially screened using eCFRPs and epoxy 

model substrates. The most effective pre-treatment was able to recover clean carbon fibers for potential reuse. 

RTM6 epoxy resin, commonly used in aircraft applications, was tested in the chemo-enzymatic oxidation 

process. The epoxy extract and residual powder from the pre-treatment were then treated with the selected 

enzyme, which can further oxidize and modify the defined low-molecular-weight epoxies. 
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2 MATERIALS AND METHODS 

 

 

2.1 Bacterial stains, constructs, and cultivation conditions 

 

2.1.1 Bacterial strains, vectors, and constructs 

The E. coli strains were selected to clone and express genes coding for multi-copper oxidases 

(MCOs) or laccases (Table 2). The vector pET21a(+) was employed, featuring a T7 promoter for 

the expression of laccase-associated genes, an ampicillin resistance gene to ensure selection 

pressure, and a His-6 tag that facilitates purification through Ni-NTA affinity chromatography 

(Table 3). The constructs used were obtained from the culture collection at the Department of 

Microbiology and Biotechnology at the University of Hamburg, Hamburg, Germany (Table 4). 

The laccase genes were extracted and sequenced from metagenomic data from the bark beetle Ips 

typographus, with gene IDs: ips2204 (Ga0063521_10002204), ips14138 

(Ga0063521_100014138), and ips24328 (Ga0063521_100024328), which are stored in the 

Integrated Microbial Genomes (IMG) database (Markowitz et al., 2012). For further details, see 

the dissertation by Schorn (2020). In this work, these laccases were renamed from Ips2204, 

Ips14138, and Ips24328, to ItL-01, ItL-02, and ItL-03, respectively. 

 

Table 2. Base strains used in this study. 

Strain Genotype Reference 

E. coli DH5⍺ 

Cloning and subcloning strain:  

F - Φ80 lac ZΔM15 Δ ( lac ZYA- arg F) U169 rec A1 end A1 

hsd R17 (r k - , m k + ) pho A sup E44 thi -1 gyr A96 rel A1 λ - 

Invitrogen, 

Germany 

E. coli BL21(DE3) 

Transformation and expression strain: 

fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS 

λ DE3 = λ sBamHIo ∆EcoRI-B int::(lacI::PlacUV5::T7 gene1) 

i21 ∆nin5 

NEB, Germany 

E. coli T7 Shuffle 

Expression strain for protein purification: 

fhuA2 lacZ::T7 gene1 [lon] ompT ahpC gal λatt::pNEB3-r1-

cDsbC (SpecR, lacIq) ΔtrxB sulA11 R(mcr-73::miniTn10--TetS)2 

[dcm] R(zgb-210::Tn10 --TetS) endA1 Δgor ∆(mcrC-

mrr)114::IS10 

NEB, Germany 
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Table 3. Vector used in this study. 

Vector Properties Reference/Source 

pET21a(+) 

Expression vector:  

lacI, AmpR, T7-lacpromoter, C-terminal His6-tag coding 

sequence 

Novagen/Merck, 

Germany 

 

Table 4. Constructs used in this study. 

 

2.1.2 Cultivation of E. coli strains  

Unless otherwise indicated, E. coli stains were cultured in lysogeny broth (LB) medium (Bertani, 

1951) (Table 5) supplemented with a final concentration of 100 μg/mL ampicillin (Carl Roth, 

Germany) and were incubated at 37 °C overnight. For the preparation of LB agar plates, 15 g of 

agar was added to 1 L of LB broth before autoclaving. 

 

Table 5. LB broth 

Components Quantity 

Yeast extract 5 g/L 

Tryptone 10 g/L 

NaCl 10 g/L 

(agar 15 g/L) 

 

Glycerol stocks for long-term storage of cultures were prepared by mixing 1 mL of the overnight 

inoculum with 500 µL of 86% glycerol. The bacterial stocks were stored at -70 ºC. 

 

 

 

Strain Construct Characteristics Source 

 

E. coli BL21 (DE3) 

 

pET22b-SDM::ips2204::StrepII 

 

StrepII-tag containing MCO 

 

AG Streit 

  pET22b::ips14138::StrepII StrepII-tag containing MCO AG Streit 

  pET22b-SDM::ips24328::StrepII StrepII-tag containing MCO AG Streit 

  pET21a::ItL-01 His-6-tag containing MCO This work 

  pET21a::ItL-02 His-6-tag containing MCO This work 

  pET21a::ItL-03 His-6-tag containing MCO This work 

E. coli T7 SHuffle pET22b::cueo::StrepII StrepII-tag containing MCO AG Streit 
 

pET21a::CueO His-6-tag containing MCO This work 
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2.2 DNA techniques 

 

2.2.1 Restriction enzyme cloning 

The nucleotide sequences of the laccases were synthesized following codon usage optimization 

for E. coli (MWG Eurofins, Germany) and was subsequently inserted into pET22b(+) expression 

vectors containing a StrepII-tag for purification (Schorn, 2020). While this tag allows for 

purification via fast protein liquid chromatography (FPLC) with very high purity, the procedure is 

time-consuming and relatively costly. Therefore, the laccases were cloned to remove the StrepII-

tag and instead incorporate a His-tag, enabling quicker and more cost-effective purification.  

 

Table 6. Primers used in this study. 

Primer Sequence (5' → 3') 
Length 

[bp] 

GC 

content 

[%] 

Source 

 

T7_prom 

 

TAATACGACTCACTATAGGG 

 

20 

 

40 

 

Eurofins, 

Germany 

T7_term CTAGTTATTGCTCAGCGGT 19 47 Eurofins, 

Germany 

pET_for ATATAGGCGCCAGCAACC 18 56 Eurofins, 

Germany 

MCO_HindIII_rev CGTCAGAAGCTTGCTCCATGCAGAGAGCTC 30 57 This work 

 

  

Table 7. Master mix composition for PCR. 

Component 50 μL Reaction 

 

Phusion DNA Polymerase  0.5 μL  

5X Phusion HF Buffer  10 μL  

10 mM dNTPs  1 μL  

Forward Primer (pET_for)  2.5 μL  

Reverse primer (MCO_HindIII_rev)  2.5 μL  

Template DNA  1 ng  

Nuclease-free water  to 50 μL  
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Table 8. Cloning procedure. 

Step Volume Temp. Time 

  

PCR   Initial denaturation   98 ℃ 30 sec   

    
Denaturation   98 ℃ 10 sec 

 

  
 

    Annealing   60 ℃ 30 sec           

    Elongation   72 ℃ 30 sec   

    Final elongation   72 ℃ 5 min   

PCR cleanup   

Restriction Digestion DNA                            0.5 μg 37 ℃ 60 min   

    10X rCutSmart buffer                            2.5 μL       

    XbaI                                    1 μL       

    HindIII-HF          1 μL       

  Nuclease-free water to 25 μL    

    Heat inactivation   80 ℃ 20 min   

Vector DNA 

Dephosphorylation    
Digested vector mix         25 μL 37 ℃ 20 min 

  

    FastAP buffer                           3.6 μL       

    FastAP                                   3 μL       

    Heat inactivation   65 ℃ 15 min   

Ligation   Insert         3 μL 16 ℃ overnight   

    Dephosphorylated vector   1 μL   
  

    T4 DNA ligase buffer 2 μL      
  

  T4 DNA ligase  1 μL    

  10 mM ATP 1 μL    

  Nuclease-free water to 20 μL    

    Heat inactivation  80 ℃  10 min   

Transformation   Ligation mix                            5 μL on ice 30 min 

    Heat shock   42 ℃ 1.5 min 

        on ice 5 min 

    LB medium 400 μL 37 ℃  60 min 

 

32 cycles 
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The primers used in this study are listed in Table 6. The PCR reactions were prepared according 

to the reaction setup detailed in Table 7, and the cloning procedure is outlined in Table 8. After 

PCR amplification, the PCR products or inserts were purified using a PCR clean-up kit (Macherey 

Nagel, Germany). Both the inserts and the pET21a(+) vectors were digested with XbaI and 

HindIII-HF to generate compatible ends for ligation. Prior to ligation, the vector DNA was 

dephosphorylated and subsequently ligated with the inserts to form circular DNA constructs. The 

plasmids were then transformed into E. coli DH5α.  

 

Table 9. Master mix composition for colony PCR. 

Component 25 μL Reaction 

 

DCS Taq DNA polymerase  0.25 μL  

10X Buffer B  2.5 μL  

10 mM dNTPs  0.5 μL  

Forward Primer (T7_prom)  1 μL  

Reverse primer (T7_term)  1 μL  

Template DNA  variable  

Nuclease-free water  to 25 μL  

 

Table 10. Colony PCR program. 

Step Volume Temp. Time 

  

PCR   Initial denaturation   95 ℃ 10 min   

    
Denaturation   95 ℃ 30 sec 

 

  
 

    Annealing   49 ℃ 45 sec           

    Elongation   68 ℃ 2 min   

    Final elongation   68 ℃ 5 min   

 

The constructs were verified through colony PCR screening (Tables 9, 10) and sequenced at 

Microsynth Seqlab, Germany. The newly constructed plasmids were transformed into E. coli 

BL21(DE3) for ItL-01-03 and into E. coli T7 SHuffle for CueO to facilitate further expression and 

enzymatic activity analysis. 

 

32 cycles 
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2.2.2 Agarose gel electrophoresis 

The sizes of the DNA fragments were assessed using 0.8% agarose gel electrophoresis, which was 

prepared in 1X TAE buffer (Table 11). A DNA ladder (GeneRuler™ 1 kb, Thermo Fisher 

Scientific, Germany) along with DNA loading dye (0.25% bromophenol blue, 0.48% SDS, 0.03% 

xylene cyanole, 0.12% orange G, 60% glycerol, 60 mM EDTA, 20 mM Tris-HCl pH 8.0) were 

used. The electrophoresis was performed with a power supply (EPS 301, Cytiva, UK) at a voltage 

of 100 V for a duration of about 40 minutes. Following this, the gels were stained in an ethidium 

bromide solution (~10 μg/mL) for 15 minutes and then de-stained in water to eliminate any excess 

stain. For visualization, the ChemiDoc™ MP imaging system (Bio-Rad Laboratories, Germany), 

was employed.  

 

Table 11. 50X TAE Buffer                                                              

Components Quantity 

Tris 2 M 

EDTA (pH 8.0) 100 mM 

H2Obidest  ad 1 L 

Acetic acid to pH 8.1 

 

 

2.3 Protein production techniques 

 

2.3.1 Protein expression  

1% of the overnight inoculum was cultivated aerobically in autoinduction medium (ZYM-5052; 

(Studier, 2005) with a modification that excluded the addition of 200 μL of the 1000X trace 

elements (Table 12). The culture was supplemented with 100 μg/mL ampicillin and incubated at 

37 °C until an OD600 of 0.6 was reached. Then, 250 µM of CuSO4 was added to the culture to 

ensure proper protein folding during the expression process. The copper concentration utilized 

during expression was limited to the low amount reported (Y. Zhang et al., 2023). This is crucial, 

as copper can bind to the His-tag and potentially interfere with protein purification using nickel 

(Ni) chromatography (2.3.2). Additionally, copper supplementation during the enzyme assay was 

subsequently implemented, as it has been shown to enhance enzyme activity (Zampolli et al., 

2023).  Afterward, the culture was shifted to 28 °C for expression for 16 to 20 hours. Upon reaching 
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optimal protein production, the cells were collected by centrifugation at 10,000 rpm for 15 minutes 

at 4 °C, and the resulting pellets were stored either at -20 °C for short-term preservation or at              

-70 °C for long-term storage. 

 

Table 12. Autoinduction media 

Media Components Quantity 

Autoinduction medium Tryptone-yeast extract 958 mL 

 
50X Saline solution 20 mL 

 
50X Sugar solution 20 mL 

  500X MgSO4 2 mL 

Tryptone-yeast extract Tryptone/Peptone 10 g 

 
Yeast extract 5 g 

  H2Obidest  ad 1 L 

50X Saline solution Na2HPO4·2H2O 222.48 g 

 
KH2PO4 170.10 g 

 
NH4Cl 133.72 g 

 Na2SO4 35.52 g 

  H2Obidest  ad 1 L 

50X Sugar solution Glycerol 250 mL 

 
D-Glucose 25 g 

 
α-Lactose 100 g 

  H2Obidest  ad 1 L 

500X MgSO4 solution MgSO4·7H2O 24.65 g 

  H2Obidest  ad 100 mL 

 

2.3.2 Protein purification  

The pellet was resuspended in a lysis buffer containing 10 mM imidazole at a ratio of 1:4 g/mL 

(Table 13). The suspension was treated with 1 mM phenylmethylsulfonyl fluoride (PMSF) to 

inhibit the activity of any pre-existing proteases and was subsequently lysed three times using a 

French Press at 1,250 psi (American Instrument, USA). After lysis, the supernatant was collected 

following centrifugation at 15,000 rpm for 20 minutes at 4 °C to eliminate cellular debris. The 

target proteins were then purified using Ni-NTA agarose (Qiagen, Germany) according to the 

manufacturer's instructions (for buffer preparations, refer to Table 13). Following purification, the 

proteins were subjected to dialysis in a 50 mM Tris-HCl buffer, pH 7, using a 30 kDa Amicon tube 

(GE Health Care, Germany). Protein concentration was determined using a NanoPhotometer® 

(Implen, Germany), employing the following extinction coefficients: CueO, ε = 56,045 M-1cm-1; 
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ItL-01, ε = 78,045 M-1cm-1; ItL-02, ε = 67,170 M-1cm-1; and ItL-03, ε = 74,160 M-1cm-1. The 

purified laccases were stored at 4 °C. 

 

Table 13. Buffers used for purification. 

Media Components Quantity 

Lysis buffer 50 mM NaH2PO4·2H2O 7.8 g 

 
300 mM NaCl 17.54 g 

 
10 mM Imidazole  0.68 g 

 H2Obidest  ad 1 L 

  Adjust to pH 8   

Wash buffer 50 mM NaH2PO4·2H2O 7.8 g 

 
300 mM NaCl 17.54 g 

 
20 mM Imidazole  1.36 g 

 H2Obidest  ad 1 L 

  Adjust to pH 8   

Elution buffer 50 mM NaH2PO4·2H2O 7.8 g 

 
300 mM NaCl 17.54 g 

 
250 mM Imidazole  17 g 

 H2Obidest  ad 1 L 

  Adjust to pH 8   

Dialysis buffer 50 mM Tris 6.06 g 

 H2Obidest  ad 1 L 

  Adjust to pH 7 with HCl   

 

2.3.3 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)  

To confirm successful protein expression based on their expected sizes, purified samples were 

mixed with a 5X loading dye in a 4:1 ratio and heated at 95 °C for 5 minutes. Acrylamide gels of 

12% and 7% were prepared and placed in an electrophoresis chamber (Bio-Rad Laboratories, 

Germany), which was then filled with 1X running buffer. A protein marker (PageRuler™ 

Unstained Protein Ladder, Thermo Fisher Scientific, Germany) was included for size comparison.  
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Table 14. Solutions and buffers used for SDS-PAGE. 

 

 

Media Components Quantity 

5X Loading dye 50% Glycerol  

 
100 mM Dithiothreitol (DTT)  

 
0.4% SDS  

 0.02% Bromophenol blue   

 150 mM Tris-HCl (pH 6.8)  

 1 mM EDTA  

 30 mM NaCl  

  H2Obidest  ad 10 mL 

10X Running buffer 250 mM Tris  
 1.92 M Glycine  
 1% SDS  

  H2Obidest  ad 10 mL 

Ammonium persulfate 10% in H2Obidest   

Separating gel solution 1.5 M Tris  

 0.4% SDS  

 H2Obidest  ad 250 mL 

  Adjust pH to 8.8    

Stacking gel solution 0.5 M Tris  
 0.4% SDS  
 H2Obidest  ad 100 mL 

  Adjust pH to 6.8    

12% Separating gel Acrylamide (37.5:1) 3 mL 

 Separating gel solution 2.5 mL 

 TEMED  9 μL   

 10% APS 45 μL  

  H2Obidest  4.5 mL 

7% Stacking gel Acrylamide (37.5:1) 0.7 mL 

 Stacking gel solution 0.96 mL 

 TEMED  4 μL   

 10% APS 20 μL  

  H2Obidest  2.34 mL 

Staining solution Brilliant blue R 250 1 g 

 Ethanol  400 mL 

 Acetic acid 100 mL 

  H2Obidest  ad 500 mL 

Destaining solution Ethanol  400 mL 

 Acetic acid 100 mL 

  H2Obidest  ad 500 mL 
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Electrophoresis was performed at 80 V for 20 minutes, or until the dye front reached the stacking 

gel, after which the voltage was increased to 120 V. Once the protein reached the desired position, 

the SDS gel was stained for one hour or overnight and then de-stained for three hours or until the 

bands were clearly visible. The solutions and buffers for SDS-PAGE are listed in Table 14. The 

expected sizes of purified proteins are presented in Table 15. 

 

Table 15. Size of purified protein (kDa) containing His-tag. 

Enzyme Protein (kDa) Characteristics 

 

ItL-01 

 

59.2 

 

His-6-tag containing laccase 

ItL-02 57.3 His-6-tag containing laccase 

ItL-03 58.8 His-6-tag containing laccase 

CueO 53.8 His-6-tag containing laccase 

 

 

2.4 Characterization of oxidoreductases 

 

2.4.1 ABTS assay  

Recombinant laccases were produced in-house as previously described (2.3), while horseradish 

peroxidase (HRP) was purchased from Sigma Aldrich, Germany (Type VI; product-no.: P8375). 

To determine the activity of the oxidoreductases and to characterize them, a series of 

spectrophotometric assays were conducted using 2,2′-azino-di-(3-ethylbenzthiazoline sulfonic 

acid) (ABTS; Merck, Germany). The enzymatic transformation of ABTS into its radical form 

yields a measurable color change, with an absorption maximum observed at 420 nm (ε = 36,000 

M-1 cm-1), which was monitored using a Synergy HT microplate reader from BioTek, Germany. 

Initially, these enzymes were tested to confirm their successful expression and functionality. In 

each assay, 10 μL or an appropriate dilution of purified enzymes was mixed with 1 mM ABTS in 

a total volume of 200 µL within a 96-well plate, along with the addition of 1 mM CuSO4 for 

laccases or 1 mM hydrogen peroxide (H2O2) for HRP. For characterization, approximately 2 µM 

laccase or 2 nM HRP was used under the same experimental conditions. The optimal pH was 

determined using 0.1 M citrate-phosphate buffers covering a range from pH 3 to 7 (refer to 

Table 16 for buffer preparation). This was followed by temperature optimization within a range of 
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20 to 80 °C. Additionally, the effect of buffer preference was examined using citrate-phosphate 

and acetate buffers, each tested at their respective optimal pH values. 

 

Table 16. Preparation of 0.1 M citrate-phosphate buffers at the specified pH values. 

Desired pH 0.1 M Citric acid [mL] 0.2 M Na2HPO4 [mL] H2O [mL] 

3.0 39.8 10.2 50 

3.4 35.9 14.1 50 

3.8 32.3 17.7 50 

4.2 29.4 20.6 50 

4.6 26.7 23.3 50 

5.0 24.3 25.7 50 

5.4 22.2 27.8 50 

5.8 19.7 30.3 50 

6.2 16.9 33.1 50 

6.6 13.6 36.4 50 

7.0 6.5 43.6 50 

 

Thermostability assays were conducted at 30 °C, 40 °C, 50 °C, and 60 °C, measuring enzyme 

activity at various intervals over seven days. Furthermore, the effect of Cu2+ and H2O2 on the 

activity of laccases and HRP was investigated across a concentration range from 0 µM to 1 mM, 

using 0.1 M acetate buffer at pH 4 and at their respective optimal temperatures (Topt). Laccase   

ItL-03 was further evaluated to determine the optimal concentration of copper ions that would 

enhance its activity, using a range of 0 to 100 mM CuSO4. 

 

2.4.2 Enzyme kinetics using ABTS as substrate 

Kinetic constants for the enzymes were evaluated by using ABTS in a total volume of 200 µL, 

with 0.1 M acetate buffer at pH 4 and a temperature of 25 °C for a duration of 30 minutes. Initial 

reaction rates were recorded within the linear range by monitoring substrate conversion over time 

at various concentrations of ABTS (ranging from 0 to 20 mM for laccases and 0 to 4 mM for HRP), 

with absorbance measured at 420 nm. The Michaelis-Menten constant (Km) and maximum reaction 

rate (Vmax) were determined by fitting the initial rates to the Michaelis-Menten equation using 

Solver (Microsoft Excel add-in, Frontline Systems, Inc., USA) (Chris & Nithesh Chandrasekharan, 

2020; Kemmer & Keller, 2010) as outlined in equation (1):  
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𝑉 =  
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚 +  [𝑆]
 

            (1) 

where V is the theoretical rate, and [S] is the substrate concentration (mM). The sum of squared 

residuals (SSR) was calculated to refine the estimates of Vmax (µM/min) and Km (mM) and to assess 

the model fit. From these measurements, the turnover number (Kcat, min-1) was calculated using 

the equation (2): 

 

𝐾𝑐𝑎𝑡 =  
𝑉𝑚𝑎𝑥

[𝐸]
 

              (2) 

where [E] represents the enzyme concentration (µM). Additionally, catalytic efficiency (Kcat/Km, 

mM-1 min-1) was subsequently determined. 

 

2.4.3 Enzymatic activity on epoxy surrogates  

The oxidative activities of laccases and HRP were evaluated with bis(4-dimethylamino-

cyclohexyl) methane (BBCM), provided by the Institute of Technical Biocatalysis at Hamburg 

University of Technology, Germany; 1,3-bis(methyl(phenyl)amino) propan-2-ol (BMAP), 

contributed by the Manchester Institute of Biotechnology, University of Manchester, UK; and 

N,N-bis(2-hydroxypropyl)-p-toluidine (NNBT), purchased from Toronto Research Chemicals, 

Canada. A stock solution of 100 mM was prepared by dissolving these substrates in dimethyl 

sulfoxide (DMSO). 

Each reaction involved the incubation of 0.02 U/mg of purified enzyme with 3 mM of the substrate. 

Supplementation with 1 mM CuSO4 was performed for laccases, while 1 mM H2O2 was added for 

HRP, alongside either 1 mM ABTS or without it, all conducted in 0.1 M acetate buffer at pH 4 

and at Topt. Controls without enzyme were included to assess the effect of temperature on the 

substrates. The mixtures were continuously shaken at 450 rpm for a duration of 2 hours. For the 

endpoint analysis, samples were diluted at a ratio of 1:3 with buffer, subjected to centrifugation at 

13,000 rpm for 6 minutes, and the supernatant was extracted using dichloromethane (DCM) in a 

1:1 ratio. A second centrifugation at the same speed for another 6 minutes was conducted, after 

which the DCM layer was diluted 100-fold in LC-MS-grade water for LC-MS analysis (2.4.4). 
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The activity of laccase ItL-03 was further evaluated against BBCM, BMAP, and NNBT at time 

points of 0, 30, 60, and 120 minutes, conducted without the addition of a mediator under identical 

experimental conditions. Additionally, the activity of ItL-03 on NNBT was examined in the 

presence and absence of various mediators such as, ABTS, syringol (Merck, Germany), and 

guaiacol (Merck, Germany), at their optimal pH values, measured at 0, 30, and 120 minutes. The 

experimental conditions remained consistent, except for the inclusion of 1 mM mediators in the 

reactions. Samples were prepared for LC-MS analysis (2.4.4) as previously described. 

 

2.4.4 Liquid chromatography-mass spectrometry (LC-MS) 

LC analysis was conducted using a Dionex Ultimate 3000 UHPLC system equipped with an 

Agilent Zorbax Extend-C18 Rapid Resolution HT column (2.1 × 50 mm, 1.8 µm). The mobile 

phase comprised acetonitrile and water with 0.1% (v/v) formic acid, employing a gradient elution 

that transitioned from 5% to 95% acetonitrile over a 28-minute period at a flow rate of 0.3 mL/min. 

Elution was monitored at an absorbance of 254 nm. Mass detection was performed using a Bruker 

maXis ESI-QTOF mass spectrometer featuring an electrospray ionization (ESI) source in positive 

mode. The capillary voltage was set to 4 kV, and the mass range was calibrated from m/z 50 to 

2,300. Data analysis was carried out using MestReNova x64 software (Mestrelab Research S.L.U, 

Spain). For assessing the activity of ItL-03 on NNBT in the presence and absence of mediators 

(ABTS, syringol, and guaiacol), the LC system was replaced with an Agilent 1260 HPLC, and the 

runtime was increased to 30 minutes, while all other parameters remained unchanged. The 

concentrations of the analytes were determined based on calibration curves obtained under 

identical conditions. The initial observation (t0) defined the starting concentration of the epoxy 

(µM), set to 100%, and the conversion was calculated by subtracting the percentage of remaining 

epoxy from 100%. 

 

2.4.5 Mediator-specific enzyme activity 

For further characterization of laccase ItL-03, substrates such as ABTS, syringol, and guaiacol 

were utilized. The optimal pH of the enzyme towards these substrates was evaluated using various 

0.1 M buffers: citrate-phosphate buffer (pH 3-6), phosphate buffer (pH 6-8), Tris buffer (pH 8-9), 

and carbonate-bicarbonate buffer (pH 9-10) (see Table 17 for buffer preparation).  
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Table 17. Preparation of 0.1 M buffers at the specified pH values. 

0.1 M Citrate-phosphate buffer 

Desired pH 0.1 M Citric acid [mL] 0.2 M Na2HPO4 [mL] H2O [mL] 

3 39.8 10.2 50 

4 30.7 19.3 50 

5 24.3 25.7 50 

6 17.9 32.1 50 

8 1.4 48.6 50 

0.1 M Citrate buffer 

Desired pH Citric acid [g] Sodium citrate dihydrate [mg] H2O [mL] 

4 1.3 992.9 ad 100 

0.1 M Acetate buffer 

Desired pH Sodium acetate [mg] Acetic acid [μL] H2O [mL] 

4 186.1 446.4 ad 100 

0.1 M Potassium-phosphate buffer 

Desired pH 0.2 M KH2PO4 [mL] 0.2 M K2HPO4 [mL] H2O [mL] 

6 86.8 13.2 - 

7 39.0 61.0 - 

8 5.3 94.7 - 

0.1 M Tris buffer 

Desired pH 0.1 M Tris [g] Concentrated HCl H2O [mL] 

8 1.21  adjust to desired pH ad 100 

9 1.21  adjust to desired pH ad 100 

0.1 M Carbonate-bicarbonate buffer 

Desired pH NaHCO3 [mg] Na2CO3 [mg] H2O [mL] 

9 764.5 95.4 ad 100 

10 387.6 570.9 ad 100 

 

The substrate concentration was set at 3 mM and was supplemented with 5 mM CuSO4. Following 

this, the impact of buffer preference at their respective optimal pH values was examined. The 

activity of laccase ItL-03 with different substrates (or mediators) was evaluated using a substrate 

concentration of 1 mM, supplemented with 1 mM CuSO4 at their optimal pH, in a total volume of 

200 µL in a 96-well plate. Absorbance changes were monitored over a 3-minute period at ε420 = 

36,000 M-1 cm-1 for ABTS, ε468 = 14,800 M-1 cm-1 for syringol, and ε465 = 12,000 M-1 cm-1 for 

guaiacol. Specific activity is defined as the mol of substrate converted per milligram of enzyme 

per minute, expressed in U/mg under the assay conditions (Baltierra-Trejo et al., 2015). Enzyme 

activity (U/mL) was initially calculated using the following equation (3): 



MATERIALS AND METHODS 

34 

 

𝑈 𝑚𝐿 =  
∆𝐴

𝑡(𝜀)(𝑑)
⁄  

            (3) 

where ΔA is the difference between the final absorbance and the initial absorbance, t is the reaction 

time (min), ε is the molar extinction coefficient (M-1 cm-1), and d is the optical path length (0.56 cm 

in this case). Once the enzyme activity was determined, specific activity (U/mg) was calculated 

according to the following equation (4): 

 

𝑈 𝑚𝑔 =  
(𝑈/𝑚𝐿) 𝑉𝑡

[𝐸] 𝑉𝑠
⁄  

            (4) 

Where Vt is the total volume of the reaction (μL), Vs is the sample volume (μL), and [E] is the 

enzyme concentration (mg/mL). 

The unit of enzyme activity, assessed using ABTS, was expressed in U/mg for further evaluation 

of oxidative activity on epoxy substrates. 

 

 

2.5 Chemical pre-treatment 

 

2.5.1 Pre-treatment process: CFRPs  

Carbon fiber-epoxy resin composites (eCFRPs) were purchased from Goodfellow, Ltd., Germany 

(product no.: C-42-SH-000150). This material consists of Toray T300 carbon fiber (or an 

equivalent) combined with Elantas EC157 epoxy resin (or an equivalent), with a 50% volume 

fraction of fibers. The composite, based on diglycidyl ether of bisphenol A (DGEBA), had a 

thickness of 0.5 mm and dimensions of 150 × 150 mm, and was subsequently laser-cut into smaller 

pieces measuring 6 × 12 mm. The samples underwent incubation in various acidic solutions, each 

comprising 9 M acid and 9 M H2O2 mixed in a 95:5 ratio. The acids used included formic acid 

(FA), acetic acid (AA), propionic acid (PA), lactic acid (LA), malic acid (MA), tartaric acid (TA), 

citric acid (CA), nitric acid (NA), and sulfuric acid (SA). Additionally, they were treated with acid-

peroxide mixtures containing a reduced concentration of 5 M while maintaining the same ratio. A 

volume of 60 mL/g of acid solution was applied to each sample. This treatment lasted for periods 
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of 8, 24, and 48 hours at 65 °C, with continuous shaking at 200 rpm. For the control group, the 

composites were exposed solely to acid, H2O2, and water. After the treatment, the samples were 

thoroughly washed with warm water and then dried at 60 °C overnight. 

 

2.5.2 Weight loss  

The mass fraction of resin was assessed using a method involving sulfuric acid (SA) and H2O2, as 

outlined in DIN EN 2564:2018 (e.V., 2019), which also served as one of the control conditions. 

The process for recovering carbon fibers from the epoxy matrix was followed, allowing for the 

calculation of fiber content by mass (Wf) using the following equation (5):  

 

𝑊𝑓 =  
100 ×  𝑚2 

𝑚1
 

            (5) 

where m1 represents the initial mass of the composite and m2 denotes the residual mass of fiber 

after SA-H2O2 treatment. Subsequently, the resin content by mass (Wr) was calculated using 

equation (6): 

 

𝑊𝑟 =  100 −  𝑊𝑓  

            (6) 

To evaluate the efficiency of the acid solutions in dissolving the epoxy matrix, specifically the 

resin weight loss rate (Dr, %), the calculation followed the formula (Das et al., 2018) (7):  

 

𝐷𝑟 =  
𝑚1 − 𝑚2

𝑚1  ×  𝑊𝑟
 × 100 

            (7) 

where m1 is the mass of the untreated composite, and m2 is the mass of the treated sample after 

washing and drying. 

 

2.5.3 Fourier transform infrared (FTIR) spectroscopy  

FTIR spectra of the pre-treated CFRPs were acquired using a Vertex 70v spectrometer (Bruker, 

Germany) operating in attenuated total reflection (ATR) mode. The analysis was conducted over 
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a spectral range from 4,000 to 650 cm-1, maintaining a resolution of 2 cm-1. Each spectrum was 

composed of 50 scans to improve the signal-to-noise ratio, while the background signal was 

recorded at a channel temperature of 27 °C. The measurements of the RTM6 powder used in 

chemo-enzymatic treatment were conducted similarly, but over a range of 4,000 to 600 cm-1 with 

32 scans. Data processing on the obtained spectra was executed using OPUS software (Bruker, 

USA). The results were then visualized after normalization to a scale of [0, 1] and subjected to 

Savitzky-Golay smoothing over 20 points using OriginPro 2024 (OriginLab Inc., USA). 

 

2.5.4 Scanning electron microscopy (SEM) analysis  

The pre-treated composites from AA-H2O2, PA-H2O2, SA-H2O2, and the control samples were 

analyzed using SEM. Imaging was conducted using a LEO 1525 Field Emission Scanning Electron 

Microscope (LEO Electron Microscopy Inc., USA), set to operate at an electron high tension 

(EHT) ranging from 5 to 10 kV, with a working distance (WD) between 8.1 and 9.6 mm. The 

resulting data were processed utilizing SmartSEM V06.00 software (Carl Zeiss Microscopy 

GmbH, Germany). 

 

 

2.6 Chemical-enzymatic treatment 

 

2.6.1 Pre-treatment process: RTM6 

RTM6-based epoxy powder (particle size ~0.6 mm) was kindly provided by the Institute of 

Technical Biocatalysis at Hamburg University of Technology, Germany. This powder, synthesized 

from tetraglycidyl methylene dianiline (TGMDA) and two di-amine hardeners, namely 4,4′-

methylenebis(2,6-diethylaniline) (MDEA) and 4,4′-methylenebis(2-isopropyl-6-methylaniline) 

(M-MIPA), underwent immersion in a solution of propionic acid and H2O2, prepared at a 

concentration of 5 M in a 95:5 ratio, using a volume of 60 mL/g of powder. The mixture was 

incubated at 65 °C for 48 hours while continuously agitated at 230 rpm. After incubation, the 

mixture was neutralized with 5 M NaOH and subsequently extracted with DCM in a 1:1 ratio. 

Following the evaporation of the DCM phase, the remaining precipitate was resuspended in 

DMSO, resulting in a final DCM to DMSO ratio of 10:1 relative to the initial volume of DCM 

used. This mixture is referred to as the epoxy extract solution. The leftover powder that was not 



MATERIALS AND METHODS 

37 

 

decomposed during the treatment was filtered through Whatman grade 1 filter paper (Merck, 

Germany), thoroughly washed with water, and then dried overnight at a temperature of 60 °C. 

 

2.6.2 Enzymatic treatment on epoxy extract 

A volume of 10 µL of the epoxy extract was combined with 0.1 U/mg of ItL-03. The reactions 

were supplemented with 5 mM CuSO4, along with the addition of 5 mM ABTS, or were conducted 

without it, all in a 0.1 M acetate buffer adjusted to pH 4. The mixtures were shaken at a speed of 

900 rpm and maintained at 50 °C, and samples were taken after 2 and 24 hours. Bovine serum 

albumin (BSA) served as a control in these experiments. After the reactions, samples were 

extracted with DCM in a 1:1 ratio relative to the reaction solution, followed by centrifugation at 

13,000 rpm for 5 minutes. The organic phase was then collected for analysis via mass spectrometry 

(2.6.4, 2.6.5). 

 

2.6.3 Enzymatic treatment on remaining epoxy powder  

A total of 15 mg of both non-treated and pre-treated epoxy powder (2.6.1) was incubated with 

0.05 U/mg of ItL-03 under the previously described conditions (2.6.2), but for a duration of 5 days. 

Other mediators such as syringol and (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO; 

Thermo Fisher Scientific, Germany) were also employed, utilizing the appropriate 0.1 M buffer 

adjusted to the optimal pH for each mediator. Given that TEMPO is a non-chromogenic substance, 

assays were conducted at pH 4, in accordance with previously reported literatures (Azimi et al., 

2016; Wong et al., 2013). After the enzymatic treatment, the powder was thoroughly rinsed with 

water and dried overnight at 60 °C in preparation for analysis via FTIR (2.5.3). 

 

2.6.4 Direct electrospray ionization-mass spectrometry (ESI-MS) 

ESI-MS analysis was conducted through direct injection utilizing an Agilent 6224 ESI-TOF mass 

spectrometer, which was connected to an Agilent 1200 Series HPLC system. Ionization in positive 

mode was accomplished with a spray voltage set at 4 kV, covering a mass scan range from m/z 

110 to 3,200. The direct injection configuration facilitated a flow rate of 0.3 mL/min, while the 

autosampler was maintained at a temperature of 15 °C. The flow of the drying gas was adjusted to 

10 L/min, with a nebulizer pressure of 15 psi and a gas temperature kept constant at 325 °C. Data 

analysis was performed using MestReNova x64 software (Mestrelab Research S.L.U, Spain). The 
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relative abundance is presented as the mean ± standard deviation (n = 3). Significant differences 

were determined using one-way ANOVA followed by Tukey’s post-hoc test for multiple 

comparisons, with statistical significance defined as *p < 0.05. 

 

2.6.5 Gas chromatography-mass spectrometry (GC-MS) 

GC-MS analysis was carried out using an Agilent GC 7890A gas chromatograph connected to an 

Agilent 5975C VL-MSD mass spectrometer. The analysis employed a Thermo Fisher Scientific 

TG-5MS column (30 m × 0.25 mm, with a film thickness of 0.25 µm). Initially, the column 

temperature was set to 80 °C for 1 minute, followed by a temperature increase of 10 °C/min until 

reaching a final temperature of 300 °C, which was maintained for 10 minutes. The inlet 

temperature was held at 250 °C. Helium (5.0) served as the carrier gas, with a flow rate of 

1 mL/min and a split ratio of 1:10. Data acquisition was performed in full scan mode over a mass 

range of m/z 35 to 500, with the ion source temperature set to 230 °C. The mass spectra were 

analyzed using MestReNova x64 software (Mestrelab Research S.L.U, Spain). Data processing 

and statistical analysis were performed as described in 2.6.4. 

 

 

2.7 Bioinformatics 

 

2.7.1     Sequence alignment and phylogenetic analysis  

Local alignments were performed using non-redundant protein sequences from the NCBI database 

with BLASTp (Boratyn et al., 2012). Amino acid sequence alignments were performed using the 

t-coffee server (www.tcoffee.crg.cat) in structural alignment mode (Expresso), and methionine 

loop sequences in combine popular aligners mode (M-Coffee) (Armougom et al., 2006; Moretti et 

al., 2007). The phylogenetic tree was generated using MEGA11, employing the maximum-

likelihood approach with the JTT matrix-based model and 1,000 bootstrap replicates (Tamura et 

al., 2021).  

 

2.7.2     Protein structure analysis  

The presence of signal peptides was predicted using SignalP 6.0 

(https://services.healthtech.dtu.dk/services/SignalP-6.0/) (Nielsen et al., 2024) and subsequently 
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removed from the protein sequences of 19 laccases. The 3D structural models were predicted using 

AlphaFold 3 (Abramson et al., 2024).  The potential 3D structures of the enzymes, classified as 

two-domain (2dMCO), were predicted using the SWISS-MODEL workspace (Waterhouse et al., 

2018). The high-resolution crystal structure of the CueO from E. coli (PDB 4NER) served as a 

reference for identifying copper binding sites (CBSs) in the putative enzymes and the already-

characterized laccases (Komori et al., 2014). Evolutional conservation profiles of the proteins were 

analyzed using the Consuf server (https://consurf.tau.ac.il/consurf_index.php) with default settings 

(Yariv et al., 2023). The resulting models were visualized, aligned, and analyzed using UCFS 

Chimera v.1.16. (Huang et al., 2014).  

 

 

 

 

https://consurf.tau.ac.il/consurf_index.php
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3 RESULTS 

 

 

3.1 Novel bacterial laccases from bark beetle metagenomes  

European spruce bark beetles colonize and feed on the inner bark of trees, exhibiting xylophagous 

behavior associated with laccase-like activity in their digestive (Christiansen & Bakke, 1988; Geib 

et al., 2008). This suggests they are a promising source of enzymes with potential ligninolytic 

activity. A metagenomic dataset targeting potential multicopper oxidases (MCOs) or laccases was 

obtained from the gastrointestinal tracts of the bark beetles. From this dataset, six candidate MCOs 

were identified (Ips2204, Ips14138, Ips24328, Ips1282, Ips21622, Ips28714), of which three were 

successfully expressed and produced (Schorn, 2020). In this study, they were designated ItL-01 to 

ItL-06 respectively, with ItL-01, ItL-02, and ItL-03 being the successfully expressed variants. 

 

3.1.1     Phylogenetic comparative analysis 

A phylogenetic tree was constructed using the protein sequences of six newly identified laccases 

to analyze their evolutionary relationships in comparison with well-established CueO from E. coli 

(Blattner et al., 1997; Grass & Rensing, 2001), eight recognized laccases associated with lignin-

rich habitats or plant pathogenesis (Avison et al., 2000; Hornung et al., 2013; Trinick, 1980), and 

three laccases reported to partially modify polyethylene (PE) (Zampolli et al., 2023; Y. Zhang et 

al., 2023). The analysis revealed that most of these laccases are affiliated with the phylum 

Pseudomonadota, with fewer representatives from Actinomycetota and Bacillota (Figure 7). This 

finding is consistent with the classification of bacterial laccases in the LccED database (Gräff et 

al., 2020) and aligns with recent studies identifying these three phyla as key sources of lignin-

degrading bacteria that produce laccases (Bugg et al., 2011).  

The phylogenetic analysis identified two distinct clades (Figure 7). The first one includes CueO 

and the six laccases ItL-01 to ItL-06, all classified within the class Gammaproteobacteria. This 

group also contains LfLAC3, a laccase from a Bacilli known for its ability to oxidize PE (Y. Zhang 

et al., 2023). The second clade comprises LMCO2 and LMCO3, two laccases derived from 

Actinomycetes that also exhibit PE-oxidizing activity (Zampolli et al., 2023). In addition, this 
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clade includes several recognized laccases from the Alphaproteobacteria, Betaproteobacteria, and 

Gammaproteobacteria. 

 

Figure 7. A phylogenetic tree of putative and characterized multicopper oxidases (MCOs), or laccases, was 

constructed based on amino acid sequences derived from the gut metagenome of the bark beetle Ips typographus 

(ItL-01-06) and bacteria associated with lignin and synthetic polymer modification. The accession numbers, 

including UniProt or IMG entries for the 19 sequences used, are listed in Table 18. Structural alignment was 

performed using T-Coffee Expresso (Armougom et al., 2006), and the phylogenetic tree was generated with 

MEGA11 (Tamura et al., 2021) employing the maximum-likelihood method with 1,000 bootstrap replicates. 

Phylogenetic groups were classified into distinct bacterial classes, color-coded as shown in the legend. ItL01-03 

and CueO (highlighted in purple) were further characterized in this study. 

3.1.2     Three-dimensional protein structure alignment 

The three-dimensional structures of the putative and characterized laccases were modeled and 

compared to CueO to evaluate evolutionary structural variations. The analysis showed that these 

laccases share common features with CueO, such as prominent helical and beta-sheet structures, 

and exhibit structural characteristics that classify them as typical three-domain multicopper 

oxidases (3dMCOs), with high confidence supported by predicted template modeling (pTM) 

scores of ≥ 0.89 (Figure 8).  
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Figure 8. Structural comparisons of the putative and characterized laccases with CueO. Laccases derived 

from the beetle and bacteria associated with lignin and synthetic polymer modification were aligned with CueO 

from E. coli (shown in grey), and sequence identity (%) were calculated using BLASTp (Boratyn et al., 2012). 

Further supporting information is provided in Table 18. 
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BLASTp analysis revealed that ItL-01 to ItL-06 have over 60% sequence identity with CueO, 

whereas the other laccases fall below 40%. Among the homologs, ItL-02 exhibits the highest 

identity at 74.75%, followed by ItL-05 at 64.02%, and ItL-03 at 63.96%. These findings suggest 

that the bark beetle laccases are not only highly homologous among themselves but also 

evolutionarily related to CueO. Hh01-218, Hh01-482, and LMCO3 have been reported to belong 

to two-domain MCOs (2dMCOs) (Schorn, 2020; Zampolli et al., 2023), which form a homotrimer 

as their catalytically active configuration by combining three protein chains in a hexagram-like 

arrangement (Nakamura et al., 2003) (Figure 9). The potential structures of Ngr578 and Ngr688 

were predicted using the SWISS-MODEL workspace, showing a highest sequence identity of 34% 

to the homotrimeric protein (PDB 3G5W; (Lawton et al., 2009)) with moderate model quality 

(GMQE ≈ 0.4), which suggest that they may also be classified as 2dMCOs. 

 

Figure 9. Potential two-domain multicopper oxidases (2dMCOs) were predicted by submitting the sequences 

to the SWISS-MODEL server (Waterhouse et al., 2018). The models present three distinct domains that form a 

homotrimeric quaternary protein structure. Sequence identity (%) were calculated using BLASTp (Boratyn et 

al., 2012), comparing a single chain to CueO. Further supporting information is provided in Table 18. 
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Figure 10. Evolutionary conservation profile of CueO compared to ItL-01-03. (a) The alignment of the 3D 

structures of CueO and ItL-01-03 illustrates the conservation of amino acid positions, with B-factors predicted 

by Consurf (Yariv et al., 2023) indicating variable and conserved regions as depicted by the color scheme in the 

legend. Structural details highlight the copper binding sites (CBSs) T1 and T2/3, and the methionine-rich loop, 

with methionine residues indicated. Conservation profiles for additional enzymes can be found in Figures S1-

S2. (b) These MCOs, represented by CueO (PDB: 4NER; (Komori et al., 2014)), consist of three cupredoxin-

like domains (3dMCO), labelled I, II, and III, which accommodate the T1 and T2/3 sites. (c) The amino acids at 

the CBSs of CueO (purple) and ItL-03 (blue) are predominantly conserved with histidine (H) residues. The 

corresponding amino acids for CBSs in other laccases are presented in Table 18. 

The evolutionary conservation inferred from amino acid sequences indicates that most regions of 

these enzymes are highly conserved, particularly those near the T1 and T2/3 copper centers 

(Figures 10a, S1, S2). CueO, along with ItL-01, ItL-02, and ItL-03, feature copper ions located at 

two main active sites: the T1 copper in the third domain, which catalyzes substrate oxidation, and 
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the T2/3 copper cluster at the interface between the first and third domains, where dioxygen 

reduction takes place (Figure 10b) (Gräff et al., 2020; Reiss et al., 2013). Both the second and third 

domains of 3dMCOs have been reported to play roles in substrate binding (Larrondo et al., 2003). 

In contrast, the methionine-rich loops adjacent to the T1 site, notably in ItL-01, ItL-02, and           

ItL-03, show significant variability in composition, length, and structure (Figure 10a). Modeling 

these loops has been challenging, and they have not been crystallized for CueO (PDB 2FQE, 

4NER, 5B7M) (Akter et al., 2016; Komori et al., 2014; Li et al., 2007), suggesting a high degree 

of flexibility. While methionine residues are relatively conserved, variability occurs mainly in the 

non-methionine positions. The conserved methionines are hypothesized to play a key role in 

copper recruitment and transport (Contaldo et al., 2024).  

Crystals of CueO, resolved to 1.60 Å and containing copper (II) ions (PDB 4NER; (Komori et al., 

2014)), were compared regarding their copper-binding sites (CBSs) with those of ItL-03, revealing 

a high degree of similarity (Figure 10c). The copper ions are located at two distinct active sites: 

the T1 center (His443, Cys500, and His505 in CueO; and His431, Cys488, and His493 in ItL-03) 

and the T2/T3 centers (His101, His103, His141, His143, His446, His448, His499, and His501 for 

CueO; and His74, His76, His114, His116, His434, His436, His487, and His489 for ItL-03). These 

binding motifs are identical in ItL-01 and ItL-02 and are highly conserved among other laccases. 

Given the conserved nature of the CBSs within laccases, it is suggested that the methionine-rich 

loops near the T1 copper site may influence enzyme specificity and reactivity.  Table 18 provides 

a summary of the bioinformatics analysis of the putative and characterized laccases in relation to 

CueO, including their accession numbers, taxonomic affiliations, and CBSs. 
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Table 18. Putative multicopper oxidase enzymes from I. typographus and other bacterial laccases known for their association with lignin and synthetic polymer 

modification. 

Name 
Accession  

number 
Cluster 

Phylogenetic 
affiliation 

aa identity 
with CueO 

[%] 

Copper binding motifs 

Reference 

i ii iii iiii 

CueO P36649* γ-Proteobacteria/C1 Escherichia coli   100.00 HWH HPH HPFHIH HCHLLEHEDTGM 
(Grass & 
Rensing, 

2001) 

ItL-01 Ga0063521_10002204** γ-Proteobacteria/C1 Erwinia sp. 63.18 HWH HPH HPFHIH HCHLLEHEDTGM 
(Schorn, 

2020) 

ItL-02 Ga0063521_100014138** γ-Proteobacteria/C1 
Dryocola 
clanedunensis 

74.75 HWH HPH HPFHIH HCHLLEHEDTGM 
(Schorn, 

2020) 

ItL-03 Ga0063521_100024328** γ-Proteobacteria/C1 Rahnella sp. 63.96 HWH HPH HPFHIH HCHLLEHEDTGM 
(Schorn, 

2020) 

ItL-04 Ga0063521_1000001282** γ-Proteobacteria/C1 Providencia sp. 61.49 HWH HPH HPFHVH HCHLLEHEDTGM 
(Schorn, 

2020) 

ItL-05 Ga0063521_100021622** γ-Proteobacteria/C1 
Morganella 
morganii 

64.02 HWH HPH HPFHIH HCHLLEHEDTGM 
(Schorn, 

2020) 

ItL-06 Ga0063521_100028714** γ-Proteobacteria/C1 Rahnella sp. 63.51 HWH HPH HPFHIH HCHLLEHEDTGM 
(Schorn, 

2020) 

Hh01-218 2523500218** β-Proteobacteria/C2 
Janthinobacterium 
sp.  

38.37 HWH HPH HPIHLH HCHKSHHTMNAM 
(Hornung et 
al., 2013) 

Hh01-482 2523500482** β-Proteobacteria/C2 
Janthinobacterium 
sp.  

38.46 HWH HPH HPIHIH HCHKSHHTMNAM 
(Hornung et 
al., 2013) 

Sm3532 642693532** γ-Proteobacteria/C2 
Stenotrophomonas 
maltophilia 

23.91 HWH HSH HPIHLH HCHLLYHMEAGM 
(Avison et al., 

2000) 

Sm4696 642694696** γ-Proteobacteria/C2 
Stenotrophomonas 
maltophilia 

22.46 HWH HSH HPIHLH HCHLLYHMEAGM 
(Avison et al., 

2000) 

Ngr147 643825147** α-Proteobacteria/C2 
Sinorhizobium 
fredii 

23.04 HWH HPH HPIHLH HCHIIEHQKTGM 
(Trinick, 
1980) 

Ngr578 643822578** α-Proteobacteria/C2 
Sinorhizobium 
fredii 

36.19 HWH HPH HPIHMH HCHKSHHTMNAM 
(Trinick, 
1980) 
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Name 
Accession  

number 
Cluster 

Phylogenetic 
affiliation 

aa identity 
with CueO 

[%] 

Copper binding motifs 

Reference 

i ii iii iiii 

Ngr600 643822600** α-Proteobacteria/C2 
Sinorhizobium 
fredii 

33.67 HWH HSH HPMHLH HCHHLYHMNGGM 
(Trinick, 
1980) 

Ngr688 643822688** α-Proteobacteria/C2 
Sinorhizobium 
fredii 

36.19 HWH HPH HPIHMH HCHKSHHTMNAM 
(Trinick, 
1980) 

LMCO2 AII11185.1 Actinomycetes/C2 
Rhodococcus 
opacus 

26.38 HWH HPH HPMHLH HCHNLYHGEAGM 
(Zampolli et 
al., 2023) 

LMCO3 AII11221.1 Actinomycetes/C2 
Rhodococcus 
opacus 

31.19 HLH HAH HTMHFH HCHVGPLAEH 
(Zampolli et 
al., 2023) 

LfLAC3 WP_193831439.1 Bacilli/C1 
Lysinibacillus 
fusiformis 

25.48 HLH HDH HPIHLH HCHFLEHEDHDM 
(Y. Zhang et 

al., 2023) 

RrLAC2 WP_318283942.1 Actinomycetes/C2 
Rhodococcus 
ruber 

25.69 HFH HSH HPMHVH HCHNAYHQEAGR 
(Y. Zhang et 

al., 2023) 

*UniProt, **IMG, i-iiii indicate amino acids involved in copper binding motifs, two-domain MCOs (2dMCOs) are highlighted in blue, with their predicted structures 

illustrated in Figure 9.  
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3.2 Recombinant laccase production and initial activity screening 

Initially, laccases ItL-01 to ItL-03 (ItL-01-03) and CueO were constructed with a StrepII-tag 

purification via fast protein liquid chromatography (FPLC), ensuring high purity (Schorn, 2020). 

To improve practicality and reduce purification time, the constructs were later modified to replace 

the StrepII-tag with a His-tag. The proteins were expressed and purified using affinity 

chromatography, and SDS-PAGE confirmed successful expression, with molecular weights 

predicted between 50 and 60 kDa (Figure 11a). While the recombinant laccases were produced in-

house, horseradish peroxidase (HRP) was obtained commercially.  

 

Figure 11. Expression of CueO and ItL-01-03 and initial activity screening with ABTS. (a) SDS-PAGE 

analysis demonstrates the successful expression and purification of the recombinant laccases using Ni-NTA 

chromatography. M indicates an unstained protein ladder (ThermoScientific, Germany), with the arrow pointing 

to the expected bands, which are around 55-65 kDa. Additional non-specific bands observed at 25 kDa and 

70 kDa reflect the complexity of the protein sample, as these bands were expressed concurrently by the E. coli 

host. (b) Activity screening was conducted using the ABTS assay, measuring absorbance at 420 nm. The 

reactions were quickly assessed within 5 min at room temperature using appropriate dilutions of purified 

enzymes. BSA and a negative control without enzyme (NC) were included as controls. The addition of H2O2 

was also tested, as it is required for catalysis in HRP. Error bars denote standard deviation (n = 3). 

ABTS was chosen as the initial screening substrate, as it is a common substrate for oxidoreductases 

(Bach et al., 2013; Kadnikova & Kostić, 2002), widely used mediator in laccase/mediator systems, 

and can enable activity towards larger substrates such as polymers (Guan et al., 2018; Hilgers et 

al., 2018). The enzymatic activity was rapidly screened using a small amount of purified enzyme 

in an ABTS assay at room temperature, measuring radical formation at 420 nm. To assess 
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hydrogen peroxide (H2O2) dependence which is required by HRP, assays were conducted in the 

absence and presence of H2O2.  The results showed that CueO and the recombinant laccases         

ItL-01-03 oxidized ABTS regardless of H2O2 presence (Figure 11b), while HRP only oxidized 

ABTS with H2O2. These findings confirm the expression and activity of the recombinant laccases, 

contrasted with negative controls, bovine serum albumin (BSA), and reactions without enzyme 

(NC). 

 

 

3.3 Biochemical characterization of laccases and HRP 

The oxidoreductases CueO, ItL-01-03, and HRP were biochemically analyzed for their optimal 

temperature, pH, thermostability, effect of H2O2 and Cu2+, and kinetic properties, through a 

comprehensive investigation utilizing the ABTS assay. 

 

3.3.1     pH stability and buffer preference 

All laccases exhibited a preference for the acidic pH range, maintaining more than 50% activity 

between pH 3.0 and 4.6 (Figure 12a). In contrast, HRP demonstrated lower tolerance to acidity, 

losing all activity below pH 3.4 but retaining 50% activity up to pH 5.4. ItL-01 shared a pH 

optimum of 4.2 with HRP, while CueO, ItL-02, and ItL-03 reached their maximum activity at pH 

3.8. Notably, ItL-03 displayed exceptional stability within the acidic range, retaining over 90% 

activity between pH 3.0 and 3.8, indicating a significant acidophilic characteristic. Given that these 

oxidoreductases demonstrated a similar optimal pH range of 3.8 to 4.2 and preferred acetate buffer 

over citrate-phosphate buffer, acetate buffer at pH 4.0 was chosen for further characterization 

(Figure 12b). 

 

3.3.2     Temperature stability and thermostability 

The temperature profile and thermostability of the enzymes were further assessed, with the latter 

involving incubation of the enzymes at 30-60 °C over a period of 7 days (Figure 12c,d). HRP 

exhibited its optimal activity (Topt) at 30 °C, while maintaining nearly optimal relative activity in 

the temperature range of 20 to 40 °C. However, it showed a 40% decrease in activity after just 

2 hours at its Topt. Unlike HRP, laccases typically displayed higher Topt values and demonstrated a 

greater ability to sustain their activity for extended periods.  
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Figure 12. Biochemical characteristics of oxidoreductases, determined using ABTS, reveal their stability 

and limitations in synergistic enzyme activity. (a) pH profile: the enzymes prefer low pH, exhibiting maximum 

activity at pH 4.0. (b) Buffer Preference: laccases show a 30-50% increase in activity in acetate buffer, while 

HRP maintains similar activity in both buffers. (c) Temperature profile: each enzyme demonstrates a distinct 

temperature stability within the mesophilic range of 30-60 °C. (d) Thermostability: most enzymes retain activity 

for only a few hours, losing nearly 80% within a day at elevated temperatures, while ItL-02-03 maintains over 

60% activity at 50 °C for a week. The standard deviation was below 6%. (e) Effect of H2O2: the activity of HRP 

increases with H2O2 concentration, while other laccases decline, dropping below 50% at 1 mM H2O2. (f) Effect 

of Copper Ions (Cu2+): laccase activity significantly increases with higher Cu2+ concentrations, while HRP 

activity decreases by about 20% at 1 mM Cu2+. Error bars indicate the standard deviation (n = 3).  

 

ItL-01, which had a pH profile similar to HRP, presented a Topt of 40 °C, retaining over 80% of its 

activity between 20 and 40 °C. Additionally, ItL-01 maintained more than 60% activity at its Topt 

for approximately one day. CueO, on the other hand, achieved the highest Topt among all laccases 
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at 60 °C and was capable of functioning at nearly maximal activity at 50 °C. Despite its elevated 

Topt, however, CueO experienced a 30% reduction in activity after 10 hours and nearly lost its 

activity entirely after three days. ItL-02 and ItL-03 exhibited the same Topt of 50 °C, with ItL-03 

also demonstrating comparable activity at 40 °C. While ItL-02 retained 80% of its activity at the 

optimal temperature after two days, ItL-03 sustained this level of activity even after a week. These 

findings position ItL-03 as the most thermophilic and thermostable enzyme within this study. 

 

3.3.3     Effect of H2O2 and Cu2+ 

Ligninolytic enzymes like laccases and peroxidases are key to lignin breakdown, a complex 

biopolymer with a cross-linked network (Pollegioni et al., 2015). Its aromatic and branched 

structure resembles cured epoxy, making both materials resistant to degradation. Therefore, 

degrading epoxy likely requires a combination of different enzymes. Peroxidases facilitate 

oxidation reactions of substrates using H2O2 (Pandey et al., 2017), whereas laccases depend on 

oxygen and copper ions (Cu2+) as essential cofactors for substrate oxidation (Janusz et al., 2020). 

Even small amounts of elevated H2O2 and Cu2+ can adversely affect enzymes that do not require 

these cofactors. Thus, the impact of H2O2 and Cu2+ on the enzymes was assessed within a 1 mM 

range.  

The activity of HRP increases to 100% with the addition of 1 mM H2O2, while it decreased to 50% 

with a concentration of 0.5 mM H2O2, highlighting the critical role of H2O2 in enhancing HRP 

activity (Figure 12e). Conversely, laccases were found to tolerate H2O2 well at levels below 

0.1 mM; however, their activity declined by 50% when exposed to 0.5 mM H2O2. Both ItL-02 and 

ItL-03 exhibited superior tolerance to H2O2 compared to the other laccases. On the other hand, up 

to a concentration of 1 mM copper ions had a negligible effect on HRP's activity (Figure 12f). 

During enzyme production, laccases were supplemented with 250 µM CuSO4 to promote proper 

protein folding. Introducing Cu2+ in the enzymatic reactions led to a progressive increase in the 

activity of purified laccases, reaching a peak at a concentration of 1 mM. Given the laccases' 

sensitivity to H2O2, the combined use of these two enzyme classes in the same reaction may not 

be ideal.  
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3.3.4     Kinetic constants of ABTS as a substrate 

The steady-state kinetics of these oxidoreductases were assessed using ABTS as the substrate by 

fitting the initial rates to the Michaelis-Menten equation (Figure S3). HRP demonstrated an 

exceptionally high catalytic turnover for ABTS, reaching a Kcat value of 128.47 min-1, which is 

nearly 500 times higher than that of laccases, and it presented a relatively low Km value of 0.70 mM 

(Table 19). Conversely, laccases showed significantly slower catalytic turnover, along with higher 

Km values. Among the laccase enzymes, ItL-03 exhibited the highest catalytic turnover for ABTS, 

with a Kcat of 3.04 min-1, but displayed relatively high substrate affinity, as evidenced by a Km 

value of 7.76 mM. When evaluating catalytic efficiency by considering both the turnover rate and 

affinity (Kcat/Km), ItL-03 outperformed the other laccases, yielding a value of 0.39 min-1 mM-1. 

Following these initial characterizations, further investigation of these enzymes was conducted to 

assess their catalytic properties toward epoxy model building blocks. 

 

Table 19. Kinetic constants of purified oxidoreductases for ABTS substrate. 

Enzymes Km [mM] Kcat [min-1] Kcat/Km [min-1 mM-1] 

Peroxidase       

HRP 0.70 ± 0.23 128.47 ± 2.11 182.47 ± 0.91 

Laccases       

CueO 2.39 ± 0.23 0.27 ± 0.03 0.11 ± 0.01 

ItL-01 4.50 ± 1.42 0.10 ± 0.01 0.02 ± 0.01 

ItL-02 3.64 ± 0.26 0.80 ± 0.01 0.22 ± 0.01 

ItL-03 7.76 ± 0.88 3.04 ± 0.24 0.39 ± 0.02 

 

 

3.4 Screening potential oxidoreductases for epoxy degradation 

The oxidoreductases were evaluated for their capacity to break down bis(4-dimethylamino-

cyclohexyl) methane (BBCM), 1,3-bis(methyl(phenyl)amino) propan-2-ol (BMAP), and N, N-

bis(2-hydroxypropyl)-p-toluidine (NNBT) (Figure 13). These substrates, which are simpler and 

more defined, contain essential motifs of the resin, such as a tertiary amine present in RTM6, a 

commercial amine epoxy resin extensively utilized in the aerospace industry (Zotti et al., 2020). 

These models are representative of the repeated units found in the epoxy backbone, rendering them 
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suitable for investigating the mechanisms of the enzyme on key functional groups characteristic 

of the original polymer. 

 

 

Figure 13. Epoxy scaffolds—BBCM, BMAP, and NNBT—derived from RTM6 epoxy resin.  

 

3.4.1     Enzymatic activity on epoxy surrogates 

Liquid chromatography-mass spectrometry (LC-MS) was used to assess the conversion of these 

epoxy scaffolds. BBCM (A), BMAP (B), and NNBT (C, D) were detected and eluted at retention 

times of 4, 7, and 5 minutes, respectively (Figure S4). Each peak displayed the respective 

compounds, which were confirmed by their exact mass. The concentrations of the substrates were 

quantified using extracted-ion chromatograms and a calibration curve (Figure S5), where the initial 

measurement (t0) established the starting concentration of the epoxy at 100% (µM). The 

conversion was then calculated by subtracting the percentage of remaining epoxy from 100%. In 

the control sample without the enzyme, BMAP exhibited significant sensitivity to heat compared 

to the other epoxy substrates, showing a 60% decomposition rate at 60 °C after 2 hours, while the 

other substrates only reached a 20% decomposition rate (Figure S5).  
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Figure 14. Enzymatic activity of epoxy scaffolds—BBCM, BMAP, and NNBT—by HRP and bacterial 

laccases. The tests were performed in the presence and absence of 1 mM ABTS (A) under their respective 

optimal pH and temperature conditions. The remaining concentration of the epoxy substrate after 2 hours was 

measured using LC-MS. The initial observation (t0) represents the starting amount of epoxy, set at 100%. The 

conversion is calculated by subtracting the percentage of remaining epoxy from 100%. Error bars indicate the 

standard deviation (n = 3). The calibration curve for concentration determination and controls is presented in 

Figure S5. 

In the presence of enzyme, ItL-03 proved to be the most active enzyme, converting all three 

substrates (BBCM, BMAP, and NNBT) within the 2-hour period (Figure 14). Additional analysis 

revealed that ItL-03 was capable of breaking down these substrates by 80% in just 30 minutes 

(Figure 15). CueO followed as the second most efficient enzyme, achieving nearly 90% conversion 

of the substrates after 2 hours (Figure 14). HRP and ItL-02 exhibited similar conversion efficacy 
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for the epoxy functional groups, converting more than 70% of BMAP and NNBT. In contrast, ItL-

01 showed a conversion rate similar to that of HRP for BBCM conversion, but with a lower 

effectiveness of less than 40%. Overall, ItL-01 was identified as the least effective enzyme, with 

nearly 60% of the substrates still present after treatment. LC-MS analysis indicated possible N-

dealkylation via radical cleavage of BMAP (Figure 16), while for BBCM and NNBT, the resulting 

products remained ambiguous, precluding definitive insights into their enzymatic reaction 

mechanisms (Figures S6, S7). 

 

Figure 15. Enzymatic activity of ItL-03 on epoxy scaffolds—BBCM, BMAP, and NNBT—was measured at 

intervals of 0, 30, 60, and 120 minutes of incubation at 50 °C in 0.1 M acetate buffer pH 4.0. The initial 

observation (t0) defines the starting amount of epoxy, set at 100%. The conversion is calculated by subtracting 

the percentage of remaining epoxy from 100%. ItL-03 achieves approximately 80% conversion of these 

substrates within 30 minutes and nearly complete conversion after 2 hours. Error bars indicate the standard 

deviation (n = 3). 

 

Considering that laccases can improve their activity in the presence of mediators, an investigation 

was conducted to determine if this effect extends to the breakdown of epoxy models when ABTS 

(A) was included in the reactions. The findings showed that adding the mediator had slightly effect 

(<20%) on the activity of these enzymes with small substrates, which showed reduced efficiency 

specifically toward BBCM and BMAP (Figure 14, +A). The relatively small size of the model 

substrates might allow them to reach the enzyme's active site directly, making the mediator 
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potentially competing for enzymatic activity. Among the various bacterial laccase candidates,    

ItL-03 emerged as the most effective in breaking down the epoxy scaffolds and was subsequently 

chosen for further evaluation of its effectiveness in decomposing cured epoxy.  

 

 

Figure 16. LC-MS chromatogram of the reaction involving laccase ItL-03 and BMAP. (A) The mass of 

BMAP is observed at 7.3 minutes. (B) The mass spectrum of the N-dealkylation product reveals a peak that 

appears at 6.7 minutes.  

 

3.4.2     Laccase ItL-03-mediators activity 

The performance of laccase ItL-03 was further investigated using alternative mediators to evaluate 

their potential for enhancing enzymatic efficacy. Syringol and guaiacol were selected mainly 

because they are chromophores that can be easily quantified with a spectrophotometer. Prior to 

analyzing the specific activities of ItL-03 with ABTS, syringol, and guaiacol, the optimal pH and 

buffer conditions for each mediator were established. ItL-03 displayed optimal activity with ABTS 

in acetate buffer at pH 4, while the best performance for syringol and guaiacol was observed in 

Tris buffer at pH 8 (Figure 17). Among the mediators tested, ItL-03/syringol achieved the highest 

activity, nearly four times greater than ItL-03/ABTS. In contrast, ItL-03/guaiacol exhibited 
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comparatively low activity (Figure 18a). Additionally, it was determined that the optimal 

concentration of copper ions for enhancing the activity of ItL-03 was 5 mM (Figure 18b). 

 

Figure 17. Determination of pH and buffer preference for each mediator of laccase ItL-03. (top) pH profile 

with mediators: ABTS, syringol, and guaiacol. The enzyme exhibits maximum activity at pH 4 for ABTS, while 

displaying a preference for pH 8 for both syringol and guaiacol. (bottom) Buffer preference with each mediator. 

For ABTS, ItL-03 shows the highest activity in acetate buffer, whereas optimal activity for syringol and guaiacol 

is observed in Tris buffer. Error bars represent the standard deviation (n = 3). 

Building upon previous experiments, an investigation was conducted to determine how each 

mediator—ABTS, syringol, and guaiacol—affects the activity of ItL-03 on NNBT under their 

respective optimal conditions. In the absence of a mediator, ItL-03 exhibited better performance 

at an acidic pH of 4 compared to a basic pH of 8 (Figure 19). The presence of mediators 

significantly enhanced enzyme activity, with ItL-03 converting NNBT more rapidly when 

combined with guaiacol than with ABTS. Specifically, ItL-03 achieved a conversion rate of 90% 

after just 30 minutes in the presence of guaiacol, although both conditions ultimately reached 

similar conversion levels after two hours. In contrast, ItL-03/syringol catalyzed the substrate at a 

lower rate, approximately 40% after 30 minutes, but still managed to exceed 80% conversion after 

two hours. These results indicate that the presence of a mediator at acidic pH has only a slight 

effect on enzymatic activity, confirming previous findings (Figure 14), whereas mediators at basic 

pH significantly enhance ItL-03 activity (Figure 19).  
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Figure 18. Specific activity of ItL-03 towards different mediators and optimal copper concentration for 

its activity. (a) Specific activity of laccase ItL-03 toward ABTS, syringol, and guaiacol was assessed in their 

respective optimal buffer and pH environment (Figure 17). The results indicated that syringol exhibited the 

highest activity, about four times greater than that of ABTS, while guaiacol displayed relatively low activity. (b) 

Optimal concentration of copper ions for ItL-03 activity was determined. Enzyme activity significantly increases 

with higher Cu2+ concentrations, saturating at around 5 mM. Error bars represent the standard deviation (n = 3). 

However, the observed discrepancy in the enzyme's specificity with syringol (Figure 18a) and its 

role as a mediator in NNBT conversion (Figure 19) may be attributed to substrate competition, 

with syringol potentially fitting more effectively into the active site of ItL-03, thereby enabling 

slower conversion of NNBT. On the other hand, guaiacol exhibits very low specific activity with 

the enzyme, likely because it does not bind or react efficiently with the enzyme. This allows the 

enzyme to convert NNBT more effectively, resulting in greater overall conversion. Since guaiacol 

is a phenolic mediator like syringol but has a lower specific activity with ItL-03, it was excluded 

from further investigation in the chemo-enzymatic treatment of cured epoxy. Nevertheless, despite 

the possibility that guaiacol competes with epoxy models for substrate binding, this mediator-

laccase system should still be considered in future studies to determine whether it can enhance 

enzyme activity on cured epoxy. 

Preliminary tests on the eCFRPs, however, showed no significant degradation.  Therefore, organic 

chemical pre-treatment was explored to assess its potential in helping enzymes overcome steric 

hindrance and improve their accessibility to the resulting oligomers or degradation byproducts. 
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Figure 19. Enzymatic activity of ItL-03 on NNBT with different mediators—ABTS, syringol (Syr), and 

guaiacol (Gua)—was measured using LC-MS after 0, 30, and 120 minutes of incubation. The initial observation 

(t0) represents the starting amount of epoxy, set at 100%. The conversion is calculated by subtracting the 

percentage of remaining epoxy from 100%. ItL-03/guaiacol exhibits higher activity than ItL-03/ABTS at            

the 30-minute mark; however, both conditions achieve similar levels of activity, exceeding 90%, after 2 hours. 

Error bars indicate the standard deviation (n = 3). 

 

 

3.5 Screening promising acidic-peroxide pretreatments for eCFRPs 

The European standard (DIN EN 2564:2018; e.V. (2019)) employs sulfuric acid and 30% H2O2 at 

temperatures ranging from 160 to 260 °C to determine fiber, resin, and void contents of eCFRPs. 

This method, however, poses significant risk due to its corrosive nature and extreme toxicity 

(Agarwal & Pandey, 2023). To address these concerns, alternative mixtures using organic acids 

such as formic acid (FA), acetic acid (AA), propionic acid (PA), lactic acid (LA), malic acid (MA), 

tartaric acid (TA), and citric acid (CA) combined with H2O2 were selected for the pre-treatment of 

CFRPs. These organic acids are preferred because they are less toxic, have a reduced impact on 

the environment, originate from renewable resources, and can break down into harmless 

byproducts (Liu et al., 2023; Ström et al., 2001). For comparison, inorganic acids such as nitric 

acid (NA) and sulfuric acid (SA) were utilized as controls. 
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3.5.1     Effectiveness of organic acid-H2O2 treatments 

eCFRPs based on the diglycidyl ether of bisphenol A (DGEBA) were subjected to treatment at 

60 °C for 24- and 48-hours using reaction mixtures that contained 60 mL/g of a solution with    

95% acid and 5% H2O2 at a concentration of 5 M. The 95:5 ratio was chosen deliberately, as the 

small proportion of H2O2 helps to mitigate potential damage to the carbon fibers (Das et al., 2018). 

After the pre-treatment process, the composites were rinsed thoroughly with water and then dried 

overnight at 60 °C. The remaining weights, which were indicative of only the mass of the resin, 

were measured to evaluate the effectiveness of the different acids used for pre-treatment, i.e., 

weight loss. Treatments that included H2O2, with the exception of NA, showed a greater level of 

resin decomposition compared to those lacking H2O2 (Figure 20). This highlights the importance 

of H2O2 in the reaction process, likely due to the in-situ formation of peracids.  

 

 

Figure 20. Weight loss of the resin mass in eCFRPs treated with a 5 M acidic-peroxide solution (A-H2O2). 

The composites were treated with organic acids, both with and without H2O2, in a 95:5 acid-to-peroxide ratio at 

5 M in a 60 mL/g solution, at 65 °C and 200 rpm for 24 and 48 hours. The treatments were compared against 

inorganic acids and controls (H2O and H2O2). The acids tested included formic acid (FA), acetic acid (AA), 

propionic acid (PA), lactic acid (LA), malic acid (MA), tartaric acid (TA), citric acid (CA), nitric acid (NA), and 

sulfuric acid (SA). Error bars represent the standard deviation (n = 3). 
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AA and PA in combination with H2O2 were particularly effective, achieving epoxy resin 

decomposition of 40% and 80%, respectively, after 24 hours, with propionic acid achieving 

complete decomposition by the 48-hour mark. Conversely, FA and high molecular weight organic 

acids (LA, MA, TA, CA) and SA demonstrated limited oxidative activity towards the composites 

when paired with H2O2. When utilizing 9 M solutions of AA-H2O2 and PA-H2O2, complete 

decomposition of the epoxy was achieved within 8 hours, which was comparable to the outcomes 

with NA-H2O2 and SA-H2O2 (Figure 21). 

 

 

Figure 21. Weight loss of the resin mass in eCFRPs treated with a 9 M acidic-peroxide solution (A-H2O2). 

The acids tested included formic acid (FA), acetic acid (AA), propionic acid (PA), nitric acid (NA), and sulfuric 

acid (SA). The reaction conditions were consistent with those described in Figure 20, but with shorter treatment 

durations of 8 and 24 hours. Error bars indicate the standard deviation (n = 3). The effectiveness of these acid-

peroxide treatments resulted in complete fiber recovery, which likely caused some loss of carbon fibers during 

washing and may explain the weight loss values exceeding 100%. 
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3.5.2     Visualization of pre-treated composites 

The physical appearance of the composites pre-treated with 5 M A-H2O2 was consistent with the 

weight loss data obtained. After 48 hours, the carbon fibers (CFs) became noticeable in the 

composites treated with PA-H2O2, indicating the breakdown of the epoxy matrix (Figure 22). 

Composites treated with AA-H2O2 also exhibited some fragments of CFs, whereas those subjected 

to other acid mixtures maintained their integrity, resembling the control sample treated with H2O. 

The composites treated with NA and NA-H2O2 showed significant removal of the epoxy matrix; 

however, they left the CFs largely intact, maintaining their original structure. Additionally, small 

white particles were observed in these samples, with the exception of those treated with NA, SA, 

and H2O. These particles could be metal-organic salts, which are poorly soluble in water. It is 

possible that cured epoxy composites still contain trace amounts of metal catalysts, pigments, or 

additives (e.g., Zn, Fe) (Hamerton et al., 2002), which can react with organic acids to form stable 

chelates (do Nascimento et al., 2006). On the other hand, inorganic acids typically do not form 

chelating complexes but instead produce soluble ionic salts (Voisin et al., 2017).  

Based on the results, only the composites pre-treated with 5 M AA-H2O2, PA-H2O2, SA-H2O2, as 

well as the controls (untreated composites, UT; H2O; and those treated according to the European 

protocol, SHEU), were analyzed using scanning electron microscopy (SEM). After 24 hours, some 

areas of the eCFRPs treated with these acidic-peroxide solutions still exhibited polymer residues 

(Figure S8). However, after 48 hours of treatment with PA-H2O2, clean, undamaged, and elongated 

CFs were recovered, resembling those obtained through the European protocol treatment 

(Figure 23). Meanwhile, remnants of epoxy were still present in the composites treated with       

AA-H2O2 and SA-H2O2. Both the untreated samples and the water control, however, showed no 

visible CFs, as the epoxy matrix remained intact. 
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Figure 22. Morphological changes in eCFRPs after 24 and 48 hours of 5 M acidic-peroxide pre-treatment, with only acid (A) and with both acid and H2O2 (AH), 

were assessed and compared to controls (H2O and H2O2). The composites were incubated with a 95:5 acid-to-peroxide ratio at a 5 M, 65 °C and 200 rpm. The symbols 

+, ++, and +++ represent the degree of carbon fiber exposure, ranging from low to high, while – indicates no change observed. 
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Figure 23. SEM images of eCFRPs after 48-hour treatment with 5 M acidic-peroxide solution (A-H2O2). 

The acids tested included acetic acid (AA), propionic acid (PA), and sulfuric acid (SA). These results are 

compared to those obtained from European protocol (SHEU) and controls, which include an untreated sample 

(UT) and H2O. Scale bars indicate size in micrometers (µm) and millimeters (mm). PA-H2O2 treatment recovered 

clean carbon fibers after 48 hours, whereas some epoxy residues were still present with AA-H2O2 and SA-H2O2 

treatments. 24- hour treatment can be found in Figure S8. 

 

3.5.3     Functional group modification of pre-treated composites 

Fourier Transform Infrared Spectroscopy (FTIR) was employed to investigate the formation or 

modification of specific functional groups in the composites following pre-treatment. The FTIR 

spectra revealed a similar pattern of peaks, although with varying intensities, for both the water 

control and the acid-peroxide-treated samples, with a few notable exceptions (Figure 24). For 

example, a peak corresponding to the C=C aromatic band (around 1,600 cm-1), which indicates the 

presence of a benzene ring structure, was identified in all epoxy composite samples. However, the 

C=O stretching band (around 1,750 cm-1) was detected exclusively in composites that underwent 

acid-peroxide pre-treatment, suggesting possible oxidation. Treatments with AA- and PA-H2O2 

exhibited higher peak intensities in the C=C aromatic band range compared to SA-H2O2, possibly 

due to the formation of additional carbonyls groups and potentially primary or secondary amines. 

Other absorption bands associated with the epoxy functional groups, such as C–N stretching in 

aromatic amines around 1,240 cm-1, and CH2 and CH3 stretching in aliphatic around                     
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2,960-2,860 cm-1, showed a significant reduction in intensity in the spectra of the pre-treated 

composites, indicating alterations to the epoxy matrix’s surface. Additionally, the observed shift 

of the OH peaks from 3,400 to 3,250 cm-1 provided further evidence of epoxy oxidation following 

treatment. The stretching peaks associated with OH and C=O bonds in composites treated with 

organic acid-H2O2 were more pronounced than those in SA-H2O2-treated samples, suggesting that 

SA-H2O2 was particularly effective in converting C–N bonds in aromatic amines to C–N bonds in 

primary amines. This observation indicates that organic and inorganic acids target different 

functional groups within epoxy materials.  

 

Figure 24. FTIR analysis of the 8-hour acidic-peroxide pre-treatment of eCFRPs. The acids used were 

acetic acid (AA), propionic acid (PA), and sulfuric acid (SA). The corresponding functional groups are indicated. 

v denotes stretching, while ω denotes wagging. Both organic and inorganic acid treatments were found to target 

different functional groups within the material. PA-H2O2 demonstrated superior efficacy compared to AA-H2O2 

in decomposing epoxy.  

 

These findings confirm the effectiveness of acid-peroxide pre-treatments in promoting the 

decomposition of epoxy resins. Notably, PA-H2O2 stands out as a promising alternative for pre-

treatment, exhibiting effectiveness comparable to that of inorganic acids while posing lower 

environmental risks. The use of pre-treatment techniques to depolymerize eCFRPs enables the 

recovery of clean CFs, which could potentially be reused in future applications.  
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3.6 Chemical-enzymatic treatment of RTM6 

The pre-treatment using PA-H2O2 effectively depolymerized the epoxy matrix of the composite 

primarily based on DGEBA, resulting in the recovery of CFs. Although the pre-treatment alone 

can yield clean CFs, it is essential to investigate whether enzymes can further decompose the 

residual polymer matrix to produce a more defined product that would facilitate downstream 

processing. Laccase ItL-03 exhibited significant activity towards epoxy model substrates featuring 

tertiary amine structures that are characteristic of RTM6 epoxy. Hence, the combination of these 

two oxidative approaches was assessed for their potential to improve the bio-based recycling of 

RTM6 resin, which is derived from TGMDA amine epoxy precursors and two di-amine hardeners, 

namely 4,4′-methylenebis(2,6-diethylaniline) (MDEA) and 4,4′-methylenebis(2-isopropyl-6-

methylaniline) (M-MIPA). The choice of RTM6 epoxy over the composite was made because the 

carbon fiber content was no longer a focus, allowing for an investigation into the effects of PA-

H2O2 pre-treatment on this high-performance amine epoxy (Addou et al., 2016). 

 

3.6.1     Epoxy extract 

Following the application of PA-H2O2 pre-treatment to the RTM6 resin powder, the resulting 

solution was neutralized and extracted, referred to as "epoxy extract". This epoxy extract was then 

treated with ItL-03, either with the addition of ABTS or without it. Bovine serum albumin (BSA) 

was included for comparison. After the completion of the chemical-enzymatic treatment, the 

samples were subjected to analysis using electrospray ionization-mass spectrometry (ESI-MS) via 

direct injection to identify polar compounds and larger biomolecules. Meanwhile, gas 

chromatography-mass spectrometry (GC-MS) was employed to characterize volatile and semi-

volatile compounds (Konermann et al., 2013; Tsizin et al., 2017; Vázquez-Loureiro et al., 2021). 

The ESI mass spectra, recorded in positive mode, indicated that the PA-H2O2 treatment effectively 

decomposes epoxy resins into various small compounds within the mass-to-charge ratio (m/z) 

ranges of 150-200 and 300-500, showing high intensity across all samples (Figure 25). However, 

the detected ions at m/z 483.3 were significantly lower in the treatment with ItL-03, particularly 

when ABTS was included as a mediator, compared to the negative control that contained BSA and 

the buffer controls (t0, t2, and t24).  
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Figure 25. ESI-MS analysis of epoxy extract following chemo-enzymatic treatment using PA-H2O2 and 

laccase ItL-03 on RTM6. The ESI-MS spectrum was obtained via direct injection in positive mode, illustrating 

the activity of ItL-03 with and without ABTS, compared to BSA. Samples were collected after 0, 2, and 24 

hours, with t0, t2, and t24 representing controls without the enzyme at the beginning, between, and end of the 

incubation period, respectively. The ion at m/z 483.3 was mostly absent in the laccase samples but remained 

present in the controls. Negative controls compared to the blank sample are shown in Figure S9. 

 

Furthermore, ions at m/z 354.2, and 501.3 were observed at lower intensities in the laccase samples, 

regardless of the presence of ABTS, compared to the other samples (Figure 26). The marked 

decrease in the intensities of ions with m/z 354.2 and 483.3 in the presence of laccase ItL-03 

suggests that the enzyme may oxidize or modify these compounds. Possible structures for the 

resulting products observed following ItL-03 treatment were proposed, considering the formation 

of adducts (Figure 27). 
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Figure 26. The relative abundance of m/z values of interest from the ESI-MS analysis in Figure 25. The 

spectra were normalized using the m/z value at 163.9 as a reference peak. t0, t2, and t24 represent controls without 

enzyme at the beginning, between, and end of the incubation period. The abundance of the five ions is lower in 

the samples treated with the ItL-03 compared to the controls, particularly at m/z 354.2 and 483.3. Error bars 

represent the standard deviation (n = 3). Significant differences between sample pairs are shown in Figure S10. 

 

 
 

Figure 27. Proposed compounds potentially oxidized by the enzyme following PA-H2O2 treatment. These 

are with m/z values of 483.3 and 354.2, considering possible adduct formation. The structures of these 

compounds are predicted based on the RTM6 formulation. 
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The GC-MS chromatograms, which displayed a lower range of m/z compounds, exhibited peaks 

with retention times between 7-9 minutes and 12-14 minutes (Figure 28). Specifically, within the 

latter interval, distinct peaks A and B were identified at 12.4 and 13.2 minutes, respectively, in the 

BSA and control samples (t0, t2, and t24), which are regarded as byproducts of the pre-treatment.  

 

 

 

Figure 28. GC-MS analysis of epoxy extract following chemo-enzymatic treatment using PA-H2O2 and 

laccase ItL-03 on RTM6. Measurements were collected after 0, 2, and 24 hours. t0, t2, and t24 represent controls 

without enzyme at the beginning, between, and end of the incubation period. The peaks of interest are labelled 

A-F. Peaks A and B were observed in BSA and control samples but were absent in the ItL-03/ABTS samples. 

Peaks C and D were detected in ItL-03 samples after 24 hours, while peak E was only present in samples 

containing ABTS. Peak F was detected in all samples after 24 hours. Negative controls compared to the blank 

sample are shown in Figure S11. 
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Figure 29. The relative abundance of peaks A, B, and F from the GC-MS analysis in Figure 28. The spectra 

were normalized using the peak at 7.9 min as a reference. t0, t2, and t24 represent controls without enzyme at the 

beginning, between, and end of the incubation period. Peaks A and B were observed in the BSA and control 

samples; however, peak A was absent in the ItL-03/ABTS samples, and peak B was additionally absent in all 

ItL-03 samples. Peak F was detected in most samples after 24 hours. Error bars represent the standard deviation 

(n = 3). Significant differences between sample pairs are shown in Figure S12. 

 

Notably, peak A was absent in the ItL-03/ABTS samples, while peak B was not detected in the 

samples containing ItL-03 (Figure 29). In the samples treated with ItL-03/ABTS, peak C was 

observed, and after 24 hours, an additional peak D was identified. Peak E appeared in samples 

containing ABTS, while peak F was only detected in samples incubated for 24 hours. The species 

associated with peaks A and B, corresponding to m/z 178 and 166 respectively, may have been 

oxidized by laccase and could originate from NNBT or fractions of RTM6. Additionally, it is 

possible that the ions at m/z 178 underwent deprotonation to form the ions at m/z 177, related to 

Peak C, as they exhibited similar ionization patterns (Figure 30). Alternatively, these ions might 

represent distinct molecules that have nearly identical masses, such as the proposed m/z pairs of 

166-165 for peaks B and D (Figure 31).  To validate the hypothesis regarding these byproducts, 

the compounds should be isolated and analyzed using NMR spectroscopy.  
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Figure 30. Proposed species for the peaks (a) A (12.4 min) and (b) C (13.5 min) that may be oxidized by  

ItL-03 are identified based on the GC-MS chromatogram shown in Figure 28. Specifically, these ions may 

originate from NNBT, with the m/z pairs of 177 and 178 likely resulting from the protonation and deprotonation 

of the same species, as they exhibit similar ionization patterns. 

 

 

 

Figure 31. Proposed species for the peaks (a) B (13.2 min) and (b) D (10.1 min) that may be oxidized by   

ItL-03 are identified based on the GC-MS chromatogram shown in Figure 28. These ions may originate from 

the amine epoxy resins that are decomposed by either pre-treatment or the enzyme. As the m/z pairs of 165-166 

exhibit different ionization patterns, they could represent completely different species. 
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The prominent peak E produced from ItL-03/ABTS treatment corresponds to m/z 144. This peak 

is likely a fragment of ABTS, as its ionization patterns align with its mass fraction (Figure 32). 

Another possibility is that this peak originated from the breakdown of components within RTM6, 

potentially due to the enzyme’s activity.  

 

 

Figure 32. Proposed species for the peak E (14 min) that may be oxidized by ItL-03 are identified based on 

the GC-MS chromatogram shown in Figure 28. This compound is most likely derived from the fraction of ABTS, 

as it exhibits ionization patterns consistent with the ABTS mass fraction. Another possibility is that it results 

from the decomposition of epoxy resins. 

 

3.6.2     Remaining epoxy powder 

The PA-H2O2 treatment was unable to completely decompose the RTM6 epoxy powder following 

a two-day incubation, resulting in some residual epoxy powder. This excess was filtered, 

thoroughly washed with water, and dried overnight at 60 °C. The FTIR spectra displayed distinct 

band patterns between the non-treated (RTM6) epoxy, which refers to the epoxy that was not pre-

treated with PA-H2O2, and the pre-treated (PT-RTM6) epoxy powders, both measured prior to 
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enzyme treatment (Figure 33). This finding suggests that the PA-H2O2 treatment led to 

modifications in the functional groups of the epoxy resins. Notably, the C=O stretching band 

(approximately 1,750 cm-1) was present only in PT-RTM6 and not in RTM6, further confirming 

the oxidative effects of the prior pre-treatment on the DGEBA-based epoxy resin (Figure 24). 

RTM6 and PT-RTM6 were subsequently introduced to ItL-03, with or without the addition of 

mediators (ABTS, syringol, and TEMPO). TEMPO was selected for its relatively high redox 

potential. The FTIR spectra for the controls (laccase ItL-03, BSA, and the tris buffer used for the 

enzyme stock solution) are presented in Figure S13. They predominantly display bands 

corresponding to OH groups, C=O functionalities, and NH groups. 

 

Figure 33. FTIR analysis of RTM6 epoxy powder. Non-treated epoxy powder (RTM6), which did not undergo 

any treatment, compared to pre-treated epoxy (PT-RTM6), which was treated with 5 M PA-H2O2 for 2 days. 

These epoxy samples were not subjected to enzymatic treatment. The corresponding functional groups are 

indicated. v — stretching; δ — deformation. 

 

After the enzymatic treatment with ItL-03 on the non-treated RTM6 powder with mediators, a 

significant change in the peak intensity of the C–N stretching associated with aromatic amines 

(1,210-1,180 cm-1) was observed. However, this effect resembled that of the control, which was 

BSA, indicating that the band shifts could be attributed to water incubation rather than enzymatic 

activity (Figure 34). Epoxy resin tends to absorb water and swell, which may weaken its structural 

integrity (Walter et al., 2013). This was not the case for the ItL-03/syringol treatment, which 

exhibited slight changes that differed from the control. In addition to this functional group, the OH 
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(3,500-3,250 cm-1) and C=O stretching bands (approximately 1,750 cm-1) exhibited higher 

intensity in the enzyme samples without a mediator (ItL-03) and ItL-03/syringol compared to the 

BSA controls. Thus, it is possible that ItL-03 and ItL-03/syringol can slightly oxidize RTM6 

without prior treatment. 

For PT-RTM6 samples treated with ItL-03, the epoxy functional groups, such as C–N stretching 

in both aromatic (around 1,200 cm-1) and primary (1,085-1,050 cm-1) amines, along with CH3 and 

CH2 stretching (2,970-2,870 cm-1 and 1,460 cm-1), exhibited lower intensities compared to those 

without the enzyme (Figure 35). This effect was even more pronounced in the presence of 

mediators, particularly syringol and TEMPO. The pre-treatment of the epoxy may facilitate the 

enzyme's access to the embedded epoxy functional groups, leading to further modification and a 

partial reduction of amine functionalities. Unlike RTM6, the OH and C=O bands in the PT-RTM6 

samples showed similar intensities between the enzyme and control samples, except in those that 

contained syringol. This implies that, without pre-treatment, the enzyme is likely to modify the 

more accessible and reactive OH and C=O groups on the surface of the material, while it can affect 

the less reactive amine functional groups of the epoxy when the material is treated. 

Overall, ItL-03/syringol has proven to be the most effective enzyme candidate for modifying the 

amine-based epoxy, as indicated by its ability to reduce the intensities of epoxy functional groups 

(e.g., C–Narom., C–Nv, CH3, CH2) (Figure 36). Additionally, three distinct peaks in the FTIR 

spectra, appearing at 1,558 cm-1, 1,270 cm-1, and 1,116 cm-1, were associated with epoxy functional 

groups and correspond to NH stretching in secondary amides, C–O stretching in epoxides, and    

C–O–C antisymmetric stretching in aliphatic ethers, respectively. These peaks were even more 

pronounced than those observed in PT-RTM6. This observation suggests that these peaks may 

result from specific interactions between syringol and epoxy that could remain on the surface. 

Therefore, it may be necessary to investigate the reaction of syringol with epoxy alone to determine 

whether these peaks would reappear and correlate with the abovementioned findings. 
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Figure 34. FTIR analysis of the enzymatic activity of ItL-03 after 5 days on non-treated epoxy resins (RTM6) with and without mediators: ABTS, syringol, and 

TEMPO. A sample labeled RTM6 was not subjected to chemical-enzymatic treatment. BSA was used as a control. The corresponding functional groups are indicated. 

v — stretching; va — asymmetric stretching; δ — deformation. Most ItL-03 exhibits activity similar to that of the control, suggesting that the laccase barely oxidizes 

the epoxy, even in the presence of mediators. The exception is that ItL-03/syringol shows slightly more activity than the control, particularly in relation to the functional 

groups C-Narom. and C-Nv. 
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Figure 35. FTIR analysis of the enzymatic activity of ItL-03 after 5 days on pre-treated epoxy powder (PT-RTM6) with and without mediators: ABTS, syringol, 

and TEMPO. A sample labeled PT-RTM6 was treated previously with an acidic-peroxide solution but was not subjected to enzymatic treatment. BSA was used as a 

control. The corresponding functional groups are indicated. v — stretching; va — asymmetric stretching; δ — deformation. ItL-03, with or without the mediators, can 

slightly modify the pre-treated epoxy, which shows changes compared to the control, particularly concerning the functional groups C-Narom. and C-Nv. 
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Figure 36. FTIR analysis comparison of ItL-03 activity with different mediators on (a) RTM6 epoxy powder, focusing on C-Narom. (highlighted in blue), compared 

to (b) pre-treated residual epoxy powder (PT-RTM6) using PA-H2O2, with a focus on C-Narom., after 5 days of treatment with laccase ItL-03 and different mediators: 

ABTS, syringol, and TEMPO. BSA was used as a control. The corresponding functional groups are indicated. v — stretching; va — asymmetric stretching; δ — 

deformation. The enzyme activity under specific conditions compared to BSA is illustrated in Figures 34 and 35. 
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These findings demonstrate that the laccase ItL-03 was able to partially modify the amine 

functionalities, particularly when the material was pre-treated with PA-H2O2. The presence of a 

redox mediator further enhanced the enzyme’s catalytic activity, indicating that the laccase-

mediator system plays a crucial role in facilitating enzyme-substrate interactions, especially with 

high-redox-potential substrates such as cured epoxy resins. Additionally, ItL-03 was also capable 

of modifying specific byproducts generated during the pre-treatment process. This suggests that 

the enzyme exhibits a degree of substrate selectivity, which holds potential for downstream 

applications, including enzyme-assisted upcycling and sustainable byproduct recovery.
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4 DISCUSSION 

 

In recent years, the pursuit of sustainable waste management solutions has increasingly targeted 

the complex challenge of biodegrading recalcitrant synthetic polymers such as PE, PP, and epoxy 

resins—materials that are especially critical in the aerospace and construction industries. While 

certain enzymes have demonstrated the capacity to degrade polymers like PET, PUR ester, and 

PA oligomers, no microorganism or enzyme has yet been clearly shown to efficiently degrade 

cured epoxy polymers (PAZy database; (Buchholz et al., 2022)). Although some studies have 

reported microbial colonization and growth on epoxy surfaces, they do not provide conclusive 

evidence of enzymatic breakdown. This study developed a two-step oxidative process comprising 

an organic acid pre-treatment followed by application of a bacterial laccase, resulting in the 

recovery of clean carbon fibers from epoxy composites, the further breakdown of certain defined 

products, and the partial modification of RTM6 epoxy resins. While the bacterial laccase alone 

faced challenges in achieving complete degradation of epoxy resins, the combined treatment 

provides key insights into the mechanistic barriers of epoxy breakdown. These findings highlight 

the challenges and emerging opportunities in circular bioconversion of eCFRPs, paving the way 

toward more sustainable solutions in the future. 

 

 

4.1 Bacterial laccase ItL-03 is an acidophile promiscuous enzyme from insect gut with 

potential biotechnological applications 

Laccases represent the largest subfamily of MCOs and are widely distributed across insects, plants, 

fungi, and bacteria. In this work, laccases Itl-01, ItL-02, and Itl-03 were isolated from the gut of 

the bark beetles Ips Typographus, and were classified as bacterial laccases within 

Gammaproteobacteria. In insects such as the red flour beetles, Tribolium castaneum, laccase-2 

mainly functions in cuticle tanning and pigmentation, usually expressed in epidermal tissues, while 

laccase-1 is involved in the oxidation of toxic compounds in the salivary glands and midgut 

(Arakane et al., 2005; Janusz et al., 2020). Bark beetles, major pests of spruce trees, colonize and 

feed on the lignocellulosic inner bark. Bacterial laccases in their guts are involved in the 

degradation of plant-derived lignin and the oxidation of toxic plant defense phenolic compounds 
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(e.g., terpenes, tannins) (Boone et al., 2013; Scully et al., 2013). Additionally, the wood-feeders 

have fungal symbionts that produce laccases, which efficiently break down complex lignin. These 

fungi are typically dispersed in beetle galleries and directly on decaying wood (Birkemoe et al., 

2018).  Interestingly, beetles are not typically associated with true wood-decaying fungi, such as 

white rot fungi from the phylum Basidiomycota (Six, 2013). Species like Trametes versicolor, 

Pleurotus ostreatus, and Phlebia radiate are among the most prolific producers of lignin-degrading 

enzymes, which often exhibit high redox potentials around 800 mV, making them highly effective 

in breaking down lignin (Brijwani et al., 2010; Kunamneni et al., 2007). Instead, beetles form 

symbiotic relationships with ophiostomatalean fungi, belonging to Ascomycetes, which help 

reduce wood decay by competing with wood-degrading fungi, thereby protecting their habitats and 

reducing competition for nutrients (Skelton et al., 2019). Bacterial laccases are often not true lignin 

degraders, but act on smaller phenolic compounds and diverse xenobiotics, which may explain 

their low redox potential, typically below 460 mV (Gunne et al., 2014; Sharma et al., 2007). The 

initial breakdown of lignin occurs externally and, in the mouth, where a combination of mechanical 

forces and chemo-enzymatic degradation, mediated by saliva and its enzymes, initiates the process. 

The pre-processed lignin is then further degraded by bacterial laccases in the beetle’s gut, 

representing a natural example of combined mechanical and chemo-enzymatic degradation. By 

increasing the surface area of lignin through chewing, beetles facilitate faster enzymatic 

depolymerization. Such mechanical pre-treatment is mandatory in industrial PET recycling to 

achieve high yields (Arnal et al., 2023). A recent study similarly showed that wax worm saliva 

contains enzymes that are key to polyethylene degradation (Sanluis-Verdes et al., 2022), 

highlighting the broader potential of saliva-driven chemo-enzymatic mechanisms. More studies 

nowadays have shown that bacterial laccases can aid in lignin depolymerization, such as 

Streptomyces small laccases (SLACs) and LacZ1 from Bacillus sp. (Majumdar et al., 2014; Zhang 

et al., 2021). Although high redox potential laccases are more common in fungi, bacterial laccases 

are gaining increasing interest due to their simpler genetic manipulation, faster enzyme production, 

and cost-effectiveness for industrial applications (Yadav & Kudanga, 2023). 

Bacterial laccase ItL-03 showed a preference for acidic pH over alkaline pH for converting NNBT 

and demonstrated great stability at 50 °C (Figure 19). These characteristics are similar to fungal 

laccases, which are typically most active within an acidic pH range of 2.6–6.9 and have an average 
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Topt of 55 °C, ranging from 25 to 80 °C (More et al., 2011; Strong & and Claus, 2011; Zheng et 

al., 2017). In contrast, most bacterial laccases tend to be more active at alkaline pH and exhibit 

greater stability at higher temperatures. Several SLACs and CotA (from Bacillus subtilis) exhibited 

optimal activity at pH 7–9 with substrates such as guaiacol, syringol and syringaldazine (Gunne & 

Urlacher, 2012; Koschorreck et al., 2008; Machczynski et al., 2004). SilA showed the highest 

activity on phenolic compounds at pH 8 (Molina-Guijarro et al., 2009). However, an enzyme’s pH 

preference could be influenced by substrates. For example, CotA exhibited maximal activity on 

syringaldazine at pH 7.0 but remained active at pH below 3 when using ABTS (Martins et al., 

2002). Similarly, laccase ItL-03 showed the highest activity at pH 8 for substrates such as syringol 

and guaiacol, but its optimal activity shifted to pH 4 when using ABTS (Figure 17). The optimal 

pH for a laccase with a specific substrate depends on the pH at which the substrate's redox potential 

is minimized, or it is easier to oxidize (Xu et al., 2000). ABTS, a non-phenolic compound, is 

readily oxidized at acidic pH due to its high solubility. Syringol, a phenolic compound, is better 

oxidized at alkaline pH when its hydroxyl deprotonates to form a phenolate ion with a lower redox 

potential (Xu, 1997). Since pH affects substrate redox properties, it explains the variation in 

enzyme pH preferences for different substrates. As enzymes exhibit different optimal pH values 

and activity levels depending on the substrate, future kinetic studies should incorporate a broader 

range of non-phenolic substrates (beyond ABTS, Table 19), along with phenolic substrates, to 

allow for a more comparative and comprehensive evaluation of their catalytic potential. 

Laccases ItL-01, ItL-02, ItL-03 (ItL-01-03) and CueO are most active on ABTS at similar pH 

levels, but their optimal temperatures range from 40 to 60 °C. Despite sharing over 60% sequence 

homology (Table 18) and having highly conserved structures around the copper-binding sites 

(Figure 10), differences in lengths and amino acid sequences within the Met-loop may account for 

variations in flexibility and enzymatic activity at different temperatures.  CueO, with a smaller 

loop compared to ItL-01-03, exhibits higher optimal temperatures. This is because loops are 

inherently more flexible than structured regions like α-helices and β-sheets, which can easily lead 

to destabilization at higher temperatures (Karshikoff et al., 2015; Rahban et al., 2022). Additional 

features that contribute to an enzyme's tolerance to high temperatures include an increased number 

of disulfide bridges, fewer thermolabile amino acids, a higher abundance of hydrophobic residues, 

enhanced hydrophobic contacts, aromatic and inter-subunit interactions, a tightly packed surface 
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structure, metal or substrate binding, and a higher aliphatic index, all of which are more commonly 

observed in thermophilic enzymes (Ikai, 1980; Ladenstein & Ren, 2006; Nguyen et al., 2019; 

Pérez-García, 2020). For example, the extracellular laccase SN4 from Bacillus tequilensis had an 

optimum temperature of 80–90 °C (Sondhi et al., 2015), and a hyperthermophilic McoP from 

archaeon Pyrobaculum aerophilum exhibited optimal activity at 85 °C (Fernandes et al., 2010). 

The highest temperature optimum has been reported for a hyperthermophilic laccase from Thermus 

thermophilus HB27 at 92 °C, with a half-life maintained at 80 °C for more than 14 h (Miyazaki, 

2005). In comparison, the bacterial laccases in this work function optimally at moderate 

temperatures and are much less thermophilic than these enzymes.  

Analysis of amino acid sequences indicates that CueO and ItL-01-03 share a high degree of 

evolutionary conservation across most regions, particularly those surrounding the copper centers 

(Figure 10). Thus, the methionine-rich loops may also contribute to enzymatic activity. These Met-

loops have been reported to influence enzyme specificity and reactivity by modulating substrate 

access and stabilizing substrate interactions (Borges et al., 2020). However, this influence may not 

fully explain the catalytic activity observed toward epoxy model substrates in the studied laccases. 

ItL-03 and CueO showed similarly high activity against BBCM, BMAP, and NNBT, with over 

90% conversion, followed by ItL-02 at approximately 80%, and ItL-01 showing the lowest activity 

at around 40% conversion (Figure 14). Interestingly, sequence alignment of the Met-loops 

revealed that ItL-03 is more closely related to ItL-01 than to CueO or ItL-02, with both sharing a 

longer loop length compared to the latter two (Figure 37). However, since this phylogenetic 

analysis was based on a small sample size and very short sequences (<40 amino acids), the 

resulting tree is prone to error and may not provide biologically meaningful insights. Furthermore, 

structural modeling of these loops was not possible due to their high flexibility and the absence of 

suitable structural templates (Figure 10). Therefore, although Met-loops may influence certain 

enzyme properties, such as thermal stability as suggested by shorter loop in CueO, these regions 

may not be the primary determinants of catalytic activity. The fact that ItL-03 and CueO exhibit 

the highest activity toward epoxy models further supports that M-loop length may not directly 

correlate with enzymatic activity. Instead, non-conserved regions distant from the copper centers 

may play a more significant role and should be subjected to further investigation, particularly 

regarding their influence on enzymatic activity in the oxidation of epoxy model substrates. 
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Figure 37. Sequence alignment and phylogenetic analysis of the methionine loops from CueO and ItL-01 

to ItL-03 were performed to assess evolutionary relationships. Multiple sequence alignment was conducted 

using T-Coffee in M-Coffee mode (Moretti et al., 2007), with color-coding indicating alignment confidence. A 

phylogenetic tree was generated using MEGA11 (Tamura et al., 2021) based on the maximum likelihood method 

with 1,000 bootstrap replicates. Bootstrap values are shown for nodes exceeding a predefined confidence 

threshold. 

Laccases and peroxidases (e.g., lignin peroxidase; LiP, manganese peroxidase; MnP) are classified 

as ligninolytic enzymes that function cooperatively in lignin degradation (Kumar & Chandra, 

2020). Peroxidases require H2O2 as a co-substrate to catalyze the oxidation of lignin, whereas 

laccases function independently of it. In this study, laccase activity declined by 50% at just 0.5 

mM H2O2, while HRP exhibited increased activity in the presence of 1 mM H2O2 (Figure 12e). 

This highlights the low tolerance of laccases to H2O2 and the importance of carefully regulating 

H2O2 concentrations when designing enzymatic systems involving both enzyme types. In nature, 

lignin depolymerization can involve the coordinated action of laccase and peroxidases through 

controlled coexistence mechanisms, such as temporal or spatial separation of their activity and 

regulation of H2O2 levels via H2O2-scavenging enzymes (e.g., catalase) (Fujii et al., 2013; 

Milgrom, 2016). These enzymes are not directly synergistic but act on different lignin structures 
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and bonds, contributing to more comprehensive lignin breakdown (Higuchi, 2004). However, this 

study did not investigate the regulated coexistence of laccase and peroxidase in epoxy 

modification, an aspect that should be addressed in future research. A recent study demonstrated 

that the combined action of laccase, LiP, and MnP achieved the highest lignin degradation from 

corn stover, approximately 26% greater than when each enzyme was used individually, though the 

method of H2O2 application during the reaction was not specified (S. Zhang et al., 2022). 

Furthermore, enzymes that utilize H2O2 as co-substrates can be inactivated when concentrations 

exceed their limits, as they can act as inhibitors (Nicell & Wright, 1997). The inhibitory effects of 

such cofactors should also be thoroughly investigated to better understand their impact on, and 

limits to, enzyme activity. 

Laccases have been commonly used in industries such as paper and pulp, textiles, food processing 

and pharmaceuticals   (Khatami et al., 2022). Moreover, due to accelerated industrial development 

and heavy use of xenobiotics (e.g., drugs, pesticides, pollutants, carcinogens), laccases are 

excellent biocatalysts also for bioremediation, especially for phenolic and aromatic compounds 

(Strong & and Claus, 2011). Some industries produce toxic effluents or engage in certain 

bioremediation processes prefer laccases to be active and stable at acidic pH (Christov & Driessel, 

2003; Dutta et al., 2021; Ruggaber Timothy & Talley Jeffrey, 2006). In this context, the acidophilic 

nature of the bacterial laccases derived from beetles in this study—particularly ItL-03, which 

exhibits excellent thermostability at 50 °C and maintains 80% activity after one week—can help 

fill this gap for industrial applications that typically rely on fungal laccases. The potential of 

laccases extends further with the increasing environmental concern over plastics, prompting 

extensive studies on using laccases for the biodegradation of recalcitrant polymers such as PE, PP, 

and PVC (Sabellico et al., 2025; Sumathi et al., 2016; Zampolli et al., 2023). A study by Y. Zhang 

et al. (2023) showed that LfLAC3 treatment of LDPE films over 8 weeks resulted in a 3% weight 

loss and partial surface modification, evidenced by increased signals of carbonyl and carboxyl 

groups on the PE surface. Similar modifications of functional groups were observed with the 

laccase rPsLAC from Psychrobacter sp. NJ228, which acted on PE films within 7 days and led to 

a decrease in crystallinity (A. Zhang et al., 2022). Additionally, the laccases LMCO2 and LMCO3 

from Rhodococcus opacus R7 oxidized LDPE powder, as demonstrated by GC-MS analysis, with 

the released products primarily consisting of carboxylic acids (e.g., octanoic acid, nonanoic acid, 
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and hexadecanoic acid) after 24 hours (Zampolli et al., 2023). Although bacterial laccases 

primarily act on the surface of polymers with limited capacity for complete degradation, they 

remain promising candidates for oxidizing recalcitrant materials, including epoxy resins. Their 

application in epoxy is still relatively unexplored, a gap this study addressed by demonstrating the 

potential of laccases to expand enzymatic polymer modification to include epoxy-based materials. 

To what extent the laccases characterized in this work could also be applied to the oxidation of 

other synthetic polymers, such as PE and PP, remains to be elucidated. 

 

 

4.2 Oxidoreductases are effective in oxidizing epoxy model substrates seamlessly 

RTM6 epoxy resins are the target polymers for biodegradation in this study. In the context of 

enzyme screening, particularly when understanding of enzymatic interactions with the actual 

polymer is limited, model compounds are employed to facilitate initial investigations. Such models 

enable high-throughput screening, conserve time, and assist in determining whether enzymes can 

act upon specific functional groups or linkages. Accordingly, three epoxy model compounds—

BBCM, BMAP, and NNBT—were selected. These models contain tertiary amine groups within 

their structures and are representative of the repeating units present in RTM6 (Figure 13).  

The study by Dolz et al. (2022) remains among the first investigations to utilize epoxy model for 

examining the enzymatic degradation of amine-cured epoxy resins. They demonstrated that NNBT 

can be degraded by unspecific peroxygenases (UPOs) via N-dealkylation. This study showed that 

three metagenomic laccases, CueO, and HRP can also catalyze the transformation of NNBT, as 

well as BBCM and BMAP.  LC-MS analysis indicated that laccase ItL-03 may react with BMAP 

through laccase-mediated oxidative N-dealkylation, potentially involving radical cation 

intermediates and resulting in degradation (Figure 16). While the mechanisms underlying laccase-

mediated conversion of BBCM and NNBT remain unclear due to ambiguous predicted products 

(Figures S6, S7), it is hypothesized that similar radical oxidative cleavage processes may be 

involved. Concerning the catalytic mechanism of ItL-03 with BMAP, it is proposed that the initial 

step involves the formation of an alkoxy radical through the removal of one electron and one 

hydrogen atom from the hydroxyl group (Figure 38a). This alkoxy radical may then induce the 

breakdown of C-alkyl bonds, whereby N-dealkylation is mediated indirectly via laccase oxidation.  
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Figure 38. Proposed possible reaction scheme for the oxidation of BMAP by bacterial laccase, involving 

indirect N-dealkylation through radical oxidation. (a) Formation of an alkoxy radical-mediated induces the 

cleavage of C-alkyl bonds. (b) Formation of an amine radical cation results in the cleavage of the C-N bond. 

Similar oxidative catalysis has been observed in Trametes versicolor laccase (TvL), which 

catalyzed the one-electron oxidation of N',N'-dimethyl-N-(4-hydroxyphenyl)urea. After 96 h at 

pH 3, this reaction achieved 40% conversion, primarily producing p-benzoquinone. The authors 

indicated that the laccase first oxidized the hydroxyl group, which led to the subsequent cleavage 

of the C-aryl and C-alkyl bonds (Jolivalt et al., 1999). Another possible route for laccase-mediated 

N-dealkylation of BMAP involves indirect oxidation via radical coupling. In this process, the 

tertiary amine is oxidized to form an amine radical cation (Figure 38b). Subsequently, a hydrogen 

atom is abstracted from the alkyl group or the hydroxyl group, generating a radical. This radical 

then undergoes fragmentation, resulting in the cleavage of the C-N bond and the formation of a 

secondary amine. While laccases can oxidize substrates through an initial single electron transfer 

step (Mehra & Kepp, 2019), there is limited literature supporting their ability to convert tertiary 

amines into secondary amines via radical-mediated oxidation. However, the oxidation of aromatic 

amines attached to primary or secondary amines, as well as benzylamines, where a benzyl group 

is attached to an NH2 group, has been reported with TvL (Bassanini et al., 2023; Galletti et al., 

2015).   
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Most well-documented N-dealkylation reactions of tertiary amines are facilitated by cytochrome 

P450 (CYP) monooxygenases (Najmi et al., 2022). The CYP enzyme from the bacterium 

Streptomyces griseus efficiently catalyzes N-demethylation. Isolated CYP enzymes from animal 

liver and intestines, as well as a mutant from Bacillus megaterium, have demonstrated the 

formation of N-dealkylated metabolites of drugs such as diphenhydramine and amitriptyline. 

Hence, UPOs, enzymes which exhibit characteristics of both peroxidases and cytochrome P450s, 

can catalyze N-dealkylation (Hofrichter et al., 2015), as also demonstrated in the study mentioned 

previously (Dolz et al., 2022). Other enzymes that may contribute to N-dealkylation include 

peroxidases (e.g., horseradish peroxidase, HRP) and FAD-dependent enzymes (e.g., 

trimethylamine dehydrogenase) (Shaffer et al., 2001; Zhu et al., 2016). The latter indirectly 

catalyzes N-demethylation through N-oxidation (Taniguchi-Takizawa et al., 2015). Recently, a 

morphinan N-demethylase from Methylobacterium, which typically catalyzes C–C bond 

formation, has been recently discovered to catalyze the removal of the N-methyl group 

(Gandomkar et al., 2015). Additionally, a catalytic cascade involving two enzymes, a monoamine 

oxidase and an ω-transaminase, was reported for the dealkylation of secondary amines (O'Reilly 

& Turner, 2014). While there are enzymes that cleave directly at the C–N linkage, their activity 

depends on the specific chemical nature of the substrate. For example, deaminases primarily 

remove primary amines from molecules; a well-known reaction is in DNA, where cytosine is 

converted into uracil, releasing ammonia (Aučynaitė et al., 2018). Amidases cleave C–N bonds in 

amides, which have the general formula R−C(=O)−N−R' (Wu et al., 2020). Lyases, on the other 

hand, break C–N bonds without hydrolysis or oxidation, through elimination reactions that result 

in the formation of a double bond or a new ring (Duan et al., 2022; J. Zhang et al., 2020). Since 

tertiary amines lack a hydrogen atom on the nitrogen suitable for elimination, most lyases that 

cleave C–N bonds typically target primary and secondary amines. Therefore, enzymes that 

facilitate the catalysis of tertiary amines through N-dealkylation, such as cytochrome P450 

monooxygenases and UPOs, are the enzymes with the highest potential to catalyze these C–N 

linkages, which are commonly found in amine-cured epoxy resins. 

In addition to the common tertiary amine linkage (R–N(CH2–CH3)–CH2–R') formed during the 

curing of epoxy resins and curative agents, other types of bonds can also be present, including 

secondary amines (R–NH–CH2–R'), carboxyl esters (R–(C=O)–O–R'), ethers (R–O–R'), and thiol 
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(R–S–R') linkages (González et al., 2012; Meure et al., 2010; Thomas et al., 2014). While this 

study primarily focused on tertiary amines, developing epoxy model substrates that incorporate 

these diverse linkages will aid in screening for enzymes capable of oxidizing a broader range of 

epoxy structures and improve our understanding of their mechanistic pathways. However, using 

epoxy model substrates may not accurately represent the complexity of actual polymers and could 

produce false positives, where enzymes appear active on model substrates but may not effectively 

interact with the full polymer. Therefore, employing larger and more complex substrates can help 

better assess both the potential and limitations of enzyme activity, providing a more realistic 

evaluation of their ability to degrade epoxy materials similar to real-world polymers. 

 

 

4.3 Bacterial laccase ItL-03 induces partial surface modification of epoxy resins post pre-

treatment targeting amine linkages 

Epoxy model substrates were readily oxidized by bacterial laccases. However, they did not have 

the ability to break down the epoxy matrix to recover carbon fibers. The epoxy functional groups, 

particularly the C–N bonds, may not significantly impede biodegradation; rather, the steric 

hindrance from the densely packed, cross-linked structure of the cured polymer likely limits the 

access of enzymes to the certain regions within the molecule (Escayola et al., 2024; Pinter et al., 

2012).  In this context, pre-treatment is essential to improve enzyme accessibility and potentially 

enable resin breakdown. This is analogous to natural systems, such as those observed in beetles, 

where pre-treatment mechanisms, including mechanical, chemical, and enzymatic processes, are 

employed to break down complex substrates into smaller components, which can then be further 

degraded by bacterial laccases. In this study, the ability of laccase ItL-03 to further oxidize the 

epoxy extract from RTM6 was analyzed by ESI-MS and GC-MS, while its ability to modify the 

pre-treated powder was characterized by FTIR. 

Direct injection ESI-MS revealed multiple peaks, particularly in the m/z ranges of 150-200 and 

300-500 (Figure 25). Notably, an ion at m/z 483.3 showed a significant decrease in intensity 

following enzymatic treatment, suggesting it corresponds to a larger, polar intermediate or 

oligomer that serves as a primary enzymatic target. The 150-200 m/z range likely contains smaller 

fragments, some of which may overlap with those detected by GC-MS. GC-MS identified smaller 
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volatile products around m/z 50-180, which also appeared influenced by the enzyme (Figures 28-

31). However, it remains unclear whether the enzyme truly oxidizes these compounds due to 

uncertainties regarding protonation/deprotonation states, which could be clarified using NMR. 

Additionally, peak E could correspond either to ABTS or oxidation products (Figure 32). 

Analyzing the epoxy extract incubated under identical conditions with ABTS but without the 

enzyme would help resolve this ambiguity. While the GC-MS results remain somewhat 

inconclusive and require further investigation, the complementary data from ESI-MS and GC-MS 

suggest that enzymatic activity can proceed through mid-sized polar intermediates (e.g., m/z ~400) 

clearly detected by ESI-MS, some of which may be further oxidized into volatile products 

detectable by GC-MS. Moreover, only a few soluble products from the propionic acid (PA)-H2O2 

pre-treatment were further oxidized by laccase ItL-03 (Figures 25, 28), likely because the pre-

treatment already fragmented them into small compounds containing chemical bonds that are 

either less reactive or not suitable substrates for the enzyme.  Lowering the concentration of the 

PA-H2O2 pre-treatment could potentially preserve more reactive intermediate structures. 

With pre-treated RTM6 powder, the enzyme only partially modified the surface, though the effect 

was slightly enhanced when using a mediator in combination. In fact, ItL-03 was able to target the 

modification of amine functionalities (e.g., C–N) in the pre-treated epoxy (Figure 35), whereas 

with non-treated epoxy, the enzyme primarily engaged in general oxidation, producing hydroxyl 

(–OH) and carbonyl (C=O) groups as oxidation products (Figure 34). The pre-treatment of the 

epoxy resin induces changes in its chemical structure, which influence how the laccase enzyme 

interacts with it. When the epoxy is not pre-treated, the enzyme mainly oxidizes accessible 

electron-rich regions (e.g., aromatic rings) and exposed aliphatic areas, rather than modifying 

specific functionalities like amines, which are likely buried, crosslinked, or sterically hindered. 

Using acid pre-treatment, DGEBA-based epoxy resins cured with amine hardeners were primarily 

cleaved at the C–O and C–N bonds (Ma et al., 2017).  This indicates that pre-treatment can 

penetrate into the epoxy matrix and expose these functional groups, making them more accessible 

or reactive on the epoxy surface for enzymatic activity. A straightforward example of this is the 

composition of lignocellulosic material, where cellulose is embedded within a matrix of 

hemicellulose and lignin. Pre-treatment is a critical step in biofuel production to remove 
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hemicellulose and lignin, exposing cellulose to enzymatic cellulase, which breaks it down into 

glucose for fermentation into ethanol or biogas (Chandra et al., 2007; Meera et al., 2020). 

Pre-treatment to facilitate enzyme access to the material for further modification is mimicked in 

nature by processes such as colonization by certain organisms and environmental factors, like 

seawater, which can accelerate oxidation and hydrolysis (Da Costa et al., 2018; Dang & Lovell 

Charles, 2015). Biofilm formation by microorganisms can reduce polymer’s mechanical properties 

by creating oxidative microenvironments that accumulate moisture, promote hydrolysis of bonds 

and induce microcracking (Breister et al., 2020; Kychkin et al., 2025). Additionally, 

microorganisms can produce metabolites such as organic acids, which contribute to corrosion 

(Beale et al., 2013; Malviya et al., 2023), and secrete enzymes to further disrupt the polymer's 

integrity (Romaní et al., 2008; Teh et al., 2014). Similar observations in previous studies have 

shown that marine bacteria can decrease the corrosion resistance of epoxy-coated steel by forming 

biofilms after one month in seawater, which was subsequently confirmed by FTIR analysis 

indicating surface modification of the epoxy (Deng et al., 2019; Wang et al., 2016; S. Zhang et al., 

2023). Considering this, Pseudomonas putida promoted an increase in hydroxyl (C–OH) groups, 

while P. aeruginosa reduced C–O–C and C–O groups, and Bacillus flexus broke down aromatic 

rings and epoxy groups. Furthermore, another research effort showed that a soil bacterial 

consortium comprising Bacterium Te68R PN12, Microbacterium sp. MK3, and P. putida MK4 

survived in minimal media where epoxy served as the primary carbon source. This resulted in less 

observable C–N, CH3, CH2, and C–O groups, along with a 34% weight reduction of the polymer 

(Pardi-Comensoli et al., 2022). Published studies suggest that these bacteria and fungi capable of 

colonizing epoxy resins (Deng et al., 2019; Gu et al., 1997; Pardi-Comensoli et al., 2022; Wang et 

al., 2016; S. Zhang et al., 2023), possess oxidoreductases (EC1), such as laccases, peroxidases, 

monooxygenases, and alcohol dehydrogenases (Haq et al., 2024; Kumar & Chandra, 2020; 

Leynaud Kieffer Curran et al., 2022; Naveed et al., 2025; Padayachee et al., 2020), which are 

reported to have the potential to modify non-hydrolysable plastics like PE, PP, PS, and PVC (Chow 

et al., 2023; Mohanan et al., 2020; Zampolli et al., 2024). This could explain the similar FTIR 

results observed after laccase treatment of pre-treated epoxy, which mimic the effects of the 

enzyme following environmental influences. 
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4.4 Pre-treatment as a key to enhancing bio-based recycling efficiency of eCFRPs 

So far, the degradation of recalcitrant plastics or non-hydrolysable polymers using sole enzymes 

has primarily resulted, in most studies, in surface modification rather than significant degradation 

throughout the material, including this one. Only the combination with a pre-treatment has shown 

promising results that facilitate the use of biocatalysts such as enzymes, making the integration of 

biological approach more practical and effective. Thus, pre-treatment is as well a critical aspect of 

this study for epoxy decomposition, which is essential to accelerate the initial oxidation—a 

bottleneck step in the process. Propionic acid and H2O2 were applied to initially disrupt the network 

density of the epoxy matrix, making it more accessible to subsequent enzymatic action. 

Additionally, applying such pre-treatment methods to depolymerize eCFRPs facilitates the 

recovery of clean CFs, which could potentially be reused in future applications. To verify the 

quality of the recovered CFs for reuse, thermogravimetric analysis (TGA) and tensile strength 

testing should be conducted.  

Propionic acid is a carboxylic acid with the general formula R-COOH. When it reacts with H2O2, 

peracids or peroxyacids are produced, resulting in compounds of the form R-COOOH (Leveneur 

et al., 2009). These peroxy derivatives of organic carboxylic acids are generally strong oxidizers, 

highlighting the importance of H2O2 in the reaction process. They are more effective at 

decomposing epoxy compared to using acid alone. Das et al. (2018) proposed a reaction 

mechanism involving the use of peracids (acetic acid and H2O2) for the decomposition of the cross-

linked epoxy. Initially, unstable peracids generates acyloxyl (CH3COO
.
) and hydroxyl (

.
OH) 

radicals. The acyloxyl radicals can then oxidize C-OH group into carbonyl (C=O) groups, which 

subsequently lead to the breaking of C–N linkages, ultimately disrupting cross–linking. The 

preference of acid digestion targeting C–N bond cleavage over other bonds, such as C–C in epoxy, 

aligns with findings from the study of Ma et al. (2017). Meanwhile, the hydroxyl radicals primarily 

oxidize the hydroxyl groups to from carbonyls, but are less effective at breaking other bonds. Thus, 

the breakdown of amine-cured epoxy with PA-H2O2 involves the generation of acylperoxyl 

(CH3CH2COO
.
) and hydroxyl (

.
OH) radicals, as depicted in Figure 39. 
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Figure 39. Reaction pathway for the breakdown of amine cross-linked epoxy resin initiated by acyloxy 

radicals generated from peracids. * refers to acylperoxyl radical attack, which follows the same mechanism 

as previously depicted (2–4). Figure modified from (Das et al., 2018).  

Among the organic acids tested, propionic acid combined with H₂O₂ proved to be the most 

effective, resulting in 100% epoxy weight loss. This was followed by acetic acid with 

approximately 70%, formic acid at 15%, and other higher molecular weight organic acids showing 

less than 10% weight loss (Figure 20). The higher effectiveness of perpropionic acid (PPA) in 

epoxy decomposition may be attributed to its better balance between reactivity and stability 

compared to performic acid (PFA) and peracetic acid (PAA). Although shorter-chain acids such 

as formic and acetic acids are more polar and thus more reactive, they tend to be highly unstable 
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and decompose quickly (Luukkonen et al., 2015; Mattila & Aksela, 2000; Swern, 1949). In 

contrast, propionic acid remains stable longer in the reaction medium, and its slightly longer alkyl 

chain makes it more hydrophobic, which helps it diffuse into the epoxy matrix and enhances 

oxidative attack. Moreover, the organic radicals generated from PPA and PAA are reported to be 

more selective in attacking N-containing compounds more than those from PFA (Deng et al., 

2024). Polycarboxylic acids (e.g., malic, tartaric, and citric acid) contain multiple carboxylic 

groups capable of undergoing multiple dissociation steps, as well as at least one hydroxyl group 

(Apelblat, 2014; Sochorova et al., 2018), whereas a monocarboxylic acid like lactic acid has a 

hydroxyl group in addition to a carboxylic group (Castillo Martinez et al., 2013). The presence of 

multiple reactive groups is hypothesized to cause competition among the carboxylic groups for 

reaction with H2O2, resulting in inefficient and uneven formation of peracids. Additionally, 

hydroxyl groups may react with peracids or generated radicals, which can deactivate the oxidative 

properties itself. Due to these complications, the formation of peracids by polycarboxylic acids 

has not been reported (Kiejza et al., 2021). Therefore, monocarboxylic acids like propionic acid 

are more effective and potent in generating radicals that can attack and break down epoxy 

efficiently. 

In the standard protocol, a 3:1 mixture of sulfuric acid and hydrogen peroxide (SA–H2O2) is 

commonly known as piranha solution and is often used to retrieve clean carbon fibers by 

aggressively oxidizing organic residues (e.V., 2019). However, in this study, the SA–H2O2 mixture 

used to evaluate epoxy weight loss had a sulfuric acid to H2O2 ratio of 19:1. This significantly 

lower concentration of H2O2 results in a much milder oxidizing environment compared to 

traditional piranha mixtures. Therefore, this diluted oxidative acid system is more appropriately 

referred to as peroxymonosulfate (PMS) in the context of this study. PPA and PAA treatments 

were shown to target different functional groups within epoxy materials compared to the PMS 

system (Figure 24). Specifically, epoxy samples treated with PPA and PAA exhibited increased 

signals corresponding to C=C aromatic bands, hydroxyl (OH), and carbonyl (C=O) groups, while 

PMS was more effective at converting C–N stretches in aromatic amines into C–N bonds 

characteristic of primary amines. This is likely due to their differing acid strengths (Munegumi, 

2013), which influence reaction mechanisms and selectivity of oxidation pathways (Cook et al., 

2024; Zima et al., 2022). PMS, characterized by a strongly acidic and highly oxidative 
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environment, generates reactive species such as sulfate and hydroxyl radicals (Kiejza et al., 2021), 

which may promote extensive protonation of the relatively stable C–N bonds in epoxy, thereby 

increasing their susceptibility to further oxidative cleavage. The lower presence of C=C groups 

after PMS treatment also suggests that aromatic rings are more effectively modified or broken 

down under these conditions. Stronger acids, such as hydrofluoric acid, have been reported to be 

more effective than weaker acids like acetic acid in breaking down aromatic structures found in 

coal (Xu et al., 2021). PPA and PAA, as weak acids, generate milder oxidative conditions 

dominated by peracids or hydroxyl radicals (Kiejza et al., 2021). They predominantly attack 

electron-rich site, exhibiting a faster reaction rate toward aromatic compounds bearing phenolic 

groups compared to those containing nitrogen functionalities (Kim & Huang, 2021). This 

selectivity leads to most of products being oxygen-containing compounds, such as C=C, OH, and 

C=O functional groups. These findings suggest that while PMS’s strong acid–oxidant combination 

preferentially targets and modifies amine groups, weak organic acids promote a broader oxidation 

of the epoxy matrix, which can ultimately result in similar decomposition outcomes.  

PFA and PAA have been extensively studied for environmental applications such as wastewater 

treatment, whereas literature on PPA is relatively limited (Yujie Chen et al., 2023; Luukkonen & 

and Pehkonen, 2017). Instead, propionic acid is primarily used in the food industry, for example, 

as a food preservative, as well as in specialized applications involving pesticides and 

pharmaceuticals (Rachmawati & Triwibowo, 2024; Samel et al., 2018). It can be biologically 

produced through microbial fermentation by well-known propionic acid producers, such as 

Propionibacterium freudenreichii and P. acidipropionici (Gonzalez-Garcia et al., 2017; Ranaei et 

al., 2020). However, biosynthesis of propionic acid is not yet economically attractive, with 

ongoing challenges such as cell growth inhibition at high concentrations and the production of 

other organic acids, which increase extraction costs (Ammar & Philippidis, 2021). While 

fermentative production offers a sustainable approach, improvements, such as developing 

metabolically engineered mutants, employing immobilization techniques, and utilizing alternative 

renewable substrates, are needed to enhance both yield and productivity. For industrial-scale 

production, propionic acid is synthesized via chemical routes under mild conditions through the 

hydroformylation of ethylene, followed by oxidation of propionaldehyde with O2, achieving yields 

of over 90% (Teles, 2024). Any leftover propionic acid from applications can be recovered through 
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methods such as microchannel distillation or reactive extraction for reuse (Keshav et al., 2009; Lu 

et al., 2023; Singh et al., 2021). Similarly, another carboxylic acid, acetic acid, can be recovered 

with over 90% volume by simple distillation, after its use in the pre-treatment of CFRPs (Das et 

al., 2018). 

Other studies have also demonstrated that a combination of pre-treatment with enzymes can more 

effectively depolymerize non-hydrolysable polymers, which are poorly affected by any known 

enzymes. Branson et al. (2023) demonstrated that pretreating polyether polyurethane foams 

through chemical glycolysis, specifically transurethanization at 200 °C using an excess of 

diethylene glycol (DEG) with 1% (w/w) tin (II)-2-ethylhexanoate as a catalyst, yielded low-

molecular-weight (LMW) dicarbamates. These dicarbamates could be further hydrolyzed into 

aromatic diamines by the metagenome urethanase UMG-SP-2, found in soil contaminated with 

polyurethane waste, achieving a 65% conversion in 24 h (Branson et al., 2023). Another study 

reported that applying a pre-treatment with m-chloroperoxybenzoic acid (mCPBA) and 

ultrasonication to form LMW PE improved accessibility for an enzyme cascade that included 

catalase-peroxidase, alcohol dehydrogenase, Baeyer-Villiger monooxygenase, and lipase. This 

chemo-enzymatic depolymerization resulted in approximately 27% polymer conversion and the 

release of medium-chain products, such as aliphatic carboxylic acids (Oiffer et al., 2024). 

Therefore, to improve chemo-enzymatic treatment for epoxy decomposition, alternative chemical 

pre-treatments should be further explored, with continued emphasis on environmental 

sustainability. Additionally, implementing enzymatic cascades involving multiple enzymes 

capable of targeting abundant epoxy functional groups (e.g., amine and ether bonds) could 

significantly enhance the efficiency of the two-step oxidative process. Promising candidates 

include cytochrome P450 (CYP) monooxygenases, fungal laccases, and other oxidases involved 

in lignin degradation, which could act synergistically to broaden substrate specificity and improve 

overall performance. 

The two-step oxidation process, combining chemical and enzymatic treatments, is key to 

enhancing the bio-based recycling efficiency of eCFRPs. Chemical pre-treatment facilitates the 

breakdown of the resin matrix, enabling clean recovery of carbon fibers and converting the epoxy 

into intermediates that are more accessible to enzymatic oxidation. The high selectivity of enzymes 

provides additional advantages for downstream applications. Overall, chemo-enzymatic treatment 
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represents a promising and environmentally friendly strategy for addressing highly recalcitrant 

polymers such as epoxy. 
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5 CONCLUSION AND FUTURE PERSPECTIVES 

 

Epoxy-based CFRPs are widely used in high-tech sectors such as aerospace, automotive, and wind 

energy, where lightweight properties and durability are critical. Although these materials are 

typically used in long-life applications, their end-of-life management remains important due to the 

high economic and environmental costs associated with carbon fiber production. Efficient 

recycling of CFRPs, therefore, focuses on conserving valuable resources and promoting circular 

material use in advanced industries, ideally through methods that are also environmentally 

sustainable. However, recycling the recalcitrant epoxy matrices within CFRPs often relies on 

energy-intensive or chemically harsh methods that raise environmental concerns. Biological 

recycling, particularly through enzymatic or microbial degradation of epoxy resins, presents a 

more sustainable alternative. Yet, this area remains poorly understood and significantly 

underexplored, with current biocatalytic approaches showing limited effectiveness. Advancing 

this area is crucial for enabling more sustainable waste management for epoxy-based composites. 

This study investigated the use of laccases, enzymes known for their ability to degrade lignin, a 

complex natural polymer with a chemical structure similar to that of epoxy resins. Preliminary 

tests with these bacterial enzymes on eCFRPs showed no significant degradation. To advance this 

line of research, chemo-enzymatic approach under milder conditions than the standard method was 

developed, aiming to enhance the potential for environmentally friendly epoxy recycling. 

Combining organic peracid treatment (PA-H2O2) with enzymatic activity (bacterial laccase         

ItL-03) has shown promise in enhancing the decomposition of epoxy polymers compared to using 

enzymes alone. The pre-treatment facilitated the recovery of carbon fibers in a clean state, 

demonstrating potential for reuse in industrial applications. Further studies are required to 

investigate the mechanical properties of the recovered fibers to confirm their suitability for such 

applications. However, the enzyme primarily induced surface modification of the pre-treated 

epoxy rather than achieving significant degradation throughout the material. Although the pre-

treatment enhances enzyme accessibility, the subsequent enzymatic activity on the pre-treated 

epoxy may still fall short of industrial requirements. Nevertheless, enzymatic treatment can help 

standardize or simplify the composition of byproducts after pre-treatment, which is valuable for 

downstream applications such as recovery and potential upcycling. While direct recycling to 
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regenerate epoxy may be challenging, producing higher-value compounds from resulting products 

could offer a promising alternative. Therefore, further development is required to improve enzyme 

efficiency and to optimize enzyme-mediated processes that facilitate downstream applications. 

First and foremost, since bacterial laccases exhibit low redox potentials, it is crucial to expand 

enzyme screening to include a broader range of mediators with higher redox potentials. This is 

essential for optimizing laccase-mediator systems for the oxidation of amine-cured epoxy, 

especially given the challenges of oxidizing this complex polymer, thereby enhancing enzyme 

efficiency. Although bacterial laccases offer advantages such as easier and faster production and 

genetic manipulability, they may not be ideally suited for epoxy breakdown. More promising 

enzymes should be investigated, including fungal laccases with higher redox potentials, as well as 

other oxidative enzymes like cytochrome P450 monooxygenases, peroxidases, and UPOs, which 

are more effective in targeting tertiary amines. Despite their potential, expressing these enzymes 

remains challenging. Moreover, broadening enzyme screening to encompass various types of 

epoxy functional groups would deepen our understanding of enzymatic mechanisms and facilitate 

the development of more effective degradation strategies. Employing larger model substrates 

could better represent the structural complexity of actual polymers. In addition, optimizing the 

extent of pre-treatment is important to ensure sufficient enzyme access while adhering to greener 

practices. Other alternative pre-treatments, such as UV irradiation, which are inspired by natural 

processes and thus have a lower environmental impact, should also be examined. 

Importantly, effective recycling of epoxy resins requires a multifaceted approach that integrates 

mechanical, chemical, and enzymatic methods. Increasing the surface area of epoxy materials 

relative to their volume can improve enzyme access when combined with mechanical treatments, 

while chemical methods can help accelerate depolymerization reactions. Both strategies aim to 

facilitate more efficient biological recycling. There is a growing trend towards developing 

biodegradable epoxy composites with ester bonds, which may enhance microbial degradation 

susceptibility. Nonetheless, ester bonds also increase the risk of hydrolysis under high humidity 

and water exposure (Kajdas, 2004), which could compromise the material's performance in 

applications such as aircraft, where resistance to weather conditions is critical. 

In summary, although significant challenges remain in the biodegradation of epoxy resins, this 

study advances our understanding of the enzymes involved in epoxy degradation and provides 
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insights into their reaction mechanisms, an area that has been rarely explored. While enzyme alone 

may not yet be sufficient to fully break down epoxy, chemo-enzymatic oxidation offers a 

promising strategy for epoxy waste management and enabling potential downstream applications. 

Continued research is essential to develop these approaches into practical, scalable recycling 

solutions. 
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8 APPENDIX 

 

 
Figure S1. Evolutionary conservation profile of putative and characterized laccases. The conservation of 

amino acid positions is depicted, with B-factors predicted by Consurf (Yariv et al., 2023) indicating variable and 

conserved regions, as illustrated by the colour scheme in the legend. Most regions are highly conserved, whereas 

the loops, believed to be methionine-rich regions and not well modelled, exhibit high variability. 
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Figure S2. Evolutionary conservation profile of potential two-domain multicopper oxidases (2dMCOs). 

The models comprise three distinct domains that form a homotrimeric quaternary protein structure; however, the 

evolutionary conservation was calculated based solely on a single chain. The conservation of amino acid 

positions is illustrated, with B-factors predicted by Consurf (Yariv et al., 2023) indicating variable and conserved 

regions, as depicted by the colour scheme in the legend. Most regions are highly conserved, particularly the inner 

regions where the copper binding sites (CBS) are situated. 

 

 

 



APPENDIX 

126 

 

 
Figure S3. Kinetic constants of oxidoreductases for ABTS oxidation. Kinetic parameters were estimated by 

fitting the initial rates to the Michaelis-Menten equation using Solver, with the corresponding sum of squared 

residuals (SSR). Error bars indicate the standard deviation (n = 3). The kinetic parameters obtained after fitting 

the data to the equation are presented in Table 19. 

 

 

 

 
Figure S4. LC-MS analysis identifying epoxy model compounds in positive mode, based on their retention 

times, with specific signals (A-D) corresponding to their exact masses: BBCM (A): 3.8 min, m/z 254, BMAP 

(B): 7.3 min, m/z 270, NNBT (C, D): 4.7 and 4.8 min, m/z 223. 
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Figure S5. Standard calibration for concentration determination and temperature control. (top) 

Calibration curve for determining the concentrations of epoxy model substrates using LC-MS. (bottom) 

Evaluation of the effect of temperature (30-60 °C) on the decomposition of epoxy models after 2 hours, serving 

as a negative control in the absence of enzymes. Error bars indicate the standard deviation (n = 3). 

 

 

 

 
Figure S6. LC-MS chromatogram of the reaction involving laccase ItL-03 and BBCM. (A) The mass of 

BBCM is observed at 3.7 minutes. (B) The mass spectrum of the converted product reveals a peak that appears 

at 7.2 minutes. 
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Figure S7. LC-MS chromatogram of the reaction involving laccase ItL-03 and NNBT. (A) The mass of 

NNBT is observed at 4.8 minutes. (B) The mass spectrum of the converted product reveals a peak that appears 

at 5.7 minutes. 

 
Figure S8. SEM images of eCFRPs after 24-hour treatment with 5 M acidic-peroxide solution (A-H2O2). 

The acids tested included acetic acid (AA), propionic acid (PA), and sulfuric acid (SA). Some areas of the 

composites still exhibited epoxy residues after a 24-hour treatment. 
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Figure S9. Blank sample compared to negative controls for ESI-MS analysis. The ESI-MS spectrum was 

obtained via direct injection in positive mode. The blank sample refers to a sample containing dichloromethane 

(DCM) used to assess the background signal. Samples t0, t2, and t24 representing controls without the enzyme at 

the beginning, between, and end of the incubation period, respectively. The ion at m/z 483.3 was absent in the 

blank sample, while present in the controls.  

 

 

 

 
Figure S10. Significant differences between sample pairs for each m/z peak from Figure 26 were determined 

by one-way ANOVA followed by Tukey’s HSD post-hoc test (p < 0.05). Green indicates statistically significant 

differences, and red indicates non-significant differences. No sample pairs were significant for peaks 113.94 and 

126.96. Groups A–I correspond to the following samples: t0, t2, t24, ItL-03 t2, ItL-03 t24, ItL-03 + ABTS t2, 

ItL-03 + ABTS t24, BSA t2, and BSA t24, respectively. 
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Figure S11. Blank sample compared to negative controls for GC-MS analysis. The blank sample refers to a 

sample containing dichloromethane (DCM) used to assess the background signal. Samples t0, t2, and t24 

representing controls without the enzyme at the beginning, between, and end of the incubation period, 

respectively. The peaks of interest are labelled A, B, and F. These peaks were absent in the blank sample. 

 

 

 

 
Figure S12. Significant differences between sample pairs for peaks A, B, and F from Figure 29 were 

determined by one-way ANOVA followed by Tukey’s HSD post-hoc test (p < 0.05). Green indicates statistically 

significant differences, and red indicates non-significant differences. Groups A–I correspond to the following 

samples: t0, t2, t24, ItL-03 t2, ItL-03 t24, ItL-03 + ABTS t2, ItL-03 + ABTS t24, BSA t2, and BSA t24, 

respectively. 
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Figure S13. FTIR analysis of enzyme controls. Laccase ItL-03, BSA, and tris buffer that was used for the 

enzyme stock solution. The corresponding functional groups are indicated. v — stretching; δ — deformation. 
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CueO 

 

Nucleotide sequence (1476 nt): 
ATGGCAGAACGCCCAACGTTACCGATCCCTGATTTGCTCACGACCGATGCCCGTAATCGCATTCAGTTAACTA 

TTGGCGCAGGCCAGTCCACCTTTGGCGGGAAAACTGCAACTACCTGGGGCTATAACGGCAATCTGCTGGGGCC 

GGCGGTGAAATTACAGCGCGGCAAAGCGGTAACGGTTGATATCTACAACCAACTGACGGAAGAGACAACGTTG 

CACTGGCACGGGCTGGAAGTACCGGGTGAAGTCGACGGCGGCCCGCAGGGAATTATTCCGCCAGGTGGCAAGC 

GCTCGGTGACGTTGAACGTTGATCAACCTGCCGCTACCTGCTGGTTCCATCCGCATCAGCACGGCAAAACCGG 

GCGACAGGTGGCGATGGGGCTGGCTGGGCTGGTGGTGATTGAAGATGACGAGATCCTGAAATTAATGCTGCCA 

AAACAGTGGGGTATCGATGATGTTCCGGTGATCGTTCAGGATAAGAAATTTAGCGCCGACGGGCAGATTGATT 

ATCAACTGGATGTGATGACCGCCGCCGTGGGCTGGTTTGGCGATACGTTGCTGACCAACGGTGCAATCTACCC 

GCAACACGCTGCCCCGCGTGGTTGGCTGCGCCTGCGTTTGCTCAATGGCTGTAATGCCCGTTCGCTCAATTTC 

GCCACCAGCGACAATCGCCCGCTGTATGTGATTGCCAGCGACGGTGGTCTGCTACCTGAACCAGTGAAGGTGA 

GCGAACTGCCGGTGCTGATGGGCGAGCGTTTTGAAGTGCTGGTGGAGGTTAACGATAACAAACCCTTTGACCT 

GGTGACGCTGCCGGTCAGCCAGATGGGGATGGCGATTGCGCCGTTTGATAAGCCTCATCCGGTAATGCGGATT 

CAGCCGATTGCTATTAGTGCCTCCGGTGCTTTGCCAGACACATTAAGTAGCCTGCCTGCGTTACCTTCGCTGG 

AAGGGCTGACGGTACGCAAGCTGCAACTCTCTATGGACCCGATGCTCGATATGATGGGGATGCAGATGCTAAT 

GGAGAAATATGGCGATCAGGCGATGGCCGGGATGGATCACAGCCAGATGATGGGCCATATGGGGCACGGCAAT 

ATGAATCATATGAACCACGGCGGGAAGTTCGATTTCCACCATGCCAACAAAATCAACGGTCAGGCGTTTGATA 

TGAACAAGCCGATGTTTGCGGCGGCGAAAGGGCAATACGAACGTTGGGTTATCTCTGGCGTGGGCGACATGAT 

GCTGCATCCGTTCCATATCCACGGCACGCAGTTCCGTATCTTGTCAGAAAATGGCAAACCGCCAGCGGCTCAT 

CGCGCGGGCTGGAAAGATACCGTTAAGGTAGAAGGTAATGTCAGCGAAGTGCTGGTGAAGTTTAATCACGATG 

CACCGAAAGAACATGCTTATATGGCGCACTGCCATCTGCTGGAGCATGAAGATACGGGGATGATGTTAGGGTT 

TACGGTAGAGCTCTAG 

 

Amino acid sequence (491 aa):  
MAERPTLPIPDLLTTDARNRIQLTIGAGQSTFGGKTATTWGYNGNLLGPAVKLQRGKAVTVDIYNQLTEETTL 

HWHGLEVPGEVDGGPQGIIPPGGKRSVTLNVDQPAATCWFHPHQHGKTGRQVAMGLAGLVVIEDDEILKLMLP 

KQWGIDDVPVIVQDKKFSADGQIDYQLDVMTAAVGWFGDTLLTNGAIYPQHAAPRGWLRLRLLNGCNARSLNF 

ATSDNRPLYVIASDGGLLPEPVKVSELPVLMGERFEVLVEVNDNKPFDLVTLPVSQMGMAIAPFDKPHPVMRI 

QPIAISASGALPDTLSSLPALPSLEGLTVRKLQLSMDPMLDMMGMQMLMEKYGDQAMAGMDHSQMMGHMGHGN 

MNHMNHGGKFDFHHANKINGQAFDMNKPMFAAAKGQYERWVISGVGDMMLHPFHIHGTQFRILSENGKPPAAH 

RAGWKDTVKVEGNVSEVLVKFNHDAPKEHAYMAHCHLLEHEDTGMMLGFTVEL 

 

 

ItL-01 

Nucleotide sequence (1638 nt):  

*optimized for E. coli expression (see original sequence in Schorn (2020)) 
GCTAGCATGCAACGTCGCGATTTCATCAAGCTGAGCGCAGCGATGGGTGCGGCCTCGGCCCTGCCTCTGTGGT 

CACGTAGCCTTATGGCAGAACAAGTGCGTCTGGAGCTGCCCGTACCGGCGTTACTGACGGCAGATCCGCGTGG 

CATCATTAACATTGCCGTGCAGCAAGGCCAAACCCAGTGGATGGGCAAATCCGTGACTACGTGGGGATACAAC 

GGTAATCTCTTAGGCCCGGCAATTCAGCTGGATCGCGGCAAACCGGTGACGTTGAATTTGCACAATACCCTGC 

CGGAAGCGACAACCATTCATTGGCATGGCTTAGCGTTACCGGGCGAAGTAGATGGTGGTCCACAAGCTGTGAT 

CGCCCCAGGAGCTTTTCGTCGGGTAAGTTTTACGCCGGATCAGCCTGGTGCTACATGCTGGTTTCATCCGCAT 

CAGCATGGTCGCACTGGTTACCAGGTTGCGCAAGGTCTGGCGGGACTGGTGATCTTAAAAGATGACGCAGGCG 
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AGAAACTGCTGCTTCCGAAAATCTGGGGAGTTGACGATATTCCCGTCATTCTGCAGGATAAACGCCTGTCCAC 

CGATGGCAGCAAAATCGATTATGCGCTGGACATGATGTCAGCCACTGTCGGTTGGTTTGGCAACACCATGTTG 

ACCAACGGCGTCATTTATCCACTCCAAGCTGTTCCACGTGGGTGGTTACGCCTCCGCTTGCTTAATGGGTGCA 

ATGCTCGTAGCCTGAATCTCACCACATCGGATCAGCGCCCGCTGTATGTGATTGGTAGCGATGGTGGGTTGCT 

GGCTGAGCCGGTAAAGCTGACCGAACTGTCCATGATGCCAGGGGAACGCTTTGAAGTTCTCGTTGACACCCAC 

GATGGCAAAACCTTCGACCTTCAGACGCTGCCTGTTCGCCAAGCCGGAATGACGCTTGCCCCGTTTGATCAGC 

CATTACCGCTGCTGACCATCCAGCCTTTGCAGATTCTGGCCTCCGGCAGTCTGCCGGACAAACTGGTGGACAT 

GCCAGCGTTACCGGCTCACGACGGTGTCAAAGAACGTTGGCTTCAGTTGATGATGGACACGGAACTGGATGAC 

CGCGGTATGCAGGCCCTGATGGAGAAGTATGGCCGTAGTGCGCTGGCGGGTAGTCGCCATGATGCGCACAACA 

CAGATGGCGATATGTCGTCTGCAGTCGGTAAAGGCATGGACCACGATGCAATGGCCGGTATGGCCAATGGCTC 

TATGCCGGGGATGGCCCACAATCTGCCCGCGCAGAAACCGTACGATTTCCATCACGGAAACAAGATCAACGGC 

GTTGCGTTCGACATGAACACTCCGAGCTTTGACGTCAAACAAGGCGCACTGGAGAAATGGACTATTTCTGGCG 

AAGGGGATGGGATGTTGCATCCTTTCCACATTCATGGTGCGCAGTTTCGCATTCTGAGCGAAAACGGTAAACC 

CGCAGCTGCGCATCGGTCAGGGTGGAAGGACATGGTGCGTGTGGAAGGCTGGCGCTCGGAAGTGCTGGTTCGC 

TTCAACCATCTTGCCACGAAAGATCAGGCGTATATGGCACATTGTCATCTCCTGGAACACGAGGATACCGGTA 

TGATGCTCGGCTTTACCGTATCTGCGGAGCTC 

 

Amino acid sequence (542 aa):  
MQRRDFIKLSAAMGAASALPLWSRSLMAEQVRLELPVPALLTADPRGIINIAVQQGQTQWMGKSVTTWGYNGN 

LLGPAIQLDRGKPVTLNLHNTLPEATTIHWHGLALPGEVDGGPQAVIAPGAFRRVSFTPDQPGATCWFHPHQH 

GRTGYQVAQGLAGLVILKDDAGEKLLLPKIWGVDDIPVILQDKRLSTDGSKIDYALDMMSATVGWFGNTMLTN 

GVIYPLQAVPRGWLRLRLLNGCNARSLNLTTSDQRPLYVIGSDGGLLAEPVKLTELSMMPGERFEVLVDTHDG 

KTFDLQTLPVRQAGMTLAPFDQPLPLLTIQPLQILASGSLPDKLVDMPALPAHDGVKERWLQLMMDTELDDRG 

MQALMEKYGRSALAGSRHDAHNTDGDMSSAVGKGMDHDAMAGMANGSMPGMAHNLPAQKPYDFHHGNKINGVA 

FDMNTPSFDVKQGALEKWTISGEGDGMLHPFHIHGAQFRILSENGKPAAAHRSGWKDMVRVEGWRSEVLVRFN 

HLATKDQAYMAHCHLLEHEDTGMMLGFTVSA 

 

 

ItL-02 

Nucleotide sequence (1575 nt): 
ATGCATCGTCGTGATTTTCTGAAATATTCTGCTGCTTTTGGCGCATTCAGCGCGCTGCCGCTCTGGAGCCGTA 

CGGCATTGGCTGCGGAACGCCCTATTTTGCCTGTCCCTGAATTACTTGCACCCGATGCCAGAAACAGCATCCG 

TCTTACGGCCCAGGCCGGGAAAACCGTCTTCGGCGGCAAAACTGCGACAACCTGGGGCTATAACGGCAACTTG 

TTAGGGCCAGCGCTGCGCCTGACCCAGGGTGAAAGCGTTACCGTAGATATTCATAATAGCCTGGCTGAAGAAA 

CAACGGTGCACTGGCATGGTCTGGAAGTGCCGGGCGACGTCGACGGCGGCCCGCAGGGTGTGATTGCCGCCGG 

GGGCAAGCGCACCGTCAAATTCACGCCTCAGCAGCGTGCCGCAACCTGCTGGTTCCATCCCCATCAGCACGGT 

AAAACCGGACATCAGGTGGCAATGGGGCTCGCGGGGCTGGTGCTGATCGAAGACAGCGAAAGCCGCAGGCTGA 

TGCTGCCGAAGCAGTGGGGCATCGACGATATCCCGCTCATCATTCAGGACAAGCGTTTTGGCGCCGACGGCGA 

GATTGATTACAAGCTGGACGTGATGAGCGCCGCCGTTGGCTGGTTTGGCGACACGCTGCTGTGCAACGGTGTT 

AATTACCCGCAGCATTCCAATCCTCGCGGCTGGCTGCGTTTACGCCTGCTTAACGGCTGTAACGCCCGTTCAT 

TGAATATTGCGGCAAGCGACAATCGCCCTCTGTATGTTATCGCCAGCGACGGCGGCCTGCTGGCCGAACCGGT 

GAAAGTCACGGAGCTGCCGCTGGTGATGGGTGAGCGCTTTGAAGTGCTGGTGGACACCAGCGACGGTAAGCCG 

TTTGATATCGTGACCCTGCCGGTGAAGCAAATGGGTATGACCGTTGCGCCGTTCGACCAGCCGCAGCCCATCG 

CGCGTATTCAGCCGGTGCGTATTGCTGCTTCTGGCGAGCTGCCGGATAAGCTGGTGGAGGTTCCCGCTCTGCC 

AGCGCTCGAGGGCGTGACCGAACGCTGGTTACAGCTGATGATGGACCCCATGCTCGACATGATGGGCATGCAG 

GCGCTGATGGAGAAATACGGCGAGAAAGCGATGGCGGGCATGAGCATGGCCGGCCACGGTAGTATGGGCGGCA 

TGAAGCAGGGCGGTATGGATCACGGCAAGATGAATCATGGTCAGATGGGCCAGGGTTTCGACTTCCACAATGC 
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CAACAAGATCAACGGCAAGGCCTTTGATATGGCCACCCCGGCGTTCGCCGCGCAGAAGGGTAAATACGAGAAA 

TGGACCATTTCCGGGGAAGGGGACATGATGCTGCATCCGTTCCACATCCACGGCACGCAGTTCCGCATTCTGA 

GCGAGAACGGTCAGCCGGTTGCTGCCCATCGTCAGGGCTGGAAAGATACGGTTCGTGTGGAAGGGGCGCGGAG 

CGAGGTGTTAGTACGCTTCGATCACGAAGCCTCGAAAGAACATGCCTATATGGCCCACTGTCATCTGCTGGAG 

CATGAAGACACCGGCATGATGCTTGGCTTCACCGTGGCATAA 

 

Amino acid sequence (524 aa):  
MHRRDFLKYSAAFGAFSALPLWSRTALAAERPILPVPELLAPDARNSIRLTAQAGKTVFGGKTATTWGYNGNL 

LGPALRLTQGESVTVDIHNSLAEETTVHWHGLEVPGDVDGGPQGVIAAGGKRTVKFTPQQRAATCWFHPHQHG 

KTGHQVAMGLAGLVLIEDSESRRLMLPKQWGIDDIPLIIQDKRFGADGEIDYKLDVMSAAVGWFGDTLLCNGV 

NYPQHSNPRGWLRLRLLNGCNARSLNIAASDNRPLYVIASDGGLLAEPVKVTELPLVMGERFEVLVDTSDGKP 

FDIVTLPVKQMGMTVAPFDQPQPIARIQPVRIAASGELPDKLVEVPALPALEGVTERWLQLMMDPMLDMMGMQ 

ALMEKYGEKAMAGMSMAGHGSMGGMKQGGMDHGKMNHGQMGQGFDFHNANKINGKAFDMATPAFAAQKGKYEK 

WTISGEGDMMLHPFHIHGTQFRILSENGQPVAAHRQGWKDTVRVEGARSEVLVRFDHEASKEHAYMAHCHLLE 

HEDTGMMLGFTVA 

 

 

ItL-03 

Nucleotide sequence (1605 nt): 
ATGAACCGTCGTGATTTCGTAAAATGGACAACCCTGATGGGGGCCGCCAGTACGCTGCCCGGCTGGAGCCGCT 

TCGCGCTCGCCGCAGATCGCCCTGCATTACCCATTCCTGCGCTGCTGGAACCGGATATCCGTAACGCCATTAT 

GCTGACGTTGCAGCGCGGTCAGAGCCAGTTTCTGCCGGGTGTAAACACCGAAACCTGGGGCGTTAACGGTAAT 

CTTCTCGGCCCGGCGCTGCGTATCCGTCGCGGCAAACAGGTCGATGTCACCGTCAATAACCGTCTGGATGTTG 

CCAGCACCGTTCACTGGCACGGGCTGGAAATCCCCGGTGACGTCGATGGCGGTCCTCAGGCACTGATCGCTCC 

AGGTCAGAAAAGAAAAGTCAGTTTCACACTCGATCAGCCAGCGTCGACCTGCTGGTTCCATCCGCATCCGCAT 

CAGACCAGCGGTTATCAGGTGGCGATGGGGCTGGCCGGTATGGTGCTGATTGAAGATGAAGCCAGCGACTTGT 

TGCAGATCCCTAAACGTTGGGGCGTGGATGATATTCCGGTCATTTTGCAGGATAAACGCCTGAACGACGCCGG 

ACAGATTGATTATCAGATGGACGTGATGACCGCGGCTGTCGGCTGGTTCGGGCAACATATGCTGACCAACGGC 

GCGGTGTATCCGCAGCACGGTATTTCCCGCGGCTGGGTGCGTTTTCGTCTGCTCAATGGCTGTAATGCACGCT 

CGCTGCACATCGCCACCAGTGACCAGCGGCCGATGTACGTCATCGCCAGCGACGGCGGTTTCCTGCCTGAACC 

GGTGAAAGTCAGCGATTTATCCTTGCTGATGGGCGAGCGTTTTGAAGTGCTGATTGATTGCAGCGACGGCAAA 

GCCTTTGATCTGGTTACGCTGCCGGTGAAACAGATGGGTATGACGCTGGCACCTTTCGACAAACCGTTGCCGG 

TGCTGCGTATTCAGCCGACGCTGACGCAAAGCGGCAGTTCTCTGCCGGACACGCTGGTCCCGCTGCCGGCGCT 

GGTGTCCGTCGATAATCTGCCAACCCGCTGGCTGCAACTGATGATGGATCCGCAACTGGATCAGCAGGGCATG 

GCGGCGCTGATGAAACGCTATGGTCACAAGGCAATGGCCGGCATGAGCATGGATCATGGCGGCGGCGATATGG 

CGGCAATGCCGGGCATGTCGGGTTCAGAACATGAGGGTCACGGCAGCATGGCGGGTATGGATATGAGCAAATC 

GTCCGCCGGTTACGACTTCATGCAGGGCAACAAAATTAACGGCAAAGCCTATGACATGAATGTACCCGCTTTC 

GATGTGAAACAAGGCCAGTACGAAAAATGGACCATTTCCGGCGAAGGCGACATGATGCTGCATCCTTTCCATA 

TCCACGGCACGCAGTTCCGTATTCTTTCTGAAAATGGTCAGCCTGTGCCGCCGCACCGGCAGGGCTGGAAAGA 

TATCGTGCGCGTTGAGGGTGCCCGCAGTGAAGTTCTGGTGCGCTTCAACCATCTGGCCAATAAACAACATGCT 

TATATGGCGCACTGTCATCTGCTGGAACATGAAGATACCGGCATGATGCTTGGATTTACGGTATCGGCGTAA 

 

Amino acid sequence (534 aa):  
MNRRDFVKWTTLMGAASTLPGWSRFALAADRPALPIPALLEPDIRNAIMLTLQRGQSQFLPGVNTETWGVNGN 

LLGPALRIRRGKQVDVTVNNRLDVASTVHWHGLEIPGDVDGGPQALIAPGQKRKVSFTLDQPASTCWFHPHPH 

QTSGYQVAMGLAGMVLIEDEASDLLQIPKRWGVDDIPVILQDKRLNDAGQIDYQMDVMTAAVGWFGQHMLTNG 
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AVYPQHGISRGWVRFRLLNGCNARSLHIATSDQRPMYVIASDGGFLPEPVKVSDLSLLMGERFEVLIDCSDGK 

AFDLVTLPVKQMGMTLAPFDKPLPVLRIQPTLTQSGSSLPDTLVPLPALVSVDNLPTRWLQLMMDPQLDQQGM 

AALMKRYGHKAMAGMSMDHGGGDMAAMPGMSGSEHEGHGSMAGMDMSKSSAGYDFMQGNKINGKAYDMNVPAF 

DVKQGQYEKWTISGEGDMMLHPFHIHGTQFRILSENGQPVPPHRQGWKDIVRVEGARSEVLVRFNHLANKQHA 

YMAHCHLLEHEDTGMMLGFTVSA 

 

 

 


