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COMBINED LACCASE-ULTRASOUND PROCESSES FOR INDUSTRIAL APPLICATIONS 

ABSTRACT  

Bioprocesses including sonochemical systems have been of great importance for various industrial 

sectors. The improvement of the biological, chemical and physical performances leading to 

sustainable processes with reduced environmental impact are the main features responsible for the 

high interest on these technologies at industrial level. In this work, a combined laccase-ultrasound 

system was introduced in two distinct areas: cotton bleaching and urinary catheters functionalization. 

Regarding the cotton bleaching, the work was developed in three different phases: 1st phase: 

characterization of acoustic and hydrodynamic reactors with different geometries, namely two 

ultrasonic power generators (ultrasonic power generator type K8 with 850 kHz and ultrasonic bath 

equipment Ultrasonic cleaner USC600TH with 45 kHz) and two homogenizers (EmulsiFlex®-C3 and 

APV-2000); the optimal operating conditions for cotton bleaching were selected according to the 

highest hydroxyl radical production and the lowest required energy input; comparing the profile of 

each reactor, the medium frequency (850 kHz) ultrasonic power generator type K8 was the equipment 

that promoted highest hydroxyl radical production requiring low energy input, proving to be the best 

choice for further experiments; 2nd phase: combined laccase–hydrogen peroxide process assisted by 

ultrasound as an alternative approach to conventional cotton bleaching; two sequential stages were 

established: (1) laccase pretreatment and (2) hydrogen peroxide bleaching, both assisted by 

ultrasound; sonication mode (continuous or discontinuous pulse), hydrogen peroxide concentration, 

reaction temperature and processing time were the experimental parameters optimized; compared 

with the conventional methods, the combined laccase-hydrogen peroxide bleaching assisted by 

ultrasound (continuous pulse mode) allowed increase whiteness levels and reduce the amount of 

hydrogen peroxide in 50%; the energy consumption in terms of temperature (reduction of 40 ºC) and 

operating time (reduction of 90 minutes) was also reduced; 3rd phase: scale up of the combined 

laccase-hydrogen peroxide/ultrasound system aiming to develop a novel ultrasonic pilot scale reactor 

for cotton bleaching; an existing dyeing machine was transformed and adapted by including 

piezoelectric ultrasonic devices; standard half (4 g/L H2O2 at 90 ºC for 60 minutes) and optical 

(8 g/L H2O2 at 103 ºC for 40 minutes) cotton bleaching processes were used as references; laboratory 

experiments demonstrated that both low frequency, high power (22 kHz, 2100 W) and high frequency, 

low power ultrasounds (850 kHz, 400 W) were required to achieve satisfactory results; the laccase 

pretreatment assisted by high frequency ultrasound followed by the bleaching treatment using high 
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power ultrasound promoted the highest whitening values; the developed ultrasonic pilot scale reactor 

allowed improving the cotton whitening efficiency using the combined laccase-hydrogen peroxide 

bleaching assisted by ultrasound and subsequently, less energy (temperature) and chemicals 

(hydrogen peroxide) were needed resulting in operational costs reduction. Overall, this technology 

allowed the laccase and hydrogen peroxide treatment combination in a continuous process. The 

developed pilot-scale reactor offers an enhancement of the cotton bleaching process with lower 

environmental impact as well as conducts to a better performance of further finishing operations.  

Concerning the urinary catheter functionalization, it was studied the polyurethane (PU) and 

silicone (SI) catheters coating with poly(catechin) to reduce the bacterial adhesion onto the devices 

surface. Laccase was used as a biocatalyst to oxidize the catechin monomer and produce the 

corresponding polymer. The catheter surface functionalization was optimized following two different 

approaches: with and without previous alkali pretreatment. The results indicated higher polymer 

attachment levels for the alkali-treated catheters (+18% for PU and +33% for SI catheters). The 

reduction of biofilm formation onto the catheter surface was quantitatively evaluated under static 

adhesion conditions against Escherichia coli (96% reduction on PU) and Staphylococcus epidermidis 

(81% reduction on SI). Though the catheter material type greatly influenced the bacterial adhesion, 

the alkali treatment was consistently beneficial for the poly(catechin) attachment and consequent 

biofilm reduction. Thus, the produced polymer was efficiently attached onto the catheters surface 

hindering the bacterial adhesion and the antibiofilm activity was dependent on the material-

microorganism set. Functionalized PU catheter had strong effect on E. coli adhesion while 

functionalized SI catheter had activity against S. epidermidis. The oxidized flavonoid revealed to be a 

promising approach to prevent bacterial adhesion thus prolonging the life-span of catheters inside the 

human body. Nevertheless, aiming improving the antibiofilm activity of poly(catechin) coated 

catheters, it was explored the enzymatic synthesis of poly(catechin)-antibiotic conjugates as an 

alternative antimicrobial coating. Catechin was conjugated with two antibiotics, namely 

trimethoprim (TMP) and sulfamethoxazole (SMZ) via activation with N,N’-disuccinimidyl 

carbonate(DSC) and subsequent coupling to molecules containing α-amine terminals. SI and PU 

catheters were in-situ functionalized through laccase oxidation of catechin-antibiotic conjugates. Four 

antimicrobial coatings were produced, namely with poly(catechin), poly(catechin)-TMP, 

poly(catechin)-SMZ and poly(catechin)-TMP-SMZ. The bacterial adhesion reduction was tested on the 

functionalized devices using gram-negative and gram-positive strains. The most significant reduction 

in adhesion was observed with poly(catechin)-TMP (gram-negative: - 85% and gram-positive: - 87%) 
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and with poly(catechin)-TMP-SMZ (gram-negative: - 85% and gram-positive: - 91%). The cytotoxicity to 

mammalian cells was assessed by indirect contact for 5 days and revealed that all the tested coatings 

supported more than 90% of viable cells. Concluding, in this work, a novel promising approach for 

increasing the indwelling catheters life-span was developed aiming to reduce catheter-associated 

chronic infections. 

Combined laccase-ultrasound processes revealed a great potential for industrial fields with distinct 

application topics allowing the overall costs processing reduction, a minor environmental impact and 

the production of novel products with improved or new properties contributing therefore to the 

enhancement of human life quality.  
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PROCESSOS COMBINADOS DE LACASE E ULTRASSONS PARA APLICAÇÕES INDUSTRIAIS 

RESUMO 

Os bioprocessos e os sistemas sonoquímicos têm sido de grande importância para vários setores 

industriais. A melhoria do desempenho de reações biológicas, químicas e físicas, que conduziu a 

processos sustentáveis com reduzido impacto ambiental é a principal responsável pelo elevado 

interesse nestas metodologias por parte da indústria. Neste trabalho, a combinação da lacase com 

o uso de ultrassons foi introduzida em duas áreas distintas: o branqueio do algodão e na 

funcionalização de cateteres urinários. No que respeita ao branqueio de algodão, o trabalho foi 

desenvolvido em três fases distintas: 1ª fase: consistiu na caraterização de reatores acústicos e 

hidrodinâmicos com diferentes geometrias, nomeadamente dois geradores de energia ultrassónica 

(ultrasonic power generator type K8 com 850 kHz e ultrasonic bath equipment Ultrasonic cleaner 

USC600TH com 45 kHz) e dois homogeneizadores (EmulsiFlex®-C3 e APV-2000); as condições 

ótimas de operação para o branqueio de algodão foram selecionadas de acordo com a maior 

produção de radicais hidroxilo e a menor intensidade de energia envolvida; comparando o 

comportamento de cada reator, o gerador de média frequência (850 kHz) foi o equipamento que 

promoveu maior produção de radicais hidroxilo com baixa intensidade de energia, o que provou ser 

a melhor escolha para os ensaios posteriores; 2ª fase: combinação de lacase com peróxido de 

hidrogénio na presença de ultrassons como uma abordagem alternativa ao branqueio convencional 

do algodão; duas fases sequenciais foram estabelecidas para este processo: (1) o pré-tratamento 

com lacase e (2) o branqueio com peróxido de hidrogénio, ambos assistidos por ultrassons; o modo 

de sonicação (pulsação contínua ou descontínua), a quantidade de peróxido de hidrogénio, a 

temperatura de reação e o tempo de processamento foram os parâmetros experimentais otimizados; 

comparado com os métodos convencionais, o branqueio combinado com lacase e peróxido de 

hidrogénio assistido por ultrassons (modo de pulsação contínuo) permitiu aumentar os níveis de grau 

de branco e reduzir em 50% a quantidade de peróxido de hidrogénio; o consumo de energia em 

termos de temperatura (redução de 40 ºC) e tempo de processamento  (redução de 90 minutos) 

também foi reduzido; 3ª fase: ampliar à escala piloto o sistema combinado de laccase e peróxido de 

hidrogénio/ultrassons de modo a desenvolver um novo reator ultrassónico para o branqueio de 

algodão; uma máquina de tingimento industrial foi transformada e adaptada com dispositivos 

ultrassónicos piezoelétricos e as receitas padrão para o meio branco (4 g/L H2O2 a 90 ºC durante 60 

minutos) e para branco ótico (8 g/L H2O2 a 103 ºC durante 40 minutes) foram usadas como 
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referência; os ensaios laboratoriais demonstraram que ambos os ultrassons de baixa frequência/alta 

energia (22 kHz, 2100 W) e de alta frequência/ baixa energia (850 kHz, 400 W) foram eficazes na 

obtenção de resultados satisfatórios; o pré-tratamento com lacase assistido com ultrassons de alta 

frequência (850 kHz) seguido do branqueio a alta energia (2100 W) de ultrassons promoveu os graus 

de brancura mais elevados; o reator ultrassónico desenvolvido à escala piloto permitiu melhorar a 

eficiência do branqueio usando o processo combinado de lacase e peróxido de hidrogénio assistido 

por energia de ultrassons e subsequentemente, menos energia  (temperatura) e químicos (peróxido 

de hidrogénio) foram necessários, resultando na redução dos custos operacionais. Em geral, esta 

tecnologia permitiu a combinação de lacase e de peróxido de hidrogénio num processo contínuo. O 

reator desenvolvido à escala piloto oferece uma melhoria no processo de branqueio do algodão, com 

menor impacto ambiental, bem como um melhor desempenho dos futuros processos de tingimento.  

Em relação ao desenvolvimento de cateteres urinários antimicrobianos foi estudado o revestimento 

de cateteres de poliuretano (PU) e de silicone (SI) para reduzir a adesão bacteriana na superfície 

destes dispositivos. A lacase foi usada como biocatalisador para oxidar a catequina e produzir o 

polímero correspondente. A funcionalização da superfície do cateter foi otimizada seguindo duas 

abordagens: com e sem pré-tratamento alcalino. Os resultados indicaram uma maior deposição do 

polímero em cateteres tratados alcalinamente (+18% para PU e +33% para SI cateteres). A redução 

da formação de biofilme à superfície do cateter foi quantitativamente avaliada sob condições de 

adesão estática contra Escherichia coli (redução de 96% no PU) e Staphylococcus 

epidermidis  (redução de 81% no SI). Apesar do tipo de material do cateter ter influenciado a adesão 

bacteriana, o tratamento alcalino foi consistentemente benéfico para a deposição de poli(catequina) 

e consequente redução de biofilme. Assim, o polímero produzido foi eficazmente ligado à superfície 

dos cateteres, dificultando a adesão bacteriana, e a atividade antibiofilme dependeu do conjunto 

material-organismo. A funcionalização nos cateteres de PU teve um grande efeito na adesão de E. coli 

enquanto nos cateteres de SI a atividade foi superior contra S. epidermidis. Os flavonóides oxidados 

revelaram ser uma abordagem promissora para prevenir a adesão bacteriana, prolongando o tempo 

de vida dos cateteres no corpo humano. Contudo, tendo como objetivo melhorar a atividade 

antibiofilme do revestimento de poli(catequina), foi explorada a síntese enzimática de conjugados de 

poli(catequina) e antibióticos como alternativa para revestimentos antimicrobianos. A catequina foi 

conjugada com dois antibióticos, nomeadamente o trimetoprim  (TMP) e o sulfametoxazole (SMZ), 

através da ativação com N, carbonato de N, disuccinimidilo (DSC) e subsequente acoplamento às 

moléculas que contêm terminais α-amina. Os cateteres de PU e SI foram funcionalizados in-situ 
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através da oxidação dos conjugados de catequina e antibióticos com lacase. Quatro revestimentos 

antimicrobianos foram produzidos, nomeadamente poli(catequina), poli(catequina)-TMP, 

poli(catequina)-SMZ e poli(catequina)-TMP-SMZ. A adesão bacteriana foi testada nos cateteres 

funcionalizados usando estirpes gram-negativas e gram-positivas. A redução da adesão bacteriana 

mais significativa foi observada com poli(catequina)-TMP (gram-negativa: - 85% e gram-

positiva: - 87%) e poli(catequina)-TMP-SMZ (gram-negativa: - 85% e gram-positiva: - 91%). A 

citotoxicidade nas células de mamífero foi testada por contato indireto durante 5 dias e revelou que 

todos os revestimentos testados suportaram mais de 90% de células viáveis. Concluindo, neste 

trabalho foi desenvolvida uma nova abordagem promissora para aumentar o tempo de vida de 

cateteres invasivos, tendo como objetivo reduzir as infeções crónicas associadas aos cateteres. 

Processos envolvendo a combinação de lacase e ultrassons revelaram um grande potencial para 

áreas industriais com distintos tópicos de aplicação, permitindo a redução dos custos gerais de 

processamento, um menor impacto ambiental e a produção de novos produtos com novas ou 

otimizadas propriedades, contribuindo assim para a melhoria da qualidade de vida humana.    
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INTRODUCTION TO THE THESIS FORMAT 

In order to attain a doctoral thesis with a clarified conductor research line, this document is divided 

into eight chapters in which five of them are based on published scientific papers. An abstract of each 

developed work followed by a brief introduction is common to all the chapters. Additionally, the results 

and discussion are presented and to finalize each chapter the remarkable conclusions are described. 

Below, it is revealed the content of each chapter from this doctoral thesis. 

 

CHAPTER 1 

The purpose of this chapter is to introduce the theoretical knowledge about laccase reactions assisted 

by ultrasound technology. An overview of the laccase reactions principles and the possible 

applications are demonstrated. Moreover, it is also reviewed the sonochemistry allied to laccase 

reactions, namely its influence on the catalytic activity. Posteriorly, the most recent work using 

combined laccase-ultrasound systems are mentioned. Finally, a state-of-art based on the existing 

methodologies for improvement of the textile bleaching as well as the antimicrobial functionalization 

of medical devices is grounded. 

 

CHAPTER 2 

The materials, equipment and methods used along the overall work are stated on this chapter. 

Detailed information is given for a better understanding of each experimental result.  

 

CHAPTER 3 

This chapter stats the experimental research through the characterization of different cavitational 

reactors. The dosimetric and calorimetric behavior of acoustic and hydrodynamic equipment is 

reported, in which is demonstrated the hydroxyl radical production and the power net dissipation, 

respectively. 

 

CHAPTER 4 

On this chapter is discussed the cotton bleaching improvement using a combined laccase-hydrogen 

peroxide system assisted by medium ultrasound technology. The whitening values are compared with 

the ones obtained by conventional bleaching supported by an industrial source. The tensile strength, 

elongation at break and hydrophilicity of the bleached samples are also presented. As conclusion, the 

reducing of standard chemical and energy consumption is well documented. 
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CHAPTER 5 

This chapter describes a novel ultrasonic pilot-scale reactor for laccase-hydrogen peroxide cotton 

bleaching. The laboratory scale process optimization using low and medium frequency ultrasound is 

detailed. The results allowed selecting the operational parameters for scale-up the enzymatic cotton 

bleaching assisted by ultrasound. Half and optical cotton bleaching recipes evidence the efficacy of 

the developed ultrasound equipment. 

 

CHAPTER 6 

Another industrial application for laccase-ultrasound system related with the catheters 

functionalization for biofilm reduction is presented on this chapter. The coating is performed via 

laccase oxidation of catechin, a natural phenolic compound with known antimicrobial properties. The 

water uptake changes implied on the modified samples are evidenced as well as the leaching 

properties of the functionalized catheters in contact with synthetic urine and phosphate saline 

buffer (PBS). Further, the evaluation of bacterial adhesion on coated catheters is demonstrated 

allowing observe the antimicrobial efficiency. 

 

CHAPTER 7 

On this chapter is presented the use of poly(catechin)-antibiotic conjugates as antimicrobial coatings 

for indwelling catheters. The schematic chemical synthesis of catechin-antibiotic conjugation is 

exposed and further the enzymatic polymerization for in-situ catheters coating is explained. Once 

again, the water uptake changes resulted from functionalization process are evidenced as well as the 

leaching properties of the functionalized catheters in contact with synthetic urine and PBS. Moreover, 

the evaluation of bacterial adhesion and the cell viability of the antimicrobial catheters are 

demonstrated aiming to study its feasibility for posterior in vivo experiments. 

 

CHAPTER 8 

This doctoral thesis ends with final remarks and future perspectives for this research work.
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CHAPTER 1 – ULTRASOUND ENHANCED LACCASE APPLICATIONS 

ABSTRACT 

Laccases (EC 1.10.3.2) are copper-containing oxidoreductases that oxidize multiple substrates as 

phenols and aromatic or non-aromatic compounds through a radical-catalyzed mechanism. In 

addition, an expanding of the laccase substrate range can be achieved by means of supplementary 

mediators that work as vehicles for electron transfer. Laccase immobilization techniques lead to 

sustainable processes increasing its interest for industrial applications. The ultrasound irradiation 

through a liquid medium releases large energy magnitudes, generates reactive free radical species 

and promotes a local turbulence/liquid micro-circulation. Consequently, the transport processes rates 

are enhanced and subsequently the mass transfer resistances that often occur in heterogeneous 

systems in eliminated. The chemical, energy and water consumption reduction promoted by laccase 

and ultrasound makes them fundamental tools to establish sustainable technologies. Therefore, 

combined laccase-ultrasound systems are a promising approach for reducing the environmental 

impact and the operational costs of conventional industrial processing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 This chapter is based on the following scientific review: Idalina Gonçalves, Carla Silva, Artur 

Cavaco-Paulo (2014). Ultrasound enhanced laccase applications. Under Review. 
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1.1 INTRODUCTION 

Laccase came up as a potential strategy for the development of a sustainable industry acquiring an 

ecological profile. Its application across various industry sectors is allowing the operational costs 

reduction, the development of entirely new products with concomitant quality enhancement as well 

as the environmentally processing sustainability. Sonochemistry is a high-energy chemistry area that 

explores various chemical reactions and processes allowing the reduction of hazardous chemicals 

amounts, the use of environmentally friendly solvents, the development of reaction conditions with 

increased selectivity, the reduction of energy consumption and the introduction of alternative or 

renewable feedstocks [1]. Therefore, both ultrasound and laccase processes have shown to be 

promising eco-friendly alternatives to the standard chemical systems leading to an economically viable 

performance. Rapidly, the ultrasound introduction in laccase reactions attracted the researcher’s 

attention and nowadays the ultrasound effects on the homogeneous and heterogeneous laccase-

aided systems, is an important tool for industrial applications.  

 

1.2 LACCASE: ITS REACTIONS AND POSSIBLE APPLICATIONS 

1.2.1 BIOCHEMICAL FEATURES AND STRUCTURAL PROPERTIES 

Laccase (E.C.1.10.3.2, p-benzenediol:oxygen oxidoreductases) fits into a group of enzymes 

denominated blue-multicopper oxidases and has attracted the researchers attention due to its ability 

of oxidize a broad substrate spectrum [2]. This is an extracellular copper protein that can be extracted 

from plants, insect, bacteria and fungi being this last one the most predominant source. Typically, 

the fungal laccase is a protein with approximately 60-70 kDa constituted by a carbohydrate moiety 

containing mannose, N-acetylglucosamine and galactose. Moreover, its highest catalytic activity can 

be achieved between 50 and 70 ºC in the acidic range where organic donors of hydrogen atoms can 

be used as enzyme substrates [3, 4]. Laccase acts on the oxidation of several phenols and aromatic 

or non-aromatic compounds by a radical-catalyzed mechanism (Figure 1).  
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Figure 1: General mechanism of phenolic compounds oxidation by laccase action [5]. 

 

During its reaction, one electron from four substrate molecules is transferred to one molecular oxygen, 

which is concomitantly reduced to water. Subsequently, the oxidized substrate radicals can undergo 

non-enzymatic polymerization reactions such as the polymerization of compounds by coupling with 

other radicals present in the solution [6, 7]. The structure of laccase active site and its catalytic 

mechanism potentiate the interest by these enzymes [7]. The detailed characterization of laccase 

active site was already described using spectroscopy combined with crystallography techniques [6]. 

Laccase usually has a 3-domain structure and its active site exhibits four copper atoms centers which 

have an important function in the catalytic mechanism: the copper atom Type 1 that is responsible 

for the enzyme blue color and it is located in the third domain of the protein structure; the copper 

atom Type 2 which is a colorless atom; and, the copper atoms Type 3 that is constituted by a pair of 

copper atoms and it is sited between the first and the third domains. The Type 1 site reduction by 

substrate promotes an electron transfer to the trinuclear cluster and posteriorly Type 2 and Type 3 

sites act as a trinuclear copper cluster in which occur the binding and reduction of oxygen to water. 

The impelling force of the laccase enzymatic mechanism lies on the difference between the redox 

potential of the reducing substrate and that of the copper T1 site. According to this property, laccase 

can be classified as a low or high-redox potential enzyme. The higher redox potential laccase displays 

a higher catalytic rate along the ability to oxidize higher redox potential compounds that cannot be 

modified by low-redox potential enzymes. For this reason, the high-redox potential laccase has been 

considered of great biotechnological concern [8-10]. 

1.2.2 LACCASE-MEDIATOR SYSTEM (LMS) 

An interesting system that allows expanding the laccase application range, and at the same time, 

improve its catalytic rate, is the use of redox-mediators (Figure 2). These are low molecular weight 

compounds with a large variety of chemical structures that act as an “electron shuttle” between the 
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enzyme and the substrate. Once oxidized by laccases, the mediators become stable radicals which 

may continue oxidizing other compounds that were not directly used as substrates by the enzyme [6, 

11]. 

 

Figure 2: Schematic presentation of laccase-mediator system (LMS). 

 

There are two groups of mediators that can be employed on laccase reactions: (1) synthetic 

compounds such as 2,2-azinobis-(3-ethylbenzothiazoline-6-sufonic acid) (ABTS) and others of N-OH 

type as 1-hydroxybenzotriazole (HBT), violuric acid (VLA) and N-hydroxyacetanilide (NHA); and, 

(2) natural mediators derived from lignin degradation as acetosyringone or syringaldheyde (Table 1) .  

Table 1: Example of synthetic and natural laccase mediators [8, 12] 

Synthetic Mediators 
                       

                       

Natural Mediators 

               

 

During the selection of laccase mediators it must be considered that they can be oxidized as well as 

reduced without interfering with the enzyme activity. In addition, the mediators should have a 
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reasonable price allowing its possible application at industrial levels [8, 12]. Various examples of the 

LMS application in biotechnology have been described such as the improvement of lignin degradation 

from jute fibres [13]; development of ring substituted HBT compounds in organic synthesis [14]; 

removal of an insect repellent (N,N-diethyl-m-toluamide, DEET) from wastewaters [15]; and lignin and 

cellulose modification for starch biocomposite formation [16].   

1.2.3 LACCASE IMMOBILIZATION 

In spite of the great laccase ability to oxidize a vast range of substrates, the application of these 

enzymes at industrial level is quiet limited mainly due to the related high production cost as well as 

to the operational, thermal and storage instability. Therefore, several immobilization techniques have 

been explored in order to overcome all of those issues. The immobilization significantly increases the 

laccase stability and decreases the production costs allowing its distribution in several industries 

aiming effective, selective and eco-friendly catalysis. Moreover, the laccase immobilization also allow 

the development of continuous processes leading to a more sustainable industry through more 

economic organization of the operations, automation, labor reducing, investment/capacity ratio and 

products recovery with greater purity [17]. The laccase immobilization occurs by the attachment of 

free or soluble enzymes onto supports/matrices (Table 2) leading to the reduction or even loss of the 

enzyme mobility. An ideal support to enzymatic immobilization must comprise at least inertness, 

physical strength, regenerability, ability to improve enzyme activity/specificity and reduce the product 

inhibition [18, 19]. 

Table 2: Example of supports/matrices used for enzymes immobilization [18] 

Natural Polymers Synthetic polymers Inorganic Materials 

Alginate 

Chitosan and Chitin 

Collagen 

Carrageenan 

Gelatin 

Cellulose 

Starch 

Pectin 

Sepharose 

Amberlite 

Glutaraldehyde 

Polyethylene glycol 

Polyvinyl chloride 

Cyclodextrin 

Polyurethane microparticles 

Polyaniline 

 

Zeolites 

Ceramics 

Celite 

Silica Glass 

Activated carbon 

Charcoal 
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Laccase can be immobilized by means of physical or chemical methods (Figure 3). The physical ones 

result from weak interactions that occur between the support and the enzyme. Physical or ionic 

adsorption, enzyme entrapment confined by permeable membranes, microencapsulation with a solid 

membrane and encapsulation within a membrane reactor or self-assemble monolayer are examples 

of physical immobilization processes. The chemical methods are characterized by the covalent bonds 

formation between the support and the enzyme. Covalent attachment to a water-insoluble matrix, 

cross-linking with a multifunctional low molecular weight reagent, electrochemical polymerization and 

micelles formation are examples of chemical immobilization techniques [19, 20]. 

    

Figure 3: Illustration of physical and chemical enzymatic immobilization methods [21]. 

 

The immobilization method selection is influenced by the different chemical properties and 

constitution of enzymes, the distinct characteristics of substrates and reaction products as well as by 

the various products applicability. Thus, there is no optimum immobilization method and support for 

all the enzymes and their applications. Indeed, there are multiple techniques which are combinations 

of the ones above referred [19]. Various laccase immobilization methods that have been 

demonstrated and applied across many distinct areas, namely the development of an amperometric 

biosensor sensitive to polyphenols in which laccase was immobilized using the laser printing 

technology on nonfunctionalized screen printed electrodes [22]; the use of 

polyacrylonitrile/montmorillonite/graphene oxide as support immobilization for production of three 
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composite nanofibers [23]; the laccase immobilization via covalent bonding on modified silica carrier 

in which the glutaraldehyde for ionic liquid applications [24]; the use of TiO2-montmorilonite as laccase 

immobilization support [20]; and, the metal textile dye decolourization by different newly-isolated 

white-rot fungi immobilized into alginate beads [25]. 

1.2.4 INDUSTRIAL APPLICATIONS OF LACCASE 

The catalytic properties of laccase have shown a wide range of industrial applications with distinct 

operational fields such as pulp and paper, textile, bioremediation, detergency, cosmetic, organic 

synthesis, environmental, food and pharmaceutical industry as well as nanobiotechnological 

purposes (Figure 4) [4]. 

 

Figure 4: Examples of biotechnological applications of laccase [26-29]. 

 

There are several studies that evidence the great benefits of laccase implementation at industrial scale 

as it can be seen on the following examples.  

 Pulp and Paper Industry 

In the forest industry, the standard operational processes such as pulp bleaching, effluent 

treatment, wood pretreatment in composite boards or enhancement of pulp/paper properties are 

known to promote undesirable environmental effects [30]. For example, the conventional chemical 

pulp bleaching involves large amounts of chlorine and alkali products consuming high levels of energy 

and leading to subsequent ecological problems. Therefore, the need for an eco-friendly solution that 

allow saving energy and chemical consumption increased the interest in research activities targeted 

at green modification of lignocellulosic biomass [31, 32]. The enzymatic practices known for its eco-
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friendly properties have been applied on lignocellulosic-based fibers processing. Enzymes such as 

laccase have an important role on pulp and paper industries since they can be very effective in the 

oxidation of a wide range of natural and synthetic substrates allowing the required lignin 

modification [30, 32]. Several authors evidenced the significant contribution that laccase can have 

on pulp or paper industry by studying the reaction mechanisms that occur during the laccase 

biografting onto lignocellulosic fibers [33]; the  laccase ability to polymerize Kraft lignin isolated from 

different black liquors resulting from pulp Kraft cooking [30]; the improvement of lignin solubility and 

surface activity through laccase oxidation followed by sulfonation [34]; the combined laccase and 

xylanase efficiency in the bio-bleaching of non-woody material [35]; the pulp bleachability and physical 

properties impact on treatment of softwood kraft pulp [36]; and the hydrophobization of cellulose 

fibres in the internal sizing of paper [2].  

 Textile Industry 

Conventional textile processes are known for its high consumption of water, energy and 

chemicals which lead to define the Textile Industry as a resource-consuming and polluting industry. 

Therefore, research efforts allowed to develop cleaner processes that have shown potential to manage 

the resource scarcity and pollution concerns [31]. Laccase has been reported as a great alternative 

to lead the standard textile treatments through an eco-friendly way. As it has been proved by different 

authors, laccase has potential interest since it fulfills various applications such as textile effluents 

decolourization, improvement of fibres bleaching and synthesis of textile dyes (textile finishing) [37]. 

The indigo carmine decolourization and denim bleaching using Ceriporiopsis subvermispora CZ-3 

laccase [38]; the significant removal of dye Remazol Brilliant Blue R using immobilized laccase 

and HBT [39]; the development of one bio-desizing and washing step of denim garment using 

amylase, cellulase, laccase and their combinations [40]; and the linen functionalization with 

antimicrobial and antioxidant properties by means of laccase-assisted grafting of chitosan and 

catechin [41] are good examples that reported the laccase efficiency for textile processing.   

 Food Industry 

The majority of food and beverages constituents, namely carbohydrates, unsaturated fatty 

acids, phenols and thiol-containing proteins are potential laccase substrates. Once exposed to laccase 

action it can be possible to improve the food quality and lead to new functional properties. Moreover, 

the conventional food processing costs can be reduced since the enzymatic reactions require mild 

experimental conditions. There are several studies that reveal the laccase importance for food industry 
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as the laccase application for the polyphenol content determination in wine [42]; the cross-linking of 

sugar beet pectin (SBP) emulsions with -lactoglobulin (BLG) improving BLG solubility and SBP 

emulsions stability [43]; the improvement of the catechin oligomer solubility and antioxidant 

properties extending its application range [44]; and the development of an enzymatic time-

temperature integrator prototype aiming to demonstrate the food safety and quality changes during 

food handling and distribution [45]. 

 Bioremediation 

The xenobiotic compounds present in industrial effluents is an increasingly environmentally 

problem since they often resist to chemical and biological degradation methods contributing to the 

wastewaters pollution [46]. Bioremediation processes arise as a possible solution to decrease the 

environmental contamination in which the microorganisms enzymatically transform or degrade 

pollutants into nonhazardous or less-dangerous compounds [5]. Laccase has been considered a 

promising alternative bioremediation solution due to its ability to oxidize a broad range of 

substrates/xenobiotic compounds [46]. The high decolourization and detoxification efficiency of 

insolubilized laccase by bonding amino-functionalized magnetic nanoparticles to the cross-linked 

enzymes aggregate (CLEA) [47]; the elimination of pharmaceuticals present in wastewaters using 

a CLEA composed by laccase, versatile peroxidase and glucose oxidase [48]; the enzymatic 

decolourization of synthetic dyes and industrial effluents [49]; and the removal of environmental 

pollutants that do not dissolve in aqueous media using laccase hosted in reverse micelles [50] are 

good research studies that evidence the laccase efficiency as a bioremediator.  

 Organic Synthesis 

The conventional organic synthesis evidence various drawbacks such as the high cost of 

chemicals, the hefty multi-step reactions and the reagents toxicity [51]. Subsequently, the enzymes 

arise as an alternative approach that have been extended to many different markets with incredibly 

variety of products [52]. Among the broad range of biocatalysts in organic synthesis, the use of 

oxidoreductases promoted a vast increase on the bioprocesses benefits. This enzyme's group has the 

great advantage of catalyze oxidation reactions through environmentally-friendly systems that do not 

involve hazardous solvents/oxidants and can occur under mild operational conditions. Thus, the 

oxidoreductases application is of major concern for the organic synthesis enhancement from a safety, 

health and environmental perspective. Laccase, a p-diphenol:dioxygen oxidoreductase, promotes the 

oxidative coupling of small organic compounds leading to the development of novel organic synthesis 
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methodologies [53] such as the ability to synthetize fine chemicals and biological compounds such 

as amino acids, antibiotics and antioxidants. Oxidation, polymerization, cyclization and amination are 

some reactions that can be carried out by means of laccase action [51, 54]. There are multiple 

studies in which organic chemist’s devoted extensive attention to the laccase biocatalysis application 

in organic synthesis viz. the production of new ferulic acid and ethyl ferulate dimers with improved 

antioxidant properties and low toxicity [55]; the synthesis of various aromatic aldehydes using toluene 

as substrate [56]; the synthesis of  rutin polymers aiming the adipogenesis inhibition [57]; and the 

aminonaphthroquinones production and their anticancer activity [58]. 

 Pharmaceutical Industry 

A wide range of therapeutic drugs with different physicochemical properties is produced by 

the pharmaceutical industry. However, the various synthesis pathways can involve complex routes 

leading to different problems that can compromise the chemical safety assessment [59, 60]. Besides 

of that, several issues have been considered about the environmental safety since the reaction sub-

products are emerging as organics pollutants that are widely detected in municipal wastewaters [61]. 

Therefore, the use of enzyme technologies to pharmaceutical research, development and 

manufacturing is a growing field aiming to overcome the drawbacks related to classic chemical 

synthesis [62]. The biocatalysts usage instead of the standard chemical catalysis offers many 

advantages, namely higher enantioselectivity and regioselectivity in aqueous medium; does not 

require functional groups (de)protection; present better stability; operates under mild experimental 

conditions; has greater efficiency and higher reaction yields [63]. Laccase revealed to be an 

interesting enzyme to be applied in the pharmaceutical industry and has been exploited for different 

purposes such as development of novel drugs (anesthetics, anti-inflammatory, antibiotics, 

sedatives, etc.) or modification of the existing ones, pharmaceutical compounds degradation or 

cosmetic formulations production [51, 64]. An alternative route to the non-steroidal and anti-

inflammatory drugs transformation avoiding the their release to the environment [9]; the biosynthesis 

of similar compounds to mitomycins (antibiotics) [65]; and the pyrazonoles production (analgesic, 

antipyretic, anti-inflammatory) production aiming replacing its conventional organic synthesis that 

uses hazardous chemical oxidants [66] reported the laccase contribution in the pharmaceutical field.  

 Nanobiotechnology 

The nanobiotechnology knowledge has been widely spread over several fields in human 

activity (environmental, economy, industrial, clinical, health-related, etc.) since it allows the 
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development of smaller and more efficient biosensors, by means of controlled deposition, a specific 

adsorption of biomolecules on distinct surfaces types reaching micro and nanometer order [37]. 

Nanostructured materials (nanoparticles, nanotubes and nanofibers) have been broadly applied as 

carrying materials for biosensoring and biofuel cells [51]. A good biosensoring system can be defined 

by its own specificity, sensitivity, reliability, portability, real time analysis and operation simplicity [67]. 

Indeed, these are common properties of laccases which means that they have a huge potential be 

used as biosensors. Moreover, the laccase redox potential also allows its application as biofuel cells 

providing small transmitter systems [64]. Several researches explored the biosensors development 

containing laccase as well as the laccase-based biofuel cells for application in various processing 

fields. For example, the laccase immobilization on vinyl-modified poly(acrylic acid)/SiO2 nanofibrous 

membranes for the triclosan removal from wastewaters [68]; also the laccase immobilization but 

using nylon 6 film and nanofibers carriers prepared by electrospinning for the treatment of industrial 

effluents [69]; a laccase-based amperometric biosensor for detection of pyrocatechol in environmental 

samples [70]; and a novel quick and reproducible method for laccase fixation onto magnetite 

nanoparticles as a promising approach from the fuel cell perspective [71] are few interesting 

applications that show the laccase action at nanosystems scale. 

 

1.3 SONOCHEMISTRY 

Sonochemistry is a high-energy chemistry area that explores various chemical reactions and 

processes involving the application of an ultrasonic field in a frequency spectrum that usually varies 

from 20 kHz to 10 MHz. Commonly, this frequency range is subdivided in three main regions: low 

frequency/high power ultrasound (20 – 100 kHz), high frequency/ medium power ultrasound (100 

kHz – 1 MHz) and high frequency/low power ultrasound (1 - 10 MHz) allowing to extend this 

technology to multiple reactions in the chemical, biological and electrochemical fields [72, 73]. 

Several advantages are connected to the sonochemical processes, namely the low amount of 

hazardous chemicals quantity, the use of environmentally friendly solvents, the development of 

reaction conditions with increased selectivity for the product, the reduction of energy consumption for 

chemical transformations and the introduction of alternative or renewable feedstocks [1]. These entire 

aspects outcome from the cavitation phenomenon which is a direct consequence of the ultrasound 

irradiation through a liquid medium. Cavitation is described as the formation, growth and subsequent 

collapse of micro-bubbles or cavities occurring in extremely small intervals of time and releasing large 

magnitudes of energy over a very small location (Figure 5). When it occurs in a reactor, the cavitation 
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generates localized hot-spots of extreme pressure and temperature values, namely 100 – 5000 atm 

and 500 – 15000 K, respectively. The bubbles compression during cavitation is more rapid than 

thermal transport yielding a short-lived localized hot spot. 

 

Figure 5: Schematic presentation of transient acoustic cavitation yielding energy release (Adapted 

from http://eswt.net/cavitation and [74]). 

 

Moreover, during cavitation bubbles collapse generating reactive free radical species (Equation 1-3) 

due to the dissociation of vapors confined in the cavitation bubbles, leading to either intensification 

of the chemical reactions or alteration of the reaction mechanisms.  

  (Equation 1) 

  (Equation 2) 

  (Equation 3) 

These radicals have strong oxidant profile that can be useful for a panoply of applications such as 

environmental protection in terms of air-borne contamination control, foams destruction, soil 

remediation, removal of biological contamination from water, treatments of sewage sludge and 

bleaching processes; polymer studies namely copolymerization and degradation reactions; organic 

synthesis; chemical analysis as inductively coupled plasma atomic emission spectrometry and 

microwave induced plasma atomic emission spectrometry; biochemistry increasing the activity of 

enzymes and improving the cells metabolism; isolation of compounds, plating and crystallization 

processes [1, 75]. Another important consequence of cavitation is the generation of local turbulence 

and liquid micro-circulation (acoustic streaming) in the reactor, enhancing the transport processes 

rates and subsequently eliminating the mass transfer resistances that often occur in heterogeneous 

systems. These mechanical effects allow intensifying physical operating systems whereas the most 
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chemical reactions can be improved by the hot spots and reactive free radicals generated by 

cavitation [72, 76-78].  

The distinct methods of ultrasound supplying allows distinguishing four main cavitation types: 

(1) acoustic cavitation resulting from the high frequency sound wave (ultrasound) passage through 

aqueous mediums; (2) hydrodynamic cavitation which is based on the pumping of the liquid at very 

high pressure through a constriction converting its pressure energy into kinetic energy that at 

extremely high levels generates cavitation; (3) optic cavitation that is produced by mean of high 

intensity light (laser); and, (4) particle cavitation promoted by the beam of elementary particles 

rupturing a liquid. The acoustic and hydrodynamic cavitation have demonstrated academic and 

industrial interest since these are of ease operation and allow generating the required intensities of 

cavitational conditions for the physical or chemical operations [76, 79]. Several reports exhibit the 

importance of these cavitation types at various research fields and its broad application range such 

as Gayathri and co-workers enhanced the ultrasound efficiency during the pretreatment of dairy waste 

activated sludge [80]; Hong and partners explored an alternative eco-friendly method for biodiesel 

production based in the ultrasonic alcoholysis of canola oil [81]; Taghizadeh and Bahadori 

functionalized the chitosan chemical structure by coupling benzoyl groups aiming to improve its own 

antioxidant properties [82]; Abramova and colleagues developed a novel method for introducing 

antibacterial CuO nanoparticles into textile fabrics through ultrasonic cavitation [83]; Gotoh and 

Harayama applied ultrasound to polyester textiles washing in aqueous solutions for particulate and 

oily soil removal [84]; Li and collaborators enhanced the methyl orange azo dye decolourization using 

zero-covalent copper nanoparticles assisted by hydrodynamic cavitation [85]; Patil and co-authors 

improved the degradation of imidacloprid that is a pesticide often present in wastewaters combining 

advanced oxidation processes with hydrodynamic cavitation [86]; Espejo and partners used ultra-

high-pressure homogenization to inactivate Bacillus spores in milk [87]; and Michálková and co-

workers prepared silicon nitride/graphene nanoplatelets composites using different homogenization 

methods (attritor milling, ball milling or planetary ball milling) [88].  

Besides the distinct areas in which the cavitation phenomenon can be applied, the implementation 

at industrial level is still a challenge due to the reactors damages caused by cavitation. Indeed, 

dynamic studies of cavitation bubbles near a solid surface revealed that the cavitation bubble collapse 

is a violent process that generates highly localized, large-amplitude shock waves and micro-jets that 

generates transient surface stresses. After multiple repeated collapses it has been observed local 

surface fatigue failure and the subsequent detachment of the reactor pieces [89, 90]. Even though, 
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it is important to note that for an efficient scale-up of sonochemical reactors is mandatory to study 

various interdependent operating parameters such as the type of field, power rating, frequency, wave 

form, geometry design of the reactor and others that can directly affect the cavitation yield [75, 78]. 

For example, the irradiation frequency selection influences the physical or chemical effect required in 

some system i.e. low frequency operations allows intensifying the physical effects whereas high 

frequency ultrasound improve the chemical reactions performance. On the other hand, the amount 

of energy entering in the bulk liquid (power rating) as well as the transducers area according to the 

reactor dimensions are also of major concern in the scaling-up of some sonochemical equipment 

since it will influence the cavitation bubble distribution in terms of size, number, life-time and collapse 

pressure [91]. 

1.4 ULTRASOUND ENHANCED LACCASE PROCESSES 

Both laccase and ultrasound processes have shown to be promising eco-friendly alternatives to the 

standard chemical systems leading to an economically viable performance. The most significant 

outcome of the ultrasounds in laccase processes is the improvement of mass transfer which 

potentiate an increasing delivery of the substrate to the active site of the enzyme and subsequently 

increase its catalytic efficiency [92]. Many works using laccases and ultrasound systems have been 

developed in distinct areas such as textile and biomedical processing. Indeed, the search for eco-

friendly and cost effective alternatives to the conventional textile processes has been a major concern 

due to their high levels of chemical, energy and water consumption as well as their huge 

environmental impact. Textile wet processing is one of the major streams in textile engineering that 

refers to the textile chemical processing. Figure 6 demonstrate the various operational stages 

comprising the wet processing of textiles. 

    

Figure 6: Textile wet processing stages. 
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The first stage i.e. the fiber pretreatment is a crucial step on textile processing that directly influences 

the final product quality. Usually, this phase involves high chemical, energy and water consumptions, 

namely high oxidant agent amounts plus high temperatures and incubating times aiming to guarantee 

an efficient preparation of the material. Moreover, several washing cycles are required in order to 

ensure the total removal of the oxidant agent whose presence will interfere on the subsequent 

operations. For these reasons, several studies have been performed aiming to exploit useful methods 

that reduce the environmental impact and the standard operational costs. Being laccase and 

ultrasound eco-friendly technologies they contribute to the textile industry sustainability. The ability of 

laccase oxidize a wide range of substrates and the ultrasound-based approaches allow to accelerate 

mass transfer in solid/liquid or liquid/liquid systems are of extreme importance for textile processing. 

Various works have been reported the textile processes improvement using laccase and ultrasound 

technologies. Kim and co-workers reported the effect of inorganic mediators on the catechol 

polymerization catalyzed by laccase and evaluated its efficiency in the coloration of flax fabrics [27]; 

Abou-Okeil and partners tested a combined laccase-hydrogen peroxide bleaching process assisted or 

not by ultrasonic energy aiming to improve the bleaching efficiency of scoured linen fabrics [93]; 

Basto and colleagues enhanced the bleaching efficiency of cotton fabrics using combined laccase-

ultrasound system [94]; and Munteanu and workers proved that the ultrasonic irradiation improved 

the ABTS enzymatic oxidation by laccase yielding better staining performances of wool fabrics [95]. 

The search for alternative medical devices (orthopedics, catheters, infusion lines, sutures, vascular 

stents and grafts) reducing the risk of medical device-related infections is the scope of many 

investigations. The implantation of medical devices in human body triggers the biofilm formation 

resulted from the materials surface colonization by undesired organisms such as bacteria leading to 

device-associated infections. Understanding the mechanism beyond biofilm formation allows 

developing antimicrobial solutions to prolong the material life-span. 

1.4.1 BIOFILM FORMATION ON MEDICAL DEVICES 

In general, the development of biofilm on medical devices can be explained through a five stage 

universal growth cycle including organic layer attachment, microbial attachment, microcolonies 

formation, biofilm maturation and detachment (Figure 7) [96, 97].  
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Figure 7: Schematic model representing the five stages of biofilm formation: (1) organic layer 

attachment; (2) microbial attachment; (3) microcolonies formation; (4) Biofilm maturation; (5) 

detachment [98]. 

 

The first stage involves the logarithmic bacterial growth as planktonic cells. Upon the device insertion 

into a liquid environment, a preconditioning basement organic layer is immediately formed onto the 

material surface as a result of precipitation of the material from body fluids in contact with the device. 

The available nutrients, pH, temperature, oxygen concentration, osmolality and iron are environmental 

factors that influence the organic layer composition and subsequently have an effect on the type of 

bacterial strains that will colonize the surface. Further, colonizing microorganisms precede an initial 

attachment onto the preconditioned surface. This is a reversible step mediated by long (gravitational, 

van der Waals and electrostatic interactions) and short (hydrogen bonding, dipole-dipole, ionic and 

hydrophobic interactions) range forces which allow the ease cells detachment and movement along 

the surface [97, 99-101]. Once established the suitable environment for bacterial attachment, the 

bacterial cells aggregate into microcolonies beginning a strong irreversible attachment onto the device 

surface. In this stage, the genetic mechanisms underlying exopolysacharides (EPS) production are 

activated allowing trapping nutrients and planktonic bacteria into the biofilm matrix. Further, the 

microcolonies proliferation leads to the biofilm formation and maturation. The mature biofilm has 

three layers and presents a mushroom shape in which microcolonies attached to the substratum are 

surrounded by EPS (Figure 8). The final stage includes the periodic release of new colonizing cells to 

start biofilms on new surfaces downstream [97, 99, 102]. 
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Figure 8: Schematic model of biofilm maturation  [98] and 3D picture presentation of a 5 days old 

Pseudomonas aeruginosa PAO1 biofilm covered with green fluorescent protein (GFP) [103]. 

 

On the biofilm formation, the device properties play an important role. For example, the type 

(roughness or smoothness) and area of surface, porosity, charge as well as surface hydrophobicity 

are fundamental parameters that must be considered before explore any antimicrobial methodology. 

It is known that porous and rough surfaces are more susceptible to microorganisms growing caused 

by the crevices that promote a strong bacterial adhesion. In addition, hydrophobic materials are 

preferred by hydrophobic organisms favoring the biofilm formation as well as electrostatic interactions 

which can also contribute to the biofilm cohesion acting on the biofilm matrix cross-linking [29, 97]. 

Amongst the various medical devices existing in hospital care, the indwelling urinary catheters 

represent approximately 25-40% of the nosocomial infections leading to Catheter-associated Urinary 

Tract Infections (CAUTI) known to be the most common and costly infections at hospital level that 

significantly cause patient morbidity [104, 105]. Foley catheters (Figure 9) are the most used urinary 

catheters in hospitalized patients. These devices are flexible tubes that often pass through the urethra 

and into the bladder. Down its length, the Foley catheters have two separated channels (lumens) in 

which one is open at both ends allowing the urine to drain out into a collection bag and the other one 

has a valve on the outside end and connects to a balloon at the tip. When it lies inside the bladder, 

the balloon is inflated with sterile water avoiding it from slipping out. 
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Figure 9: Diagram of a Foley catheter (left) and corresponding application in human bladder (Adapted 

from http://en.wikipedia.org/wiki/Foley_catheter and http://www.webmd.com/a-to-z-guides/foley-

catheter). 

 

Usually, CAUTI outcome from the long term catheterization of the urinary tract resulting in bacterial 

colonization of the urine and subsequent bacterial adhesion onto the catheters surface. The use of 

urinary catheters can interfere with the regular defenses of the urinary tract leading to the bacterial 

colonization and consequent biofilm formation on their inner and/or outer surfaces causing 

problematic infections. The biofilm formation starts with the deposition of urinary components onto 

the catheter surface yielding a protein film which improves the microorganism adhesion leading to 

the biofilm formation [25, 106-108]. These biofilms may be composed of gram-negative and gram-

positive bacteria or yeasts. According to the time of catheter exposure, the formed biofilms may be 

composed by a single specie or multi species (Table 3).  

Table 3: Microorganisms prevalence and distribution in the biofilms of urinary catheters [104] 

CAUTI pathogens Simple-specie biofilms (%) Mixed-species Biofilms (%) 

Escherichia coli 
Candida species 

Enterococcus species 
Pseudomonas aeruginosa 

Klebsiella pneumoniae 
Enterobacter species 

40,8 

-------- 

44,7 (E. faecalis) 

40,8 

23,7 

10,5 (E. cloacae) 

6,7 

-------- 

6,7 (E. faecalis) 

23,3 

3,3 

3,3 (E. cloacae) 

Proteus mirabilis 
Providencia stuartii 

Morganella morganii 
Citrobacter species 

Staphylococcus aureus 
Staphylococcus coagulase negative 

34,2 

11,8 

14,5 

5,3 

13,2 

5,3 

20,0 

6,7 

10 

0 

3,3 

3,3 

http://en.wikipedia.org/wiki/Foley_catheter
http://www.webmd.com/a-to-z-guides/foley-catheter
http://www.webmd.com/a-to-z-guides/foley-catheter
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As previously mentioned, the hydrophobicity of both microorganisms and catheters surface affect the 

bacterial adhesion onto the materials. Thus, catheters displaying both hydrophobic and hydrophilic 

regions allow the colonization of a widest variety of microorganisms than the catheters possessing 

only one of these properties. On the other hand, the increase of pH and ionic strength of urine can 

lead to an increase of bacterial attachment. Some organisms present in the biofilms are capable to 

produce urease which hydrolyzes the urea, contained in the patient’s urine, to ammonium hydroxide 

elevating the pH conditions. As result, the mineral-containing biofilms promote encrustations that may 

be able to block the inner catheter lumen leading to CAUTI [109]. The most conventional way to treat 

urinary infections in a catheterized patient is the use of antibiotics. Indeed, the antibiotics induce cell 

death through a physical interaction between the drug molecule and its bacterial-specific target 

involving modifications of the affected bacterium at the biochemical, molecular and ultrastructural 

levels [110]. However, the common occurrence of CAUTIs result in the significant use of antibiotics 

which in turn enhance the development of bacteria tolerance to antibiotics. The biofilm matrix has a 

high impact on the resistance mechanism to antibiotics (Figure 10). For example, the EPS, one of 

the notable characteristics of biofilms, prevents the access of antibiotics to the bacterial cells. 

Moreover, the biofilm components can also limit the antimicrobial agents transport by either sorption 

or reaction with the compound. The difference between thick and thin biofilms also influences their 

resistance to antibiotics viz. thicker biofilms can act as a penetration barrier hindering the antibiotic 

diffusion. Furthermore, the available oxygen and nutrients limitation, cellular growth rate, stress 

response, biofilm heterogeneity and metabolic rate also contribute to the resistance to antibiotics by 

biofilms [111-115].  
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Figure 10: Possible mechanisms of biofilm antibiotic tolerance (left) and its influence in the bacterial 

growth (right). The first image evidence a cross section of a biofilm attached onto a surface (gray) at 

the bottom and the aqueous phase containing the antibiotic (yellow) at the top. In zones where there 

is nutrient depletion (red), antibiotic action may be antagonized. Some bacteria may activate stress 

responses (green), while others may differentiate into a protected phenotype (purple) [111]. 

 

From the biofilm prevention standpoint, the need to develop catheters with materials that inhibit the 

microorganism’s adhesion and biofilm formation is paramount. The main methodologies that have 

shown good ability against microbial growth on medical devices involve modifications with hydrophilic 

outer layers, antimicrobial coatings, low surface energy materials, highly biocompatible compounds, 

biodegradable materials and cell or protein grafting [107]. Recently, several studies revealed 

interesting approaches which provided antimicrobial and antibiofilm properties onto the urinary 

catheters. The possibility of using cellobiose dehydrogenase to produce hydrogen peroxide for 

antimicrobial and antibiofilm functionalization of urinary catheters [116]; the ability of Hibiscus 

sabdariffa extract (herbal source) to prevent the biofilm forming ability of uropathogenic 

bacteria [117]; the functionalization of silicone surfaces with antimicrobial and salt-tolerant properties 

using engineered short peptides [118]; the effect of a silver-alloy hydrogel catheter on 

symptomatic CAUTI [119]; the antimicrobial effects of essential oils against Proteus mirabilis and 

other urease-producing bacteria [120]; and the effect of nitrogen oxide as antibacterial agent in a 

continuous-flow model of the urinary bladder using the retention cuff of an all-silicone Foley 

catheter [121] demonstrate the scientific evolution on the biomaterials production. In this field, the 

laccase introduction is still a novelty. Only recently it was built an antifouling zwitterionic coating for 
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urinary catheters that combines the potential bioactivity of a natural phenolics layer biocatalytically 

conjugated to sulfobetaine-acrylic residues in an enzymatically initiated surface radical polymerization 

with laccase [122]. Taking into account the known pharmacological properties of natural phenolics 

and the laccase potential to oxidize them yielding antimicrobial polymers [41], the use of combined 

laccase-ultrasound processes seems to be a good approach to prevent the biofilm formation reducing 

concomitantly the often CAUTI.  

 

1.5 CONCLUDING REMARKS 

The present review enabled to introduce important laccase and ultrasound concepts and its important 

use as alternative solutions to the conventional industrial processes. Generally, it was demonstrated 

that the laccase offers a great potential to accomplish several bioprocesses whereas the ultrasound 

chemistry is a useful tool to intensify various chemical/physical applications through cavitation 

phenomenon. Combined laccase-ultrasound systems have a synergistic behavior through the mass 

transfer improvement favoring the reactions performance. Thus, the operational costs reduction, the 

development of entirely new products with concomitant quality enhancement and the environmentally 

sustainable processing were the main benefits referred for both of these technologies. Amongst the 

many industrial fields mentioned, the textile and biomedical applications were selected aiming point 

out the numerous operations that laccase and ultrasound can effectively improve. Overall, it can be 

assumed that laccase oxidation and/or ultrasound technology offer a significant promise to acquire 

a sustainable eco-friendly industrial processing as well as to produce novel functional compounds. 
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CHAPTER 2 - MATERIALS, EQUIPMENT AND METHODS  

2.1 MATERIALS 

100% of desized woven cotton fabrics and standard auxiliary products used on cotton bleaching 

experiments were supported by an industrial company (ACATEL, Portugal). Sterile single-lumen 

polyurethane (PU) and double-lumen silicone catheters (SI) were supplied from Pronefro (Portugal) 

and Degania Medical (Israel), respectively.  

 

2.2 REAGENTS 

Glacial acetic acid was acquired from Panreac (Spain) and synthetic urine was obtained from 

Synthetic Urine e. K. (Germany). Fetal bovine serum (FBS) was obtained from Lonza (Walkersville, 

Inc., MD, USA). All the other chemical compounds were purchased from Sigma-Aldrich (Spain) 

without any further purification. 

Laccase (EC 1.10.3.2) from ascomycete Myceliophthora thermophila (17 g protein/L, 560 U/mL 

at 50 ºC), Novozym® 51003, was obtained from Novozymes (Denmark).  

The Pseudomonas aeruginosa PAO1 used on antimicrobial assays was provided by Dr. Pedro Santos 

from Centre for Molecular and Environmental Biology (CBMA, University of Minho, Portugal). 

Escherichia coli HB101, Proteus mirabilis 933, Staphylococcus aureus ATCC 6538, 

Staphylococcus epidermidis ATCC 35983 and Bacillus subtilis 48886 were obtained from University 

of Minho (Braga, Portugal). Mouse fibroblast cells L929 were acquired on ATCC through LGC 

Standards and was maintained according to the supplier’s recommendations. 

 

2.3 EQUIPMENT 

The sonochemical studies were performed in reactors with two different cavitation systems:  

hydrodynamic and acoustic. The hydrodynamic cavitation reactors studied were: high-pressure 

homogenizer APV-2000 (Figure 11A), supported by SPX (Denmark), and high-pressure homogenizer 

EmulsiFlex®-C3 (Figure 11B), supplied from Avestin, Inc. (Canada), both with maximum pressure of 

2000 bar. The acoustic cavitation reactor used was an ultrasonic power generator type K8, with an 

ultrasound frequency of 850 kHz and a maximum power output of 120 W (Figure 11C), supporting 

the selection of two action modes - pulse or continuous mode. This equipment is coupled with an 

ultrasonic high-power bath Type 5/1575 equipped with a high-performed ultrasound plan-
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transmitter (850 kHz), a double glass cylinder cooling system, ceramic, stainless construction and 

Titan-membrane. Both machines were purchased from Meinhardt Ultraschalltechnik (Germany). 

Additionally, another acoustic cavitation reactor was studied, namely an ultrasonic bath equipment 

Ultrasonic Cleaner USC600TH (45 kHz; 120 W) (Figure 11D). 

   

Figure 11: Hydrodynamic and acoustic cavitation reactors: (A) APV-2000; (B) Emulsiflex®-C3; (C) 

Ultrasonic power generator Type 8 and ultrasonic high-power bath Type 5/1575; (D) Ultrasonic 

Cleaner USC600TH. 

 

The effect of low and medium frequency ultrasound on cotton bleaching was evaluated aiming to 

develop an ultrasonic pilot-scale reactor for textile whitening. The medium frequency ultrasound 

experiments (850 kHz, 120 W) were carried out using the ultrasonic power generator Type 8 and 

ultrasonic high-power bath Type 5/1575 (Figure 11C).  The low frequency assays were performed 

using piezoelectric transducers of mono-frequency (22 and 38 kHz) and multi-frequency (40-90 kHz), 

both with 400 W (Figure 12A). Also magnetostrictive transducers of 40 kHz and 1400 W were 

explored (Figure 12B). All the equipment were made in stainless steel and equipped with temperature 

controlled vessels. One robotic arm was introduced on the ultrasonic systems to promote the agitation 

of bath solutions. 
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Figure 12: Low frequency ultrasound reactors: (A) piezoelectric transducers with ultrasounds power 

supply (mono-frequency 22 kHz and 38 kHz, multi-frequency 40-90 kHz, 400 W); (B) vessel equipped 

with magnetostrictive transducers (40 kHz, 1400 W). 

 

On the ultrasonic scale-up stage, a prototype jet dyeing machine was adapted for the pilot scale 

bleaching experiments at the Centre de Recerca i Innovació de Catalunya, SA – CRIC, Spain. The 

developed apparatus allowed ultrasounds interaction at two different levels, with concurrent effects. 

During laccase pretreatment, ultrasounds are supposed to boost diffusion rates, while at the bleaching 

step, are supposed to boost diffusion rates, as well as generate radicals able of whitening cotton 

fibres. For this reason, two different technologies were installed within the equipment, high power and 

high frequency ultrasonic devices. Low frequency, high power piezoelectric transducers (22 kHz, 140-

2100 W) were strategically located at the main tank bottom aiming strong contribution to physical 

effects (mass transfer rates) from cavitation phenomena and reduction of mixing time plus better net 

power dissipation resulting from high intensity irradiation [91]. High frequency, low power (850 KHz, 

400 W) piezoelectric transducers were positioned at the recirculation pipe, just before the jet in order 

to intensify the chemical effects such as free radicals production (Figure 13 and Figure 14) [123]. 

With this configuration it is expected that the oxidant agents reach the entire cotton fiber surface.   

Before starting the process, the system can be loaded with 5 Kg of cotton (approximately 40 m * 0.5 

width). Operation scheme is, firstly, pass the beginning of the cotton rope through the machine (reel 

+ jet + body) manually, and connect it with the ending part (e.g. by magnets). This creates a 

continuous rope. Secondly, the remaining cotton is introduced using the reel. Once all the cotton 

length is inside the machine, the system is ready to start working (Figure 14). 
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Figure 13: Cotton bleach prototype containing low frequency/high power intensity (22 kHz, 140-

2100 W) and medium frequency (850 kHz, 400 W) ultrasound devices. 

  

Figure 14: Schematic presentation of the experimental chamber for the combined laccase-hydrogen 

peroxide bleaching of cotton assisted by ultrasound. 1 - High power piezoelectric transducers (22 kHz, 

140-2100 W); 2 - Medium frequency (850 KHz, 400 W) piezoelectric transducers. Tank 1, tank 2 and 

tank 3 will be used as water containers for dilute solutions as well as washing procedures. 
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2.4 CHARACTERIZATION OF LACCASE SOLUTIONS 

2.4.1 MEASUREMENT OF PROTEIN CONCENTRATION – BRADFORD METHOD 

The total protein concentration of laccase solution was determined following the Bradford method. 

Bovine serum albumin (BSA) was used as standard [124]. Firstly, it was plotted a calibration curve 

using a range of known protein concentrations (0 – 500 mg/mL BSA). Further, 0.1 mL of laccase 

solution was mixed with Bradford (1:5) in a total volume of 1.1 mL. The reaction occurred at room 

temperature for 15 minutes. The colorimetric measurements of protein quantification were performed 

at 595 nm using Helios Gamma UV-Vis spectrophotometer (Thermo Scientific, Waltham, MA, USA). 

 

2.4.2 EVALUATION OF LACCASE ACTIVITY – ABTS METHOD 

The enzymatic activity of laccase was evaluated through oxidation of 2,2’-azinobis-(3-

ethylbenzthiazoline)-6-sulphonate (ABTS) at 50 ºC for 2 minutes [125]. The reaction was carried out 

using 1 mL of 0.5 mM ABTS and 1 mL of laccase solution diluted in 0.1 M sodium acetate 

buffer (pH 5). ABTS oxidation was monitored at 420 nm using a Helios Gamma UV-Vis 

spectrophotometer (Thermo Scientific, Waltham, MA, USA). One unit of laccase (U) was defined as 

1 μmol of ABTS oxidized per minute. 

 

2.5 CHARACTERIZATION OF CAVITATION REACTORS 

2.5.1 DOSIMETRIC METHOD 

The dosimetric characterization of ultrasonic equipment Type K8 (850 kHz, 30-120 W) and sonication 

bath USC600TH (45 kHz, 120 W) followed the methodology described by other authors [126-128]. 

The hydroxyl radicals produced by acoustic cavitation were quantified by conversion of terephthalic 

acid (TA) to 2-hydroxyterephthalic acid (HTA) (Figure 15). Solutions of 0.3 mM TA were prepared in 

0.1 M sodium phosphate buffer (pH 7.4) and submitted to cavitation during 30 minutes at 60 ºC. 

The fluorescence of sonicated TA solutions were monitored by a Multi-mode Microplate Reader 

SynergyTM Mx and wavelength scan confirming peak emission at 425 nm from an excitation wavelength 

at 315 nm. The calibration curve was plotted using standard TA solutions (0-50 mM) and 0.1 M 

sodium hydroxide. The hydroxyl radicals were measured at different points of the reactors considering 

their geometry and transducers positioning [129]. 
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The dosimetric characterization of homogenizers followed the same methodology. The TA solutions 

were submitted to cavitation under 500 bar at maximum temperatures of 35 and 55 ºC for Avestin 

Emulsiflex®-C3 and APV 2000, respectively. 

 

Figure 15: Conversion of terephthalic acid (TA) to 2-hydro-terephthalic acid (HTA) under exposure to 

hydroxyl radicals (OH●). UV fluorescence was detectable with an emission peak at 425 nm from an 

excitation wavelength at 315 nm (accounting from 35% of ●OH yield) [127]. 

 

2.5.2 CALORIMETRIC METHOD 

The calorimetric characterization of all the equipment used was based on the energy measurement 

during time for several power inputs as it was published previously by other workers [127, 130]. The 

measurements were performed using a Pico Technology TC-08 Analogue to Digital converter 

connected to a computer. The four ended k-type thermocouples (TCs) were positioned at the outer 

side of the ultrasonic bath and one at the center of the glass (ultrasonic power generator). For 

ultrasonic bath USC600TH, the TCs were placed in the same positions used to perform the dosimetric 

characterization (see section 2.5.1). In the case of homogenizers, these measurements were 

performed at the sample collection piece which is not the place of the higher hydroxyl radical 

productions of the machine. However, being impossible to access the inner parts of the equipment, 

the amount of radicals formed were indirectly measured. 

The energy profile was followed using distilled water for 30 minutes and the corresponding calorific 

power was determined following the equation (4): 

  1000/pAVE CmTE                                                                                     Equation 4 
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Where: E is the calculated energy (kJ) to raise the water temperature; AVET  is equal to the difference 

of the final and initial temperature (K); m is the mass of the water (kg) and pC  is the heat capacity 

of water (4186 J kg-1 K-1); the change in temperature ( T ) was calculated for each TCs positions 

and the final value was obtained by the mean of the five temperature sensors. 

 

2.6 LACCASE-HYDROGEN PEROXIDE BLEACHING OF COTTON FABRIC ASSISTED BY MEDIUM 

FREQUENCY ULTRASOUND 

An alternative approach to conventional cotton bleaching was developed. For that, an enzymatic pre-

treatment of cotton fabrics by laccase action was studied as well as the introduction of medium 

frequency ultrasound (850 kHz – ultrasonic power generator Type K8 coupled to the ultrasonic bath 

Type 5/1575). Thus, firstly the textile samples were incubated with 2 U/mL of laccase from 

Myceliophthora thermophila prepared in 0.1 M sodium acetate buffer (pH 5) at 50 ºC for 30 minutes, 

followed by washing with distilled water at 80 ºC for 10 minutes. In a second step, the bleaching 

proceeded with different hydrogen peroxide concentrations (0-8 g/L), 4 g/L NaOH and the following 

auxiliary products: 1 g/L anti-wrinkle, 0.5 g/L wetting agent, 1.5 g/L sequestrant, 3 g/L equalizer, 

1% (o.w.f) optical brightener. The process was carried out with an ultrasound intensity of 120 W at 

55 ºC for 2 hours. Two different modes of action were studied: continuous mode, where the 

ultrasound was permanently ON, and discontinuous mode, where the ultrasound was 

1 break:10 pulse. 

 

2.7 EVALUATION OF BLEACHING PERFORMANCE 

2.7.1 WHITENESS MEASUREMENTS OF TEXTILE FABRICS 

The whiteness index (W*) of the treated fabrics was determined by using a reflectance measuring 

Datacolor apparatus at standard illuminant D65 (LAV/Spec. Excl., d/8, D65/108). For each 

experimental condition tested the whiteness values were measured at five different points of each 

sample in duplicates. 
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2.7.2 TENSILE STRENGTH AND ELONGATION AT BREAK TESTS 

The breaking strength and elongation at break tests were performed by using a tensile test 

machine (Hounsfield S-Series Testing; H10 KS-UTM), according to ASTM 5035-90. The data was 

obtained by considering the mean of 10 replicates. 

 

2.7.3 WATER CONTACT ANGLE DETERMINATION 

The hydrophilicity of bleached cotton samples was observed by measuring the water contact angle 

using Dataphysics instrument (Filderstadt, Germany) and the OCA20 software (Germany). The data 

obtained was the result of the average of 10 different points of each sample. The water droplet volume 

was set as 5 μL using a Hamilton 500 μL syringe. Conditions for measurement were selected as 

ellipse fitting. The sample images were captured by a SCA-20 live camera at the first second after the 

water dropped on samples. 

 

2.8 ULTRASONIC PILOT-SCALE REACTOR FOR ENZYMATIC BLEACHING OF COTTON FABRICS 

In collaboration with Centre de Recerca i Innovació de Catalunya, SA – CRIC (Spain) and Fisa Ibérica 

S. L. (Spain) it was optimized at laboratorial scale the effect of medium frequency/low power as well 

as low frequency/high power ultrasound intensity on laccase-hydrogen peroxide cotton bleaching. 

Posteriorly it was evaluated the process upgrading to pilot scale aiming set up the final considerations 

for designing an industrial ultrasonic reactor. Standard optical and half cotton bleaching processes 

were used for evaluation of each task. 

 

2.8.1 STANDARD HALF AND OPTICAL COTTON BLEACHING PROCESSES 

Considering an industrial source, the conventional half-bleaching of cotton uses 4 g/L hydrogen 

peroxide, 4 g/L NaOH and the following auxiliary products: 1 g/L anti-wrinkle, 0.5 g/L wetting agent, 

1.5 g/L sequestrant, 3 g/L equalizer using a bath ratio 1:50. The process is carried out at 90 ºC for 

60 minutes. For the optical cotton bleaching, the hydrogen peroxide concentration is increased to 

8 g/L as well as the temperature to 103 ºC for 40 minutes. Auxiliary products are 1 g/L anti-wrinkle, 

0.5 g/L and 0.3 g/L wetting agents, 3 g/L equalizer and 3 g/L optical brightener. Washing 

procedures were realized with distilled water during 10 minutes (ˣ3). 
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2.8.2 WHITENESS MEASUREMENT OF COTTON FABRICS (BERGER INDEX) 

The whiteness of cotton fabrics was measured using a StellarNet colorimetric system connected to 

BLACK-Comet-SR spectrometer. The parameters monitored by spectrometer were luminosity, 

red/green and yellow/blue  which were further converted into XYZ-CIE tristimulus values, allowing the 

calculation of Berger whiteness [131]. Data values were logged in real time by measuring the visible 

reflectance at the range 380-750 nm. For each test was considered the average of eight measures. 

 

2.8.3 LABORATORY SCALE PROCESS OPTIMIZATION 

2.8.3.1 MEDIUM FREQUENCY/LOW POWER ULTRASOUND 

Previous researches demonstrated the enzymes deactivation after low frequency ultrasound 

application. The main reason for that was the aggregation phenomenon resulted from exposure of 

cysteine residues and reaction with highly reactive radicals [94, 126]. Moreover, it was already 

published that low frequency/high intensity ultrasound usually denatures enzymes while high 

frequency/low intensity irradiation promotes a more stable cavitation, micro-streaming and fewer 

implosion occurrences which often stimulate enzymatic activity [132]. Therefore, in this work, the 

enzymatic pre-treatment of cotton using laccase as catalyst was assisted by medium frequency/low 

power ultrasound (850 kHz, 120 W). 2 U/mL of laccase with a half-life time of 37.5 minutes when 

exposed to medium frequency ultrasound were used on enzymatic pre-treatment of cotton. The 

bleaching effectiveness was tested at 50 and 60 ºC (optimum temperatures already described by 

other authors [133, 134]). All the experiments were carried out in 0.1 M sodium acetate buffer (pH 5) 

during 30 minutes (this incubation time was already optimized by us on a previous work [135]). 

Washing procedures were performed with 2 g/L Lutensol AT25, at 80 ºC for 10 minutes. Further, the 

effect of medium ultrasound frequency on enzymatic cotton bleaching followed the half-bleaching 

recipe (section 2.9.1) in a bath ratio 1:50, at 55 ºC for 30 and 60 minutes aiming reducing the 

standard energy consumption. Whiteness measurements followed the method described on 

section 2.8.2. 

 

2.8.3.2 LOW FREQUENCY/HIGH POWER ULTRASOUND 

The ideal ultrasonic device for laboratory scale cotton bleaching was chosen according to the results 

attained after bleaching with 4 and 8 g/L H2O2, at 70 and 90 ºC for 30 and 60 minutes following the 
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half-bleaching recipe (section 2.8.1) in a bath ratio of 1:50. The ultrasonic transducers tested were 

the piezoelectric and magnetostrictive devices (Figure 12). 

Considering that whiteness reference values were overlapped using piezoelectric device, this 

equipment was chosen for the subsequent experiments. Once introduced laccase pre-treatment using 

2 U/mL of enzyme, at 50 ºC for 30 minutes, the bleaching was carried out using lower amounts of 

hydrogen peroxide (2 and 4 g/L) aiming reducing the standard chemical consumption. Preliminary 

experiments performed with four hydrogen peroxide concentrations (2, 3, 3.5 and 4 g/L) revealed no 

significant whiteness differences between the lowest. For this reason, only two levels of H2O2 were 

applied. The experiments were tested at 70 and 90 ºC for 30 and 60 minutes since energy 

consumption decrease is also a goal of this study. Three washes were done with distilled water for 

10 minutes each. Whiteness measurements followed the method described on section 2.8.2. 

 

2.8.4 PROGRESS UPGRADING TO PILOT-SCALE 

Considering the best conditions accomplished at laboratory scale, the cotton bleaching proceeded at 

pilot-scale using an adapted jet containing both low frequency/high power (22 kHz, 140-2100W 

piezoelectric transducers) and medium frequency/low power ultrasound (850 kHz, 400 W-power 

intensity available for scale-up high frequency ultrasound system) aiming to achieve the optimal 

performance for the enzymatic cotton bleaching. The pilot reactor was able to handle 5 Kg cotton 

load per 240 L (1:50 bath ratio) batch and the characterization of the process was done for the 

half (4 g/L H2O2, 70 ºC, 30 minutes) and the optical bleaching. The enzymatic pre-treatment of cotton 

was assessed by using 2 U/mL of laccase in 0.1 M sodium acetate buffer (pH 5) at 60 ºC for 

30 minutes. Higher temperature than used on laboratory scale value was needed to promote 

reproducible whiteness values at pilot-scale. All of the treatments were evaluated in the presence of 

ultrasounds. The ultrasonic enhancement was studied for different power intensities and low 

frequency (22 kHz; 140 W, 700 W and 2100 W) as well as for medium frequency of 

ultrasounds (850 kHz; 400 W). Whiteness measurements followed the method described on 

section 2.8.2. 
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2.8.5 STATISTICAL ANALYSIS 

The effectiveness of each process studied was achieved statistically by analysis of variance results 

through two-way ANOVA test (GraphPad Prism 5.0 for Windows). Significant differences between 

variables were employed when it was observed P < 0.05. 

 

2.9 FUNCTIONALIZATION OF URINARY CATHETERS 

2.9.1 LACCASE COATING OF CATHETERS WITH POLY(CATECHIN) FOR BIOFILM REDUCTION 

The laccase-ultrasound system was also applied on the functionalization of catheters with 

antimicrobial properties. For that, polyurethane (PU) and silicone (SI) catheters were coated with 

poly(catechin) aiming reduce the biofilm formation on samples surface. The antimicrobial polymer 

resulted from the catechin oxidation using laccase as biocatalyst. Two main stages were set up to 

optimize the coating process. Firstly, the catechin oxidation was studied using different monomer 

concentrations (1, 5 and 10 mM) dissolved in methanol and diluted in 0.1 M sodium acetate 

buffer (pH 5). The enzymatic reaction was carried out using 2 U/mL laccase at 50 ºC for 24 hours 

with an orbital agitation of 70 rpm. The polymer was obtained by centrifugation at 4000 rpm for 

10 minutes using Allegra® X-15R Centrifuge (Beckman Coulter International) and it was washed 

several times with distilled water. Further that it was studied the in-situ functionalization of PU and SI 

catheters with poly(catechin). Considering the laccase polymerization studies performed by other 

authors [27, 41, 136], the optimization experiments for catheters functionalization were carried 

using 2 U/mL of laccase in 50 mL of catechin solution containing 0.1 M sodium acetate buffer 

(pH 5), at 50 ºC under agitation (70 rpm). The catechin concentration (5, 10, 15, 20, 25 and 30 mM) 

was optimized for 24 hours. Posteriorly it was adjusted the reaction time (1-7 hours) using the 

optimum phenol concentration (15 mM) previously achieved. Catheter segments of 1 cm each were 

used on each experiment. 

 

2.9.2 LACCASE IMMOBILIZATION FOR CATECHIN POLYMERIZATION  

Aiming to reduce the costs related with the developed process for catheters functionalization it was 

performed the laccase immobilization on solid supports and the introduction of ultrasound on the 

proposed system. Silica beads (SBs) and glass slides covered with silane (aminoalkylsilane) were the 

selected materials. Based on existing methodology [137], the surface of SBs needed to be modified 

with amino groups to improve the immobilization yield. Thus, the amino functionalization of 10 g SBs 
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it was assessed by immerging them in 3-aminopropyltriethoxysilane (3-APTES) solution containing 4% 

HNO3 for 2 hours at 80 ºC. The beaker was covered with aluminum foil to prevent rapid evaporation 

of 3-APTES solution. Washing procedure was carried out using distilled water during 10 minutes to 

remove residual 3-APTES and by-product. Amino SBs were dried at 105 ºC for 3 hours and stored in 

a polyethylene bottle for further experiments. Laccase immobilization was assessed by incubation of 

functionalized SBs (4 g) in 25 mL of degassed 2.5% glutaraldehyde solution prepared in 0.1 M 

potassium phosphate buffer (KH2PO4) at pH 5 during 2 hours. Subsequently, the SBs were placed in 

laccase solutions also prepared with 0.1 M KH2PO4 (pH 5) for 48 hours at 4 ºC. Different laccase 

concentrations were tested (2; 3; 5; 7; 10 and 20 U/mL). As final step, the beads were washed three 

times with distilled water and two additional times with phosphate buffer [138, 139]. On the other 

hand, the enzyme immobilization on silanized glass slides followed the same strategy for 2; 5; 10 and 

20 U/mL of laccase solutions. The amount of laccase fixed on the selected solid supports was 

determined by measuring the enzyme catalytic activity and protein content (section 2.4.1 and 2.4.2). 

Once established the optimal experimental conditions for laccase immobilization it was studied its 

efficiency on catechin oxidation assisted by ultrasound during catheters functionalization. 

Low (45 kHz) and medium frequency (850 kHz) irradiation were applied and the reaction yield was 

compared with the non-sonicated samples.    

 

2.9.3 ENHANCEMENT OF POLY(CATECHIN) ATTACHMENT ONTO THE CATHETERS SURFACE 

After established the ideal substrate concentration and polymerization reaction time, the coating of 

both PU and SI catheters was improved by introducing an alkaline pre-treatment. Samples of 1 cm 

each were incubated with 2 g/L of sodium hydroxide at room temperature for 30 minutes under 

orbital agitation. Then, three different washing solutions were tested, namely 0.1 M acetic acid, 2 g/L 

non-ionic detergent (Lutensol AT 25) and distilled water. The in-situ functionalization of catheters with 

poly(catechin) was performed using the best experimental conditions previously achieved. The 

optimization of washing procedure after the functionalization process was also assessed using distilled 

water and 2 g/L Lutensol AT25, to ascertain the better way to remove the non-attached 

poly(catechin).  
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2.9.4 POLY(CATECHIN)-ANTIBIOTIC CONJUGATES: AN ANTIMICROBIAL APPROACH FOR INDWELLING 

CATHETERS 

Poly(catechin)-antibiotic conjugates was another approach explored aiming to potentiate the 

antimicrobial activity of poly(catechin) catheters coating. The antibiotics selected were 

trimethoprim (TMP) and sulfamethoxazole (SMZ) since these drugs are commonly applied on chronic 

infections treatments. Gram-positive and gram-negative bacteria were used on the bacterial adhesion 

study. In addition, mouse fibroblast cells were selected for the cell viability evaluation of the new 

developed antimicrobial approach. 

 

2.9.5 CONJUGATION OF CATECHIN WITH TMP OR SMZ 

Based on a previously exploited technique it was developed a reaction model for the synthesis of 

catechin-antibiotic conjugates [140]. TMP and SMZ were the antibiotics selected for this 

study (Figure 16). Firstly it was performed the activation of hydroxyl groups by mixing solutions of 

0.03 M dehydrated catechin with 0.1 M of N,N’-disuccinimidyl carbonate (DSC) and 0.1 M of 4-

dimethylaminopyridine (DMAP) in anhydrous 1,4-dioxane. The reaction remained under nitrogen 

atmosphere for 24 hours. Subsequently, the organic solvent was evaporated at reduced pressure. 

The white solid obtained was washed with chloroform and filtrated in order to remove the DSC and 

DMAP that not reacted. For the catechin-antibiotic conjugation it was added 1 eq. of TMP or SMZ to 

the activated catechin dissolved in methanol. The process was carried out at room temperature with 

stirring for overnight. As final stage, the solvent was evaporated at reduced pressure and it was 

obtained the catechin-antibiotic conjugate. 

 

Figure 16: Catechin, trimethoprim and sulfamethoxazole structures. 
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2.9.6 CHARACTERIZATION OF THE CATECHIN-ANTIBIOTIC CONJUGATES 

After the chemical synthesis of catechin-antibiotic conjugates, the reaction products characterization 

was performed by FTIR spectroscopy. FTIR measurements were recorded using a Perkin Elmer 1600 

spectrometer, by averaging 16 individual scans over the range 4000 cm-1 to 450 cm-1. The samples 

were prepared in potassium bromide (KBr) disks. 

 

2.9.7 EVALUATION OF CATECHIN AND CATECHIN-ANTIBIOTIC CONJUGATES OXIDATION BY LACCASE 

Catechin and catechin-antibiotic conjugates (catechin-TMP and catechin-SMZ) were oxidized following 

the methodology described by Gonçalves and et al. (2013) [141]. 10 mM of each monomer was 

dissolved in methanol/0.1 M sodium acetate buffer (pH 5) and reacted with 2 U/mL of laccase at 

50 ºC for 2 hours under 70 rpm of agitation. Simultaneously, the polymerization of catechin-TMP and 

catechin-SMZ was carried out. For this, 5 mM of each compound was used and the polymerization 

occurred as previously described for catechin monomer. The reaction performance was controlled by 

monitoring the solution absorbance using a Multi-mode Microplate reader synergy™ Mx and Gen5™ 

purchased from Biotek® Instruments, Inc. (USA) over the wavelength range of 300–700 nm. 

 

2.9.8 CATHETERS FUNCTIONALIZATION USING CATECHIN AND CATECHIN-ANTIBIOTIC CONJUGATES 

AS SUBSTRATES OF LACCASE 

The coating followed an experimental procedure already optimized by us for catechin attachment on 

PU and SI catheters surface [141]. Firstly it was carried out an alkaline pre-treatment wherein 

catheters of 1 cm each were incubated with 2 g/L sodium hydroxide at room temperature for 

30 minutes under orbital agitation. Samples were washed with distilled water. Then, it was carried 

out the in-situ catheters functionalization using different concentrations of monomer: (1) 10 mM 

catechin; (2) 10 mM catechin-TMP; (3) 10 mM catechin-SMZ and (4) 5 mM catechin-TMP plus 5 mM 

catechin-SMZ. Each compound was previously dissolved in methanol and diluted in 0.1 M sodium 

acetate buffer (pH 5). The phenolic oxidation proceeded with 2 U/mL laccase at 50 ºC under 70 rpm 

for 2 hours. Washing procedures were realized with distilled water in order to remove the non-attached 

polymer.  
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2.10 EVALUATION OF THE FUNCTIONALIZATION PROCESSES 

2.10.1 UV-VISIBLE SPECTROPHOTOMETRY 

Catechin oxidation through laccase action was monitored by UV/Visible spectrophotometry using a 

diode-array J&M Tidas spectrophotometer (J&M Analytische Mess und Regeltechnik GmbH, 

Germany). The measurements were realized immediately after adding laccase to phenolic solution as 

well as when the enzymatic reaction finished (24 hours). 

 

2.10.2 COLOR MEASUREMENTS OF COATED POLY(CATECHIN) CATHETERS 

The color difference between the grafted catheters with poly(catechin) was monitored by color strength 

estimation (k/s) using a Datacolor apparatus at standard illuminant D65 (LAV/Spec. Excl., d/8, 

D65/108) following the Kubelka-Munk equation (Equation 5). 

𝑘

𝑠
=

(1-R)2

2R
                      Equation 5 

Where: k is the absorbance coefficient, s is the scattering coefficient and R is the reflectance ratio. 

The establishment of a narrow wavelength peak is not possible for poly(catechin) coated catheters. 

The polymer has a polydisperse size that contribute differently for the emission spectra causing the 

flattening of its characteristic peak, thus the data are the sum of k/s values attained in the wavelength 

range 400 - 700 nm. 

 

2.10.3 QUANTIFICATION OF THE POLYPHENOL ATTACHED ONTO THE CATHETER SURFACE 

The determination of the polyphenol amount coating each catheter sample was interpolated through 

a calibration curve plotted using various standard concentrations of poly(catechin) prepared in 

dimethyl sulfoxide (DMSO). After each functionalization process, the attached poly(catechin) was 

efficiently dissolved in DMSO and the color of the remaining solution was measured. The absorbance 

measurements were carried out using a Multi-mode Microplate reader synergy™ Mx and Gen5™ 

purchased from Biotek® Instruments, Inc. (USA) at the wavelength range of 380 nm.  
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2.10.4 LEACHING PROPERTIES OF THE FUNCTIONALIZED CATHETERS 

The functionalized catheters were incubated in 0.01 M phosphate buffered saline (PBS) solution at 

pH 7.4 as well as in synthetic urine during 15 days, at 37 ºC with 70 rpm of agitation. The leaching 

properties were studied in terms of color strength (k/s) using the method described on section 2.10.2 

and by monitoring the solutions absorbance during the incubation period using a Multi-mode 

Microplate Reader Synergy™ Mx and Gen5™ purchased from Biotek® Instruments, Inc. (USA) at the 

wavelength range 300 - 700 nm. 

 

2.10.5 WATER UPTAKE MEASUREMENTS 

The water uptake study of catheters surface was assessed by measuring the water contact angle 

using a Dataphysics instrument (Filderstadt, Germany) and the OCA20 software (Germany). The data 

were determined by averaging values at five different points of each catheter sample. A dosing volume 

of water droplet was set as 3 μL using a Hamilton 500 μL syringe type. Conditions for measurement 

were selected as ellipse fitting. The sample images were captured at the first second of water droplet 

onto samples by using a SCA-20 live camera. The final contact angle values resulted from mean 

values of five measurements. 

 

2.10.6 DETERMINATION OF MINIMUM INHIBITORY CONCENTRATION (MIC) 

The MIC was defined as the lowest concentration of antimicrobial agent that inhibited the 

microorganism growth in a microdilution well. Broth microdilution test [142] was used to determine 

the MIC value of each developed conjugate against gram-positive (Staphylococcus epidermidis, 

Staphylococcus aureus and Bacillus subtilis) and gram-negative strains (Escherichia coli, Proteus 

mirabilis and Pseudomonas aeruginosa). Firstly the inocula were prepared in Mueller-Hinton (MH) 

broth and grown overnight at 37 ºC with orbital agitation. Further each inoculum was diluted in MH 

broth till an optical absorbance of 0.05 at 600 nm. An optical absorbance of 0.01 at 600 nm was 

established only for P. aeruginosa due to the fast growth of these bacteria. Seven different 

concentrations of each compound were prepared in MH broth and 50 µL of each solution was 

distributed in 96-well plates. Posteriorly, 50 µL of each bacterial isolate was added to the 

corresponding well and the plates were incubated at 37 ºC for 16 hours. Samples were tested in 

duplicates and the MIC values were achieved by measuring the optical absorbance at 600 nm in a 

microplate reader (SpectraMax® Plus384). 
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2.10.7 ANTIBIOFILM ASSESSMENT OF FUNCTIONALIZED CATHETERS 

The antibiofilm activity of the PU and SI catheters surface was assessed in vitro against 

Staphylococcus epidermidis (gram-positive) and Escherichia coli (gram-negative). An adhesion assay 

under static conditions was developed based on a previously described method to evaluate the 

bacterial adherence to catheters surface [143]. All the inocula were grown overnight and diluted in 

MH broth till an optical absorbance of 0.05 at 600 nm (6x107 CFUs/mL E. coli and 3x107 CFUs/mL 

S. epidermidis). Catheter segments of 1 cm each were individually placed in 2 mL of inoculated MH 

broth and incubated for 16 hours at 37 ºC without agitation. Further each sample was washed three 

times with sterile PBS buffer and placed in 1 mL of PBS. Adherent cells were removed by sonication 

at 42 kHz, 70 W output for 2 cycles of 30 seconds, followed by vortexing for 2 minutes. Bacterial 

suspensions were serially diluted in PBS and then plated onto MH-agar plates. The plates were 

incubated at 37 ºC for 24 hours and the colonies were counted. Two independent assays were 

performed.  

 

2.10.8 EVALUATION OF THE PLANKTONIC BACTERIA GROWTH 

The effect of each functionalized catheter in the planktonic bacteria growth was observed. The 

procedure followed the guidelines mentioned in the bacteria adhesion assay section. After the 

incubation of modified catheters with each selected bacteria at 37 ºC for 16 hours, 100 µL of each 

sample were plated in 96-well plates and the optical absorbance at 600 nm was measured with the 

microplate reader. Samples were tested in duplicates and the inoculum without catheter was used 

as control. 

 

2.10.9 SURFACE ANALYSIS - SEM 

As first stage it was preserved the bacterial matrix through a freeze-drying technique [144-146]. The 

bacteria were fixed at room temperature for 2 hours using 2.5% glutaraldehyde solution prepared in 

0.1 M cacodylate buffer (pH 7.2). Then each sample was washed three times with distilled water and 

plunged into nitrogen liquid before freeze-drying under vacuum conditions. For SEM analysis, the 

samples were coated with gold and scanned at different points using an electron microscope model 

LEICA S360 with a backscattered and secondary electrons detector, at 2000× and 

10000× magnification. 
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2.10.10 CELL VIABILITY ASSAY - INDIRECT CONTACT 

The evaluation of cell viability when exposed to the novel antimicrobial catheters was accomplished 

in two main stages, namely the pre-inoculum of each coated sample in Dulbecco’s Modified Eagle’s 

Medium (DMEM) and the exposure of each pre-conditioned solution with mouse fibroblast cells L929. 

As a first step, the sterilized (ethylene oxide) catheter pieces (1 cm each) were disposed in 24-well 

plates and emerged in DMEM containing 4 mM L-glutamine, 4.5 g/L glucose, 1.5 g/L sodium 

bicarbonate, 1% Pen & Strep and 1% sodium pyruvate. The incubation was carried out at 37 ºC for 

three different incubation times, namely 1; 3 and 5 days. Subsequently, each inoculated medium 

was collected into eppendorf tubes and frozen at -80 ºC. Further, the L929 cells were cultured at 

37 ºC in CO2 atmosphere (5%). For the incubation of each conditioned solution with cells, after 

defrosting, it was added FBS (10% v:v) and reinforced the L-glutamine concentration. The cells were 

incubated with each sample at 37 ºC for three different periods (24; 48 and 72 hours) after seeding 

30000 cells/well in 24 well tissue culture plates (from TPP, Switzerland). Cells incubated with 

DMSO (15%) were used as dead cell controls and cells without any conditioned sample were used 

as life cell controls. Additionally, non-coated catheters were considered the main control for further 

comparison with all the other coated samples. The cytotoxicity was evaluated by the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay as a measure of cellular 

metabolic viability. 

 

2.10.11 CELL VIABILITY - MTT ASSAY 

After each period of L929 cells incubated with the previously conditioned solutions, the MTT solution 

(5 mg/mL, 50 μL) was added to each culture cell and the reaction remained at 37 ºC for 2 hours in 

5% CO2 atmosphere. The medium was discharged and DMSO/Ethanol solution (1:1 v/v, 500 μL) 

was added to each well. When the reaction product (MTT formazan) was completely dissolved it was 

transferred 150 μL of each solution in triplicate to 96-well plate and the absorbance was read at 

570 nm and 690 nm using a multiwell plate reader spectrophotometer. The relative cell viability was 

calculated considering the non-coated catheter incubated for 24 hours as reference. Samples were 

tested in duplicates and four independent assays were performed for each coating. 
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2.10.12 STATISTICAL ANALYSIS 

The antimicrobial effectiveness and cell viability of each developed coating was achieved statistically 

by analysis of variance results through One-way ANOVA and Two-way ANOVA test, respectively. 

GraphPad Prism 5.0 for Windows was the software used. Significant differences were employed when 

P < 0.05. 
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CHAPTER 3 – CHARACTERIZATION OF CAVITATION REACTORS 

ABSTRACT 

On sonochemistry the ultrasound intensity suitable to improve chemical and physical reactions can 

be attained through acoustic or hydrodynamic cavitation. In this work, it were characterized four 

specific acoustic and hydrodynamic cavitation reactors aiming to study the ultrasound efficiency for 

industrial applications: (1) medium frequency (850 kHz) ultrasonic power generator Type K8 

complemented with ultrasonic high power bath Type 5/1575; (2) low frequency (45 kHz) ultrasonic 

bath equipment Ultrasonic cleaner USC600TH; (3) two homogenizers with maximum pressure of 

2000 bar: EmulsiFlex®-C3 and (4) APV-2000. Dosimetric and calorimetric methods were used to 

characterize each cavitational apparatus and estimate the higher hydroxyl radical’s production and 

energy dissipation, respectively. The results achieved allowed to select the reactor that potentiate the 

better performance in terms of radical’s production and energy dissipation for further application 

experiments. 
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3.1 INTRODUCTION 

The ultrasound technology has been considered across various industrial sectors as a source of 

energy input for physico-chemical processes aiming the reduction of standard operational costs. 

Cavitation phenomenon is the main responsible for the ultrasound benefits and it is described as the 

formation, growth and subsequent collapse of micro-bubbles or cavities occurring in extremely small 

intervals of time and releasing large magnitudes of energy over a very small location [147, 148]. 

Cavitational reactors have shown notable advantages related to the decreasing of operational 

parameters such as processing time, temperature and chemical concentrations. The combination of 

cavitation with chemical oxidation arises the possibility to lower energy requirements as well as 

chemical amounts comparing with the standard procedures [149]. Therefore, this technology allows 

the reduction of total processing costs while preserving or improving product quality by an 

environmentally friendly way [77]. The main technical areas where tension in a liquid plays an 

important role are acoustics and hydrodynamics [150]. In acoustic cavitation, the pressure variations 

are brought using sound waves, usually ultrasound (16 kHz – 1 MHz) whereas in the hydrodynamic 

mode, the cavitation resulted from pressure changes in the flowing liquid due to modifications in the 

geometry system [149, 151, 152]. In both systems, the cavities formation depends on the operational 

parameters applied such as frequency of irradiation, power rating and geometrical design of the 

reactor [91]. The selection of cavitation reactor type for some specific industrial process needs to 

consider its sonochemical efficiency. For that, the evaluation of the collapse pressures and 

corresponding temperatures as well as the measurement of free radicals generated by cavitation is 

crucial. Calorimetry allows monitoring the temperature changes of a solution during cavitation time 

[127]. Further, the net power dissipation can be quantified by converting temperature into energy 

values. It affords a good measure of the mechanical and electrical efficiency of each sonochemical 

reactor system [153]. On the other hand, chemical dosimetry provides the direct sonochemical 

proficiency of the cavitation equipment. As it is known, the initial step of the water decomposition 

resulted from cavitation is the production of hydroxyl and hydrogen radicals [154]. The terephthalic 

acid dosimetry it is a suitable procedure for detecting and quantifying free hydroxyl radicals by collapse 

of cavitation in ultrasound fields [127, 154].  

The main goal of this study was to characterize cavitation reactors taking into account a set of 

operating parameters for monitoring the sonochemical efficiency. The type of cavitation, ultrasonic 

power and frequency were the parameters selected for the reactors characterization. The hydroxyl 

radical production (dosimetry) and the ultrasound power dissipated into the solution (calorimetry) 
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were the methodologies followed. Aiming to intensify the chemical reactions of further experiments, 

the highest amount of hydroxyl radicals and energy levels were the criteria established for the 

equipment selection.  

 

3.2 RESULTS AND DISCUSSION 

The cavitation reactors were characterized following the dosimetric and calorimetric procedures 

described in sections 2.5.1 and 2.5.2. The first methodology allowed to evaluate which equipment 

was able to produce the highest level of hydroxyl radicals, an essential condition for intensification of 

physical and chemical processing applications [76, 155]. The hydroxyl radical amount resulting from 

sonication was quantified by a calibration curve previously plotted using standard TA solutions (0-

50 mM) and 0.1 M sodium hydroxide (Figure 17).  

 

Figure 17: Calibration curve plotted using standard TA solutions (0-50 mM) and 0.1 M sodium 

hydroxide. UV fluorescence was detectable with an emission peak at 425 nm from an excitation 

wavelength at 315 nm (accounting from 35% of ●OH yield). 

 

Four ultrasound systems were studied, namely medium frequency ultrasonic power generator type 

K8 (850 kHz), low frequency ultrasonic cleaner USC600TH (45 kHz) and homogenizers APV-2000 

and Emulsiflex®-C3. In the first one, the dosimetric and calorimetric characterization was performed 

using different power intensities (30, 60, 90 and 120 W) at 850 kHz. The results presented in 

Figure 18 shows an increase of the energy deposition with the power input. As hydroxyl radical 

indicator, the TA conversion to HTA was measured and the obtained yield of conversion demonstrated 
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an almost linear production of radicals with increasing power intensity. As it was mentioned on section 

2.3, this equipment allows continuous and discontinuous ultrasound irradiation. By comparing these 

both modes of ultrasound action it was possible to verify that when the sonication was performed 

continuously, the level of energy involved on the aqueous system was considerably higher.  

 

Figure 18: Variation of hydroxyl radical’s rate (mM) and input energy (kJ) with ultrasound power 

intensity (W) for ultrasonic power generator type K8 (850 kHz) using continuous ( ) and 

discontinuous ( ) ultrasound irradiation.  

 

The performance of the four cavitation equipments used in this work were compared in terms of 

hydroxyl radical production versus energy input. From all, the highest hydroxyl radical production was 

verified for sonicator type K8 (850 kHz) followed by ultrasonic bath 45 kHz (Figure 19). 
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Figure 19: Formation of hydroxyl radicals (mM) in function of energy induced (kJ) on the four 

cavitation reactors studied (sonicator type K8, bath sonicator 45 kHz, homogenizer APV-2000 and 

homogenizer Avestin-C3). 

 

To my knowledge, this was the first characterization of hydroxyl production by the homogenization 

method. The two homogenizers tested demonstrated the lowest hydroxyl yield and the highest energy 

levels when compared with acoustic reactors. In the medium frequency equipment, the irradiation of 

water with ultrasound leads to the breakdown, or sonolysis, of the liquid resulting in the formation of 

hydroxyl and hydrogen radicals while in homogenizers the phenomenon involves large pressure losses 

at the gap inlet and outlet, as well as at the gap itself, causing the hydrodynamic cavitation in the 

homogenization valve [77, 156, 157]. Whereas acoustic cavitation is the result of the ultrasound 

passage through the medium, hydrodynamic cavitation results from the velocity variation in the flue 

due to the changing geometry of the fluid flow path. The hydrodynamic cavitation phenomenon 

involved in high-pressure homogenizers is based on the pumping of the liquid at very high pressure 

through a constriction which converts its pressure energy into kinetic energy. At extremely high kinetic 

energy levels, the pressure reduces below the liquid vapor pressure generating cavitation [79, 158]. 

In spite of the difference between the two mechanisms of cavitation, the bubble behavior show similar 

trends with the variation of experimental parameters. 

Several reports appear in literature confirming that hydrodynamic cavitation is more energy efficient 

than acoustic cavitation [77]. Low energy effectiveness of acoustic cavitation can be mainly attributed 

to the fact that most of the energy delivered by the transducer is wasted and moreover the active 

cavitational zone is concentrated very near to the transducer surface, which can be a limitation for 
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the scale up of acoustic transducers. On the other hand, hydrodynamic cavitation reactors offer much 

larger activate cavitating zones, which can also be adjusted based on the geometry modification of 

the cavitation chamber [159]. Results from Figure 19 corroborate these assumptions. Highest 

frequency reactors produced higher levels of radicals corresponding to low energy input. In the case 

of hydrodynamic cavitation (homogenizers), some of the energy produced is dissipated and the 

radical’s production is not concentrated in specific points of the reactor, thus the hydroxyl radical’s 

level attained is lower when compared with acoustic cavitation [79]. The characterization of both 

homogenizers was performed at 500 bar which could impair the collapse pressure due to single 

cavity. However, further equivalent intensities can be suitable achieved for the desired transformation, 

by increasing the pressure of the reactors. The different hydroxyl radical levels attained for both 

homogenizers can be explained by their different geometry. Due to the horizontal flow inside the 

Avestin-C3, there is a flotation of the liquid and thus a blocking of the gap can occur frequently. This 

is avoided working with the APV-2000 equipment because the preparation passes the homogenizer 

in a vertical way. The different construction of the homogenizers leads to a different homogenization 

performance. The results obtained confirmed previous reports by others where the greatest 

sonochemical efficiency in producing hydroxyl radicals was attained for the highest applied ultrasound 

frequency [126]. 

 

3.3 CONCLUSION 

Acoustic and hydrodynamic reactors with different geometries were characterized by quantification of 

hydroxyl radical’s production (dosimetric method) and measurement of net power dissipation into 

aqueous solutions (calorimetric method). Ultrasound power intensity and frequency were the 

operational parameters studied on sonochemical systems. The energy deposition increased with the 

ultrasound power intensity applied. It was also observed an almost linear hydroxyl radical’s production 

by increasing the power input. Moreover, the ultrasound action mode (continuous or discontinuous) 

influenced the performance of sonicator since the level of energy involved on the aqueous system 

considerably higher when the irradiation was continuously applied. Comparing the both cavitation 

types studied, the two homogenizers tested demonstrated the lowest hydroxyl yield and the highest 

energy levels when compared with acoustic reactors. Thus, as general conclusion it can be referred 

that the greatest sonochemical efficiency was attained on acoustic systems. The medium ultrasound 
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frequency reactor (ultrasonic power generator type K8) was the equipment selected for further 

experiments due to the highest hydroxyl radical’s production achieved. 
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CHAPTER 4 – COMBINED LACCASE-HYDROGEN PEROXIDE COTTON BLEACHING ASSISTED BY 

ULTRASOUND 

ABSTRACT 

Previous study revealed that medium frequency ultrasound equipment (850 kHz) produce the highest 

hydroxyl radical and energy levels. Therefore, it was our aim to use this equipment to study the 

bleaching efficiency on cotton fabrics using a combined laccase-hydrogen peroxide process. The main 

goal was to develop a novel and environmental-friendly technology for cotton bleaching and reduce 

the overall costs of the process. The combination of laccase–hydrogen peroxide process with 

ultrasound energy produced higher whiteness levels than those obtained by conventional methods. 

The amount of hydrogen peroxide was reduced 50% as well as the energy consumption in terms of 

temperature (reduction of 40 ºC) and operating time (reduction of 90 minutes). 
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4.1 INTRODUCTION 

Textile processes consume high levels of energy and water, thus innovative techniques are being 

developed to decrease processing time and energy consumption, while reducing the amount of 

chemicals involved. The use of enzymes in the Textile Industry has become an accepted strategy to 

overcome those issues [160]. Although the application of enzymes offers many advantages, a few 

drawbacks related with expensive processing costs and relatively slow reaction rates are implicated. 

The combination of ultrasonic energy with enzymatic treatments has become a promising approach 

to improve enzyme efficiency and to accelerate mass transfer during some textile processing steps, 

namely, desizing, scouring, bleaching, mercerizing and dyeing of textile fibres, while preserving the 

integrity of the fabrics [93, 94, 160-165]. The use of ultrasound under optimum conditions can 

enhance diffusivity of enzymes both within and outside the vessel to influence the rates of reaction. 

Also ultrasound decreases transport barriers which helps to increase the enzyme:substrate ratio at 

target site and contribute to reduce the period of treatment by increasing enzyme availability [76, 77, 

91, 156, 166].  

The bleaching of textile fabrics consists in the removal of natural color matter (flavonoids) as well as 

undesirable oils, fats, waxes,  soluble  impurities  and  any  particulate  or  solid  dirt  adhering  to  

the fibers. It can be performed using different oxidant agents such as sodium/calcium hypochlorite, 

sodium chlorite and hydrogen peroxide. Strong alkaline conditions and extreme temperatures for 

longer periods are usually required to achieve an optimum whitening level which can severe damage 

and lead to weight loss of fibrous material. Additionally, huge amounts of water are needed to rinse 

and neutralize the bleached fabrics aiming to avoid problems on posterior finishing processes. As it 

is known, the use of enzymes is a great solution to convert the standard bleaching into an eco-friendly 

methodology for fibers whitening by reducing water, energy and chemical consumption [167-170]. 

Laccases (EC 1.10.3.2) are multi-copper-containing enzymes capable of oxidizing phenols and 

aromatic amines, reducing molecular oxygen to water [37]. Thus, based on its action mechanism it 

has been considered its application for decolourization or elimination of colored aromatic 

compounds [35, 169, 171-173]. It is reported that rapid bleaching with laccase–hydrogen peroxide 

enhances the whiteness of cotton fabrics and significantly reduces the amount of oxidant agent during 

subsequent chemical bleaching processes [172]. On the other hand, the introduction of ultrasound 

technology on this combined system improved the bleaching efficiency providing less fiber damage 

and greater uniformity of the treatment [94]. 
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The main goal of this study was to explore a novel and environmentally technology to reduce the total 

processing costs of cotton bleaching using the combined laccase-hydrogen peroxide system assisted 

by medium ultrasound frequency (850 kHz). The specific objectives were to increase the laccase 

efficiency, decreasing the conventional amount of hydrogen peroxide and lowering the energy input. 

The effect of ultrasound on enzyme activity and stability was also assessed in this study.  

 

4.2 RESULTS AND DISCUSSION 

4.2.1 INFLUENCE OF ULTRASOUND ON LACCASE ACTIVITY 

The enhancement of enzymatic textile processes accomplished by the incorporation of ultrasound 

technology has been widely reported [93, 94, 135, 161, 162, 172]. However, the effect of ultrasound 

on enzymes is not well known and many contradictory results have been observed when they are in 

contact with high intensity ultrasounds. Enzymes are easily denaturated by changes on the 

environment conditions such as temperature, pressure, shear stress, pH and ionic strength. As 

mentioned in literature [76, 174, 175], the radicals produced by cavitation phenomenon are highly 

reactive and can promote several physical and chemical reactions. These reactions, together with the 

heat generated, can interfere with enzyme activity and stability [77, 132]. To evaluate this, the laccase 

activity was measured at different times of cotton incubation in presence of medium frequency 

ultrasound (850 kHz). Moreover, the continuous and discontinuous irradiation was also tested on this 

experiment (Figure 20). 

 

Figure 20: Laccase activity in the presence of medium frequency ultrasounds (850 kHz; 120 W). 

Enzyme solution was prepared in 0.1 M sodium acetate buffer (pH 5) and the reaction occurred 

at 50 ºC for 30 minutes. 100% of enzyme activity corresponds to 1900 U/mL (1 U is defined as 1 

μmol of ABTS oxidized per minute). 
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As it can be observed, the laccase activity decreased 40% after 30 minutes of continuous cavitation. 

The vibrational motions induced by ultrasound likely enhanced enzyme unfolding causing 

denaturation and activity loss. Moreover, the increase in temperature and the chemical modifications 

arising from the water sonolysis and radical formation could also affect the laccase activity and 

stability. It is my assumption that the loss of laccase activity under ultrasonication can be due to the 

reaction of the protein with the radicals produced during cavitation (hydroxyl radicals, superoxide and 

peroxide) which may act as potential cross-linking agents promoting protein aggregation. This theory 

was already confirmed by several authors that observed the formation of macromolecular aggregates 

of laccase after ultrasound treatment [126]. According to previous studies, these aggregates could be 

produced by the exposure of the cysteine residues from proteins to the high reactive generated 

superoxide radicals formed in the sonication of water under air, thus leading to the formation of 

disulphide bonds between proteins [176]. Differently, discontinuous cavitation influenced positively 

this property. In this case, the results show a slight increase of activity in the first 10 minutes of 

cavitation, probably due to the effects on the formation and dissociation of enzyme-substrate complex. 

Although of decreasing laccase activity under ultrasound conditions, it was still maintained high level 

of activity most of the processing time without disturbing the final whiteness levels. 

 

4.2.2 LACCASE-HYDROGEN PEROXIDE BLEACHING OF COTTON FABRICS ASSISTED BY MEDIUM 

FREQUENCY ULTRASOUND 

The optimized conditions of the combined laccase–hydrogen peroxide bleaching process (section 2.6) 

were tested on cotton fabric samples aiming to improve the overall bleaching efficiency by means of 

ultrasonic energy. The effect of ultrasound was tested at different power inputs (30–120 W) with 

medium ultrasonic frequency (850 kHz) and the presented results were obtained using the higher 

power input (120 W). Figure 21 shows the efficacy of ultrasound on the enhancement of combined 

laccase–hydrogen peroxide bleaching process which may be explained by the cavitation and heating 

effects. 



Chapter 4 – Combined laccase-hydrogen peroxide cotton bleaching assisted by ultrasound 

 

102 

 

Figure 21: Whiteness of cotton samples bleached by combined laccase–hydrogen 

peroxide/ultrasound process (Reference value: sample treated with conventional conditions – 8 g/L 

H2O2 , 95 ºC for 270 minutes; Raw material: sample without any treatment; 2 U/mL Lac: pre-treatment 

using 2 U/mL of laccase in acetate buffer 0.1 M, pH = 5 at 50 ºC for 30 minutes assisted by 

ultrasound (850 kHz; 120 W), washing with distilled water at 80 ºC for 10 minutes; 8 g/L H2O2 

CONTINUOUS: non pre-treated sample bleached with 8 g/L H2O2 assisted by ultrasound (850 kHz; 

120 W) at 55 ºC for 2 hours; Lac + 8 g/L H2O2: bleached sampled using combined laccase/hydrogen 

peroxide system). All the experiments were carried out using ultrasounds at 850 kHz with 120 W, 

continuous and discontinuously. 

 

The acoustic cavitation occurring near the solid surface can generate micro jets which enhance the 

mass transfer resulting in an increased diffusion of solute through the pores of the fabric. In the case 

of sonication, localized temperature raise and swelling effects may also improve the diffusion. In this 

heterogeneous solid/liquid system, the collapse of the cavitation bubbles results in significant 

structural and mechanical effects. Cavitation (growth and explosive collapse of microscopic bubbles) 

can generate ‘‘hot spots’’ i.e. localized high temperature and shock waves producing high pressure 

capable of breaking chemical bonds [177]. Collapse near the surface produces an asymmetrical 

inrush of the fluid to fill the void forming a liquid jet targeted at the surface. These jets activate the 

solid substrate and increase the mass transfer to the surface by the disruption of the interfacial 

boundary layers as well as dislodging the reaction products exposing new sites for oxidation. At the 

same time and due to the high temperature and pressure inside the bubbles in the strong collapse, 



Chapter 4 – Combined laccase-hydrogen peroxide cotton bleaching assisted by ultrasound 

103 

water vapor is dissociated and chemical products such as OH●, O● and H● as well as H2O2 are created 

and are responsible for the bleaching improvements. At this point, laccase oxidizes the phenolic 

compounds which are more easily susceptible to oxidation with peroxide and thus more easily 

degraded and removed from cotton surface [172].  

Laccase pre-treatment was essential to reach whiteness values higher than reference. This was 

confirmed by bleaching cotton fabrics without any pre-treatment using 8 g/L hydrogen peroxide. The 

action of oxidant agent, even assisted by ultrasound, was not enough to impart the required 

whiteness. Moreover, ultrasound provides the additional effect of re-aggregation of enzyme molecules 

increasing enzyme activity and leading to a faster motion and stirring effects in the combined laccase–

hydrogen/ultrasound assisted bleaching. Thus, ultrasound cavitation increased the surface area 

accessible for reaction through efficient mixing and enhanced transport and provided additional 

laccase activation [77]. 

Additionally, the whiteness levels obtained by applying continuous and discontinuous ultrasounds 

were different which can be due to the different energy levels reached in each mode (Figure 18). The 

temperature on the reactor is also an important factor to be taken into account for bleaching 

efficiency. The continuous mode afforded higher levels of energy input at 60 ºC than the discontinuous 

mode. This corresponded to a more efficient bleaching imparted by the swelling effects and the 

oxidant agent diffusion into the fiber. From Figure 21, it was also possible to conclude that using the 

same oxidant agent concentration, samples bleached using the combined system presented higher 

whiteness than reference samples. The tested system allowed reducing the chemical consumption 

decreasing therefore the final process costs. Different oxidant agent concentrations were tested for 

the combined bleaching system and the results are presented in Figure 22.  
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Figure 22: Whiteness of cotton samples using different hydrogen peroxide concentrations (Reference 

value: sample treated with conventional conditions – 8 g/L H2O2 at 95 ºC for 270 minutes; Raw 

material: sample without any treatment; US laccase pre-treatment: 2 U/mL of enzyme at 50 ºC for 

30 minutes assisted by ultrasound (850 kHz; 120 W), washing with distilled water at 80 ºC for 10 

minutes; US bleaching: 0–8 g/L H2O2 at 55 ºC for 2 hours (850 kHz; 120 W), washing with distilled 

water). 

 

As expected, the results show a proportional increase of the whiteness values with the increase of 

oxidant concentration. Moreover, it can be depicted that a low concentration of hydrogen peroxide 

can be applied (4 g/L) to obtain whiteness levels similar to reference sample. Thus, due to the several 

benefits already discussed above, ultrasound contributed to the reduction of the amount of hydrogen 

peroxide required for bleaching purposes attaining an efficient and profitable bleaching process. 

 

4.2.3 TENSILE STRENGTH AND ELONGATION EVALUATION 

One aspect to consider when chemical and mechanical treatments are performed is the fabric’s 

tensile strength loss. This is a parameter that would restrict the subsequent textile processes as well 

as the final garment performance. In order to evaluate if the bleaching process could affect the tensile 

strength of textile materials, it was measured the breaking strength (Figure 23A) and the 

elongation (Figure 23B) of the bleached samples. It can be concluded that the breaking strength of 

sonicated samples is higher than reference samples, indicating that the enzymatic pre-treatment and 
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sonication did not impair the mechanical behavior of fabric samples. Moreover, the quality and 

integrity of fabrics was maintained as it can be also confirmed by the elongation results (Figure 23B). 

    

Figure 23: (A) Breaking strength (N) and (B) elongation (%) values of cotton fabrics bleached using 

combined laccase/ultrasound process. 

  

4.2.4 HYDROPHILICITY OF BLEACHED FABRIC SAMPLE 

After bleaching it is pertinent that fabrics become more hydrophilic and able to be transformed in the 

subsequent phases of textile processing like dyeing or printing. Hence, it was measured the water 

contact angle of samples after laccase pre-treatment and after combined bleaching. As expected, the 

results from Table 4 show that the combined laccase-ultrasound system affords samples extremely 

hydrophilic (water contact angle  0). The hydrophobic character conferred by the phenolics was 

eliminated as these compounds were oxidized by laccase and removed from fabrics surface during 

the combined bleach process assisted by ultrasound. 
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Table 4: Water contact angle of bleached fabric samples. Raw fabric: sample without any treatment; 

Reference: sample bleached with a conventional method using 8 g/L H2O2, 95 ºC for 270 minutes; 

Laccase pre-treatment: 2 U/mL of laccase at 50 ºC for 30 minutes; US bleaching: 4 g/L H2O2, 55 ºC 

for 2 hours. Both laccase pre-treatment and bleaching were assisted by ultrasound (850 kHz; 120 W) 

 Raw fabric Reference Laccase 
Pre-treatment 

US bleaching 

W
a

te
r 

co
n

ta
ct

 a
n

g
le

 (
º)

 

    

153.62 ± 4.46 ≈ 0 139.27 ± 7.56 ≈ 0 

 

4.3 CONCLUSION 

The combination of medium frequency ultrasound (850 kHz, 120 W) with a laccase–hydrogen 

process, improved bleaching efficiency. Compared with the conventional methods, this approach 

allowed increase whiteness levels and reduce the amount of hydrogen peroxide in 50%. The energy 

consumption in terms of temperature (reduction of 40 ºC) and operating time (reduction of 

90 minutes) was also reduced. 

This investigation confirmed that the ultrasound power is beneficial to the cotton bleaching using the 

combined laccase/hydrogen peroxide process. This tandem technology, in addition to its economic 

advantage of saving energy by lowering hydrogen peroxide, temperature and incubation time, has a 

much lower environmental impact compared with the conventional process. 
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CHAPTER 5 – ULTRASONIC PILOT-SCALE REACTOR FOR ENZYMATIC COTTON BLEACHING 

ABSTRACT 

The potential of ultrasound-assisted technology has been demonstrated by several laboratory scale 

studies. However, their successful industrial scaling-up is still a challenge due to the limited pilot and 

commercial sonochemical reactors. In this work, a pilot reactor for laccase-hydrogen peroxide cotton 

bleaching assisted by ultrasound was scaled-up. For this purpose, an industrial dyeing machine was 

transformed and adapted by including piezoelectric ultrasonic devices. Laboratory experiments 

demonstrated that both low frequency/high power (22 kHz, 2100 W) and medium frequency/low 

power ultrasounds (850 kHz, 400 W) were required to achieve satisfactory results. Standard 

half (4 g/L H2O2 at 90 ºC for 60 minutes) and optical (8 g/L H2O2 at 103 ºC for 40 minutes) cotton 

bleaching processes were used as references. Two sequential stages were established for cotton 

bleaching: (1) laccase pre-treatment assisted by medium frequency ultrasound (850 kHz, 400 W) 

and (2) bleaching using high power ultrasound (22 kHz, 2100 W). When compared with conventional 

methods, combined laccase-hydrogen peroxide cotton bleaching assisted by ultrasound improved the 

whitening effectiveness. Subsequently, less energy (temperature) and chemicals (hydrogen peroxide) 

were needed for cotton bleaching thus resulting in costs reduction. This technology allowed the 

combination of enzyme and hydrogen peroxide treatment in a continuous process. The developed 

pilot-scale reactor offers an enhancement of the cotton bleaching process with lower environmental 

impact as well as a better performance of further finishing operations. 
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5.1 INTRODUCTION 

The purpose of cotton bleaching is to decolorize natural pigments, mainly flavonoids conferring a pure 

white appearance to the fibers [169, 178]. This process is directly related to the success of the 

subsequent wet processing operations such as dyeing, printing and finishing [93]. Nowadays, the 

hydrogen peroxide, due to its biodegradability, almost entirely replaced the conventional chlorine 

oxidizing chemicals [178]. It is applied at alkaline pH and temperatures closed to boiling, requiring 

therefore high energy consumption. The reactions involved between the bleaching agents radicals 

with the fibers can lead to a decrease in the polymerization degree and fiber damage. Moreover, huge 

amounts of water are needed to remove hydrogen peroxide from fabrics which would cause dyeing 

difficulties [179]. Thus, more specific processes targeting only colored substances would be 

advantageous. Enzyme-based systems integrating bleaching of cotton have been developed in order 

to overcome these concerns and reduce processing costs. Several authors have successfully 

described the use of laccases on cotton bleaching as a new environmentally friendly technology at 

laboratory scale [31, 93, 94, 169, 171, 172]. Tzanov and collaborators (2003) reported for the first 

time the enhancement of the bleaching effect achieved on cotton using laccase. This enzyme applied 

in short-time batch wise or pad-dry processes prior to conventional bleaching, improved the end fabric 

whiteness. They postulate that the enzyme transforms the cellulose coloring matter in another colored 

compounds which are more easily susceptible to oxidation with peroxide and thus more easily 

degraded [172]. The advantages of this system rely on the hydrogen peroxide dosage reduction as 

well as on the reduced bleaching temperature and time [171].  

Considering that enzymatic processes of cotton textiles require transfer of mass from the bulk solution 

to the fabrics surface, diffusion rates can be improved by mechanical agitation. Since this type of 

agitation is not very efficient, ultrasounds have been undertaken for the enhancement of mass transfer 

and speed-up of bleaching reactions [93, 94, 180-183]. Indeed, the use of ultrasound promotes an 

improvement on chemical reactivity (higher reaction speed and output, more efficient energy usage, 

performance improvement of phase transfer and increase in the reactivity of reagents or catalysts) 

mainly caused by cavitation. Although the reported effectiveness of the combined laccase-hydrogen 

peroxide/ultrasounds system on cotton bleaching [94], the scale-up of this process has not been 

successfully achieved. The existing conventional designs still lake in efficiency at larger operation 

scales [155, 184], due to the intense cavitational activity observed closely to the transducers. 

Moreover, a  lack of expertise is required in diverse fields, namely material science, acoustics and 

chemical engineering for scaling-up successful reactor design and scale-up strategies.  
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The main proposal of this work was to join the knowledge of experts in several areas, namely 

ultrasound field, enzymology and industrial engineering to scale-up a laccase-hydrogen peroxide 

system assisted by ultrasound for cotton bleaching. Standard operational conditions were optimized, 

namely temperature, processing time and hydrogen peroxide amount. All the process was studied at 

laboratory scale and further transferred to a pilot sonochemical reactor by adjusting existing dyeing 

machinery. Ultrasonic devices with different geometry and operational mode of action were tested. 

The final reactor was designed considering the optimal conditions attained at laboratory scale. 

 

5.2 RESULTS AND DISCUSSION 

5.2.1 LABORATORY SCALE PROCESS OPTIMIZATION 

5.2.1.1 MEDIUM FREQUENCY ULTRASOUND 

Firstly, the ultrasound effects on laccase pre-treatment of cotton fabrics were studied. Usually, high 

redox potential laccases such as laccase from Trametes villosa (Eo = +0.78 V) are widely used for 

biotechnological purposes due to their high oxidative abilities. However, laccases for industrial 

applications require robust expression systems aiming produce huge amounts of enzyme. Laccase 

from Myceliophthora thermophila is a commercially available enzyme with low redox 

potential (Eo = +0.48 V) that can be heterologously expressed in industrial hosts, while the difficult 

expression of high redox potential laccases limits their large-scale commercialization [8]. Once this 

work exploit the scale-up of an ultrasonic reactor for enzymatic cotton bleaching, laccase from 

Myceliophthora thermophila was selected for further experiments. Medium frequency 

ultrasound (850 kHz, 120 W) was selected for this stage since more stable cavitation, micro-streaming 

and fewer implosion events usually results in stimulating enzyme activity [132]. For the optimization 

of bleaching process at medium frequency ultrasound were selected two reaction times, 30 and 

60 minutes, aiming to reduce the total operational time (Figure 24). It is notable that the temperature 

selected was 55 ºC due to the equipment limitation. As result, the introduction of ultrasound on 

conventional bleaching process was not enough to attain the pretended whitening levels. Only when 

laccase pre-treatment was realized it was possible to overtake in 10 Berger the whitening values 

obtained by ultrasound bleaching. Statistical analysis showed that the introduction of laccase pre-

treatment allow whitening values significantly higher than the bleaching process carried out only with 

ultrasound (P < 0.001). These experiments confirmed the ability of laccase to oxidize and polymerize 

the phenolic compounds present on cotton surface. The end products were removed by ultrasound 

action improving the bleaching efficiency. Concerning the temperature of laccase pre-treatment, no 
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significant whitening changes were observed when 50 or 60 ºC were applied (P > 0.05) which means 

that the process can also be carried out at 60 ºC. However, the energy consumption of cotton pre-

treatment will increase.  

 

Figure 24: Whiteness of cotton samples bleached using the combined laccase-hydrogen peroxide 

system assisted by medium frequency ultrasound (850 kHz, 120 W). Pretreatment: 2 U/mL laccase 

at 50 and 60 ºC for 30 minutes; bleaching with 4 g/L H2O2 and auxiliary products at 55 ºC for 30 

and 60 minutes. Statistically significant differences are indicated. *** = ultrasound bleaching 

significantly different from enzymatic ultrasound bleaching (P < 0.001); ns = pre-treatment at 50 ºC 

no significantly different from pretreatment at 60 ºC (P > 0.05).  

 

Laccase and ultrasounds were the key requirements for the whiteness improvement. The mechanism 

of laccase bleaching action is not fully understood and described in literature. However, several 

authors already assume that this enzyme transforms the cellulose coloring matter in another colored 

compounds which are more susceptible to oxidation by peroxide and thus more easily removed from 

cotton’s surface (Figure 25) [172]. In a first stage, laccase oxidizes the surface naturally occurring 

flavonoids (Figure 25A). Two mechanisms have been proposed for the formation of flavonoid 

oligomers: (a) nucleophilic addition of the A-ring of flavonoid to the B-ring of its oxidation product (the 

quinone) and (b) coupling of radicals produced from flavonoid oxidation. Values that have already 

been published suggest that laccase-catalyzed polymerization reaction proceeds mainly through the 

nucleophilic rather than radical mechanism [185]. The quinones formed are highly reactive and can 

undergo nucleophilic attack by other phenolic groups (Figure 25B). Further, new polymerized colored 

species are produced at the cotton’s surface (Figure 25C), which are partially removed by surfactant 
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washing (Figure 25D). These new species are susceptible to oxidant attack and more easily removed 

at the bleaching stage (Figure 25F). Laccase pre- treatment alone did not improve fabrics whiteness 

since the natural coloring matter of cotton cellulose, mainly composed by nitrogen-free flavone 

pigments, suffers oxidation and browning after enzyme action [186]. Thus, it can be expected a lower 

whiteness increase after enzyme application. The final whiteness levels are only detectable after 

ultrasound assisted hydrogen peroxide bleaching (Figure 25E). In this stage, the cavitation 

phenomena (expansion and collapse of micro bubbles) intensify the mass transfer from the bulk 

solution into the fabric, increasing enzyme and oxidant agent action [163]. Collapse near the surface 

produces an asymmetrical inrush of the fluid to fill the void forming a liquid jet targeted at the surface. 

These jets activate the solid catalyst and increase the mass transfer to the surface by the disruption 

of the interfacial boundary layers as well as dislodging the material occupying the inactive sites. The 

intensification of enzymatic reactions is due to the generation of cavitating conditions with the passage 

of ultrasound in the liquid medium.  At the same time, when the strong collapse of bubbles occurs, 

the water vapor inside the bubbles is dissociated and chemical products such as OH•, O• and H•, as 

well as H2O2 are created. Those act as oxidant agents being responsible for the bleaching 

improvements. The results achieved confirm that ultrasonic cavitation was responsible for the swelling 

of fibres in water, for the increase in the diffusion coefficient of enzyme molecules and for the 

disintegration of aggregates with high molecular weight resulting from catalytic hydrolysis [160, 182, 

183]. The introduction of ultrasonic energy on this system imparted the intensification of reactions 

due to the generation of cavitating conditions with the passage of ultrasound in the liquid medium. 

Comparing with industrial reference (Figure 25G), a higher whiteness level was achieved (Figure 25F) 

under the described operational conditions. 
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Unbleached cotton fabric

Flavonols

Pre-treated cotton fabric

Ultrasonic bleaching

4g/L H2O2, 55ºC, 30min.

Bleached cotton fabric

W* = 49,7 Berger

Reference
W* = 47,5 Berger

Oxidized and degraded products

2 g/L Lutensol washing,

10 min.(A) (B)

(C)

(D)

(E)

(F)(G)

(A)

 

Figure 25: Schematic representation of combined laccase-hydrogen peroxide cotton bleaching. (A): 

unbleached cotton fabrics with naturally occurring flavonoids; (B): radicals and quinone intermediates 

resulting from enzymatic oxidation; (C): oxidized colored products; (D): aspect of cotton after laccase 

pre-treatment; (E): bleaching of pre-treated fabrics assisted by ultrasounds; (F): aspect of cotton fabric 

after bleaching, (G): industrial reference processed without pre-treatment and ultrasound. 

 

As confirmed by others [93, 94, 135, 161], ultrasounds were responsible for the good enzyme 

performance and for the production of oxidant agent used at bleaching stage. The combination of 

both enzyme pre-treatment and ultrasound make possible the reduction of enzyme consumption 

allowing reducing the process final costs. It is also important to point out that the fabrics maintain 

their structural integrity in terms of tensile strength and elongation when exposed to this process (data 

not shown). 

 

5.2.1.2 LOW FREQUENCY ULTRASOUND 

According to literature, low frequency ultrasound should be employed where intense physical effects 

are required [91]. In this case, maximum energy gets dissipated near to the irradiating surface in a 

cone like structure. Due to this, there is a maximum cavitational activity very near to the irradiating 

surface and wide variation in energy dissipation rates in the remaining bulk of liquid [184]. In spite 

of that, the effect of low frequency ultrasonic transducers, piezoelectric (22 kHz) or magnetostrictive 

with (22-40 kHz) were studied. Standard bleaching temperature (90 ºC) and a lower one (70 ºC) were 
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applied aiming to observe in which way it was possible to decrease the energy consumption. Figure 26 

expresses that both piezoelectric and magnetostrictive equipment allowed highest whitening values 

than the no ultrasound process. Even when a shorter processing time (30 minutes), lower 

temperature (70 ºC) and hydrogen peroxide concentration (4 g/L) were applied it was observed a 

significant increase on the whitening value for both equipments used. However, the bleaching 

performance between these equipments did not show significant differences (P > 0.05). Indeed, the 

only difference between those transducers is related with the electric (piezoelectric) and magnetic 

fields (magnetostrictive) that generate acoustic energy. The piezoelectrics rely on the ability of certain 

materials to deform when exposed to an electric field mainly ceramics of Lead Zirconate 

Titanate (PZT), the magnetostrictives rely on the ability of certain materials to deform when exposed 

to a magnetic field. The magnetostrictive transducers are stronger and do not lose effectiveness over 

time  as the piezoelectric, but in contrast, cannot operate at frequencies above 20 kHz and are very 

expensive due to costs of alloys and type of generator (for high power/frequency and low impedance). 

In this work, piezoelectric device were chosen for further experiments [187].  

As confirmed by other authors [155], the use of multiple frequency operation can be considered has 

an efficient alternative to some drawbacks associated with high frequency ultrasounds, mainly related 

with the erosion of transducers in a continuous operational mode. 

 

Figure 26: Whiteness values (W*) of cotton samples bleached at 70 ºC and 90 ºC using 4 and 8 g/L 

H2O2 for 30 and 60 minutes, assisted by low frequency ultrasounds (piezoelectric and magnetostrictive 

devices). The process without ultrasound was used as control. Statistically significant differences are 

indicated. *** = ultrasound bleaching significantly different from the no sonicated bleaching 

(P < 0.001); ** = ultrasound bleaching significantly different from the no sonicated bleaching 

(P < 0.01); * = ultrasound bleaching significantly different from the no sonicated bleaching (P < 0.05); 

ns = piezoelectric bleaching no significantly different from magnetostrictive bleaching (P > 0.05).  
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On Figure 27 is presented the effect of laccase pre-treatment on low frequency ultrasound cotton 

bleaching using a piezoelectric device. Once again, the conventional temperature (90 ºC) and less 

than that (70 ºC) were tested. The results confirmed the expected tendency that whiteness of cotton 

is improved when the concentrations of chemicals, incubation time or temperature increased. The 

results also demonstrate that the introduction of laccase as a pre-treatment and the following 

hydrogen peroxide bleaching assisted by ultrasound significantly increased the whiteness values for 

all the set of conditions tested. At 90 ºC, there was no significant difference on laccase-ultrasound 

bleaching for the different parameters studied which can be related with the possible maximum 

bleaching achievement. This high temperature by itself the key factor for the whiteness improvement. 

For 70 ºC, the highest whiteness increment was only observed when 2 g/L H2O2 for 60 minutes (P < 

0.01) and 4 g/L H2O2 for 30 minutes (P < 0.001) were applied. For that reason it could be possible 

to reduce the hydrogen peroxide amount from 4 g/L until 2 g/L extending the processing time. 

Nevertheless, the final laboratory scale recipe included 4 g/L of hydrogen peroxide at 70 ºC for 30 

minutes. The amount of oxidant agent was chosen considering the final processing costs. It is cheaper 

to use higher concentration of H2O2 during less time extent (30 minutes) instead of using low amount 

of this agent for longer periods. The time costs are considerably higher compared with the chemical 

agent price. Thus, the results achieved confirm that it is possible to reach the reference values using 

lower temperature (70 ºC) and incubation time (30 minutes) than the standard bleaching process 

(90 ºC for 60 minutes). This gap can be attributed to the high energy induced by the ultrasonic system 

which replaces external temperature provided and can consequently reduce the processing time. 

 

Figure 27: Whiteness values (W*) of cotton samples bleached with the combined laccase-hydrogen 

peroxide system assisted by low frequency ultrasound (piezoelectric device). Pretreatment: 2 U/mL 

laccase at 50 ºC for 30 min.; bleaching with 2 and 4 g/L H2O2 at 70 and 90 ºC for 30 and 60 min.). 

Statistically significant differences are indicated. *** = ultrasound bleaching significantly different from 
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enzymatic ultrasound bleaching (P < 0.001); ** = ultrasound bleaching significantly different from 

enzymatic ultrasound bleaching (P < 0.01); * = ultrasound bleaching significantly different from 

enzymatic ultrasound bleaching (P < 0.05). 

 

5.2.2 PROCESS UPGRADING TO PILOT-SCALE 

Based on the best results accomplished at laboratory scale, a new pilot scale reactor was designed. 

The design of the reactor had taken into account several parameters namely reactor diameter, liquid 

height and position of the transducers, for the best cavitational distribution and sonochemical efficacy. 

This new device is equipped with strategically located piezoelectric transducers that allow choose the 

appropriate ultrasound power intensity (140-2100 W) and the respective frequency (22 and 850 kHz). 

Using the best laboratory scale operational conditions for the half and optical bleaching processes, 

the combined laccase-hydrogen peroxide system assisted by ultrasound was studied. 

 

5.2.2.1 HALF-BLEACHING 

The technology transfer from laboratory scale to pilot scale considered temperature (70 ºC), high 

power and multi-frequency ultrasonic conditions and laccase pretreatment with 2 U/mL laccase at 

60 ºC (higher temperature than laboratory scale optimization was required to obtain desirable 

whiteness values). The study was carried out with low frequency ultrasound (22 kHz), at 70 ºC for 

30 minutes using different power intensities (140 W, 700 W and 2100 W). The results revealed a 

better bleaching performance when the process was carried out with high power ultrasound 

intensity (Figure 28). On the other hand, under medium frequency ultrasound (850 kHz, 400 W) 

conditions it was also increased the whiteness levels, however with lower impact than that achieved 

with low frequency device. The inclusion of laccase pre-treatment on the system allowed increasing 

the cotton whiteness for both, low and medium frequency ultrasounds (P < 0.01).  Once again, on 

laccase-hydrogen peroxide system, the low frequency/high power ultrasound was more efficient on 

cotton bleaching than medium frequency/low power ultrasound. Indeed, the frequency of ultrasonic 

systems can affect the temperature, collapse time, pressure and mass transfer properties on the 

cavitation site. Wayment and partners (2002) studied an ultrasonic system able to operate from 20 

to 500 kHz and mentioned that the competition between the interfacial reaction volume of the bubbles 

resulted from cavitation, the heat loss at the bubble interface and the temperature achieved can affect 

the optimum sonication frequency of each system. The volume of bubble surface increased 
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proportionally with frequency and also the volume of reactant at the interface of the bubble was 

proportional to the ultrasound frequency. Nevertheless, the heat loss of the medium was proportional 

to the sonication frequency increasing [188]. This can be an explanation for the lower bleaching 

efficiency achieved with 850 kHz since the heat induced by ultrasound influence the ability of 

hydrogen peroxide oxidize the colored phenolic compounds at the cotton surface, disturbing the 

whitening improvement.  

 

Figure 28: Whiteness values (W*) attained for half-bleaching using high power (22 kHz 

applying 140 W; 700 W and 2100 W) and high frequency (850 kHz applying 400 W) ultrasounds at 

pilot scale. The pre-treatment was made using 2 U/mL laccase, 60 ºC for 30 minutes with 850 kHz 

piezoelectric device at 400 W. The ultrasonic bleaching was carried out using 4 g/L H2O2 at 70 ºC for 

30 minutes. Statistically significant differences are indicated. ** = ultrasound bleaching significantly 

different from enzymatic ultrasound bleaching (P < 0.01). 

 

5.2.2.2 OPTICAL-BLEACHING 

So far, the optimum conditions achieved allowed improving the bleaching of cotton fabrics for the 

half-bleaching process.  However, and due to the industrial and market needs, it was also our goal to 

improve and accomplish high levels of whiteness for the optical bleaching using the developed 

combined cotton bleaching. For this, the conditions optimized previously were applied on the optical 

bleaching and the results are presented in Table 5. The results attained reveal that with the 

introduction of laccase and ultrasound parameters on cotton bleaching system, it was possible to 
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increase the whiteness values from 107.92 to 118.23 Berger. This increase was achieved by 

introducing elements and energy on the system without any decrease in chemicals consumption. 

Thus, the potentialities of the combined laccase-hydrogen peroxide bleaching assisted by ultrasound 

should be exploited in order to reduce the amount of hydrogen peroxide and the bleaching 

temperature. The total costs would be reduced as well as the environmental impact.  

Table 5: Optical bleaching conditions (8 g/L H2O2, at 103 ºC for 40 minutes) and whiteness values 

using combined laccase-hydrogen peroxide system assisted by low-frequency high power 

ultrasounds (22 kHz, 2100 W) at pilot-scale reactor 

 

Laccase pre-treatment Bleaching 

[Laccase] 

(U/mL) 

Temperature 

(ºC) 
US 

[H2O2] 

(g/L) 

Temperature 

(ºC) 
US 

W* 

(Berger) 

Standard 

optical 

bleaching 

----- ----- --- 8 103 ----- 107,92 

Combined 

cotton bleach 

system 

2 60 
850 kHz 

400 W 
8 103 

22 kHz 

2100 W 
118,23 

 

5.2.3 COST-BENEFIT ANALYSIS 

In order to carry out the final economic feasibility of the new developed technology, all the costs allied 

to chemical, water and energy consumptions involved in half-bleaching of cotton were detailed and 

broken down for each sub-process: laccase pre-treatment, ultrasonic bleaching and washing 

procedures (Table 6).  

Table 6: Costs estimation: Combined ultrasonic cotton bleaching/Conventional bleaching; the costs 

calculation were based on the prices of water, energy and chemicals per kg of fabric 

 
Pretreatment 

(€/Kg cotton) 

Bleaching 

(€/Kg cotton) 

Washings 

(€/Kg cotton) 

Total costs 

(€/Kg cotton) 

Conventional cotton 

bleaching 
- 0,2239 0,1123 0,3362 

Combined ultrasonic 

cotton bleaching 
0,2788 0,1742 0,2376 0,6906 
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The cost analysis revealed that the new developed mechanism is still more expensive than the 

conventional process which is performed at highest temperature (90 ºC). The main reasons for the 

higher cost lay on the chemical prices of Lutensol AT25 and laccase (23 €/Kg and 

11 €/L, respectively) that are too expensive and also on the energy consumption that was quite 

influenced by the heating energy provided by propane (high fee value). An alternative to this form of 

energy must be considered. Other solutions that could result on costs reducing are the study of 

minimum concentration of reagents needed to reach the whiteness values of cotton defined by the 

industrial source; the exploration of some ultrasound power intensity between 700 W and 2100 W 

that could obtain the aimed whiteness index; and also the analysis of all the additional washing 

processes that consume high quantities of water. Despite of this, it is important to mention that the 

huge evolution on enzymatic productions at industrial scale and ultrasound machinery will quickly 

allow decreasing the chemical and energy consumption of this new eco-friendly technology for cotton 

bleaching.  

The goal of the work was to develop applicators that did not constitute a technological breaking for 

textile industries, mainly SMEs (Small and Medium Enterprises). The additional cost increment can 

still be lowered and further accepted if the quality improvements or savings are really achieved. 

 

5.3 CONCLUSION 

The combination of a laccase pre-treatment with the conventional bleaching, both assisted by 

ultrasounds, resulted in a new cotton bleach technology that allowed increase whiteness levels of 

cotton samples. Despite the higher final costs compared with conventional process, some advantages 

should be considered with this new technology. At laboratory scale, the introduction of ultrasonic 

energy in the reaction chamber during enzymatic treatment of cotton fabric resulted in a significant 

improvement in enzyme efficiency, but it did not contribute to a decrease in tensile strength of the 

cotton fabric. Furthermore, the amount of oxidant agent required for half-bleaching was reduced. At 

pilot scale, it was not possible to decrease the amount of H2O2 since high quantity of sample is 

processed.  

The scaling up of the laccase-hydrogen peroxide/ultrasound bleaching was optimized yielding a novel 

ultrasonic pilot-scale reactor. The adaptation of a current jet dyeing machine by introducing multi-

frequency ultrasonic devices promoted higher cavitational activity leading to higher processing yields 

in terms of catalyst activity and oxidant production. The operating and geometric parameters for 

maximizing the benefits of the sonochemical effects were reached for this specific application. 
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Contrarily to current technologies which involve long processing times and high amounts of water, 

chemicals and high energy consumption, the efficiency of this wet finishing process was improved by 

increasing the mass transfer towards the inner parts of the textile material. The quality of the products 

is remarkably improved achieving whiteness levels above the values obtained by current methods. 

This innovative CottonBleach technology provide significant reduction bleaching temperature, from 

90 to 70 ºC, reducing therefore the energy involved on this process stage and the overall processing 

costs.
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CHAPTER 6 – LACCASE COATING OF CATHETERS FOR BIOFILM REDUCTION 

ABSTRACT 

Urologic PU and SI catheters were coated with enzymatically produced poly(catechin) to induce 

reduction of bacteria adhesion. Laccase was used as biocatalyst to oxidize the catechin monomer 

and produce the corresponding polymer. The optimization of catheter’s surface functionalization 

followed two different approaches: with or without previous alkaline treatment. The results indicated 

higher level of polymer attachment for the alkaline treated catheters (+18% for PU and +33% for 

SI catheters). The reduction of biofilm formation on catheter’s surface was quantitatively evaluated 

under static adhesion conditions against Escherichia coli (96% of reduction on PU) and 

Staphylococcus epidermidis (81% of reduction on SI). The material type of catheters greatly influenced 

the bacterial adhesion, though alkaline treatment was consistently advantageous for poly(catechin) 

attachment and consequently for biofilm reduction. A new process for the attachment of a 

polyflavonoid was accomplished with very good results in the prevention of bacterial adhesion to 

catheters. 
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6.1 INTRODUCTION 

CAUTI is the most common hospital acquired infection [189]. The use of urinary catheters can 

interfere with the normal defenses of urinary tract, allowing bacterial colonization which leads to 

biofilm formation and infections that are difficult to eradicate by antibiotics [107]. Urinary tract 

infections in catheterized patients can occur in several ways:organisms that colonize the periurethral 

skin can migrate into the bladder through the mucoid film formed between the epithelial surface of 

the urethra and the catheter; the urine contamination in the drainage bag can allow organisms to 

access the bladder through the drainage tube and the catheter lumen [190]. The initial bacteria that 

cause the urinary tract infections are usually Staphylococcus epidermidis, Escherichia coli or 

Enterococcus faecalis. As time goes by, other species appear in the residual bladder urine, including 

Pseudomonas aeruginosa, Proteus mirabilis, Providencia stuartii, Morganella morganii and Klebsiella 

pneumoniae [191]. 

Considerable research effort is currently directed towards reducing, if not eliminating, infection of 

these medical devices [192]. Strategies including modifications with hydrophilic outer layers, 

antimicrobial coated surfaces, low surface energy materials, highly compatible substances, 

biodegradable materials and cell or protein grafted surfaces have shown good efficacy against 

microbial colonization of biomaterials. Several reports demonstrated that coating of biomaterials 

surface with heparin [193], chitosan [194], a combination of heparin and chitosan [195] and cationic 

charged compounds [196], substantially reduced the adhesion and colonization of bacteria. Another 

preventive approach that has been considered is the silver coating of urinary catheters. The results 

demonstrate that in hospitalized patients requiring short-term urinary catheterization the incidence of 

symptomatic urinary tract infection and bacteremia was significantly reduced [197]. Antibiotic-

impregnated catheters have also been developed using different types of antibiotic as the active 

component [198]. Nevertheless, the efforts to reduce adhesion using specially developed materials, 

with hydrophilic or antibiotic coated surfaces, only showed modest clinical success. The reason is the 

various environments into which devices are placed and the variety of ways by which organisms can 

colonize surfaces [192, 199, 200]. 

The remarkable antimicrobial properties make flavonoids an object of study as an alternative 

treatment to antibiotics. Flavonoids, a class of natural products that possess a diverse range of 

pharmacological properties have been studied as active agents to avoid biofilm formation with 

promising results [201, 202]. The position and number of hydroxyl groups on the phenolic 

compounds were found to be related with their antimicrobial activity. The phenolic hydroxyl groups 
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are thought to react with proteins and thus speculated to act by inhibiting metabolic processes e.g. 

microbial enzymes while the hydrophilicity conferred by the hydroxyl groups is also critical for their 

ability to pass through bacterial cell walls [203, 204].  Prevention of biofilm formation can be achieved 

either by killing or repelling bacteria being steric and electrostatic repulsion involved in the later 

process [205]. Besides, the polyphenols became negatively charged and reactive at pH>7.5 

increasing electrostatic repulsion of bacteria [206, 207]. Thus, as polyphenols, catechins are 

susceptible to enzymatic and non-enzymatic oxidations, giving rise to a variety of dimeric, oligomeric 

and polymeric products [185, 208-210]. Being o-dihydroxylated compounds suggests that they are 

potential substrates of laccase. Laccase (EC 1.10.3.2) is able to catalyze the o-hydroxylation of 

monophenols to o-diphenols and the oxidation of o-diphenols to o-quinones. The quinones formed 

are highly reactive and can undergo nucleophilic attack by other phenolic groups, amines, proteins 

and peptides [211]. Poly(catechin) presents therefore a much higher antimicrobial activity compared 

with the corresponding monomer [212]. This oxidized form of phenolics is known to complex 

irreversibly with nucleophilic amino acids in proteins, often leading to inactivation of the protein and 

loss of its function [209, 212-214].  

Aiming to develop new antibiofilm treatments that can prolong the lifespan of urinary catheters, the 

known laccase-catalyzed oxidation of flavonoids was applied for the production of polymeric 

antimicrobials coatings. Catechin was the chosen flavonoid due to its antibacterial properties and its 

readiness to be polymerized. A new process was developed and optimized for the attachment of 

poly(catechin) to the surface of catheters of two different materials, polyurethane (PU) and 

silicone (SI). Once attached onto catheter’s surface it is expected that the poly(catechin) confers 

protection against initial bacterial adhesion which eventually will lead to biofilm progression delay. 

 

6.2 RESULTS AND DISCUSSION 

Urological PU and SI catheters with antibiofilm properties were obtained by coating the catheters 

surface with poly(catechin), a flavonoid with known antimicrobial ability. The polymerization technique 

using laccase as catalyst is well known [41], but the application of the polymers obtained as biofilm 

barrier on catheters was explored for the first time. A previous catheter functionalization using alkali 

was explored to create more sites for polymer reaction and attachment onto catheter’s surface. At 

the same time, different washing methodologies were performed in order to ensure the maximum 

amount of polymer attached with no further leaching after urine and PBS exposure. 
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6.2.1 LACCASE CATALYZED CATECHIN POLYMERIZATION 

As previously demonstrated by Silva and workers (2011), laccase from the ascomycete 

Myceliophthora thermophila was highly active in the oxidative polymerization of catechin [41]. Herein, 

the laccase-catalyzed polymerization was carried out in methanol and 0.1M sodium acetate 

buffer (pH 5). After poly(catechin) precipitation, the powder obtained was collected by centrifugation 

and further solubilized in DMSO. According to the literature and based on the results of UV–visible 

spectrophotometry, the products of laccase-catalyzed oxidation of catechin were identified [209]. Two 

mechanisms have been proposed for the formation of catechin oligomers: (a) nucleophilic addition 

of the A-ring of a catechin to the B-ring of its oxidation product (quinone) and (b) coupling of radicals 

resulted from catechin oxidation. Values that have already been published suggest that laccase-

catalyzed polymerization reaction proceeds mainly through the nucleophilic rather than radical 

mechanism [185]. Figure 29 shows the UV–visible spectra of the colored products obtained from the 

enzymatic oxidation end products of catechin by laccase. The significant absorption band near 

280 nm has been frequently cited as representative of flavonoids (bold lines). After laccase oxidation, 

new peaks appeared at 310 nm, 370 nm and 460 nm corresponding to catechin polymer (dash 

lines). After laccase oxidation, the increased absorption band within the visible area was observed 

and might be related to the polymerization or crosslinking reaction. During incubation, the peak at 

370 nm was shifted and the peak intensity became higher. These events are related to the laccase-

catalyzed formation of poly(catechin). The increase in the absorbance at 650 nm corresponds to a 

color increase during the oxidation process from uncolored to dark orange. 

 

Figure 29: UV–visible spectrum of catechin solution during laccase-catalyzed polymerization (2 U/mL 

laccase in 0.1M sodium acetate buffer at pH 5; 50 ºC for 24 hours). 
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6.2.2 LACCASE IMMOBILIZATION FOR CATECHIN POLYMERIZATION 

Aiming to reduce the overall costs of catheters coating it was assessed the laccase immobilization in 

solid supports, namely silica beads and glass slides (section 2.10.3). For that, the glutaraldehyde 

was used to crosslink laccase into presilanized materials. On silica beads, the resulting laccase 

loading was 1489 μU/mm2, being 1216 μU/m2 for glass slides. Posteriorly it was tested the in-situ 

catheter functionalization through catechin polymerization using immobilized enzyme and the 

oxidation level was compared with the reaction carried out with free laccase. Unfortunately, the 

poly(catechin) attachment onto PU and SI catheters surface delayed more than 24 hours for both 

solid supports used which exceeded the process time using free laccase (2 hours). Additionally, the 

ultrasound technology was introduced aiming to accelerate the catheters coating, but even so it was 

the levels of polymer attachment were not comparable to the ones obtained using free laccase. 

Therefore, further experiments related with medical devices functionalization were only assisted by 

free laccase action. 

 

6.2.3 IN-SITU ENZYMATIC FUNCTIONALIZATION OF CATHETERS WITH POLY(CATECHIN) 

6.2.3.1 OPTIMIZATION OF IN-SITU ENZYMATIC POLYMERIZATION OF CATECHIN  

The attachment of poly(catechin) onto PU and SI catheters was assessed and the parameters, namely 

monomer concentration and incubation time, were studied. The amount of polymer attached was 

evaluated in terms of color strength (k/s spectral values), which is proportional to the amount of 

product at catheter’s surface. Considering the results obtained (Figure 30A and Figure 30B), the 

higher level of catechin attachment was obtained with 15 mM of monomer, for both types of catheter, 

PU and SI. Above this concentration, no additional attachment was observed, mainly due to the 

saturation phenomena and the impossibility to effectively oxidize the initial monomer. The results also 

demonstrated that two hours were sufficient to obtain the polymer and attach it onto catheter’s 

surface (Figure 30B and 30D). This attachment can be explained by the reaction of the reactive o-

quinone with the highly reactive -OH and -NH groups resulting from SI and PU catheters hydrolysis, 

respectively [215, 216]. In all cases, the poly(catechin) can also attach onto catheter’s surface by 

electrostatic bonds and adsorption phenomena [41]. 
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Figure 30: Color strength (checksum k/s) of functionalized catheters: (A) and (C) study of initial 

catechin concentration for PU and SI, respectively; (B) and (D) study of incubation time for PU and 

SI, respectively. The polymerization was performed with 2 U/mL of laccase in 0.1 M sodium acetate 

buffer, pH 5 at 50 ºC for 24 hours. 

 

6.2.3.2 INFLUENCE OF ALKALINE HYDROLYSIS ON CATHETERS COATING WITH POLY(CATECHIN) 

The level of poly(catechin) attachment onto catheter’s surface was further optimized. For that, a pre-

treatment using an alkaline hydrolysis of catheter samples was investigated and the level of 

poly(catechin) attachment was compared to samples which did not suffer this previous treatment. 

For both PU and SI catheters the previous alkaline hydrolysis was advantageous. The color strength 

after the several washing steps tested was higher when compared with the samples without previous 

alkaline functionalization (Figure 31A and 31B).   
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Figure 31: Color strength (checksum k/s) of functionalized PU (A) and SI (B) catheters without and 

with previous alkaline hydrolysis followed by different washing procedures before the final 

functionalization with poly(catechin). The final washing procedure, either with distilled water (dark 

grey columns) or Lutensol AT 25 (light grey columns), aiming to remove unbound poly(catechin) is 

also shown. 

 

In the case of PU (Figure 33A), alkaline hydrolysis yields hydrophilic carboxylic groups and amino 

groups available for o-quinone reaction, incrementing the amount of poly(catechin) at catheter’s 

surface [217]. The amount of coated poly(catechin) per area of catheter was determined by dissolving 

the attached polyphenol using DMSO (section 2.10.3). A calibration curve with several 

concentrations (1.5-150 μg/mL) of poly(catechin) was made (Figure 32) and the concentration of 

polyphenol attached was interpolated.  
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Figure 32: A calibration curve using standard poly(catechin) concentrations (1.5 – 150 µg/mL) 

prepared in DMSO. 

 

The calculated amount of poly(catechin) attached  onto PU catheter surface was 13.6 µg/cm2. In the 

case of SI, the hydrolysis initially yields a mixture of short-chain, bifunctional, linear 

polydimethylsiloxane with terminal hydroxyl groups (Figure 33B). These groups will also react with the 

highly reactive o-quinone, increasing the amount of polymer attached. Using the same methodology 

applied for PU, the amount of poly(catechin) attached onto SI catheters was 

calculated (0.18 µg/cm2). Besides better leaching properties, antibiofilm activity would also be favored 

by a higher amount of polymer present on catheter’s surface. Regarding the final washing step (after 

polymer attachment), in all cases, the Lutensol AT25 was the more efficient, in removing unbound 

poly(catechin).  
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Figure 33: Schematic representation of alkaline hydrolysis and polymerization reaction during 

poly(catechin) oxidation and coating of catheters surface: (A) PU catheters; (B) SI catheters. 

 

6.2.3.3 CHANGES IN THE HYDROPHOBIC CATHETERS OF THE FUNCTIONALIZED SURFACES 

The formation of a pathogenic biofilm begins with the initial bacterial adhesion to the surface of some 

material, a phenomenon governed by physicochemical properties of the microorganism, environment 

and biomaterial. In general, surface properties like chemical composition, surface charge, 
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hydrophobicity, roughness and porosity directly affect bacterial adhesion [218]. Functional groups 

present on the biomaterial surface will determine the hydrophobicity/hydrophilicity and charge of the 

abiotic target. It is known that hydrophobic materials favor bacterial adherence more than hydrophilic 

ones, thus SI is in theory more susceptible to be colonized than PU catheters [216, 219]. When the 

surface chemistry of some material is changed or modified, such as with a polymeric grafting, the 

bacterial adhesion to this surface can be hindered. Thus, after catheters functionalization the water 

contact angle of each surface was measured in order to evaluate the induced hydrophilicity after 

hydrolysis treatment and poly(catechin) attachment (Table 7). The results show a decrease of the 

water contact angle after functionalization of both PU and SI catheters, corresponding to an increase 

of the surface hydrophilicity. The difference obtained is related to the presence of hydrophilic groups 

mainly after alkaline surface hydrolysis, but also from poly(catechin) which increment the hydrophilic 

character of functionalized catheters. 

Table 7: Water contact angle of catheters before and after functionalization (average values ± SD)                     

                       Water contact angle (º) 

 
Before alkaline 

hydrolysis 

After alkaline 

hydrolysis 

After functionalization 

with Poly(catechin) 

Polyurethane 127 ± 2  121 ± 3 119 ± 3 

Silicone 135 ± 2 101 ± 3 104 ± 3 

 

6.2.3.4 LEACHING PROPERTIES OF THE COATED CATHETERS IN SYNTHETIC URINE AND PHOSPHATE 

BUFFERED SALINE (PBS) 

The ideal conditions to obtain a functionalized catheter with a high level of polymer attachment and 

acceptable leaching properties were defined. Even though catechin, as other natural flavonoids, has 

good biocompatibility properties, after functionalization it is important that catheters do not leach any 

compound that may irritate the urethral mucosa and lead to structure formation. Thus, on this work 

it was essential to ensure that the polymer at catheter’s surface was efficiently attached and not easily 

removed during patient’s catheterization. For this, coated catheters were exposed to PBS and 

synthetic urine and the color loss was evaluated. Figure 34 shows the k/s values before and after 

catheters exposure to synthetic urine for 15 days.  
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Figure 34: Leaching properties (checksum k/s) of functionalized PU (A) and SI (B) catheters after 

exposure to synthetic urine for 15 days. 

 

As it can be observed, the samples present highest leaching when washed with water and 

Lutensol AT25. The samples washed with acetic acid and water loose higher amounts of polymer 

during the tested incubation period. The best leaching properties were obtained when Lutensol AT25 

was used at both washing steps, after alkaline treatment and poly(catechin) functionalization. Despite 

the best leaching values, the amount of polymer still attached was lower when compared with the 

water washing both after alkaline hydrolysis and functionalization, therefore this was the experimental 

set chosen for further assays.   
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Both pre-treated PU and SI catheters washed with distilled water were also incubated in PBS in order 

to evaluate their leaching properties in this medium. The results also revealed high resistance during 

the 15 days of incubation. However, lesser amount of poly(catechin) remained on catheters surface 

when compared with the leaching profile obtained using synthetic urine (Figure 35). 

 

Figure 35: Leaching properties (checksum k/s) of functionalized PU (A) and SI (B) catheters after 

exposure to PBS solution for 15 days. 

 

6.2.3.5 EVALUATION OF BACTERIA ADHESION ON THE FUNCTIONALIZED CATHETERS 

The initial adhesion of both bacteria, E. coli and S. epidermidis, was evaluated and the results attained 

demonstrate a different behavior for the distinct materials tested. In the case of PU, the poly(catechin) 

was effective against E. coli. This activity correlates to the amount of polymer attached onto catheters 

surface. In the case of SI catheters, where the amount of attached poly(catechin) is much lower, it 

was not detectable any reduction on catheter colonization. Unexpectedly, for S. epidermidis the 

correlation between the amount of polymer attached and the bacteria adhesion was not verified. No 

reduction of bacteria adhesion was detected on PU. On the other hand, the amount of poly(catechin) 

attached on SI surface was sufficient to reduce S. epidermis colonization. As mentioned in 

literature [220-222], different microorganisms have different affinity to different materials. E. coli 

adhere easily to PU while S. epidermidis prefer more hydrophobic materials (Table 8), as it was 

verified in the untreated samples. Any changes in the catheters surface would lead to a more 

pronounced effect in the preferred material for a particular microorganism. In general, alkaline 

previous treatment was beneficial for the biofilm reduction of PU catheters against E. coli, especially 
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when the first washing was either with water or Lutensol. For the SI catheters, the second washing 

with Lutensol after poly(catechin) attachment favored the biofilm reduction activity.  

Table 8: Reduction of bacterial adhesion on functionalized PU and SI catheters; the relative reduction 

of untreated catheters was expressed in colony forming units count per milliliter (CFUs/mL). POL: 

enzymatic polymerization of catechin; H2O: washing with water; AH: alkaline hydrolysis; LUT: washing 

with Lutensol; ACID: acidic washing 

 Polyurethane Silicone 

SAMPLE E. coli S. epidermidis E. coli S.  epidermidis 

UNTREATED 1.9E+06 CFUs/mL 5.7E+05CFUs/mL 4.8E+05 CFUs/mL 1.7E+06 CFUs/mL 

POL+H2O 89% - - 43% 

AH+H2O + POL+H2O 96% - - 26% 

AH+LUT + POL+H2O 85% - - 51% 

AH+ACID + POL+H2O 16% - - 42% 

POL+LUT 62% - - 21% 

AH+H2O + POL+LUT 77% 48% - 53% 

AH+LUT + POL+LUT 90% 4% - 81% 

AH+ACID + POL+LUT 64% - - 71% 

 

6.2.3.6 SCANNING ELECTRON MICROSCOPY - SEM 

SEM images of SI catheter samples coated with poly(catechin) and tested against S. epidermidis were 

taken to confirm previous results and are shown in Figure 36. Control image (Figure 36A) shows high 

bacteria colonization after incubation with S. epidermidis when compared with the non-inoculated 

control (Figure 36C). The catheter when coated with poly(catechin) reveals a very heterogeneous and 

highly texturized surface which is very similar to the surface of the non-inoculated control 

sample (Figure 36D). The noticeable differences in the surface topography of the samples represent 

well the effect of the polymer on the bacterial adhesion. 
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Figure 36: SEM analysis of coated SI catheters: (A) non coated and non-inoculated; (B) coated with 

poly(catechin) and non-inoculated; (C) non coated and inoculated with 3x107 CFUs/mL 

S. epidermidis in MH broth for 16 hours at 37 ºC; (D) coated with poly(catechin) and inoculated with 

3x107 CFUs/mL S. epidermidis in MH broth for 16 hours at 37 ºC. The images were recorded with a 

magnitude of 10000×. 

 

6.3 CONCLUSION 

PU and SI catheters with antibiofilm properties were developed by surface coating with poly(catechin). 

Catechin is a natural flavonoid with intrinsic antimicrobial properties and easily oxidized by laccase. 

The produced polymer was efficiently attached onto catheters surface after process development and 

optimization, hindering the bacterial adhesion. The antibiofilm activity was dependent on the material-

microorganism set. Functionalized PU catheter had strong effect on E. coli adhesion while 

functionalized SI catheter had activity against S. epidermidis. The oxidized flavonoid is a promising 

approach to prevent bacterial adhesion thus prolonging the life-span of catheters inside the human 

body.
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CHAPTER 7 – POLY(CATECHIN)-ANTIBIOTIC CONJUGATES: AN ANTIMICROBIAL APPROACH FOR 

INDWELLING CATHETERS 

ABSTRACT 

Considering that poly(catechin) revealed to be an efficient approach to reduce the bacteria adhesion 

on catheters surface, in this chapter it was exploited the antimicrobial coating of catheters using 

enzymatic poly(catechin)-antibiotic conjugates. Catechin was conjugated with two antibiotics, namely 

TMP and SMZ via activation with DSC and subsequent coupling to molecules containing α-amine 

moieties. SI and PU catheters were functionalized in-situ through laccase oxidation of catechin-

antibiotics conjugates. Four antimicrobial coatings were achieved, namely poly(catechin), 

poly(catechin)-TMP, poly(catechin)-SMZ and poly(catechin)-TMP-SMZ. The bacterial adhesion 

reduction was tested on the functionalized devices using gram-negative and gram-positive strains. The 

most significant reduction was observed for poly(catechin)-TMP (gram-negative - 85% and gram-

positive – 87%) and for poly(catechin)-TMP-SMZ (gram-negative - 85% and gram-positive – 91%). The 

cell cytotoxicity tested by indirect contact for 5 days revealed more than 90% of viable cells for all the 

tested coatings. A promising approach for the increase of the indwelling catheters life-spun was 

developed aiming to reduce catheters-associated chronic infections. 
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7.1 INTRODUCTION 

Lengthy hospital stay seems to prompt patients to chronic infections. Most of them may result from 

the bacteria growing on the outer and/or inner surface of indwelling devices yielding to the biofilm 

formation. Usually, the strategy used to eradicate bacteria is carried out by antibiotics 

application [223]. However, this tactic has not been efficient enough since bacteria are increasingly 

adopting resistance mechanisms against those chemical compounds. Indeed, the initial attachment 

of planktonic bacteria to a surface can be vulnerable to antibiotics action, but the additional binding 

and microcolonization of bacteria leading to the biofilm formation show high tolerance to them [199, 

224, 225]. This resistance may occur through the antibiotic inactivation by modification of its 

chemical moiety; the specific modification of the macromolecular target and the prevention of 

antibiotics from reaching their targets (cell membranes, cell-wall biosynthesis enzymes and 

substrates, bacterial protein synthesis and bacterial nucleic acid replication/repair) by uptake 

decreasing or antibiotic efflux  [223, 226]. In addition, once installed, the biofilms also possess its 

resistance mechanisms such as physical or chemical diffusion barriers to antimicrobial penetration; 

slow growth of the biofilm due to nutrient limitation; activation of the general stress response and the 

occurrence of a biofilm-specific phenotype [97, 113]. Therefore, the need for a new antimicrobial 

solution having a distinct mode of action than the existing antibiotics has been the focus of various 

researches [227, 228]. Different bactericidal and bacteriostatic approaches have been studied aiming 

improve antibiotic therapy including physiochemical modification of the biomaterial surface [107, 

229, 230], impregnation of antimicrobial agents into medical device polymers [231-233] and the use 

of electric fields [234-236]. Even though some clinical success was noted, the effectiveness of these 

mechanisms has been limited and can diverge depending on bacterial strains. Thus, the development 

of new antimicrobial alternatives is still an important issue for the scientific community [192]. 

Among natural products, it can be found a significant number of antimicrobial agents with a large 

spectrum, a low toxicity level and also an acceptable pharmacokinetics which can be useful to 

functionalize surfaces and subsequently reduce the bacteria-growing on invasive devices [227, 237, 

238]. Polyphenols, a class of natural compounds with a broad range of pharmacological properties, 

have been the focus of scientific research aiming overcome the drawbacks of current drugs and 

acquire more efficacious products [237, 239]. These highly hydroxylated compounds can be 

classified according to their structure as phenolic acid derivates, flavonoids and tannins and its 

powerful biological activities are well described [240, 241]. Concerning its antibacterial mechanism 

of action, it have been reported that polyphenols can interfere with the nucleic acid 
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synthesis (topoisomerase inhibition), cytoplasmic membrane damage (perforation and/or a reduction 

in membrane fluidity), energy metabolism (NADH-cytochrome c reductase inhibition) and 

wall/membrane synthesis inhibition reducing the bacteria colonization [227, 238]. Beyond that, it 

has also been cited the use of polyphenols in combination with other antimicrobial agents as a 

successful practice to fight the drug resistance problem. The synergism between both of them may 

potentiate the antibiotic efficacy at lower concentrations decreasing adverse reactions [242, 243]. 

Oxidized polyphenols also demonstrate the inhibition of bacterial growth since their polymerization 

size can contribute for the microorganism’s toxification [241]. Enzyme-induced phenols oxidation  

resulting polymer surfaces evidenced to be a useful tool for the materials functionalization [141]. This 

process can be supported by the use of laccase, an oxidative enzyme that catalyzes the one-electron 

oxidation of reducing substrates such as phenols and their derivatives or aromatic amines.  The ability 

of laccases to act on an extensive range of substrates makes them extremely useful biocatalysts for 

distinct biotechnological applications [12, 244]. 

On a previous research it was reported that the in-situ functionalization of catheters through laccase 

polymerization of catechin (natural phenol) reduced the bacteria adhesion on PU and SI catheters 

surface [141]. In this work, it was intended to oxidize catechin-antibiotic conjugates with laccase 

aiming increase the antimicrobial potential of the polyphenol catheters coating. The antibiotics 

selected were TMP and SMZ since these drugs are commonly applied on chronic infections 

treatments. Both of them inhibit different enzymatic steps of the folic acid pathway, leading to the 

cessation of thymidine monophosphate bacterial synthesis which is required for the DNA 

replication [245]. Gram-positive and gram-negative bacteria were used on the bacterial adhesion 

study. In addition, fibroblast cells were selected for the cell viability evaluation of the new developed 

antimicrobial approach. 

 

7.2 RESULTS AND DISCUSSION 

7.2.1 CHARACTERIZATION OF CATECHIN-ANTIBIOTIC CONJUGATES 

The synthesis of polymer-antibiotic conjugates for therapeutic applications has been the target of 

various researches allowing developing several molecules already available in the market or in clinical 

trials [246, 247]. On this study a strategy based on the enzymatic polymerization of monomer-

antibiotic conjugates was developed. The monomer selected was catechin, a natural flavonoid which 

previously proved to be easily polymerized by laccase oxidation and showed antimicrobial efficiency 

when used as catheter’s coating [141]. The antibiotics chosen were TMP and SMZ once guidelines 



Chapter 7: Poly(catechin)-antibiotic conjugates: an antimicrobial approach for indwelling catheters 

 

147 

recommend them for empirical treatment of chronic infections and are used as commercial antibiotic 

combination as Bactrim® [248, 249]. Figure 37 shows the activation-coupling method followed to 

produce catechin-antibiotic conjugates. Firstly, it was carried out the activation of one hydroxyl group 

available on catechin structure via DSC reaction. By this way it was prompted the catechin affinity 

with the antibiotics allowing its further coupling [250]. The reaction yield was improved by using DMAP 

which deprotonated the hydroxyl group making it more reactive towards DSC. Then, the activated 

hydroxyl group reacted with the electrophilic carbonyl of DSC leading to the activated succinimidyl 

group. Posteriorly it was accomplished the activated catechin coupling with amino group present on 

the TMP and SMZ structure by immersing the modified monomer into antibiotic solution [140]. The 

final products were catechin-TMP and catechin-SMZ conjugates which were further used as substrates 

of laccase on in-situ catheters functionalization. 

 

Figure 37: Reaction scheme of catechin activation followed by its chemical conjugation 

with trimethoprim (TMP) or sulfamethoxazole (SMZ). 

 

The chemical characterization of each reaction product was carried out by FTIR spectroscopy following 

the method described on section 2.9.6. Figure 38 shows the FTIR spectra achieved for catechin 

before and after coupling with the linker (DSC) and with the antibiotics (TMP and SMZ) selected for 

this work. The general spectrum of each compound from 4000 cm-1 to 500 cm-1 as well as an 

amplification of the most noising part from 2000 cm-1 to 400 cm-1 are presented.  
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Figure 38: FTIR spectra obtained for catechin versus catechin-DSC (A), catechin versus catechin-

TMP (C) and catechin versus catechin-SMZ (E) using scales from 4000 cm-1 to 500 cm-1. (B), (D) 

and (F) are expansions of each spectrum from 2000 cm-1 to 400 cm-1. 

 

On catechin spectrum it was possible to observe the characteristic absorption regions of hydroxyl 

group O-H (3508 - 3270 cm-1), aromatic rings by C=C group (1634 cm-1) and also C-O group around 

1149 - 1033 cm-1 [251]. When the hydroxyl groups of catechin were activated by reacting with 

DSC (Figure 42A and Figure 42B), the intensity of hydroxyl group O-H band decreased and a 

prominent triple peak appeared around 1570 cm-1 proving the formation of a succinimidyl ester. 

Concomitantly, a stretching vibration of aromatic nitro N-O groups occurred at 1290 cm-1. Also a new 

peak came up around 1770 cm-1 corresponding to the carbonyl C=O groups evident on DSC structure 
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as well as on the ester linkage [252-254]. Afterwards, the coupling reaction of activated catechin with 

antibiotics was assessed and consequently some new peaks were observed such as the N-H bending 

vibration of primary amines around 1650 cm-1 and the C-N stretching vibration of aliphatic amines in 

the region 1140 -1080 cm-1 both characteristic of the TMP structure (Figure 38C and Figure 38D). 

Moreover, the presence of a methoxy (O-CH3) group was identified by a small stretch peak at 2940 cm-1 

as well as by the methyl (C-H) vibrations at 1460 cm-1 [255-257]. Around 1560 - 1510 cm-1 it was 

possible to observe the non-symmetrical substitutional aromatic ring present on TMP with N as a 

substitutional atom [258, 259]. As a result of catechin-SMZ coupling (Figure 38E and Figure 38F) it 

was confirmed the presence of imino C=N groups which exhibit absorption at 1595 cm-1; the stretching 

in the sulfate S=O bond around 1260 - 1160 cm-1 characteristic from the SMZ compound; and the 

equivalent to thiol C-S and C-S-H stretching vibrations between 720 cm-1 and 550 cm-1. In addition it 

was also evident the amines N-H bending around 1650 cm-1 and the C-N stretching vibration at 1150 -

1090 cm-1. The nitro N-O stretching bands occurred around 1565 cm-1 - 1465 cm-1 as well as around 

1320 - 1240 cm-1 accordingly to the corresponding symmetry [255, 260]. 

 

7.2.2 CATHETERS FUNCTIONALIZATION WITH CATECHIN AND CATECHIN-ANTIBIOTIC CONJUGATES 

Once confirmed the catechin-antibiotic conjugation, the in- situ enzymatic oxidation of the phenolic 

monomer part was assessed for PU and SI catheters functionalization (Figure 39).  
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Figure 39: In-situ laccase functionalization of alkaline pretreated PU and SI catheters using catechin-

TMP and/or catechin-SMZ conjugates (10 mM substrate; 2 U/mL laccase; 0.1 M sodium acetate 

buffer (pH 5) at 50 ºC for 2 hours). 

 

Laccase was the biocatalyst chosen for this step. As it is well published [41, 136, 141, 261], the 

phenols can be directly oxidized by laccase yielding the corresponding phenoxy free radicals that 

become quinone intermediates. These compounds can react among each other through either 

coupling-based polymerization or radical rearrangement giving the dead-end products. On this work, 

the polymerization yield was monitored by UV-visible spectrophotometry wherein the band intensity 

of each compound is directly proportional to concentration values. The significant absorption band 

near 280 nm has been frequently cited as representative of flavonoids [41]. After laccase oxidation, 

a new peak appeared at around 370 nm corresponding to poly(catechin). Thus, higher band intensity 

of monomeric phenolic compound at 280 nm corresponds to lower polymerization degree. As result, 

both unmodified and conjugated catechins were efficiently oxidized however in a different 

polymerization degree. On UV-visible spectra, the band correspondent to catechin-antibiotics 

conjugates remained higher than the catechin peak after laccase action meaning that lower amount 

of catechin-antibiotic conjugates were oxidized. Thus, the non-modified monomer was more easily 

converted into the corresponding polymer than the conjugate compounds (data not shown). This 

behavior may be due to the modified catechin possess lower hydroxyl groups available for the oxidative 

coupling reactions [41, 136].  
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Concerning the poly(catechin) or poly(catechin)-antibiotic attachment on catheters surface, the 

covalent bonds can be attributed to the reaction of quinones obtained enzymatically with the highly 

reactive hydroxyl -OH and amine -NH groups resulting from the alkaline pre-treatment of SI and PU 

catheters, respectively [141, 215, 216]. The coloration of the coated samples was attributed to the 

nature of oxidized phenol and changes from colorless (SI) or white (PU) to dark yellow. The color 

strength measurements allowed comparing the effectiveness of each developed coating since this 

parameter is related with the amount of polymer covering the catheters surface. The amount of 

product detected by color measurement (Figure 40) at catheters surface revealed that PU devices 

were more efficiently coated with poly(catechin) and poly(catechin)-antibiotics than the SI catheters. 

Indeed, the previous alkaline hydrolysis of PU catheters yielded hydrophilic carboxylic –COOH and 

amine -NH groups available for reaction with quinone. On the other hand, only one type of hydrophilic 

group (-OH) were attained and available after hydrolysis of SI samples. This would decrease the 

attachment of polymerized phenolic compounds onto catheters surface. Comparing both, 

polycatechin and poly(catechin)-antibiotic conjugate, it is clear the higher coverage of the catheters 

surface with poly(catechin). The lower number of hydroxyl groups available on the conjugate for 

enzymatic polymerization and the subsequently attachment could reduce the final amount of polymer 

obtained onto catheters surface.  

 

Figure 40: Color strength (checksum k/s) of each modified polyurethane and silicone catheters with 

poly(catechin) (PCAT), poly(catechin)-trimethoprim (PCAT-TMP), poly(catechin)-sulfamethoxazole 

(PCAT-SMZ) or both poly(catechin)-antibiotic conjugates (PCAT-TMP-SMZ). Enzymatic functionalization 

of catheters was carried out using 2 U/mL laccase in 0.1 M methanol/sodium acetate buffer (pH 5) 

at 50 ºC under 70 rpm for 2 hours. 
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7.2.3 WATER UPTAKE MEASUREMENTS 

The developed coatings promoted chemical and physical alterations at the surface structure of the 

devices which are primary to study. The water uptake is one of the important parameters that could 

influence the bacterial adherence and its proliferation on catheters surface. It is known that 

hydrophobic organisms have a predilection for hydrophobic surfaces. When functional groups are 

applied as coating, the hydrophobicity and surface charge can be modified reducing the 

microorganisms attachment which make the material more biocompatible [97]. For this reason, the 

water uptake measurements were assessed aiming to evaluate in which way the original 

hydrophobicity of PU and SI catheters was altered. Table 9 indicates that the poly(catechin) coatings 

reduce the hydrophobic character of both PU and SI catheters. The highest hydrophobicity reduction 

was attained on PU catheters. This result can be explained by the highest amount of poly(phenol) 

attached on this material as previously mentioned. Moreover, the poly(catechin)-antibiotics coating 

promoted a higher hydrophobicity reduction than poly(catechin). Poly(catechin) possess hydroxyl 

groups on its structure conferring hydrophilic character to the materials surface. The amine groups 

present on both antibiotic structures also contribute to decrease the hydrophobic nature of catheters 

justifying the results obtained for poly(catechin)-antibiotic conjugates.  

Table 9: Water contact angle of coated PU and SI catheters with poly(catechin) (PCAT), poly(catechin)-

trimethoprim (PCAT-TMP), poly(catechin)-sulfamethoxazole (PCAT-SMZ) and 

poly(catechin)trimethoprim-sulfamethoxazole (PCAT-TMP-SMZ). Non modified catheters were used as 

control (average values ± SD) 

 Water contact angle (º) 

 Non modified  PCAT PCAT-TMP PCAT-SMZ PCAT-TMP-SMZ 

Polyurethane 114,55 ± 3,25 88,88 ± 5,02 68,68 ± 5,53 70,63 ± 5,54 89,98 ± 7,13 

Silicone 134,35 ± 4,49 132,43 ± 2,82 130,75 ± 1,03 125,88 ± 3,69 133,10 ± 1,66 
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7.2.4 LEACHING PROFILE OF THE FUNCTIONALIZED CATHETERS 

The life-time of the developed coatings was also assessed through leaching resistance against PBS 

and synthetic urine aiming to simulate the human fluidics (Figure 41). Each coated sample was 

incubated at 37 ºC for 15 days under slow agitation. The loss of polymer attached onto PU and SI 

catheters surface was evident for both PBS and synthetic urine solutions. However, the color strength 

decreasing was less pronounced on PU devices. Thus, it can be referred that the coating of PU 

catheters had the highest life-time. Indeed, the higher amount of groups (carboxylic -COOH and amine 

-NH) at catheters surface available to react with the poly(phenols) increases coating strength 

contributing to the life-span of the antimicrobial device. Nevertheless, more than half of poly(catechin) 

or poly(catechin)-antibiotics amount remained on both PU and SI catheters surface. Therefore, the 

functionalized catheters answer to the need of invasive catheters for longer periods. 

 

Figure 41: Color strength (checksum k/s) of each modified PU and SI catheters before (0 days) and 

after incubation with PBS and synthetic urine at 37 ºC for 15 days with slow agitation; the coatings 

studied were: Poly(catechin) (PCAT), poly(catechin)-trimethoprim (PCAT-TMP), poly(catechin)-

sulfamethoxazole (PCAT-SMZ) or both poly(catechin)-antibiotic conjugates (PCAT-TMP-SMZ), under 

specific conditions: 2 U/mL laccase in 0.1 M methanol/sodium acetate buffer (pH 5) at 50 ºC under 

70 rpm for 2 hours. 

 

7.2.5 MIC VALUES OF EACH POLY(CATECHIN)-ANTIBIOTIC CONJUGATE 

The development of novel catechin-antibiotic conjugates and the subsequent enzymatic 

polymerization lead to structural conformation changes of both TMP and SMZ. Consequently, the 
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antimicrobial profile of free antibiotics was also modified and for this reason the MIC values of each 

synthetized compound was determined (Table 10).  

Table 10: Minimum inhibitory concentrations (mg/L) for each developed conjugate, namely 

catechin-trimethoprim (CAT-TMP), poly(catechin)-trimethoprim (PCAT-TMP), catechin-

sulfamethoxazole (CAT-SMZ), poly(catechin)-sulfamethoxazole (CAT-SMZ) and poly(catechin)-

trimethoprim-sulfamethoxazole (PCAT-TMP-SMZ) 

 E. coli P. mirabilis P. aeruginosa B. subtilis S. aureus S. epidermidis 

TMP 0,1 – 0,2 2 – 4 ---------------- 0,25 – 0,5 1,5 – 3 0,5 – 1 

CAT-TMP 0,2 – 0,4 2 – 4 ---------------- 0,5 – 1 3 – 6 0,5 – 1 

PCAT-TMP 0,4 – 0,6 2 – 4 ---------------- 0,25 – 0,5 6 – 12 2 – 4 

PCAT-TMP-SMZ* 0,4 – 0,6 4 – 8 ---------------- 0,25 – 0,5 6 – 12 2 – 4 

SMZ 4 – 8 4 – 8 ---------------- 0,06 – 0,12 ---------------- 1 – 2 

CAT-SMZ 2 – 4 4 – 8 ---------------- 0,12 – 0,24 ---------------- 2 – 4 

PCAT-SMZ 32 – 64 2 – 4 ---------------- 0,06 – 0,012 ---------------- 2 – 4 

PCAT-TMP-SMZ** 2 – 4 2 – 4 ---------------- 0,06 – 0,12 ---------------- 2 - 4 

  * Taking into account the MIC reference value of TMP 

  ** Taking into account the MIC reference value of SMZ 

  ----- Non effective inhibitory response 

 

In general, the chemical catechin-antibiotic conjugation and the enzymatic oxidation of each 

conjugate maintained or increased the minimum concentration required to promote bacterial growth 

inhibition. Indeed, the coupling reaction between catechin and TMP or SMZ occurred through the 

nitrogen of the amine groups reducing the tertiary amine moiety. Therefore, the antimicrobial activity 

of the compounds was directly compromised by the conjugation processes [262]. Only when the SMZ 

was present in the poly(catechin) conjugate structure it was reduced the MIC value for E. coli and 

P. mirabilis. Unfortunately, it was not possible to achieve any MIC values of antibiotic conjugates for 

P. aeruginosa neither of SMZ conjugates for S. aureus. 

 

7.2.6 EFFECT OF THE COATED CATHETERS IN THE PLANKTONIC CULTURES GROWTH 

This study was carried out by incubating the PU coated catheters with the selected bacterial strains. 

PU material was chosen for these tests, since it revealed the best coating levels with lowest leaching 

properties. The inoculum of each coated catheter with each bacterial strain studied revealed that, 
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except for P. aeruginosa, all the novel antimicrobial catheters inhibited the planktonic cultures growth. 

The poly(catechin) coating inhibited around 21-43% and 13-38% of planktonic bacteria growth for 

gram-negative and gram-positive strains, respectively. Moreover, the most pronounced inhibition was 

verified with the poly(catechin)-antibiotic conjugate coating. The planktonic culture growth was 

reduced between 28-55% and 19-80% for gram-negative and gram-positive strains, 

respectively (Figure 42). 

 

Figure 42: Inhibition of the planktonic bacteria growth in the presence of functionalized PU catheters. 

Gram-negative (E. coli, P. aeruginosa and P. mirabilis) and gram-positive strains (B. subtilis, S. aureus 

and S. epidermidis) were used. Four coatings were analyzed: poly(catechin) (PCAT), poly(catechin)-

trimethoprim (PCAT-TMP), poly(catechin)-sulfamethoxazole (PCAT-SMZ) and poly(catechin)-

trimethoprim-sulfamethoxazole (PCAT-TMP-SMZ). Each bacterial inoculum without catheter samples 

was used as control. 

 

7.2.7 BACTERIAL ADHESION ON FUNCTIONALIZED CATHETERS SURFACE 

As previously mentioned, the strong adhesion on the outer and/or inner surface of indwelling devices 

is, in a first stage, the beginning of the biofilm formation [97]. For this reason, the bacterial adhesion 

test was performed on each coating developed. Figure 43 shows the bacteria adhesion measured in 

terms of logarithm reduction of bacterial colonies growing on modified catheters after inoculation with 
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gram-negative and gram-positive strains. In general, both poly(catechin) and poly(catechin)-antibiotic 

coatings allowed to reduce the bacteria adhesion on each microorganism studied.  

 

Figure 43: CFUs adhered on functionalized catheters surface for gram- negative (E. coli, P. aeruginosa 

and P. mirabilis) and gram-positive strains (B. subtilis, S. aureus and S. epidermidis). Four coatings 

were analyzed: poly(catechin) (PCAT), poly(catechin)-trimethoprim (PCAT-TMP), poly(catechin)-

sulfamethoxazole (PCAT-SMZ) and poly(catechin)-trimethoprim-sulfamethoxazole (PCAT-TMP-SMZ). 

Statistically significant differences were achieved by comparing each coating with non-coated samples 

(CONTROL). *** = amount of adhered cells on coated catheter is significantly different than non-

coated sample (P < 0.001); ** = amount of adhered cells on coated catheter is significantly different 

than non-coated sample (P < 0.01); * = amount of adhered cells on coated catheter is significantly 

different than non-coated sample (P < 0.05). 
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It is known that flavonoids do not kill bacterial cells but merely induce the formation of bacterial 

aggregates and thereby reduce the colonies number in viable counts (bacteriostatic activity). 

Catechins are a group of flavonoids that have been demonstrating activity against gram-positive and 

gram-negative bacteria damaging them by two possible theories: firstly, catechins may perturb the 

lipid bilayers by directly penetrating the membrane and disrupting the barrier function; alternatively, 

these phenolic compounds may cause membrane fusion which consists in a process that results in 

intramembranous material leakage and consequent aggregation [227, 263]. Aiming to potentiate the 

antimicrobial properties of poly(catechin), the correspondent monomer was conjugated with TMP and 

SMZ for further in-situ enzymatic functionalization of catheters. Comparing with poly(catechin) 

coating, the reduction of bacterial adhesion was more pronounced using  poly(catechin)-antibiotic 

conjugates. Although lower coating levels were achieved with conjugates, the amount attached onto 

catheters surface was sufficient to reduce the adhesion of bacteria (Figure 43). SEM 

analysis (Figure 44) revealed that after each coating the bacteria colonies formation was lowered. It 

is our assumption that, depending on the strength of antibiotic-polymer interaction, the release of 

TMP or SMZ could arise promoting its diffusion into the culture medium. In addition, enzymes 

secreted by bacteria could also support the drugs release. The combination of the two antibiotics in 

the same conjugate demonstrated to improve the antibacterial efficacy of the coating preventing the 

microbial resistance appearance [264, 265]. A synergistic effect can be reached when the 

mechanisms of action of each compound, bactericidal or bacteriostatic, are well defined [223]. TMP 

and SMZ are bacteriostatic antibiotics which inhibit enzymatic steps on the bacterial folate 

biosynthesis and together allow a broad bacterial spectrum of action. Indeed, SMZ inhibit 

dihydropteroate synthetase (DHPS) responsible for the production of dihydrofolate from p-

aminobenzoic acid. Subsequently, TMP inhibits dihydrofolate reductase (DHFR) which catalyzes the 

formation of tetrahydrofolate from dihydrofolate [266-268]. The main advantage to produce 

conjugates containing antibiotic coupled to poly(catechin) lies on the ability of catechins, and its 

polymerized derivatives, to act on and disturb the bacterial  membranes. This property would 

potentiate the antibiotics diffusion into cell interior causing a strong bacterial reduction on catheters 

surface [267]. The hydrophobicity of catheters surface was also a parameter responsible for the 

bacterial reduction (Table 9). As it was already published by other authors [97], this property can 

interfere with the biofilm formation. Our results demonstrate that after coating the hydrophobicity of 

all the surfaces decreased, reducing therefore bacteria colonization. 
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Figure 44: SEM analysis of each modified PU catheter after inoculum with E. coli and S. epidermidis 

at 37 ºC for 16 hours. Poly(catechin) (PCAT), poly(catechin)-trimethoprim (PCAT-TMP), poly(catechin)-

sulfamethoxazole (PCAT-SMZ), poly(catechin)-trimethoprim-sulfamethoxazole (PCAT-TMP-SMZ) and 

the non-coated sample (CONTROL) were observed. The images were recorded with a magnitude of 

2000× and 10000×. 
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7.2.8 CELL VIABILITY OF THE DEVELOPED ANTIMICROBIAL CATHETERS 

Considering the final application for the coated PU and SI catheters as indwelling devices, the cell 

viability was assessed in this work. For this, mouse fibroblast cells L929 were cultured and exposed 

to solutions in which the modified catheters were previously conditioned (section 2.10.10). Non-

coated catheters were used as control samples. The effect of all coating process without phenolic 

compounds was also verified. Figure 45 demonstrates the relative cell viability profile achieved. 

 

Figure 45: Relative L929 cell viability after 24, 48 and 72 hours of culture with DMEM solutions pre-

inoculated with functionalized PU (A-C) and SI (D-F) catheters for 1, 3 and 5 days. Non-coated 

samples were used as CONTROL. Poly(catechin) (PCAT), poly(catechin)-trimethoprim (PCAT-TMP), 

poly(catechin)-sulfamethoxazole (PCAT-SMZ) and poly(catechin)-trimethoprim-sulfamethoxazole 

(PCAT-TMP-SMZ) were the coated samples. Data were achieved in relation to the control for 1 

incubation day and show the mean values of three replicates from four experiments carried out 

independently. Statistical significant differences are indicated. *** = significantly different from the 
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control (P < 0.001); ** = significantly different from the control (P < 0.01); * = significantly different 

from control (P < 0.05). 

 

Comparing both control and PU coated devices it was observed that only after 5 days of incubation 

in DMEM and 48 hours in contact with L929 cells were evident significant differences on relative cell 

viability (P < 0.001). Even though values around 90% were kept for all the antimicrobial coatings 

developed. On the other hand, the study using SI material revealed that cellular metabolism was 

affected after the first incubation day of catheters in DMEM and 24 hours in contact with L929 cells. 

However, the percentages of relative cell viability also remained upper than 90%. Besides, as it can 

be observed on Figure 46 and Figure 47, for both materials studied, the cellular morphology was not 

compromised. 
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Figure 46: Morphology of L929 cells after 24 hours of culture with DMEM solutions pre-inoculated 

with functionalized PU catheters during 1, 3 and 5 days. Non-coated samples were used as CONTROL. 

Poly(catechin) (PCAT), poly(catechin)-trimethoprim (PCAT-TMP), poly(catechin)-sulfamethoxazole 

(PCAT-SMZ) and poly(catechin)-trimethoprim-sulfamethoxazole (PCAT-TMP-SMZ) were the coated 

samples.  
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Figure 47:Morphology of L929 cells after 24 hours of culture with DMEM solutions pre-inoculated with 

functionalized SI catheters during 1, 3 and 5 days. Non-coated samples were used as CONTROL. 

Poly(catechin) (PCAT), poly(catechin)-trimethoprim (PCAT-TMP), poly(catechin)-sulfamethoxazole 

(PCAT-SMZ) and poly(catechin)-trimethoprim-sulfamethoxazole (PCAT-TMP-SMZ) were the coated 

samples.  
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7.3 CONCLUSION 

From this work, four novel antimicrobial coatings for medical devices applications resulted. Taking 

advantage of poly(catechin) and antibiotics properties, antimicrobial conjugates were developed and 

the synergism involved allowed reducing bacterial adhesion. This synergism was more evident on 

poly(catechin)-TMP and poly(catechin)-TMP-SMZ where a higher bacteria reduction was observed. 

Moreover, the cellular metabolism assays demonstrate that the antimicrobial coatings developed are 

not harmful for the cellular metabolism, maintaining more than 90% of cell viability after the highest 

incubation time tested. A promising approach for extending the life-span of indwelling catheters was 

developed. Concomitantly, the catheter-associated infections could be reduced as well as the life 

quality of catheterized patients would be enhanced. 
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CHAPTER 8 – FINAL REMARKS AND FUTURE PERSPECTIVES 

8.1 FINAL REMARKS 

The present thesis highlights the introduction of laccase and ultrasound processes at two distinct 

industrial applications, namely cotton bleaching and urinary catheters functionalization. The major 

problematic related to textile processes (high levels of chemical, energy and water consumption; 

strong environmental impact) and the urgent need for efficient antimicrobial urinary catheters led to 

search for a multipurpose technology. Combined laccase-ultrasound processes were chosen due to 

the great and diverse potential of laccase and to the benefits that ultrasound can promote on industrial 

processing. The characterization of cavitational reactors revealed that medium ultrasound frequency 

produced high hydroxyl radical levels with low energy input. When applied in the reaction chamber 

during laccase treatment of cotton fabric, the ultrasonic energy significantly improved the enzyme 

efficiency without compromising the tensile strength of cotton fabric. Based on the laccase action 

mechanism, the colored aromatic compounds of cotton fiber were enzymatically decolorized or 

eliminated whereas ultrasound endorsed the hydroxyl radical (oxidant agent) production and improve 

the mass transfer allowing to significantly reduce the standard chemical and energy consumption. 

Subsequently, a novel ultrasonic pilot scale reactor for combined laccase-hydrogen peroxide bleaching 

assisted by ultrasound was developed aiming to provide a new eco-friendly machine to textile industry. 

By adapting a current jet dyeing machine with multi-frequency ultrasonic devices it was prompted 

higher cavitational activity suitable to potentiate the laccase catalytic activity and the oxidant power 

of hydrogen peroxide. The operating and geometric parameters for maximizing the benefits of the 

sonochemical effects were set up for this specific application. Unfortunately, at pilot scale it was only 

possible reduce the energy consumption; the high quantity of sample processed did not allowed to 

decrease the hydrogen peroxide amount. Despite of it, the quality of the products was remarkably 

improved: higher whiteness levels, above the values obtained by current methods, were observed. 

The cost analysis of the overall process also revealed that bleaching carried out using the new reactor 

was still more expensive than the conventional cotton bleaching due to the actual prices of enzyme 

and ionic surfactant. However, it is important to mention that the huge evolution on enzymatic 

productions at industrial scale and ultrasound machinery will quickly allow decreasing the chemical 

and energy consumption of this new eco-friendly for cotton bleaching. 

For the development of antimicrobial urinary catheters, PU and SI catheters were coated with 

poly(catechin), a polyphenol resulted from the catechin oxidation by laccase action. 
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This stage was not assisted by ultrasound once it was proved that sonication considerably delayed 

the poly(catechin) attachment onto the catheters surface. The antimicrobial experiments demonstrate 

that the poly(catechin) coating efficiently hinder the bacterial adhesion of E. coli and S. epidermidis 

onto the PU and SI surfaces, respectively. Aiming to increase the antimicrobial profile of poly(catechin) 

coated catheters it was explored the enzymatic synthesis of poly(catechin)-antibiotic conjugates for 

catheters coating through laccase action. Four novel antimicrobial coatings were obtained in which 

the poly(catechin)-TMP and poly(catechin)-TMP-SMZ were more effective than poly(catechin) without 

compromising the cellular metabolism. A promising antimicrobial approach for indwelling urinary 

catheters was successfully developed. 

Despite the various difficulties found through this work, for the first time it was successfully transposed 

to pilot scale an ultrasonic reactor for cotton bleaching that can be further explored aiming to find an 

alternative sustainable eco-friendly technology to textile industries. Moreover, this study revealed a 

promising enzymatic approach to produce antimicrobial indwelling catheters that can be suitable to 

other medical devices enhancing the quality medical services. All the developed work contribute not 

only to the scientific knowledge but also to the textile and medicinal evolution.  

 

8.2 FUTURE PERSPECTIVES 

The results presented in this thesis are promising and therefore additional studies must be followed 

in order to enlarge the use of combined laccase-ultrasound processes. Hence, the future perspectives 

are: 

 Reduce the operational costs of the combined laccase-hydrogen peroxide bleaching 

assisted by ultrasound: cheaper enzyme, avoid non-ionic detergent, lower auxiliary 

bleaching agents amounts, alternative energy source to propane and lower ultrasound 

power input; 

 Compare the bleaching efficiency of others textile fibers using the combined laccase-

ultrasound technology; 

 Introduce the novel ultrasonic reactor to other wet textile processes as dyeing; 

 Understand the antimicrobial mechanism of poly(catechin) and poly(catechin)-antibiotic 

conjugates; 

 Test the antimicrobial efficiency of the coated catheters against other bacterial species and 

even yeasts;  

 Test other antibiotics on the synthesis of catechin conjugates; 
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 Produce alternative polyphenolic compounds by laccase oxidation for the coating of 

indwelling catheters; 

 In vivo tests using indwelling catheters coated by poly(catechin) and poly(catechin)-

antibiotic conjugates;  

 Scale-up the enzymatic functionalization of indwelling catheters.  
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