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RESUMO

A presenga de contaminantes emergentes, especialmente firmacos e produtos
farmacéuticos, no meio ambiente tem se consolidado como uma preocupagdo global.
Essas substancias, devido a sua persisténcia e baixa biodegradabilidade, apresentam
desafios significativos para os sistemas de tratamento convencionais, o que resulta em
sua acumulacdo nos ecossistemas. Nesse contexto, as lacases emergem como
ferramentas promissoras de biorremediagdo por catalisarem reagdes sob condigdes
brandas, com alta eficiéncia e baixo impacto ambiental. Assim, esta tese teve como
objetivo analisar o potencial das lacases flngicas na biorremediacdo de farmacos por
meio de duas abordagens complementares: (i) um estudo cienciométrico, para mapear
tendéncias de pesquisa, redes de colaboracdo e lacunas tematicas; e (ii) uma
investigacao experimental, focada na producao e aplicacdo dos extratos brutos contendo
lacases fungicas na biorremediagdo de farmacos. O estudo cienciométrico revelou que
a pesquisa sobre lacases aplicadas a biorremediagdo de farmacos encontra-se em
expansao, concentrada principalmente em Ciéncias Ambientais, Engenharia Ambiental
e Microbiologia Aplicada a Biotecnologia. Foram identificados grupos de pesquisa
coesos, porém com conectividade limitada entre os clusters, reforcando a necessidade
de maior internacionalizagdo e cooperagdo interdisciplinar. Os periddicos
Chemosphere, Bioresource Technology e Environmental Science and Pollution
Research destacaram-se como veiculos centrais de publicagdo dos estudos. O
mapeamento de palavras-chave evidenciou foco em imobilizacdo, aguas residuais e
degradacao, com destaque para farmacos como diclofenaco, estrogénios, tetraciclina e
carbamazepina, ao passo que outros compostos como antitumorais € hormodnios
tireoidianos permanecem pouco explorados. Na etapa experimental, foram cultivadas
as espécies Agaricus blazei, Marasmiellus palmivorus VE111, Pycnoporus sanguineus
14G e Trametes sp. 50/90, as quais foram avaliadas quanto a cinética de
desenvolvimento micelial e aos parametros bioquimicos, tais como pH, consumo de
carboidratos, proteinas e producdo de lacases. Os extratos enzimaticos obtidos foram
posteriormente avaliados quanto & estabilidade de armazenamento e a capacidade de
biorremediacdo dos farmacos paracetamol e diclofenaco. Foram observados perfis
distintos de producdo enzimdtica, biomassa e metabolismo para cada cultivo. A
estabilizacdo com o glicerol e a liofilizacao viabilizaram a manuteng¢ao da atividade das

lacases no periodo de armazenamento. Na biorremedia¢do, M. palmivorus VE111



apresentou o maior percentual de degradagdo do paracetamol (96%), enquanto o A.
blazei para o diclofenaco (82%). Em conjunto, os resultados indicam que as lacases
fingicas constituem uma alternativa promissora, econdmica e sustentdvel para a
biorremediacdo de farmacos. A integragdo entre os achados cienciométricos e
experimentais fornece subsidios para o avango cientifico e tecnologico na darea,
orientando pesquisas futuras, politicas publicas e desenvolvimento de estratégias de

inovag¢do voltadas ao enfrentamento da contaminagdo ambiental por fArmacos.

Palavras-chave: oxidases multicobre, fungos, remediagdo biologica, insumos

farmacéuticos, cienciometria, estabilidade.



ABSTRACT

The presence of emerging contaminants, especially pharmaceuticals, in the
environment has become a global concern. Due to their persistence and low
biodegradability, these substances present significant challenges to conventional
treatment systems, resulting in their accumulation in ecosystems. In this context,
laccases emerge as promising bioremediation tools because they catalyze reactions
under mild conditions, with high efficiency and low environmental impact. Thus, this
thesis aimed to analyze the potential of fungal laccases in the bioremediation of
pharmaceuticals through two complementary approaches: (i) a scientometric study to
map research trends, collaboration networks, and thematic gaps; and (ii) an
experimental investigation focused on the production and application of crude extracts
containing fungal laccases in the bioremediation of pharmaceuticals. The scientometric
study revealed that research on laccases applied to the bioremediation of
pharmaceuticals is expanding, mainly concentrated in Environmental Sciences,
Environmental Engineering, and Microbiology Applied to Biotechnology. Cohesive
research groups were identified, but with limited connectivity between clusters,
reinforcing the need for greater internationalization and interdisciplinary cooperation.
The journals Chemosphere, Bioresource Technology, and Environmental Science and
Pollution Research stood out as central vehicles for the publication of studies. Keyword
mapping showed a focus on immobilization, wastewater, and degradation, highlighting
pharmaceuticals such as diclofenac, estrogens, tetracycline, and carbamazepine, while
other compounds such as antitumor drugs and thyroid hormones remain underexplored.
In the experimental stage, the species Agaricus blazei, Marasmiellus palmivorus
VEI111, Pycnoporus sanguineus 14G, and Trametes sp. 50/90 were cultivated, which
were evaluated for mycelial development kinetics and biochemical parameters such as
pH, carbohydrate and protein consumption, and laccase production. The enzymatic
extracts obtained were subsequently evaluated for storage stability and bioremediation
capacity of the pharmaceuticals acetaminophen and diclofenac. Distinct profiles of
enzymatic production, biomass, and metabolism were observed for each culture.
Stabilization with glycerol and lyophilization enabled the maintenance of laccase
activity during the storage period. In bioremediation, M. palmivorus VE111 showed the

highest percentage of acetaminophen degradation (96%), while 4. blazei showed the



highest degradation of diclofenac (82%). Taken together, the results indicate that fungal
laccases constitute a promising, economical, and sustainable alternative for the
bioremediation of drugs. The integration of scientometric and experimental findings
provides support for scientific and technological advancement in the field, guiding
future research, public policies, and the development of innovation strategies aimed at

tackling environmental contamination by pharmaceuticals.

Keywords: oxidases multicopper, fungi, biological remediation, pharmaceuticals,

scientometrics, stability.
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1. INTRODUCAO

O crescimento da populagdio mundial, os avangos em pesquisa e
desenvolvimento e o envelhecimento demografico tém contribuido para o aumento
significativo na demanda por servigos de saude e pelo consumo de medicamentos
(Estrada-Almeida et al., 2024). Este cenario tem contribuido para altera¢des ambientais,
uma vez que a producdo e o uso desses produtos em larga escala repercutem na
liberagdo de poluentes no meio ambiente (Ortlzar et al., 2022).

Poluentes sao substancias lancadas na natureza em concentracdes capazes de
causar desequilibrios ecoldgicos ou representar riscos a saide humana e ao meio
ambiente. Os micropoluentes correspondem a contaminantes presentes em baixas
concentragdes (ng/L a pg/L), mas que podem gerar impactos ambientais relevantes,
como toxicidade cronica, desregulagio hormonal, bioacumulacdo, resisténcia
microbiana e efeitos ecossistémicos de longo prazo, especialmente em ambientes
aquaticos (Silori et al., 2022). Dentre esses, os contaminantes emergentes sao
compostos quimicos ou agentes biologicos recentemente detectados no meio ambiente,
muitas vezes ainda pouco regulamentados e com potencial nocivo (Wang et al., 2024).
Assim, os farmacos classificam-se como microcontaminantes emergentes.

Farmacos comumente prescritos para uso humano e veterindrio, como
antibidticos, antifungicos, anticonvulsivantes, anti-inflamatorios, substancias
psicoativas, hormonios, B-bloqueadores, antirretrovirais e agentes antitumorais, ja
foram detectados em aguas superficiais, solos e lodo (Estrada-Almeida et al., 2024;
Guerra et al., 2014; Ortuzar et al., 2022; Silori et al., 2022; Tarcomnicu et al., 2011).
Muitos destes compostos sdo projetados para serem quimica e biologicamente estaveis,
afetando sua taxa de remoc¢do por meio de tratamento convencional de dgua, por
exemplo. Os anti-inflamatdrios ndo esteroidais e os analgésicos estdo entre os farmacos
que mais preocupam, pois a estrutura quimica implica em um perfil recalcitrante. Além
disso, héa o elevado consumo destes, tendo uma producdo anual estimada de centenas
de toneladas (Ortuzar et al., 2022).

A crescente preocupagdo com a contaminagdo ambiental por micropoluentes
emergentes, como os farmacos, tem intensificado a busca por solugdes inovadoras e
eficazes para minimizar seus impactos ambientais (Inamuddin, 2023). Diferentes
alternativas ja foram exploradas, incluindo processos avangados de oxidagdo, biosor¢ao

e tecnologias de membranas. Contudo, a biorremediacdo destaca-se como uma
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estratégia particularmente promissora, por aliar eficiéncia na remoc¢do de diversos
micropoluentes a sustentabilidade ambiental e econdmica (Estrada-Almeida et al.,
2024).

A biorremediacdo utiliza organismos vivos, enzimas ou consorcios microbianos
para degradar, transformar ou remover contaminantes, configurando-se como uma
abordagem sustentavel, de baixo custo e alinhada aos principios da bioeconomia
circular (Inamuddin, 2023). Diante disso, as lacases flingicas emergem como
ferramentas propicias devido a sua capacidade de catalisar reagdes de oxidagao. Estas
enzimas oxidorredutases pertencentes a superfamilia das oxidases multicobre podem
biotransformar distintas moléculas fendlicas e diversos principios ativos utilizados na
formulagdo de medicamentos (Bilal et al., 2019a).

Desde sua descoberta nos exsudatos da arvore laca oriental, as lacases tém sido
identificadas em diferentes origens biologicas, especialmente em fungos, nos quais
desempenham papéis essenciasi em processos fisiologicos, como a degradacdo da
lignina e a protec¢ao contra o estresse oxidativo (Arregui et al., 2019). Muitas espécies
de fungos de degradagdo branca, reconhecidas por sua habilidade excepcional de
degradar lignina, produzem lacases em quantidades elevadas, o que as torna
particularmente abundantes em ambientes naturais (Gianfreda et al., 1999).

As reagOes catalisadas por lacases apresentam a vantagem de gerar apenas agua
como subproduto, caracterizando-se como processos limpos e ambientalmente
adequados. Além disso, ocorrem sem a necessidade de reagentes agressivos ou
condig¢des reacionais extremas, atributos que refor¢gam seu potencial como ferramentas
ecologicas. Nesse contexto, as lacases flingicas configuram-se como alternativas
promissoras e sustentaveis para a biorremediacao de fArmacos em matrizes ambientais
(Naghdi et al., 2018).

A partir desse contexto, o presente estudo teve como objetivo elucidar as
principais tendéncias e desafios da pesquisa cientifica relacionados a aplicacdo de
lacases fungicas na biorremediagdo de farmacos. Paralelamente, foram produzidos
extratos brutos enzimaticos contendo lacases e avaliado seu desempenho na degradagao
de contaminantes emergentes, como diclofenaco e paracetamol, amplamente detectados

em matrizes aquaticas e reconhecidos por seus efeitos adversos ao meio ambiente.
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2. REVISAO DA LITERATURA

2.1  Aspectos gerais dos farmacos

Os farmacos sdo substancias de origem natural ou sintética capazes de alterar o
funcionamento celular ou tecidual dos organismos. Podem ser descritos como
sindnimos de substancia ativa, droga, matéria-prima ativa ou insumo farmacéutico ativo
(ANVISA, 2019). Quando submetidos as operagdes farmacéuticas, com a adi¢cao ou
ndo de excipientes e adjuvantes, originam os medicamentos, disponiveis nas mais
diversas formas farmacéuticas (Nirmal e Jain, 2018). De acordo com seu efeito
farmacoldgico, os farmacos podem ser classificados em diferentes grupos terapéuticos,
como anti-inflamatérios, analgésicos, antivirais, anticancerigenos, ansioliticos,
antidepressivos, antipsicoticos, anti-hipertensivos, antibacterianos, antiarritmicos e
diuréticos, entre outros (Bruton, 2013).

O uso global de medicamentos tem aumentado de forma expressiva nas ultimas
décadas. Estimativas apontam que, em 2028, mais de 3,8 trilhdes de doses diarias
definidas sejam consumidas em todo o mundo, um aumento de 400 milhdes em relagdo
ao nivel de 2023 (IQVIA, 2024). Esse crescimento esta associado ao envelhecimento
populacional, a expansao dos sistemas de saude, especialmente em paises de baixa e
média renda, e ao aumento da disponibilidade de terapias inovadoras. Além disso, o
mercado farmacéutico movimentou aproximadamente US$ 1,5 trilhdo em 2023,
refletindo ndo apenas a elevada demanda global, mas também a ampla diversidade de
moléculas em circulagdo (IQVIA, 2024).

No processo de desenvolvimento, as moléculas candidatas a farmacos precisam
apresentar propriedades quimicas e fisicas adequadas para garantir estabilidade,
biodisponibilidade, seguranca e eficicia terapéutica (Wong e Datla, 2005). A
estabilidade frente a condicdes de estresse, estabelecidas em compéndios e
regulamentagdes, busca avaliar a tendéncia de degradacao, assegurando a manutencao
da atividade farmacoldgica durante o maior tempo de prateleira possivel (Silva et al.,
2009). Entre os mecanismos mais comuns de degrada¢do quimica estdo a hidrolise,
oxidagdo, racemizacao e fotolise, embora processos de dimerizacao ou polimerizagado
também possam ocorrer (Aulton e Taylor, 2016).

A biodisponibilidade oral ¢ um dos critérios centrais no desenvolvimento de

farmacos. A regra de Lipinski descreve as propriedades desejaveis para que uma
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molécula apresente boa absor¢ao por esta via: até cinco doadores de ligagcdes de
hidrogénio e no maximo dez aceptores, massa molecular inferior a 500 Da e coeficiente
de parti¢do (logP) ndo superior a 5 (Lipinski et al., 2012). Em sua maioria, os firmacos
sd0 compostos organicos que contém diferentes fungdes quimicas, como alcoois,
aminas, cetonas, acidos carboxilicos e ésteres (Figura 1). Estas funcdes sao
fundamentais para a interagdo com alvos biologicos e determinantes de propriedades

como solubilidade, reatividade e seletividade (Barreiro e Fraga, 2015).
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Figura 1: Diversidade de grupos funcionais comumente presentes nas moléculas dos

farmacos. Imagem retirada de Barreiro e Fraga (2015).

Apo6s a administracdo, os fArmacos sofrem processos de absorc¢ao, distribuigao,
metabolismo e excrecdo. As reagdes de biotransformag¢do visam aumentar a
solubilidade dos compostos, favorecendo sua eliminagdo. Na fase I, predominam
reacdes de oxidagdo, redugdo e hidrdlise, catalisadas principalmente por enzimas do
complexo citocromo P450, localizadas no figado e no trato gastrointestinal. Ja na fase
II, ocorrem reacdes de conjugacdo, como glicuronidagdo, sulfatagdo e acetilagdo, que

aumentam a polaridade dos metabolitos, facilitando sua excre¢do. A eliminagdo ocorre
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por diferentes vias, sendo a renal a mais importante, por meio da excre¢do urindria
(Bruton, 2013).

Apesar dos mecanismos de bitransformagdo, uma fra¢do significativa dos
farmacos ¢ excretada inalterada (Barreiro e Fraga, 2015). Assim, os farmacos integros,
bem como seus metabolitos, chegam ao esgoto, que podera ser tratado antes de chegar
ao ecossistema. Entretanto, estudos tém verificado que muitos farmacos e seus
metabolitos ndo sdo completamente eliminados pelas estacdes de tratamento de aguas
e esgoto, transformando-os em poluentes ambientais (Estrada-Almeida et al., 2024;
Fram e Belitz, 2011; Vaudin et al., 2022).

Nas condi¢des ambientais, as moléculas dos farmacos podem apresentar
diferentes graus de degradagdo, variando de acordo com fatores fisico-quimicos e
bioldgicos presentes nos ecossistemas (Quadra et al., 2017). Desde o momento em que
sdo liberadas no ambiente até sua completa transformacao, esses compostos podem
sofrer alteracdes estruturais diversas, cujos efeitos tém sido amplamente discutidos em
estudos ecotoxicoldgicos (dos Santos et al., 2024). Nesse contexto, torna-se necessaria
a adogdo de estratégias que acelerem e otimizem a degradagdo desses contaminantes,
tanto em estagdes de tratamento de esgoto quanto em processos de obtencdo de agua

potavel.

2.2  Farmacos como micropoluentes ambientais

Os setores industrial, urbano e agricola utilizam uma ampla variedade de
produtos quimicos em suas atividades, muitos alcangam o ecossistema, podendo
provocar sérios impactos a satde humana e ambiental (Wang et al., 2024). Essas
substancias sdo denominadas poluentes (Aquino et al., 2013; Lima et al., 2017). Quando
presentes em concentragcdes muito baixas (ng/L ou png/L), recebem a designagdo de
micropoluentes ou contaminantes emergentes, que incluem pesticidas, poluentes
organicos persistentes, hormonios, surfactantes, produtos de cuidados pessoais,
microplasticos e farmacos, muitas dessas substancias também podem ser classificadas
como desreguladores endocrinos (dos Santos et al., 2024; Ebele et al., 2017).

O avanco tecnologico e o envelhecimento populacional impulsionaram a industria
farmacéutica, aumentando a demanda por insumos de saude. Dentre eles, os
medicamentos representam a principal tecnologia empregada na detecgdo, prevengao e

tratamento de doencas (IQVIA, 2024; Lubick, 2010; Wang et al., 2024). Nesse
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contexto, € necessario considerar todo o ciclo de vida desses produtos, desde a sintese
e producdo até o consumo e descarte, uma vez que cada etapa pode contribuir para a

liberagdo de poluentes no ambiente (Figura 2).
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Figura 2: Principais rotas de introducdo de farmacos e outros contaminantes
emergentes no meio ambiente, provenientes de atividades humanas, veterindrias,
agricolas e industriais. As setas indicam o percurso desses compostos até os corpos
d’agua superficiais e subterraneos, bem como sua reentrada no ciclo da agua potavel.

Imagem adaptada de Ortazar et al. (2022).

As propriedades fisico-quimicas dos farmacos ndo possibilitam generalizagdes
sobre seu comportamento em diferentes matrizes ambientais (Estrada-Almeida et al.,
2024). Enquanto o ibuprofeno pode levar mais de 400 dias para se degradar por fotolise,
o 4cido clofibrico e o diazepam apresentam tempos de biodegradacdo de cerca de 119
e 300 dias, respectivamente, em ambientes aquaticos (Quadra et al., 2017). A baixa ou
moderada biodegradabilidade favorece sua persisténcia e ampla ocorréncia ambiental,
ja documentada em 71 paises de todos os continentes (Figura 3) (aus der Beek et al.,
2016; Suleiman et al., 2024).

Na maioria dos paises, ainda ndo ha regulamentacdo especifica que estabelega

limites para a presenca de firmacos em matrizes ambientais, o que evidencia uma
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lacuna importante frente ao acimulo crescente desses contaminantes (Estrada-Almeida
et al., 2024; Patel et al., 2019). Algumas iniciativas, contudo, j& estdo em andamento. A
Unido Europeia incluiu compostos como diclofenaco e hormonios (17a-etinilestradiol
e 17pB-estradiol) na lista de substancias prioritarias para monitoramento em aguas
superficiais, sinalizando a preocupacao com riscos ecotoxicoldgicos (EEA, 2010). Da
mesma forma, paises como Suécia e Alemanha avangaram na formulacao de diretrizes
para avaliacdo e controle de residuos farmacéuticos em efluentes (Patel et al., 2019). A
Australia, por sua vez, exerceu papel pioneiro no estabelecimento de diretrizes
especificas para farmacos em 4agua potavel (Pomati, 2007). Esses exemplos

demonstram que, embora incipiente, o processo regulatorio internacional vem

ganhando espaco ¢ pode servir de modelo para outras nagdes.
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Figura 3: Distribui¢do global do numero de substincias farmacéuticas detectadas em
aguas superficiais, subterraneas e potaveis. O mapa evidencia a variagdo no numero de
compostos identificados em diferentes paises, refletindo desigualdades no
monitoramento e na ocorréncia de farmacos no ambiente. Imagem adaptada de aus der

Beek et al. (2016).

No Brasil, ja foram detectados em sistemas de abastecimento de agua farmacos
como 4cido acetilsalicilico, ibuprofeno, paracetamol, diclofenaco, genfibrozila,
naproxeno, sulfametoxazol, trimetoprima, benzafibrato, estrona, estradiol,
etinilestradiol e estriol (Dias, 2014). No Rio Dilavio, em Porto Alegre-RS, oito
antibioticos, entre eles azitromicina, ciprofloxacino e sulfametoxazol, foram

encontrados em todas as amostras coletadas ao longo de dois anos (Arsand et al., 2020).
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Na Baia de Guanabara (RJ), a presenca de Escherichia coli com genes de resisténcia a
antibioticos reflete contaminacao por esgotos domésticos e industriais (Gongalves et
al., 2019), enquanto bactérias resistentes ja foram detectadas também em estagoes de
tratamento de esgoto (Wang et al., 2020).

Situagdo semelhante tem sido relatada em diversos paises. Na Inglaterra, sete
drogas psicoativas foram detectadas em agua potavel (Peng et al., 2019), e a risperidona
foi encontrada em concentragdes variando de 0,0014 a 0,0034 pg/L em diferentes
ambientes aquaticos (Kalichak et al., 2017). Na Africa do Sul, o antifungico fluconazol
apresentou frequéncia de 96% em amostras de dgua potavel, com concentracdes
superiores a 9959 ng/L (Assress et al., 2020). Além disso, hospitais constituem fontes
relevantes de contaminagdo, ja que seus efluentes apresentam ampla diversidade de
farmacos. No Brasil, enalapril, metformina, paracetamol e tetraciclina foram detectados
em amostras de efluentes hospitalares (Chiarello et al., 2016), enquanto na Espanha
foram identificados outros 17 farmacos em condi¢des semelhantes (Souza et al., 2017).

Entre os farmacos mais consumidos globalmente, destacam-se os analgésicos
(ex.: paracetamol, oxicodona) e anti-inflamatorios (ex.: diclofenaco, ibuprofeno,
naproxeno), que, devido ao seu uso recorrente ¢ em larga escala, constam entre os
contaminantes mais frequentes em diferentes matrizes ambientais (Estrada-Almeida et
al., 2024; Ortuzar et al., 2022; Placova et al., 2023). O diclofenaco, por exemplo,
apresenta elevada persisténcia no meio aquatico, com baixa taxa de biodegradagado, o
que favorece sua bioacumulagdo e o estabelecimento de efeitos adversos bem
documentados como lesdes renais e hepaticas em peixes, comprometimento do
desenvolvimento embrionario, alteracdes comportamentais e reducdo do sucesso
reprodutivo em organismos aquaticos ndo-alvo (Duarte et al., 2024; Lonappan et al.,
2016). Ja o paracetamol, embora mais suscetivel a degradacdo, também tem sua
toxicidade j& evidenciada, sendo associado a efeitos hepatotoxicos e nefrotoxicos em
organismos aquaticos expostos, além de potenciais riscos para a satde humana em
exposicao cronica (Phong Vo et al., 2019; Vieira et al., 2024).

Os farmacos raramente ocorrem isoladamente no ambiente, estando geralmente
presentes em misturas complexas com outros compostos (Suleiman et al., 2024). Nessas
condigdes, suas interacdes podem gerar efeitos somativos, resultando em respostas mais
severas (Biatk et al., 2022). Embora alguns efeitos antagonicos tenham sido observados,
estudos indicam que a tendéncia predominante ¢ o aumento da toxicidade quanto maior

a quantidade de fArmacos combinados, como demonstrado por dos Santos et al. (2024).
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O tratamento de efluentes contendo farmacos ¢ desafiador, pois as matrizes de
aguas residuais comumente apresentam composi¢do complexa, caracterizada por
elevada carga organica, presencga de sais e toxicidade microbiana, fatores que dificultam
sua biodegradacdo (Guo et al., 2017). O tratamento convencional de dgua e esgoto
combina processos fisicos, quimicos e bioldgicos, como filtracao, sedimentagao,
flotacao, hidrolise, oxidacdo e decomposicdo microbiana porém, sua eficiéncia €
questionavel (Mutegoa, 2024; Patel et al., 2019). Gracia-Lor et al. (2012) constataram
que, de 50 farmacos analisados antes e depois do tratamento em uma estagdo de esgoto,
17 ainda foram detectados no efluente final. Outro estudo concluiu que a eficiéncia de
remocdo de contaminantes depende fortemente da tecnologia adotada nas estagdes de
tratamento de aguas residuais. Estacdes com leitos filtrantes percoladores alcangaram
menos de 70% de remogao dos 55 produtos farmacéuticos analisados, enquanto aquelas
baseadas em lodo ativado apresentaram eficiéncia significativamente maior, acima de
85% (Kasprzyk-Hordern et al., 2009).

A remog¢ao de anti-inflamatérios nao esteroides (AINEs) em estagdes de
tratamento de agua e esgoto apresenta grande variabilidade e, na maioria dos casos,
eficiéncia insuficiente, com compostos como diclofenaco, naproxeno e cetoprofeno
frequentemente persistindo mesmo apds o tratamento (Archer et al., 2017; Guerra et
al., 2014). As tecnologias convencionais raramente ultrapassam 50-70% de remogado
para esses farmacos, sendo influenciadas por fatores sazonais, temperatura e limites
analiticos de deteccdo (Golovko et al., 2014; Petrie et al., 2015). Mesmo processos
avangados, como fotocatalise, ozonizagdo e reagdes de oxidacdo avangada (POAs),
embora capazes de atingir altas taxas de degradacdo, envolvem custos elevados,
complexidade operacional e risco de formacdo de subprodutos toxicos (Souza et al.,
2017). Alternativas como biorreatores com membranas e adsorventes (carvao ativado,
zeolitas, argilas e biossorventes) tém demonstrado melhores resultados, mas ainda
enfrentam desafios de escalabilidade, regeneracao e viabilidade econdmica (Clara et
al., 2005; Nguyen et al., 2016; Patel et al., 2019).

Assim, apesar do avango tecnoldgico, nenhum método isolado se mostra
plenamente eficaz, evidenciando a urgéncia por solugdes integradas e sustentaveis
capazes de garantir a remog¢ado segura desses contaminantes emergentes (Patel et al.,
2019). Entre as alternativas promissoras, a biorremediacdo enzimatica se destaca por
ser ecoldgica e economicamente vidvel em comparagdo a técnicas fisico-quimicas

convencionais ¢ de oxidagdo avangada (Inamuddin, 2023).
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2.3 Conceitos fundamentais sobre enzimas

A palavra enzima deriva dos termos gregos en (“dentro”) e zume (“levedura”).
Foi utilizada pela primeira vez pelo fisiologista alemao Frederick Wilhelm Kiihne, em
1878, ao descrever a capacidade da levedura de produzir alcool a partir de actcares
(Gutfreud, 1976; Robinson, 2015).

Com exce¢do de poucos RNAs cataliticos, todas as enzimas conhecidas sdo
proteinas. Elas funcionam como catalisadores, acelerando a transformacao de
substratos em produtos (Nelson e Cox, 2011). As enzimas estdo no centro de cada
processo bioquimico, possuindo papel fundamental no metabolismo celular (Junqueira
e Carneiro, 2023). Dentro das células, costumam se associar a outras biomoléculas,
como proteinas, dacidos nucleicos, polissacarideos e lipidios. Ja as enzimas
extracelulares, também chamadas de exoenzimas, sao produzidas na célula e depois
liberadas para o ambiente externo (Copeland, 2023).

Quando as enzimas sdo extraidas de sua origem bioldgica, podem ser
empregadas na catdlise de processos biotecnoldgicos comercialmente importantes,
como na fermentagdo, no cultivo de células e na producao de farmacos (Porter, 2016).
Geralmente s3o necessarias em baixas concentragoes e exibem especificidade
consideravel (Farhan et al., 2025). Algumas enzimas sdo altamente especificas, como a
glicose oxidase, enquanto outras apresentam especificidade por grupos funcionais
peculiares, como a fosfatase alcalina, que atua nos grupos fosfato de diversas moléculas
(Robinson, 2015). Essa especificidade decorre das caracteristicas unicas do sitio ativo,
sendo determinante em ensaios analiticos e dispositivos como biossensores,
empregados na deteccdo de analitos em misturas complexas (Sodhi et al., 2024) .

Duas teorias classicas explicam a interagdo entre enzima e substrato: a teoria da
chave-fechadura e a teoria do encaixe induzido (Nelson e Cox, 2011). Proposta por
Fischer, no inicio do século XX, a teoria da chave-fechadura sugere que o substrato (a
chave) se encaixa perfeitamente no sitio ativo da enzima (a fechadura), dependendo da
complementaridade estrutural, polaridade e tamanho. Ja a teoria do encaixe induzido,
proposta por Koshland na década de 1960, defende que o sitio ativo ¢ flexivel, sofrendo
pequenas alteracdes conformacionais quando o substrato se aproxima, o que facilita a

interacao (Robinson, 2015).
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Estruturalmente, a macromolécula enzimatica pode ser dividida em duas
regides: o microambiente do sitio ativo e o restante da proteina. O sitio ativo, por sua
vez, possui duas sub-regides: o sitio de ligacdo, responsavel pelo reconhecimento e
encaixe do substrato, e o sitio catalitico, onde ocorre a transformagdo quimica
(Copeland, 2023). A complementaridade entre enzima e substrato envolve o ajuste
estereoquimico, a compatibilidade eletrostatica, as interagdes hidrofébicas e as ligagdes
de hidrogénio. Para o reconhecimento adequado, ¢ necessario, no minimo, trés pontos
de contato entre as estruturas (Robinson, 2015).

A atividade o6tima das enzimas esta intrinsecamente relacionada a manutengao
de suas conformagdes nativas, uma vez que a desnaturacdo ou dissociacao das
subunidades geralmente resulta na perda da funcdo catalitica (Nelson e Cox, 2011).
Diversos fatores podem afeta-la, incluindo aspectos fisico-quimicos (pH, temperatura,
forca i6nica, atividade de dgua), quimicos (ativadores, inibidores, estabilizadores) e
fisicos (pressao, forcas de cisalhamento) (Klibanov, 2001). Tais variaveis podem
induzir alteragdes reversiveis ou irreversiveis na estrutura proteica, impactando a taxa
da reagdo catalisada (Copeland, 2023). No entanto, quando a degradacdo da enzima
atinge o nivel dos aminoécidos constituintes, a atividade catalitica € irreversivelmente
perdida (Gianfreda e Scarfi, 1991). Assim, a integridade das estruturas primaria,
secunddria, tercidria e quaternaria ¢ indispensavel para a manutencdo da atividade
enzimatica (Vitolo et al., 2015).

Quanto a nomenclatura, a maioria das enzimas recebe nomes terminados em -
ase, geralmente associados a reacdo catalisada ou ao substrato envolvido (ex.: glicose
oxidase, alcool desidrogenase, piruvato descarboxilase) (Nelson e Cox, 2011). Enzimas
proteoliticas, contudo, tradicionalmente possuem o sufixo -ina (ex.: tripsina,
quimotripsina, papaina). Alguns nomes historicos, como invertase e catalase, ndo
fornecem informagodes claras sobre o substrato ou reagao (Robinson, 2015; Vitolo et al.,
2015). Para reduzir ambiguidades, a Unido Internacional de Bioquimica estabeleceu a
Comissao de Enzimas, responsavel pela padronizacao da nomenclatura. Nesse sistema,
cada enzima recebe um niimero de quatro digitos (EC), em que o primeiro indica a
classe de reagdo catalisada, enquanto os demais detalham o tipo de substrato e o
mecanismo envolvido (Robinson, 2015). O Banco de Dados de Nomenclatura de
Enzimas (http://enzyme.expasy.org) constitui uma fonte confiavel para consulta.

O estudo das enzimas transcende os limites da biologia basica, consolidando-se

como um pilar essencial tanto na medicina moderna quanto em diversas areas da
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biotecnologia. No contexto médico, sua relevancia ¢ evidente, uma vez que doengas
genéticas hereditarias podem resultar da deficiéncia ou auséncia completa de
determinadas enzimas, enquanto outras enfermidades estdo associadas a atividade
exacerbada dessas biomoléculas (Nelson e Cox, 2011). Além disso, inimeros farmacos
atuam por meio da modulacdao da atividade enzimatica, reforcando sua importancia
terapéutica (Bruton, 2013). Para além da medicina, as enzimas tém papel estratégico na
biotecnologia industrial e ambiental, visto que o desenvolvimento de tecnologias
inovadoras demanda catalisadores altamente eficientes, seletivos e ambientalmente
sustentaveis, caracteristicas que tornam essas biomoléculas insubstituiveis em
diferentes aplicacoes (Couto e Herrera, 2006; Farhan et al., 2025). Entre elas, destacam-
se as lacases, oxidases multicobre com grande potencial em processos de

biorremediacdo e em outras aplica¢des de interesse biotecnologico (Steinbiichel, 2020).

2.3.1 Caracteristicas gerais das lacases

As lacases (EC 1.10.3.2) sdo enzimas oxidorredutases com atividade polifenol
oxidase, pertencentes a superfamilia das oxidases multicobre, que também inclui
ascorbato oxidases (EC 1.10.3.3) e ferroxidases (EC 1.16.3.1), entre outras. A atividade
catalitica dessas enzimas depende de ions cobre, os quais participam da oxidacao de
diferentes substratos, acoplada a reducdo de O a H>O, gerada como subproduto da
reacao (Hakulinen e Rouvinen, 2015).

O primeiro registro cientifico sobre lacase remonta a Yoshida (1883), que
descreveu a composi¢ao quimica e as reacdes de oxidacdo promovidas pelo exsudato
da arvore popularmente conhecida como laca oriental (7oxicodendron vernicifluum,
anteriormente Rhus vernicifera) (Yoshida, 1883). No entanto, Bertrand, em 1894, foi
responsavel por nomear a enzima, apds observar a oxidacdo de moléculas orgénicas
com funcao fenolica em seus experimentos (Wisniak, 2014). Mais tarde, Nakamura
(1960) e Omura (1961) realizaram sua purificagdo e elucidagdo do mecanismo de
reacao (Nakamura, 1960; Omura, 1961).

Além das plantas, as lacases foram identificadas em fungos, bactérias e insetos,
0 que as torna uma das enzimas amplamente distribuidas na natureza, desempenhando
multiplos papéis fisioldgicos (Figura 4) (Aza e Camarero, 2023; Wisniak, 2014). Em
bactérias, contribuem para a sintese de pigmentos, esporulagdo e prote¢do contra

estresse oxidativo e radiacdo ultravioleta. Nas plantas, estdo associadas a lignificacao
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da parede celular, além de processos de resposta a danos e ao estresse ambiental
(Polaina e MacCabe, 2007). Nos insetos, participam da esclerotizagdo da cuticula e da
pigmentacdo (Steinbiichel, 2020). J& nas espécies fungicas, além de func¢des
relacionadas a protecdo, viruléncia e formacgao de pigmentos, as lacases tém como papel

mais estudado a biodegradagdo da lignina (Edens et al., 1999; Steinbiichel, 2020).

PLANTAS
Lignifica¢do
Cicatrizaco

BACTERIAS

Figura 4: Funcdes biologicas atribuidas as lacases em diferentes grupos de organismos.
O diagrama de Venn destaca os papéis especificos dessas enzimas em plantas, fungos,
bactérias e insetos, bem como suas fung¢des compartilhadas, como detoxificacdo e

defesa contra agressores. Imagem adaptada de Janusz et al. (2020).

2.3.1.1 Lacases flingicas

Os fungos filamentosos desempenham papel essencial na decomposi¢ao da
lignocelulose, sendo indispensaveis ao ciclo do carbono na Terra, a formagao de matéria
htimica no solo e a manuten¢do da estrutura fina do solo. Entre eles, os decompositores
de madeira pertencem principalmente aos filos Basidiomycota e Ascomycota,
especializados na degradagdo dos componentes da parede celular do xilema, como
celulose, hemiceluloses, ligninas e extrativos (Janusz et al., 2020).

A capacidade de decompor os polimeros aromaticos da lignina ¢ particularmente
evidente nos basidiomicetos de degradacdo branca. Essa atividade ¢ mediada pela
secrecdo de acidos organicos, metabodlitos secundarios e enzimas oxidorredutoras,
como heme peroxidases e lacases, codificadas por familias de genes divergentes nesses

fungos (Dwivedi et al., 2011; Peralta et al., 2017). Por outro lado, os basidiomicetos de



28

degradacao parda dependem mais de mecanismos ndo enzimaticos para degradar a
celulose e modificar a lignina (Lundell et al., 2010).

As lacases estdo amplamente distribuidas entre as classes dos ascomicetos,
deuteromicetos e basidiomicetos (Dwivedi et al., 2011). Estudos indicam que o numero
de genes de lacase em basidiomicetos varia significativamente conforme o ambiente:
organismos provenientes de solos florestais ricos em lignina apresentam de 5 a 10 vezes
mais genes de lacase do que aqueles de ambientes com baixo teor de lignina, sugerindo
uma adaptacao funcional a disponibilidade de substratos lignocelulosicos (Janusz et al.,
2020). Além disso, observa-se uma consideravel diversidade de isoenzimas produzidas.
Por exemplo, na espécie Pleurotus ostreatus, oito diferentes isoformas de lacase foram
sintetizadas, das quais seis foram caracterizadas (Torres-Farradd et al., 2024). A
presenga de familias génicas tdo complexas e a variedade de isoenzimas provavelmente
refletem os distintos papéis fisiologicos desempenhados pela lacase ao longo do ciclo
de vida dos fungos (Lundell et al., 2010).

A secrecdo de lacases ¢ uma resposta adaptativa dos fungos a condigdes
ambientais desfavoraveis, incluindo a presenga de microrganismos competidores,
metais, toxinas, xenobidticos e outros compostos biologicamente ativos (Eggert, 1997;
Janusz et al., 2020). Essas enzimas oxidam ndo apenas compostos fendlicos, mas
também moléculas ndo fenolicas, como aminas aromaticas, hidrocarbonetos
policiclicos aromaticos, corantes sintéticos, antibioticos € outros substratos atipicos
(Mikolasch e Schauer, 2009). Consequentemente, as lacases funcionam como
ferramentas enzimaticas versateis na detoxificacdo de compostos naturais e sintéticos,
desempenhando um papel central nos mecanismos de defesa ativa dos fungos (Janusz
et al., 2020).

Devido a sua ampla versatilidade catalitica, as lacases fungicas despertam
crescente interesse industrial (Couto e Herrera, 2006; Mate e Alcalde, 2015). Na
industria téxtil, as lacases de Trametes versicolor e Myceliophthora thermophila,
disponiveis em formulagdes comerciais, sdao utilizadas na estonagem de tecidos e na
descoloracdo de corantes sintéticos em efluentes, contribuindo para processos mais
eficientes e ambientalmente sustentaveis (Patel et al., 2018). Na industria de papel e
celulose, essas enzimas auxiliam no branqueamento e na remoc¢ao de lignina residual
das polpas, reduzindo a necessidade de reagentes quimicos agressivos, como o cloro e
seus derivados (Debnath e Saha, 2020). No setor alimenticio, as lacases promovem

reagdes de homo- e heteropolimerizacdo, sendo empregadas na estabilizagdo de vinhos
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e cervejas, no processamento de sucos de frutas, na panificagdo, na melhoria de
parametros sensoriais de alimentos e na gelificagao de pectina (Lettera et al., 2016;
Mate e Alcalde, 2017).

Além dessas aplicagdes industriais consolidadas, os pesquisadores tém
investigado o potencial das lacases flingicas em campos emergentes, como a
biorremediacao de farmacos e a biossintese de moléculas de interesse terapéutico (Mate
e Alcalde, 2015; Mogharabi e Faramarzi, 2014). Nesse contexto, as enzimas atuam
como catalisadores em reagdes de acoplamento oxidativo e na modificacio estrutural
de compostos aromaticos, possibilitando a sintese de intermediarios farmacéuticos,
alcaloides e derivados fenolicos com propriedades antioxidantes, antimicrobianas e
antitumorais (Hahn, 2023; Mikolasch e Schauer, 2009; Mogharabi e Faramarzi, 2014).
Adicionalmente, as lacases tém se mostrado promissoras na degradagdo de
contaminantes emergentes, incluindo firmacos recalcitrantes como analgésicos, anti-
inflamatorios e antibidticos, contribuindo para a reducdo do risco ecotoxicologico e
promovendo processos de tratamento ambiental mais sustentaveis (Arregui et al., 2019;

Yang et al., 2017).

2.3.1.1.1 Aspectos estruturais e funcionais das lacases fliingicas

As lacases desempenham maultiplas funcdes fisioldgicas nos fungos, estando
envolvidas em processos essenciais como pigmentacdo associada ao desenvolvimento
(Langfelder et al., 2003), formacao de corpos de frutificacdo, morfogénese, esporulacdo
(Janusz et al., 2020), desintoxica¢do de compostos xenobioticos (Torres-Farrada et al.,
2024) e patogénese (Eggert, 1997). Essas funcdes contribuem diretamente para a
sobrevivéncia, adaptagdo ambiental e sucesso ecologico dos fungos em diferentes
habitats, especialmente em ambientes ricos em matéria organica complexa (Dwivedi et
al., 2011; Polaina e MacCabe, 2007).

No contexto do desenvolvimento flingico, as lacases participam da sintese e
polimerizacdo de pigmentos fendlicos, como melaninas, os quais estdo associados a
protecdo contra radiacdo UV, estresse oxidativo e ataque microbiano, além de
desempenharem papel estrutural durante a diferenciacdo celular e a formacao de
estruturas reprodutivas (Langfelder et al., 2003; Polaina e MacCabe, 2007). Essas
enzimas também tém sido implicadas na formagdo de corpos de frutificacdo e na

esporulacdo, atuando na remodelacdo da parede celular e na regulacdo de processos
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morfogenéticos dependentes de oxidacao fendlica (Janusz et al., 2020; Lundell et al.,
2010).

Um exemplo claro da contribuicdo das lacases para a defesa quimica e
sobrevivéncia fungica € sua participacdo na biossintese do 4cido cinabarico em
Pycnoporus cinnabarinus, um metabolito secundario com atividade antibacteriana que
confere protecdo contra a competi¢do microbiana e predagao (Eggert, 1997). Além
disso, as lacases desempenham papel relevante na desintoxicacdo de compostos
fenolicos toxicos, permitindo que os fungos tolerem ambientes contaminados e
metabolizem substancias potencialmente nocivas (Dwivedi et al., 2011; Torres-Farrada
et al., 2024).

Do ponto de vista ecologico e biogeoquimico, as lacases destacam-se pela sua
atua¢do na degradagdo da lignina, processo central para o apodrecimento da madeira e
para a ciclagem do carbono em ecossistemas terrestres (Torres-Farradé et al., 2024).
Nessa fungdo, as lacases atuam de forma sinérgica com outras enzimas oxidativas,
como peroxidases ligninoliticas, bem como com enzimas hidroliticas e mediadores
redox de baixo peso molecular, ampliando o espectro de substratos oxidados e
promovendo a despolimeriza¢do da lignina (Christopher et al., 2014).

A localizagao celular dessas enzimas esta intimamente associada a sua funcao
fisiologica e a disponibilidade de substratos (Polaina e MacCabe, 2007). As lacases
intracelulares participam da transformacdo de compostos fenodlicos de baixo peso
molecular, enquanto aquelas ancoradas na parede celular estdo frequentemente
relacionadas a formacao de melaninas e outros polimeros protetores da parede fungica
(Baldrian, 2006).

Estruturalmente, as lacases apresentam uma conformacao tridimensional
altamente conservada, com quatro sitios de ligagdo ao substrato e quatro sequéncias de
aminodcidos que atuam como ligantes de cobre (Hakulinen e Rouvinen, 2015). A lacase
fingica tipica € uma glicoproteina com massa molecular aproximada de 50-130 kDa e
ponto isoelétrico 4acido (pl) entre 2,6 e 4,5. Observa-se consideravel heterogeneidade
nas propriedades das lacases isoladas de fungos, especialmente em relagdo a massa
molecular (Ba et al., 2013; Baldrian, 2006; Torres-Farrada et al., 2024). Geralmente sao
monomeéricas, embora formas diméricas ou tetraméricas também tenham sido relatadas
(Baldrian, 2006; Dwivedi et al., 2011). Cada cadeia polipeptidica se dobra em trés

dominios do tipo cupredoxina (D1, D2 e D3), formados por folhas 8 dispostas em uma
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estrutura classica, contendo no minimo quatro atomos de cobre por monomero (Figura

5).

Figura 5: Estrutura tridimensional de uma lacase fungica monomérica. As cores
distintas evidenciam os trés dominios estruturais da enzima, enquanto os ions de cobre,
representados por esferas laranja, indicam os centros cataliticos responsaveis pela

atividade oxidativa. Imagem adaptada de Hakulinen e Rouvinen (2015).

Os ions de cobre sdo classificados quanto as propriedades espectroscopicas: T1
(cobre tipo 1 ou azul, absor¢do ~600 nm), T2 (cobre tipo 2 ou normal, sem absorc¢ao
visivel) e T3 (cobre binuclear tipo 3, absor¢cao ~330 nm) (Mehra et al., 2018). Os cobres
T2 e T3 formam o cluster trinuclear, conectado ao sitio do cobre T1 por meio da triade
conservada His-Cys-His, composta por dois ligantes de histidina dos cobres T3 € um
ligante de cisteina do cobre T1 (Polaina e MacCabe, 2007).

O sitio de ligacao, localizado proximo ao centro catalitico T1, ¢ formado por
loops flexiveis que variam em tamanho, conformacdo e composi¢do de residuos de
aminoacidos entre diferentes lacases. Essa diversidade estrutural modula as interagdes
enzima-substrato e contribui para a ampla especificidade e capacidade oxidativa dessas
enzimas (Dwivedi et al., 2011). As lacases sdo frequentemente descritas como “enzimas
azuis”, devido a absor¢do em 600 nm; contudo, condigdes especificas de cultivo podem
favorecer a produgdo de variantes com absor¢ao na faixa amarela (Leontievsky et al.,

1997).
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O potencial redox (E°), definido como a energia necessaria para a remocao de
um elétron de um substrato redutor com consequente formacao de um radical cation,
constitui uma das caracteristicas relevantes das lacases fungicas (Polaina e MacCabe,
2007). Conforme a estrutura e o potencial redox de seus centros de cobre, em especial
do cobre T1, essas enzimas sdo classificadas em baixo, médio ou alto potencial redox
(Mate e Alcalde, 2015). As lacases fungicas se enquadram nas classes de potencial
redox médio e alto. O grupo de lacases de potencial redox médio inclui enzimas de
ascomicetos e basidiomicetos, com um E°’t; variando de +460 a +710 mV vs. Eletrodo
Padrao de Hidrogénio (EPH). As lacases de alto potencial redox sdo produzidas
principalmente por fungos basidiomicetos de degradacdo branca, com um E°’1; entre
+730 a +790 mV vs. EPH, o que lhes permite extrair elétrons de uma ampla gama de
substratos (Mate e Alcalde, 2015; Torres-Farrada et al., 2024). Em contraste, as lacases
de origem bacteriana e vegetal sdo classificadas como enzimas de baixo potencial redox
(E° <+460 mV vs. EPH) (Dwivedi et al., 2011; Mate e Alcalde, 2015). Essa propriedade
justifica o destaque das lacases fungicas na biorremediagdo ¢ na degradacdo de
compostos aromaticos recalcitrantes, tornando-as especialmente atrativas para

aplicagdes biotecnologicas (Couto e Herrera, 2006; Yang et al., 2017).

2.3.1.1.2 Producao de lacases fungicas

A produgdo de lacases em larga escala ¢ um requisito essencial para sua
aplica¢do em processos industriais e ambientais (Polaina e MacCabe, 2007; Yang et al.,
2017). Diversas estratégias tém sido investigadas para viabilizar esse objetivo (Figura
6) (Brijwani et al., 2010; Debnath e Saha, 2020). Como enzimas tipicas do metabolismo
secundario, as lacases apresentam sua sintese fortemente modulada por fatores
externos. Assim, pardmetros como pH, aeragdo, agitagdo, temperatura, umidade e
disponibilidade de nutrientes afetam diretamente o rendimento enzimatico (Brijwani et
al., 2010; Schneider et al., 2018; Yang et al., 2017).

As formulagdes dos meios de cultivo dos fungos sdo desenvolvidas visando a
viabilidade econdmica, a escalabilidade e a reprodutibilidade (Brijwani et al., 2010;
Gianfreda et al., 1999). Nesse contexto, residuos agroindustriais, tanto so6lidos quanto
liquidos, tém sido amplamente utilizados como fontes de nutrientes. Exemplos incluem
bagaco de maca, celulose e papel (Lonappan et al., 2017), casca de melancia (Caloglu

e Binay, 2023), cascas de tucuma e pupunha (Lotas et al., 2024), casca de café e polpa
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de citricos (Almeida et al., 2018), além de efluentes como aguas residuais de moinhos
de azeite (Lakhtar et al., 2010). O aproveitamento desses residuos nao apenas reduz
custos, mas também agrega valor a materiais de baixo aproveitamento e contribui para
areducdo do impacto ambiental associado ao seu descarte inadequado (Debnath e Saha,

2020).

Producao de Lacases -
Controles Epressao
* pH ; " - Homéloga
care= 2] | Fatores Meio de Engenharia - 'og
. ﬁg;taacgéaoo =‘ h { Ambientais Cultivo Genética ’ > - Heterdloga
* Umidade
* Temperatura
Fonte de Fonte de Indutores Estado Fisico
Carbono Nitrogénio .
; o * Fendlicos ) SOIIC.IO
+ Simples + Organico . + Liquido
+ Complexa * Inorganico * Sais -

Residuos Agroindustriais

Figura 6: Principais fatores que influenciam a producdo de lacases, incluindo
condi¢des ambientais, composicdo do meio de cultivo e estratégias de expressao.

Elaborada pela autora.

A disponibilidade de carbono e nitrogénio no meio de cultivo exerce um impacto
decisivo sobre a sintese e a expressao de lacases por fungos filamentosos, influenciando
diretamente os niveis de atividade enzimética observados (Schneider et al., 2018). De
modo geral, os fungos apresentam elevada versatilidade metabdlica no aproveitamento
de diferentes fontes de carbono, demonstrando preferéncia por carboidratos
prontamente assimilaveis em detrimento de proteinas ou polimeros mais complexos
(He et al., 2021; Vahidi et al., 2006). Em condi¢des laboratoriais, a glicose ¢
amplamente empregada como fonte de carbono primdria e tende a ser consumida de
forma prioritdria quando disponibilizada em combina¢do com outros substratos

carbonados, em razdo de sua facil assimilacdo e do efeito de repressdo catabdlica
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associado (Chang e Miles, 2004). Entretanto, esse comportamento nao € universal, uma
vez que determinadas espécies fingicas apresentam maior eficiéncia metabolica e
produtiva quando cultivadas em meios contendo fontes alternativas ou combinagdes
especificas de carbono (Ullrich et al., 2005). Nesse contexto, substratos carbonados
complexos, como residuos da poda de videira e casca de tangerina, t€m demonstrado
maior capacidade de induzir a producao de lacases e aumentar a atividade enzimatica
em Pleurotus ostreatus quando comparados a agucares simples, possivelmente devido
a presenca de compostos fendlicos e lignoceluldsicos que atuam como indutores da
expressao génica dessas enzimas (Mikiashvili et al., 2006).

A concentracdo e a origem do nitrogénio também influenciam
significativamente a produgdo enzimatica (Valle et al., 2015). O aumento da
disponibilidade de nitrogénio tende a elevar os rendimentos, como evidenciado nos
cultivos de Lentinula edodes e Rigidoporus lignosus, que em concentragoes de 24-26
mM promoveram produgdo de lacases significativamente maior do que aquelas
observadas em condi¢des restritas (1,2—2,5 mM) (Dwivedi et al., 2011; Fu et al., 1997).
Em contrapartida, para Pycnoporus cinnabarinus ¢ Phlebia radiata, a limitagdo de
nitrogénio (=2,4 mM) promoveu maior sintese de lacases (Dwivedi et al., 2011; Eggert
etal., 1996). No cultivo de Pleurotus ostreatus, sais inorganicos como nitrato de amonio
(NH4NOs3) e fosfato de amonio (NH4H>PO4) reduziram a produgdo enzimatica,
enquanto fontes orginicas, como peptona e caseina, aumentaram, mesmo em
concentragdes relativamente altas (=30 mM) (Mikiashvili et al., 2006). J& em
Marasmiellus palmivorus VEI111, a caseina promoveu rendimentos superiores a
peptona (Schneider et al., 2018).

Além dos nutrientes, substancias indutoras t€ém desempenhado papel relevante
na regulacdo da sintese de lacases. Compostos fendlicos (ex.: alcool veratrilico, 4cido
ferulico) e sais metalicos (ex.: CuSO4, MnSO4) tém sido amplamente empregados como
indutores enzimaticos (Gianfreda et al., 1999; Schneider et al., 2019). Esses compostos
podem atuar mimetizando substratos naturais, modulando fatores transcricionais
associados ao estresse oxidativo ou estimulando diretamente a expressdo de genes
relacionados a sintese enzimatica (Yang et al., 2013). No caso especifico do cobre, sua
adicdo ao meio de cultivo, além de fornecer cofator essencial ao centro catalitico
multicobre da lacase, desencadeia respostas adaptativas que frequentemente resultam

em maior atividade da enzima secretada (Yang et al., 2017).
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O estado fisico do meio de cultivo dos fungos pode se apresentar na forma solida
ou liquida, influenciando a producao e na recuperacao das lacases (Brijwani et al., 2010;
Couto ¢ Toca-Herrera, 2007; Debnath ¢ Saha, 2020). O cultivo em meio sélido
mimetiza o ambiente natural dos fungos, favorecendo a sintese de enzimas
ligninoliticas, e os rendimentos geralmente sao proporcionais a presenga de indutores
(Brijwani et al., 2010; Viniegra-Gonzalez et al., 2003). Nesse tipo de cultivo,
caracterizado pela auséncia ou quase auséncia de liquido livre, o desenvolvimento do
fungo ocorre sobre um suporte solido, que pode ser constituido por substratos inertes
(materiais sintéticos) ou naturais (materiais organicos) (Couto e Toca-Herrera, 2007).
A principal limitagdo desse sistema ¢ a auséncia de biorreatores plenamente
estabelecidos, embora diversos projetos abordem restrigoes a transferéncia de calor e
massa (Brijwani et al., 2010). Outro fator relevante ¢ a concentra¢do de CO; durante a
fermentagdo, que pode interferir na sintese enzimatica (Fenice et al., 2003; White e
Boddy, 1992).

O cultivo submerso consiste no crescimento de microrganismos em um meio
liquido rico em nutrientes e com alta concentracdo de oxigénio (condi¢des aerdbicas)
(Couto e Toca-Herrera, 2007; Nguyen et al., 2020). A producdo industrial de enzimas ¢é
realizada principalmente por este tipo de cultivo, pois permite maior controle das
variaveis ambientais (pH, aeragdo, agitagdo, nutrientes) e facilita a recuperacdo da
enzima (Brijwani et al.,, 2010; Couto e Toca-Herrera, 2007). Entretanto, sua
homogeneidade pode reduzir a indugdo da atividade enzimética, além de possuir
problemas associados a viscosidade do meio causada pelo crescimento micelial, que
limita a transferéncia de oxigénio e a difusdo de indutores (Brijwani et al., 2010;
Lakhtar et al., 2010). Dessa forma, a escolha entre cultivo solido ou submerso deve
equilibrar rendimento, facilidade de recuperacdo enzimatica e viabilidade de
escalonamento (Nguyen et al., 2020).

Para além da otimizacao dos cultivos, estratégias de engenharia genética vém
sendo cada vez mais exploradas (Sodhi et al.,, 2024). A expressdo homologa e
heter6loga de lacases em bactérias, leveduras, fungos filamentosos e plantas tem
permitido aumentar a producdo e a estabilidade enzimatica, possibilitando a expansao
de suas aplicagdes (Debnath e Saha, 2020). Um dos primeiros relatos foi a expressao
heter6loga do gene de Phlebia radiata em Trichoderma reesei (Saloheimo e Niku-
Paavola, 1991). Desde entdo, as lacases fingicas tém sido expressas em diversos

hospedeiros, incluindo leveduras (Pichia pastoris, Saccharomyces cerevisiae), fungos
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filamentosos (4spergillus niger) e plantas (arroz e tabaco) (de Wilde et al., 2008; Sonoki
et al., 2005; Wang et al., 2004). Contudo, em hospedeiros vegetais, a atividade
observada ¢ geralmente inferior a de fungos, devido a diferengas de glicosilacdo e
dobramento proteico (Nakagawa et al., 2010; Sakamoto et al., 2008).

Atualmente, diversas preparagdes comerciais de lacases estao disponiveis. Entre
os basidiomicetos produtores destacam-se espécies de degradagdo branca, como
Cerrena unicolor (Jena Bioscience, Alemanha), Agaricus bisporus e Trametes
versicolor (ASA Spezialenzyme GmbH, Alemanha). As lacases de ascomicetos
termofilicos, como Myceliophthora thermophila, sio comercializadas pela Novonesis
(Dinamarca), enquanto preparagdes de Aspergillus sp. estdo disponiveis pela Sigma-
Aldrich (Alemanha). Esse mercado reflete ndo apenas a relevancia biotecnoldgica das
lacases, mas também a continua necessidade de processos sustentaveis para ampliar sua

producao e aplicagao.

2.3.1.2 Atividade catalitica das lacases

Alacase catalisa a reducao de quatro elétrons do oxigénio molecular (O7) a 4gua
(H20), concomitante a oxidag¢ao de um elétron do substrato redutor (Figura 7A), sem a
formagdo de subprodutos toxicos como o peroxido de hidrogénio. Essa caracteristica,
aliada a sua ampla versatilidade catalitica, contribui para o interesse industrial e
ambiental nessas enzimas (Polaina e MacCabe, 2007). Fenois e aminas constituem seus
substratos naturais, embora algumas isoformas sejam capazes de oxidar uma variedade
mais ampla de compostos organicos e inorganicos (Jones e Solomon, 2015).

A oxidagdo inicial do substrato ocorre no centro catalitico T1 (Figura 7B), de
onde os elétrons sdo transferidos por aproximadamente 13 A através da via Cys—His até
o centro trinuclear de cobre (T2/T3), onde ocorre a reducdo do oxigé€nio molecular
(Mehra et al., 2018).

O potencial eletroquimico do cobre T1 (400 a 800 mV vs. EPH) ¢ um dos
principais determinantes da eficiéncia catalitica da lacase. Apesar de relativamente
baixos quando comparados as peroxidases ligninoliticas, esses valores definem a gama
de substratos passiveis de oxidacao e, consequentemente, influenciam diretamente sua
aplicabilidade em biorremediacdo e transformagdes biotecnoldgicas (Canas e

Camarero, 2010).
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Figura 7: (A) Reacao geral catalisada por lacases, envolvendo a oxidagao de substratos
fendlicos com a reducdo concomitante do oxigénio molecular a agua. (B)
Representagdo esquematica do mecanismo catalitico das lacases, destacando o

transporte de elétrons entre os centros clpricos T1, T2 e T3. Imagem adaptada de

Hakulinen e Rouvinen (2015).

Uma estratégia para expandir o espectro de acdo das lacases ¢ o uso de
mediadores redox, pequenas moléculas que funcionam como transportadores de
elétrons (Zhang et al., 2023). Apos serem oxidados pela enzima, esses compostos
formam radicais relativamente estaveis (Figura 8) que se difundem no meio e
promovem a oxidagdo de moléculas de maior complexidade estrutural ou elevado
potencial redox, as quais ndo seriam diretamente oxidadas pela lacase (Bourbonnais et
al., 1998; Camarero et al., 2007). O mediador ideal deve ser estdvel em sua forma
oxidada, apresentar elevado poder oxidante, ndo inibir a enzima e ser capaz de realizar
multiplos ciclos cataliticos sem degradacdo ou formagao de subprodutos indesejados
(Steinbtichel, 2020). Esses mediadores podem ser classificados como naturais (ex.:
siringaldeido, vanilina) ou sintéticos (ex.: ABTS, HBT) (Zhang et al., 2023).

Embora a adi¢do de mediadores possa aumentar significativamente a efici€éncia
da lacase na oxidagdo de substratos, o seu uso em larga escala enfrenta limitacdes
devido a toxicidade, instabilidade e alto custo, podendo causar contaminagdo
secundaria (Aghaee et al., 2024). Apesar da identificacdo de novos mediadores, ainda
persistem desafios quanto a solubilidade em agua, estabilidade operacional e
reutilizagdo da enzima. Assim, torna-se essencial desenvolver sistemas de mediadores
mais sustentaveis, eficientes e ambientalmente seguros (Zhang et al., 2023).

A atividade das lacases pode ser afetada por diversos inibidores. Pequenos

anions, como azida, cianeto, haletos, tiocianato, fluoreto e hidréxido, ligam-se aos
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centros T2/T3, bloqueando a transferéncia interna de elétrons. Além disso, ions
metalicos (Hg?*, Mg*, Ca*, Sn**, Ba?*", Co*, Cd*, Mn*, Zn*'), acidos graxos,
reagentes sulfidrila, hidroxiglicina e detergentes catidnicos podem inibir a enzima por
diferentes mecanismos, incluindo quelacdo do cobre, modificacdes de residuos de

aminoacidos ou alteragdes conformacionais (Baldrian, 2006; Gianfreda et al., 1999).
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Figura 8: Representacdo esquematica dos ciclos cataliticos da lacase durante a
oxidacdo de substratos na auséncia (superior) e na presenca (inferior) de um mediador

redox. Imagem adaptada de Mogharabi e Faramarzi (2014).

A atividade das lacases pode ser determinada através da reagdo entre a enzima
e substratos cromogénicos ou fendlicos, cujo consumo ou formacdo de produtos é
monitorado espectrofotometricamente (Johannes e Majcherczyk, 2000). Nesses
ensaios, ¢ fundamental assegurar que nenhum componente proveniente do meio de
cultivo, associado a enzima, interfira na reacdo, seja reagindo com o substrato, seja com
o produto final (Johannes e Majcherczyk, 2000).

Substratos comumente usados para a determinagdo da atividade da lacase
(Figura 9) sao guaiacol (Ullrich et al., 2005), ABTS [2,2-azinobis-(3-etilbenzotiazolina-
6-sulfonato)] (Robert Bourbonnais e Paice, 1990), 2,6-dimetoxifenol (2,6-DMP)
(Edens et al., 1999), siringaldazina (Harkin et al., 1974) e catecol (Cafias e Camarero,

2010).
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Figura 9: Modelos ilustrativos das interagdes moleculares entre a lacase e substratos
comumente utilizados na determinacdo de sua atividade catalitica. (A) ABTS [2,2’-
azinobis-(3-etilbenzotiazolina-6-sulfonato)], (B) siringaldazina, (C) 2,6-dimetoxifenol

(2,6-DMP) e (D) catecol. Imagem adaptada de Mehra et al., (2018).

2.3.2 Estratégias de estabilizacdo enzimatica

Em meios aquosos, as enzimas apresentam a mobilidade conformacional
necessaria para desempenhar sua atividade catalitica de forma eficiente. No entanto,
esse mesmo ambiente favorece processos que podem comprometer sua estabilidade
estrutural e funcional (Klibanov, 2001; Zaks e Klibanov, 1988). A estrutura nativa de
uma enzima corresponde a conforma¢do adotada em ambiente celular ou quando
isolada, apresentando sua méaxima atividade bioldgica. A desnaturacao proteica consiste
em modificacdes da sua estrutura tridimensional sem alteragdes na sequéncia de
aminoacidos (Figura 10A). Consequentemente, esse processo compromete o arranjo

correto do sitio ativo e resulta na inativagdo da enzima. Assim, a estabilizagdo
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enzimatica visa prevenir tais modificagdes e preservar a conformagao nativa (Gianfreda
e Scarfi, 1991).

A estabilidade enzimatica constitui um dos principais parametros determinantes
para a aplicagdo de enzimas em processos biotecnoldgicos, uma vez que condiciona
diretamente a eficiéncia operacional, a reprodutibilidade e a viabilidade economica de
sistemas baseados em catalisadores bioldgicos (Iyer e Ananthanarayan, 2008). Enzimas
estaveis mantém sua atividade catalitica por periodos prolongados, caracteristica
essencial em aplicagdes industriais, como nas industrias de alimentos, farmacéutica, de
bioenergia e no tratamento de residuos (Copeland, 2023). Mesmo enzimas que
apresentam elevada atividade especifica tornam-se inviaveis do ponto de vista
tecnologico se nao preservarem sua funcionalidade ao longo do periodo de
armazenamento ou durante a conducao do bioprocesso (Linde et al., 2018).

Para viabilizar a utilizacdo de enzimas como biocatalisadores industriais, ¢é
necessario obter preparacdes com elevada estabilidade operacional. Isso pode ser
alcangado de duas maneiras principais: (i) utilizando enzimas com estabilidade natural
extrema ou (ii) estabilizando enzimas naturalmente instaveis (Janecek, 1993). Entre as
estratégias empregadas para estabilizagdo enzimatica, destacam-se a imobilizacdo, que
também permite a reutilizagdo das enzimas, a engenharia de proteinas para aprimorar a
resisténcia estrutural e a adigdo de estabilizantes quimicos capazes de proteger a
conformagdo enzimatica (Iyer e Ananthanarayan, 2008). Mais recentemente, tém
ganhado destaque alternativas tecnologicas de estabilizagdo como a liofilizagdo e a
secagem por aspersao, que possibilitam a obten¢@o de preparagdes enzimaticas em po,
facilitando o armazenamento a longo prazo, o transporte € a aplicagdo em diferentes
setores (Liu et al., 2016; Rey e May, 2023). Essas abordagens sdo fundamentais ndo
apenas para ampliar a aplicagdo das enzimas em processos biotecnoldgicos, mas

também para atender as demandas de sustentabilidade e reducao de custos operacionais.

2.3.2.1 Estabilizacdo com aditivos quimicos

Moléculas como acucares, polidis, aminoécidos, sais neutros, polimeros
hidrofilicos e surfactantes leves podem interagir com a superficie proteica ou modificar
0 microambiente ao redor da enzima, reduzindo a exposicao de regides hidrofobicas e
restringindo movimentos estruturais que levam a desnaturacao (Iyer e Ananthanarayan,

2008). A escolha do estabilizante ideal depende das caracteristicas estruturais da
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enzima, do ambiente de aplicacdo e do tipo de estresse a ser prevenido. Estudos
comparativos demonstram que variagdes na concentragdo, na combinagdo de
compostos ou na sequéncia da sua adicdo podem influenciar significativamente a
estabilidade enzimatica (Costa et al., 2002; Haque et al., 2005).

Entre os estabilizantes mais utilizados, os polidis se destacam pela capacidade
de proteger a estrutura tridimensional das enzimas em condi¢des adversas (Haque et
al., 2005). Compostos como glicerol, sorbitol, manitol, etilenoglicol e propilenoglicol
atuam principalmente por mecanismos relacionados a exclusdo preferencial e a
modulagdo da atividade da dgua (Vagenende et al., 2009). Ao interagirem indiretamente
com a superficie proteica, os polidis favorecem a manutencdo de interacdes
intramoleculares e reduzem a flexibilidade excessiva que pode levar ao desdobramento
parcial da enzima (Dashnau e Vanderkooi, 2007). Além disso, contribuem para
estabilizar a camada de hidratacao ao redor da proteina, diminuindo a exposi¢ao de
regides hidrofobicas e prevenindo a agregacdo (Vagenende et al., 2009).

A eficacia do poliol varia conforme sua estrutura quimica, concentragdo e
compatibilidade com a enzima, sendo frequentemente necessaria a otimizagao
experimental para definir as condi¢des mais favoraveis a atividade e estabilidade
catalitica (Priev et al., 1996). Para lipase, por exemplo, verificaram que o efeito protetor
aumentou com a elevagdo da concentragao do poliol e com o uso de moléculas de maior
cadeia carbonica. Nesse estudo, o sorbitol apresentou desempenho superior ao
observado para xilitol, eritritol, glicerol e etilenoglicol (Matsumoto et al., 1997).

O glicerol ¢ uma das menores e mais simples moléculas da classe dos poliois,
além de ser um dos agentes mais utilizados na estabilizagdo de enzimas, devido a sua
alta compatibilidade osmotica, baixa toxicidade e capacidade de modular o
microambiente proteico (Haque et al., 2005). Essa molécula induz a compactagdo de
proteinas, reduz sua flexibilidade, estabiliza intermediarios parcialmente desdobrados
e interfere na agregacao de proteinas nativas e ndo nativas (Back et al., 1979; Vagenende
et al., 2009).

Sua acdo estabilizante estd relacionada principalmente ao efeito de exclusao
preferencial, pelo qual as moléculas de glicerol sdo repelidas da superficie proteica,
favorecendo a manutengdo da conformagao nativa (Figura 10B) (Vagenende et al.,
2009). Esse comportamento contribui para a redugdo da entropia conformacional e

dificulta o desenovelamento parcial da enzima. Além disso, o glicerol interage com a
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agua do meio, diminuindo a atividade do solvente e prevenindo a exposi¢ao de regides

hidrofobicas e a formagao de agregados (Matsumoto et al., 1997).

A o Agua
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Figura 10: Representagdo da estabilidade enzimatica em diferentes ambientes. (A)
Desnaturagdo de uma enzima em solugdo aquosa, resultando na perda de sua estrutura
nativa. (B) Efeito estabilizador promovido pela presenca de um poliol, que auxilia na

manuten¢do da conformacao enzimatica. Imagem adaptada de Matsumoto et al. (1997).

A exposicdo da lacase a temperaturas elevadas pode promover a liberagao de
ions cobre presentes nos centros cataliticos, resultando ndo apenas na perda de atividade
enzimatica, mas também no provavel desacoplamento estrutural entre dominios
proteicos dependentes desse metal (Koroleva et al., 2001). Essa deple¢do, entretanto,
pode ser reversivel, desde que haja reposi¢do adequada dos ions ou condigdes
favoraveis a reincorporagdo (Koroleva et al., 2001; Stepanova et al., 2003). Nesse
contexto, o uso de agentes termoprotetores como o glicerol pode atenuar esse processo,
uma vez que esse poliol contribui para a manutencao da conformacgao nativa da proteina
e reduz a desnaturacdo térmica (Vagenende et al., 2009). Dessa forma, preserva
indiretamente a estabilidade dos centros metalicos e favorece a recuperagdo funcional
da enzima apds o estresse térmico (Back et al., 1979; Haque et al., 2005).

As lacases obtidas de Fomes sclerodermeus apresentaram maior estabilidade

em baixas concentragdes de glicerol (0,2%) e, quando esse poliol foi associado ao
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sulfato de cobre (CuSOs), o tempo de meia-vida a 40 °C aumentou aproximadamente
trés vezes (Papinutti et al., 2008). De forma semelhante, a combinagao de glicerol e
betaina quadruplicou a estabilidade térmica (70 °C) da lacase POXA1b de Pleurotus
ostreatus ¢ de outras cinco variantes mutantes (Varriale et al., 2022). Estratégias
analogas de estabilizacdo também mostraram melhorar significativamente a
termoestabilidade de lacases de Trametes versicolor, reforgcando o potencial dessas
abordagens para aplicagdes em condi¢des térmicas desafiadoras (Delorme et al., 2020).

Esse comportamento protetor foi igualmente observado em outras enzimas.
Costa et al. (2002) observaram que, ao submeter catalase a 60 °C, a adicao de glicerol
resultou em um aumento de 31% na atividade enzimdtica em comparacdo ao controle,
reforgando sua eficacia contra a inativagdo térmica. Back et al. (1979) demonstraram
que a temperatura de perda da atividade da lisozima aumentou de 66,5 °C para 75 °C
quando se utilizou 50% de glicerol como estabilizante. Para essa mesma enzima, Chen
et al. (2019) verificaram que concentragdes crescentes de glicerol (0-80%)
promoveram aumento proporcional da termoestabilidade.

O glicerol também vem sendo avaliado como aditivo para estabilizagdo de
enzimas imobilizadas, com resultados heterogéneos entre diferentes biocatalisadores e
condigdes reacionais (Braham et al., 2021; Cheetham, 1984). Estudo com cinco lipases,
trés proteases, uma lacase, uma catalase € uma penicilina acilase demonstou que o
glicerol ndo apresenta efeito protetor universal. Em determinadas condig¢des, inclusive
certo grau de desestabilizagdo da enzima imobilizada foi observado. Além disso, o
impacto do glicerol foi altamente dependente da concentragdo, € nem sempre as maiores
concentracdes resultaram nas melhores respostas, bem como das condi¢des de
inativacao, especialmente o pH. Em pH 9, por exemplo, registraram-se os efeitos
desestabilizantes mais pronunciados, evidenciando que sua aplicagdo requer otimizagao
caso a caso (Braham et al., 2021).

Dessa forma, a aplica¢dao do glicerol como estabilizante quimico em lacases ¢
promissora, mas nao absoluta (Chen et al., 2019). A literatura evidencia uma ampla
variagdo nas concentragdes testadas e forte dependéncia da origem enzimatica e das
condig¢des reacionais (Braham et al., 2021). Além disso, fatores como pH e temperatura
de armazenamento podem modular significativamente os efeitos observados (Varriale
et al., 2022). Isso reforga a necessidade de delineamentos experimentais que integrem
multiplas variaveis para definir combinacdes otimizadas e tecnicamente vidveis para

cada isoforma ou extrato enzimatico.
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2.3.2.2 Estabilizacao por imobilizacido enzimatica

A imobiliza¢ao enzimatica possui uma trajetoria centenaria. A primeira tentativa
documentada ocorreu em 1916, quando Nelson e Griffin demonstraram que a enzima
invertase podia ser adsorvida em carvdao, mantendo sua atividade mesmo apos a
liberacao do adsorvente (Griffin e Nelson, 1916). Esse marco inicial impulsionou o
desenvolvimento continuo de diferentes métodos ao longo das décadas (Vitolo et al.,
2015). A imobilizagdo ¢ reconhecida como uma das estratégias mais promissoras para
aplicagdo de enzimas em escala industrial, uma vez que permite sua recuperacio e
reutilizagdo, favorecendo a sustentabilidade e a viabilidade economica dos processos
biotecnoldgicos (Sheldon e van Pelt, 2013).

A imobilizag¢do das lacases consiste em reter a enzima em uma superficie ou
suporte solido, de forma que ela permanega cataliticamente ativa e possa ser facilmente
recuperada do meio reacional (Gongalves et al., 2019). Comparadas as lacases livres,
as lacases imobilizadas frequentemente apresentam maior estabilidade operacional,
melhor atividade catalitica em condigdes adversas de pH e temperatura € maior
tolerancia a presenca de inibidores, como sais e solventes organicos, além de resistirem
melhor a longos periodos de armazenamento(Yang et al., 2017). Outro aspecto
relevante ¢ a possibilidade de reutilizagdo do biocatalisador em multiplos ciclos
reacionais, o que pode contribuir para a reducdo dos custos globais (Gongalves et al.,
2019).

As lacases imobilizadas tém sido amplamente estudadas para aplicagdes em
diferentes setores industriais, com destaque para os setores alimenticio, farmacéutico e
ambiental (Ren et al., 2020). O uso de lacase ndo ¢ permitido como aditivo alimentar,
portanto, ¢ usada na forma imobilizada para remover fendlicos e polifendis especificos,
garantindo sua reutilizagdo e eliminacao (Lettera et al., 2016; Servili et al., 2000). Além
disso, a imobiliza¢do ¢ fundamental em tecnologias de alta especificidade, como no
desenvolvimento de biossensores a base de lacase para a deteccdo de compostos
fendlicos, azidas, alcaloides e flavonoides (Patel et al., 2018). Por outro lado, no campo
da biorremediac¢ao, a imobilizacao pode representar tanto vantagens quanto limitagoes,

dependendo da matriz ambiental envolvida (ex.: 4gua, solo) e da estratégia
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complementar adotada (ex.: acoplamento a tratamentos convencionais de aguas
residuarias) (Zhou et al., 2021).

Os solos contaminados e os efluentes possuem composicdo complexa e podem
apresentar caracteristicas fisico-quimicas adversas a catalise por lacases na forma livre
(Datta et al., 2021). A imobilizacao enzimatica em diferentes suportes surge como uma
estratégia promissora para contornar essas limitagdes, proporcionando biocatalisadores
mais estaveis e adequados para aplicagdes de longo prazo (Gianfreda et al., 1999).
Diversos métodos de imobilizagdo tém sido empregados com as lacases (Figura 11),
destacando-se a adsorc¢ao, ligagdo covalente, aprisionamento em polimeros, reticulagao

e encapsulagdo (Aghaee et al., 2024).

Imobilizagdo
N delLacases =~ :
Métodos Métodos
R FiSiCOS .eeeereees : eceeneeas Quimicos...........,
Ligagdo Covante Reticulagao
Estruturas !
metal- - Entre
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Gel/Fibra :

Figura 11: Estratégias comumente empregadas para imobilizacao de lacases. Imagem

adaptada de Daronch et al. (2020).

A imobilizac¢do enzimadtica pode ser realizada por métodos fisicos ou quimicos,
cada um com vantagens e limitagcdes especificas (Aghaee et al., 2024). Nos métodos
fisicos ocorrem interagdes ndo especificas, por meio de ligacdes de hidrogénio,
interagdes ionicas e hidrofobicas. Os métodos fisicos incluem aprisionamento e
adsor¢do, e ndo ha necessidade de funcionalizag¢do do suporte (Lonappan et al., 2018a).
A adsor¢ao ¢ uma técnica simples e de baixo custo, porém nela a enzima esta sujeita a

dessor¢ao em condicdes adversas (Jesionowski et al., 2014). O aprisionamento envolve
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a retencdo da enzima em uma matriz polimérica porosa ou o confinamento da enzima
em microcapsulas, permitindo o acesso do substrato ao sitio ativo e protegendo a
biomolécula contra desnaturagdo, mas pode apresentar difusdo limitada (Aghaee et al.,
2024). Os métodos de imobiliza¢do quimica incluem a ligacdo da enzima a matriz por
ligacdes covalentes. A criagao de fortes ligagdes quimicas resulta em maior resisténcia
a lixiviagdo, embora possa comprometer parcialmente a atividade catalitica devido a
modifica¢des estruturais (Lonappan et al., 2018b). As enzimas também podem ser
reticuladas (cross-linking) entre si ou em um suporte criando um agregado enzimatico
reticulado, ou criando um cristal enzimatico reticulado (Datta et al., 2013). A selecao
da técnica mais adequada depende, portanto, das caracteristicas da enzima, do suporte
disponivel, da aplicacao pretendida e das condi¢des operacionais do processo (Daronch
et al., 2020; Gongalves et al., 2019).

Embora diversos métodos de imobilizagdo enzimatica tenham sido amplamente
descritos em patentes e publicagdes cientificas, relativamente poucos processos
utilizando enzimas imobilizadas alcancaram aplicagdo comercial bem-sucedida
(Aghaee et al., 2024). Em muitos casos, o custo das enzimas industriais representa
apenas uma fra¢do secundaria na economia global de um processo, de modo que os
gastos adicionais associados a imobilizacdo nem sempre se justificam. Na pratica, a
adogdo dessa estratégia costuma estar mais relacionada as vantagens operacionais
proporcionadas pelo biocatalisador imobilizado, tais como a viabilizagdo de sistemas
de producao continua, o aumento da estabilidade operacional e a prevencdo da presenga
da enzima livre no produto final (Di Cosimo et al., 2013). Dessa forma, a investiga¢cdo
continua nesta area ¢ importante para superar limita¢des atuais e ampliar o potencial de

aplicagdo das lacases imobilizadas.

2.3.2.3 Estabiliza¢ao por liofilizacao

A liofilizagdo, também chamada de secagem por congelamento, ¢ uma técnica
de desidratacdo baseada na remocao de dgua por sublimagdo sob pressdo reduzida. O
processo envolve o congelamento da amostra, seguido da sublimag¢do do gelo
diretamente para a fase gasosa, sem passar pelo estado liquido, o que evita danos
estruturais as moléculas sensiveis (Rey e May, 2023). A técnica compreende trés
estagios principais: o congelamento (solidificagdo), a secagem primaria (sublimagao do

gelo) e a secagem secundaria, na qual ocorre a dessor¢do da umidade remanescente
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(Bjelosevi¢ et al., 2018). Esse método ¢ especialmente indicado para preservar
compostos instdveis em meio aquoso, C€OMO microrganismos, sistemas
nanoparticulados, acidos nucleicos e proteinas (Abla e Mehanna, 2022).

Entre as principais vantagens do método estdo o aumento da vida ttil, a
manuten¢do da atividade biologica e a facilidade de armazenamento e transporte em
temperatura ambiente (O’Fagain e Colliton, 2023). Essas caracteristicas fazem da
liofilizagdo uma das principais estratégias de estabiliza¢do de produtos farmacéuticos
que exigem condigdes especificas de transporte e cadeia de frio (Abla e Mehanna,
2022). Na ultima década, aproximadamente 50% dos produtos biofarmacéuticos
aprovados foram disponibilizados em formas farmacéuticas liofilizadas e, com o
desenvolvimento de moléculas teraputicas complexas baseadas em estruturas
proteicas (Bjelosevic et al., 2018).

Aremocdo da dgua por este método minimiza processos de degradacdo quimica,
oxidagdo e autdlise, além de permitir a reconstitui¢ao rapida por adi¢ao de solvente
(Carpenter et al., 1992). Esse efeito é particularmente relevante para enzimas como as
lacases, que geralmente apresentam estabilidade limitada em solugdes aquosas e podem
sofrer inativag@o progressiva por hidrolise, agdo de proteases residuais ou oxidagdo dos
centros metalicos (Koroleva et al., 2001).

No entanto, a liofilizacdo também apresenta limitagdes importantes. A formagao
de cristais de gelo pode causar desnaturacao, colapso estrutural ou agregacao proteica,
e alteragdes no microambiente durante a sublimag¢d@o podem comprometer a atividade
final (O’Fagain e Colliton, 2023). Além dos danos mecanicos e conformacionais
decorrentes do congelamento, ha impactos significativos na estabilidade eletrostatica e
na organizacdo interna das biomoléculas. Proteinas em solucdo sdo altamente
hidratadas e dependem da interacdo com moléculas de 4gua para manter seu
dobramento nativo e a distribuicdo de cargas na superficie (Nelson e Cox, 2011).
Durante a remog¢ao da agua, ocorre a neutralizagdo progressiva de grupos ionizados,
uma vez que, em ambiente pobre em agua, ha transferéncia de protons para grupos
carboxila desprotonados, reduzindo as cargas negativas disponiveis e favorecendo
rearranjos estruturais indesejaveis (Wang, 2000). Para minimizar esses efeitos, ¢
comum o uso de excipientes ou aditivos, como agucares (trealose, sacarose), polidis
(glicerol, manitol), aminoacidos e polimeros, que atuam como agentes vitrificantes e

estabilizantes estruturais (Carpenter et al., 1992; Milosavi¢ et al., 2017; Wang, 2000).
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A liofilizagao tem sido utilizada como estratégia para a preservacgao da atividade
de lacases fungicas durante o armazenamento (Cheute et al., 2025; Cordi et al., 2007;
Rodriguez-Rodriguez et al., 2011; Varriale et al., 2022). As lacases de Agaricus
bisporus e Trametes versicolor, por exemplo, sdo comercializadas na forma de po
liofilizado (Sigma-Aldrich). Entretanto, os estudos disponiveis apresentam resultados
divergentes, o que evidencia a necessidade de delineamentos experimentais especificos
para avaliar cada caso.

Cantele et al. (2017) verificaram que os extratos enzimaticos de Marasmiellus
palmivorus mantiveram sua atividade apos a liofilizac¢do, indicando a viabilidade de
utilizacdo desta técnica para fins comerciais do extrato. Bou-Mitri e Kermasha (2018)
observaram que a estabilidade da lacase no extrato enzimatico de Coriolus hirsutus foi
significativamente aumentada na presenga de manitol durante a liofilizagdo,
apresentando 96,2%, 38,9% e 24,7% de atividade residual apos quatro semanas de
armazenamento a -80 °C, 4 °C e 25 °C, respectivamente. Stepanova et al. (2003)
verificaram que as lacases dos fungos C. hirsutus e Coriolus zonatus apresentaram
reducdo de 44% e 48% na atividade enzimdtica quando submetidas a liofilizacao.
Entretanto, o uso de aditivos proporcionou até 95% de preservacao da atividade para C.
hirsutus com dextrana a 0,5% e até 102% da atividade inicial para a lacase de C. zonatus
liofilizada na presenga de acido poliacrilico a 1%. Okazaki et al. (2000) relataram que
o complexo lacase—surfactante catalisou efetivamente reagdes de oxidacao em diversos
solventes organicos, enquanto as lacases liofilizadas a partir de solu¢do tampao aquosa
ndo apresentaram atividade catalitica. De forma semelhante, Shleev et al. (2007)
investigaram os padrdes eletroquimicos e cinéticos de lacases liofilizadas de Cerrena
unicolor e demonstraram que a forma liofilizada apresentou menor atividade especifica
e estabilidade a longo prazo, concluindo que as lacases ndo liofilizadas constituem uma
fonte enzimatica superior as suas versoes liofilizadas.

Portanto, a liofilizacao representa uma alternativa viavel para a estabilizag¢ao de
enzimas como as lacases, desde que associada a sele¢ao adequada das condigdes de
congelamento e dos agentes protetores (Bou-Mitri e Kermasha, 2018). O uso
apropriado dessa técnica pode superar limitagdes tipicas de enzimas em meio aquoso €
favorecer o armazenamento prolongado, além de contribuir para o desenvolvimento de
formulacdes promissoras para fins industriais, biotecnoldgicos e ambientais (Varriale

et al., 2022).
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2.4 Biorremediacao de farmacos

O conceito de biorremediagao surgiu na década de 1930, quando Tausz e Donath
demonstraram o uso de microrganismos no tratamento de solos contaminados com
derivados de petroleo (Tausz e Donath, 1930). Desde entao, a biorremediacao tem se
expandido, sendo cada vez mais aplicada como uma tecnologia sustentavel e
ecologicamente adequada para a descontaminagdo de diversos poluentes organicos e

inorganicos (Bhatt et al., 2023). Consiste em uma ampla gama de processos, utilizando

plantas, microrganismos e¢/ou enzimas especificas (Figura 12) para reduzir ou eliminar

poluentes em solos, sedimentos e 4guas, transformando-os em substincias de baixa
toxicidade ou inofensivas (Inamuddin, 2023).
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Figura 12: Visdo geral das principais estratégias de biorremediagdo, que podem ocorrer
in situ ou ex situ. A biossor¢ao representa um processo fisico-quimico baseado na
adsor¢ao de contaminantes por biomassa inativa, enquanto as abordagens metabdlicas
incluem a fitorremediagdo (uso de plantas), a bacteriorremediacdo (uso de bactérias) e
a micorremediacdo (uso de fungos). Nestas ultimas, enzimas extracelulares

desempenham papel fundamental na degradacdo e/ou transformacdo de poluentes.
Imagem elaborada pela autora.
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A biorremediagao pode ser aplicada in situ, isto ¢é, diretamente no local
contaminado, onde os agentes selecionados — como fungos e plantas — sao
introduzidos com o objetivo de degradar os poluentes no proprio ambiente afetado.
Alternativamente, pode-se empregar a técnica ex situ, que consiste na remocao do
material contaminado para um ambiente controlado, no qual sera realizado o processo
de tratamento (Dinakarkumar et al., 2024).

Nas ultimas duas décadas, o foco da pesquisa em biorremediagdo tem
gradualmente sido direcionado dos métodos microbianos tradicionais para a
biorremediacdo enzimatica, considerada mais rapida e eficaz (Singh et al., 2024). A
biorremediacdo que utiliza extratos enzimaticos, sejam eles brutos ou parcialmente
purificados, ndo requer que o microrganismo se desenvolva diretamente no local
contaminado. Em vez disso, ela se baseia na agdo catalitica das enzimas que esses
microrganismos produzem, o que representa uma vantagem, especialmente em solos
com poucos nutrientes. Outro ponto positivo ¢ que a biotransformacdo mediada por
enzimas pode resultar na formagdo de subprodutos atéxicos, diferentemente do que
pode ocorrer em processos microbianos, tornando essa abordagem potencialmente mais
segura para o meio ambiente (Peralta, 2022). Entre as dez enzimas mais investigadas
na biodegradacdo enzimatica, a lacase ocupa posicdo de destaque, liderando o ranking
em relacdo as peroxidases e dioxigenases (Singh et al., 2024).

Diversos estudos tém demonstrado a atividade das lacases na oxidagdo de
contaminantes emergentes presentes na agua (Bilal et al., 2019b; Singh et al., 2025).
No caso de farmacos antidepressivos contendo grupos fendlicos ou anéis benzénicos,
como paroxetina, fluoxetina e sertralina, foi observada elevada taxa de remocao, cerca
de 80% apods 4h de reagdo, utilizando as lacases produzidas em meio de cultivo de
Pleurotus ostreatus (Kbdzka et al., 2020). Embora este fungo seja raramente empregado
na degradacdo de farmacos em meio liquido, ele tem sido utilizado com sucesso na
remo¢ao de desreguladores endodcrinos, como 17a-etinilestradiol, p-n-nonilfenol,
bisfenol A, estrona e triclosan (Nguyen et al., 2013).

O género Trametes destaca-se por sua elevada capacidade de secre¢do de
lacases, conferindo-lhe um papel relevante nos processos de degradagdo da lignina e de
compostos fendlicos. Essa caracteristica torna-o promissor para diversas aplicagdes
biotecnoldgicas, como biorremediagdo, branqueamento de papel e sintese de compostos
bioativos (Sultan K. Alharbi et al., 2019; Brugnari et al., 2021). As lacases isoladas do

cultivo de Trametes hirsuta demonstraram capacidade significativa na degradacdo de
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compostos farmacéuticos, alcancando até¢ 80% de remocao de 17a-etinilestradiol na
primeira hora de reagdo e aproximadamente 40% de degradacdo de diclofenaco apds
20 horas de tratamento (El Yagoubi et al., 2023). O cloranfenicol, antibidtico inibidor
da sintese proteica bacteriana comumente detectado em residuos farmacéuticos, foi
degradado por lacases de T. hirsuta, atingindo 100% de remocao apos sete dias. Esse
desempenho foi significativamente acelerado com a adi¢ao de mediadores redox, como
vanilina e siringaldeido, permitindo obter o mesmo percentual de degradagdo em apenas
48 horas de reagao (Navada ¢ Kulal, 2019).

As lacases obtidas do cultivo de Trametes versicolor (ATCC 20869)
demonstraram capacidade de degradar o farmaco carbamazepina, sendo que a
imobilizagdo da enzima em aerogéis de poliimida modificada ampliou sua estabilidade
térmica. Nesse sistema, a enzima foi capaz de biotransformar 65% da carbamazepina
mesmo apods sete ciclos de reutilizagdo (Simon-Herrero et al., 2019). Além disso, as
lacases desta espécie mostraram-se eficientes na remocao de betabloqueadores, como
labetalol e atenolol, especialmente quando associadas a mediadores (ABTS e TEMPO)
ou a nanomateriais, como compdsitos de lacase-grafeno. Esses sistemas aceleram a taxa
de transformagao, alcangando a remog¢ao completa em menos de 24h de reagado, além
de contribuir para a reducdo da toxicidade dos produtos degradados (Dong et al., 2019;
Feng et al., 2019).

A biorremediacao por lacases aplica-se também a matrizes solidas, como o lodo
proveniente de estacdes de tratamento de esgoto. Em estudo conduzido por Rodriguez-
Rodriguez et al. (2011), amostras de lodo submetidas a biorremediacao por 7. versicolor
(ATCC 4253) demonstraram que as enzimas extracelulares produzidas pelo fungo
degradaram 43% da concentracdo inicial de carbamazepina e diazepam, atingindo
100% de remocao para fenofibrato, benzofibrato, cimetidina, claritromicina e atenolol.

As lacases de Pycnoporus sanguineus também apresentam potencial
significativo para a biorremediagdo de farmacos persistentes e toxicos em ambientes
aquaticos (Cheute et al., 2024). Efluentes provenientes da industria farmacéutica
tratados com P sanguineus apresentaram redugdo significativa no contetido de
compostos fendlicos totais e reducao da genotoxicidade (Maroneze et al., 2012). Outro
estudo demonstrou alta eficiéncia na remogao de antibioticos amplamente utilizados,
como ciprofloxacino, norfloxacino e sulfametoxazol, com taxas de remocgao de 98,5%,

96,4% e 100%, respectivamente, apds 48 horas de reagdo. Quando aplicados
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concomitantemente, os trés farmacos foram eliminados completamente no mesmo
periodo (Gao et al., 2018a).

Ainda ha muito a ser explorado sobre o potencial biotecnoldgico de diferentes
espécies fungicas, como Agaricus blazei e Marasmiellus palmivorus, reconhecidas
produtoras de lacases (Schneider et al., 2018; Ullrich et al., 2005). Cantele et al. (2017)
demostraram que quanto maior for a atividade enzimatica de lacases obtida de M.
palmivorus utilizada na descoloragio dos corantes Azul Reativo 220 e Verde Acido 28,
menor o tempo necessario para remover 90% e 75% da cor, respectivamente. Silveira
et al. (2020) verificaram que a reagdo de descoloracdo do corante laranja de metila
utilizando ABTS como mediador para as lacases de M. palmivorus permitiu 30 ciclos
de reutilizagdo com um percentual de descoloragao acima de 60%.

Observa-se, portanto, que as pesquisas envolvendo as lacases e suas aplicagdes
na biorremediagdo tém apresentado diversos exemplos de sucesso (Chmelova et al.,
2024). Nesse contexto, o investimento continuo em recursos para o desenvolvimento
de tecnologias baseadas nessa enzima revela-se essencial para o enfrentamento dos

desafios causados pelos poluentes emergentes.
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OBJETIVOS

Objetivo geral

Mapear as tendéncias globais de pesquisa sobre as lacases fungicas
aplicadas a biorremediacdo de farmacos e avaliar o potencial de extratos
enzimdticos contendo lacases flngicas na biorremediacdo de paracetamol e

diclofenaco.

Objetivos especificos

e Analisar o panorama da producao cientifica relacionada a aplicacao das
lacases fingicas na biorremediagdo de farmacos;

e C(Caracterizar o cultivo submerso dos fungos Agaricus blazei,
Marasmiellus palmivorus VE111, Pycnoporus sanguineus 14G e Trametes sp.
50/90 em relagdo a producao de lacases, pH, desenvolvimento micelial,
concentracao de proteinas e consumo de carboidratos;

e Determinar a atividade de lacases nos extratos enzimaticos obtidos e
verificar a influencia da liofilizagdo, do glicerol e das condi¢des de armazenamento
na estabilidade enzimatica;

e Avaliar a eficiéncia de biorremediagdao dos farmacos diclofenaco e
paracetamol promovida pelos extratos enzimaticos em diferentes condi¢des de

concentracao e tempo de reacao.
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4. RESULTADOS E DISCUSSAO

Os resultados e discussdo desta tese sdo apresentados em dois capitulos,

redigidos na forma de artigos cientificos:

Capitulo 1: Global research trends and future perspectives on fungal laccases

for pharmaceutical bioremediation

Este capitulo apresenta um estudo cienciométrico que mapeia as tendéncias
globais da pesquisa envolvendo as lacases fungicas, com énfase em sua aplicagdo na
biorremediacdo de farmacos. Sdo discutidos os avangos cientificos, as redes de
colaboragdo entre autores e institui¢cdes, além das principais temadticas emergentes que

conectam a biotecnologia de lacases aos desafios ambientais atuais.

Capitulo 2: Fungal laccase crude extracts: production and pharmaceutical

bioremediation

Este capitulo reune os resultados experimentais obtidos a partir do cultivo
submerso de diferentes espécies fungicas e da caracterizacdo dos extratos enzimaticos
produzidos. Sao apresentadas as andlises relacionadas a producdo de lacases,
estabilidade enzimatica e capacidade de biotransformacdo de farmacos selecionados,
destacando o potencial desses extratos brutos como estratégia para a biorremediacdo de
contaminantes farmacéuticos. Este conjunto de resultados foi aceito para publicagdo

como artigo cientifico na revista Environmental Technology

(https://doi.org/10.1080/09593330.2025.2604793).
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4.1 Capitulo 1: Global research trends and future perspectives on fungal laccases

for pharmaceutical bioremediation

Gabriela Gambato®, Alana Araldi Dalpias?, Roselei Claudete Fontana® Marli

Camassola?

?Enzymes and Biomass Laboratory, Institute of Biotechnology, University of Caxias
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Abstract

The benefits that pharmaceuticals provide to human and animal health are undeniable,
as is their widespread presence in the environment. This concern has prompted the
scientific community to pursue sustainable strategies for bioremediation, with fungal
laccases emerging as promising biocatalysts. This study presents a scientometric
analysis of global research trends on the application of fungal laccases in
pharmaceutical bioremediation. A comprehensive search was conducted in PubMed,
Scopus, and Web of Science databases, covering the period from 2008 to 2024, yielding
182 eligible publications. The findings reveal an expanding research field, with an

annual growth rate of 18.92%. The main subject categories were Environmental
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Sciences (29%) and Environmental Engineering (17%). The most prolific authors, Hai
F., Nghiem L., and Price W., are affiliated with the University of Wollongong, which
leads in academic productivity with 26% of publications. Bradford’s Law analysis
identified Chemosphere, Bioresource Technology, and Environmental Science and
Pollution Research as the core journals, with Bioresource Technology being the most
cited (960 citations). Keyword mapping highlighted research hotspots, including
immobilization, wastewater, and degradation. Hotspot related to pharmaceuticals such
as diclofenac, estrogens, tetracycline, and carbamazepine also were distinguished. No
keywords related to solid environmental matrices were identified. Australia, Canada,
and China lead in publication output and collaboration, although international
networking can be expanded. These results identify emerging trends and research gaps,
providing valuable insights for future investigations and the development of laccase-

based, sustainable solutions for pharmaceutical pollution mitigation.

Keywords: enzymes; bioresource; sustainability; pollutants; scientometric; wastewater

1. Introduction

The continuous discharge of pharmaceutical compounds into natural
environments has become a critical global concern. This issue has far-reaching
ecological and public health implications (Patel et al. 2019; Sharma et al. 2021; Vaudin
et al. 2022).

Commonly prescribed pharmaceuticals for both humans and animals such as
antibiotics, antifungals, anticonvulsants, anti-inflammatories, psychoactive substances,
hormones, B-blockers, antiretrovirals, and anticancer agents are often found in various
environmental matrices, including surface waters, soils, and sludge (Tarcomnicu et al.
2011; Guerra et al. 2014; Ortiazar et al. 2022; Silori et al. 2022; Estrada-Almeida et al.
2024). These substances can reach the environment from homes, hospital effluents, and
pharmaceutical manufacturing (Patel et al. 2019; Bouabadi et al. 2024).

Pharmaceuticals have physicochemical characteristics (e.g., molecular weight,
pKa, logP) that contribute to recalcitrant behavior and resistance to conventional
methods for addressing pollution management (Wang et al. 2020; Ortazar et al. 2022).
As a result, their accumulation in aquatic and terrestrial ecosystems has been strongly

associated with ecotoxicological effects such as microbial resistance, endocrine
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disruption, and trophic imbalances (Ortazar et al. 2022; Vaudin et al. 2022; dos Santos
et al. 2024; Estrada-Almeida et al. 2024).

Ecologically sustainable and economically viable remediation strategies are
currently being actively researched (Patel et al. 2019). Among the most promising are
biocatalytic systems based on oxidative enzymes (e.g., laccase, peroxidase,
dioxygenase), which offer effective and environmentally friendly alternatives to
conventional physicochemical treatments (Estrada-Almeida et al. 2024; Singh et al.
2024; Aghaee et al. 2024).

Fungal laccases (EC 1.10.3.2), a group of multicopper oxidases secreted by
white-rot fungi, have emerged as versatile biocatalysts due to their ability to oxidize a
wide range of substrates, including ortho- and para-diphenols, phenolic acids, aromatic
amines, and other electron-rich compounds (Bourbonnais and Paice 1990; Brugnari et
al. 2021; Kyomuhimbo and Brink 2023). Laccases utilize molecular oxygen as a
terminal electron acceptor, producing water as the only byproduct. Their operation
under mild conditions, without the need for harsh reagents, further increases their
appeal for environmental and industrial applications (Brugnari et al. 2021; Khan 2025).

Fungal laccases have been successfully applied in diverse industries, including
textile dye decolorization, food processing, biofuel production, lignin degradation in
the pulp and paper industry, biosensors, and the synthesis of medical and cosmetic
compounds (Couto and Herrera 2006; Upadhyay et al. 2016; Kyomuhimbo and Brink
2023). In environmental biotechnology, they have demonstrated significant potential
for the degradation of persistent organic pollutants, such as pharmaceuticals, dyes,
pesticides, and endocrine-disrupting chemicals (Couto and Herrera 2006; Nguyen et al.
2014; Thathola et al. 2024). Integration into enzymatic reactors, biofiltration systems,
and hybrid technologies reflects a broader shift toward circular economy principles and
green waste management solutions (Abejon et al. 2015; Puspita et al. 2023). Recent
advances in immobilization techniques and carrier materials (e.g., activated carbon,
silica, polymeric matrices) have further enhanced catalytic performance and operational
stability (Sheldon and van Pelt 2013; Al-Sareji et al. 2023; Sodhi et al. 2024).

Despite their recognized potential, comprehensive knowledge mapping of
fungal laccases specifically for pharmaceutical bioremediation is lacking. While
Puspita et al. (2023) analyzed laccase applications in wastewater treatment over four
decades, their study did not focus on specific pollutant classes (e.g., pharmaceuticals,

pesticides) or differentiate laccases by biological origin (fungal, bacterial, or plant). To
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date, no study has systematically mapped global research on fungal laccases applied to
pharmaceutical bioremediation.

Given the growing importance of fungal laccases in environmental
biotechnology and the need for a clearer understanding of the scientific landscape, the
present study provides a comprehensive scientometric analysis of global trends in this
field. This analysis examines publication trends, subject categories, authorship patterns
and collaboration networks, institutional and geographic distribution, journal
dissemination, highly cited documents, and keyword mapping with hotspot clustering.
By addressing these dimensions, the study identifies key research trends, knowledge
gaps, and emerging opportunities, advancing scientific knowledge and guiding future
research toward scalable, efficient, and sustainable fungal laccase-based biocatalytic
systems for pharmaceutical pollution mitigation, in alignment with the United Nations
Sustainable Development Goals (SDGs) (ONU 2025) and the One Health framework
(Wang et al. 2024).

2. Methodology
2.1 Data sources and retrieval strategy

Scientific publications were systematically retrieved from PubMed, Scopus, and
Web of Science (WoS), covering the period from the earliest available record to
December 31, 2024. The search was performed using the following keyword
combination applied across all searchable fields: (Laccase* OR “Fung* Laccase*
enzyme*” OR “immobilized laccase” OR “Laccase* enzyme*””) AND (Pharmaceut™
OR “organic contaminant*” OR micropollutant*) AND (Bioremediation OR
Biotransformation OR Degradation OR Treatment OR Removal OR Transformation
OR “Environmental applications”) NOT (Dye* OR Colorant OR oil* OR Pesticid*).
Duplicates were removed in R (v4.4.2) (R Core 2023). In accordance with PRISMA
guidelines (Page et al. 2021), all retrieved records were screened and assessed for
relevance. Review articles, conference papers, brief surveys, book chapters, and
publications falling outside the study scope were excluded. The final dataset consisted

of 182 peer-reviewed articles, as illustrated in Figure 1.
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Figure 1. Flowchart used in the scientometric analysis, adapted from the PRISMA 2021
guidelines.

2.2 Scientometric analysis

Descriptive and mapping analyses were conducted using the Bibliometrix
package (v4.1.3) (Aria and Cuccurullo 2017) within the R environment (v4.4.2) (R Core
2023). The analysis included the number of publications, average annual citation rates,
and subject classifications based on WoS categories. Global publication trends were
examined with emphasis on the most prolific authors, highly cited documents,
influential journals, and leading institutions and countries.

Scientific productivity was assessed using Lotka’s Law (Lotka 1926), based on
the frequency distribution of authorship. Additionally, the temporal publication
performance of the top 10 most productive authors was analyzed. Institutional output
was evaluated based on author affiliations.

To identify journal citation patterns, Bradford’s Law of Scattering (Bradford
1934) was applied. A Sankey diagram was also constructed to visualize the
interconnections among authors, journals, and keywords visualize the knowledge
structure of the field and highlight the interactions between authors, core journals, and
emerging thematic areas.

For the keyword mapping and thematic focus analyses, no terms were excluded
from the dataset. However, a controlled vocabulary was created by grouping synonyms

under unified labels to ensure clarity and consistency (Supplementary Table 1). The
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methodological parameters for the co-occurrence network included automatic layout
generation, the Walktrap clustering algorithm, association strength normalization, a
maximum of 50 nodes, exclusion of isolated nodes, a repulsion strength of 0.1, and a
minimum of two co-occurrence links per edge.

A global collaboration map complemented analyses of annual publication trends
and country productivity, based on article counts and citation metrics, providing
insights into the structure, strength, and geographical distribution of international
research collaborations.

Graphical representations were generated based on outputs obtained from the

Bibliometrix package (v4.1.3) and Microsoft Excel (v2511).

3. Results and discussion
3.1 Publication output and subject categories

The initial search retrieved 1,396 documents (Figure 1), from which 547
duplicates were removed. An additional 166 documents were excluded (Supplementary
Table 2) due to their publication type, including book chapters (n = 20), conference
papers (n=3), retracted publications (n = 1), review articles (n = 140), and short surveys
(n = 2). The remaining 683 documents were assessed for matching the scope of the
study. Articles focusing exclusively on computational docking protocols, laccases of
non-fungal origin or produced via recombinant technologies, fungal bioreactors, or the
bioremediation of non-pharmaceutical compounds were considered out of scope and
therefore excluded. As a result, 182 publications (Supplementary Table 3) were deemed
eligible and included in the scientometric analysis focused on fungal laccase
applications in pharmaceutical bioremediation.

The earliest publication in this field dates back to 2008 (Bialk and Pedersen
2008), defining the study period as spanning from 2008 to December 31, 2024. As
shown in Figure 2(a), there has been a consistent rise in the number of publications over
this period, with an estimated annual growth rate of 18.92%, resulting in an average
output of 10.71 articles per year. This output trend reflects the growing recognition of
fungal laccases as a valuable bioresource in pharmaceutical bioremediation. Publication
activity has intensified since 2013, reaching its highest levels in 2022 and 2023. This
shift suggests the emergence and consolidation of specialized research related to the
domain that bridges environmental biotechnology, enzymology, and pharmaceutical

waste management (Sybuia et al. 2024; Wysokowski et al. 2024).
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Selected articles exhibited an average citation count of 35.14 per publication. In
2011, only one study was published within the field; nevertheless, it received 218
citations (Prieto et al. 2011). This high citation count, despite the low publication
volume, underscores the pivotal role of seminal studies in influencing subsequent

research and driving innovation.
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Figure 2. Publications trends on fungal laccases for pharmaceutical bioremediation
(2008-2024). (a) Annual number of articles (right axis, green bars) and average total
citations per article (left axis, orange line). (b) Proportional distribution of the top 10

Web of Science subject categories assigned to the retrieved publications.
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Based on the WoS categories (Figure 2b), the 182 articles were classified,
resulting in 290 category assignments, as many publications were indexed across
multiple domains. This finding underscores the highly interdisciplinary nature of
research on fungal laccases for pharmaceutical bioremediation. For instance, studies
developing crude laccase-based approaches in real wastewater (Maryskova et al. 2022)
and groundwater matrices (Rodriguez-delgado et al. 2016) were classified under both
“Environmental Sciences” and “Biotechnology & Applied Microbiology” categories.
Similarly, articles involving technologies based on immobilized laccase systems, such
as biochar (Garcia-Delgado et al. 2018) and PET bottle waste (Kijenska-Gawronska et
al. 2024) were categorized under “Environmental Engineering” and “Biotechnology &
Applied Microbiology™.

The subject categories “Environmental Sciences” (29%) and “Environmental
Engineering” (17%) emerged as the most represented, reflecting both the ecological
drivers of the field and the demand for technological innovations to mitigate
pharmaceutical pollutants. While the prominence of the “Biotechnology & Applied
Microbiology” category (16%) highlights the practical orientation of research on fungal
laccases towards scalable and sustainable solutions for real-world applications.

These findings confirm the recognition of fungal laccases as a promising
bioresource for waste bioremediation and ecosystem restoration, in agreement with
previous reports (Puspita et al. 2023; Singh et al. 2024). The thematic alignment with
pressing environmental challenges reinforces the relevance of this research for
advancing multiple SDGs, particularly SDG 6 (Clean Water and Sanitation), SDG 9
(Industry, Innovation, and Infrastructure), SDG 12 (Responsible Consumption and
Production), and SDG 15 (Life on Land).

3.2 Authorship trends and collaboration networks

The analyzed literature comprises contributions from 730 authors, with 39.01%
of the publications involving international co-authorship. The average number of
authors per article was 6.19, and only one article was published by a single author.

Author productivity (Figure 3a) follows Lotka’s law, indicating that a small
subset of researchers contributes the majority of scientific knowledge in the field of
fungal laccases for pharmaceutical bioremediation. Specifically, 78.4%, 11.9%, and
4.0% of authors contributed to one, two, and three articles, respectively, while only

5.7% authored four or more papers (Supplementary Table 4). In fact, the top 10 authors
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produced together 119 articles, 65% of all records, showing a high dominance of some

authors in the field.
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Figure 3. Authorship trends and collaboration networks in research on fungal laccases
for pharmaceutical bioremediation. (a) Author productivity distribution based on
Lotka’s Law; the x-axis represents the number of articles published per author, and the
y-axis shows the corresponding percentage of authors. (b) Timeline of the top 10 most
prolific authors; bubble size indicates the number of articles published, and color
intensity reflects total citations per year. (c) Co-authorship network of the 50 most
productive authors. Each node represents an author, with size proportional to
publication count and color indicating the cluster. The distance and the thickness of the

line connecting nodes indicate the relatedness and strength between authors. The

network is divided into nine distinct clusters, each distinguished by a color.

Among the top 10 authors (Figure 3b), Hai F was the most prolific, with 19
articles, followed by Nghiem L with 16 and Price W with 14, all affiliated with the
University of Wollongong (Australia). These patterns suggest strong institutional

support or access to substantial research funding. Nghiem L has the longest continuous
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publication record, whereas Zdarta J and Jesionowski T are more recent contributors,
entering the field in 2019 and publishing 9 and 8 articles, respectively, an indicator of
the field’s ability to attract new, high-output researchers.

To complement the analysis of author productivity, Supplementary Table 5
reports detailed performance metrics, publication count, h-index, g-index, and m-index,
providing a broader perspective on scientific impact and influence in the field (Egghe
2006; Hirsch and Buela-Casal 2014). Across all assessed metrics, Hai F consistently
ranks highest, underscoring both prolific output and scholarly impact. In contrast,
although Nguyen L and Cabana H have each published 12 articles, Nguyen L’s work
has received approximately 66% more citations, indicating greater scientific resonance
and influence.

The co-authorship network analysis among the 50 most productive authors is
presented in Figure 3(c). Nodes represent individual authors, while lines denote co-
authorship links. The network reveals nine distinct collaboration clusters, highlighting
the formation of cohesive research communities with limited cluster connectivity. This
pattern suggests that collaborations in the field remain relatively regionalized or
confined to specific disciplinary boundaries.

The blue cluster is the largest, comprising 13 authors with centrality scores
highlighting Hai F (18,909), Nguyen L (10,669), and Nghiem L (7,335), as pivotal
figures fostering connectivity and knowledge dissemination. The orange cluster, formed
by Zdarta J and Jesionowski T, acts as a bridge to the main network, indicating emerging
collaborations between early-career and established researchers. The green cluster
represents the second most prominent group, consisting of 8 authors. It is characterized
by strong co-authorship links between Belleville M and Sanchez-Marcano J, with
centrality scores of 4,714 and 4,286, respectively. This cluster, along with the third and
fourth most productive groups, remains disconnected from the broader network,
suggesting the presence of well-structured yet isolated research teams dedicated to
specific subfields within the broader domain of fungal laccase research for
pharmaceutical bioremediation.

These patterns underscore the need for strategic investment in collaborative
scientific networks, particularly in a research field with strong global applicability such
as fungal laccase—based bioremediation. Although laccases represent versatile and
environmentally benign biocatalysts capable of addressing pharmaceutical

contamination across diverse environmental and socio-economic contexts, the observed
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fragmentation among leading authors suggests that knowledge generation remains
largely compartmentalized (Thathola et al. 2024). Initiatives such as joint research
programs, international researcher mobility, and transnational funding schemes could
promote stronger interconnections among research groups, fostering more cohesive and
resilient scientific communities (Isfandyari-Moghaddam et al. 2023; Borger 2024).
Strengthening collaborative networks would not only enhance the global visibility and
transferability of fungal laccase research but also facilitate methodological
harmonization, cross-validation of results, and the integration of complementary
expertise (Borger 2024). Ultimately, such cooperation is essential to accelerate the
translation of laboratory-scale findings into scalable, sustainable biotechnological
solutions for mitigating pharmaceutical pollution across different environmental

matrices.

3.3 Institutional distribution of scientific output

Institutional contributions and collaboration patterns in fungal laccase research
for pharmaceutical bioremediation are presented in Figure 4. This analysis reveals that
universities from diverse regions are actively contributing to this field, including those
in Australia (University of Wollongong), Canada (University of Sherbrooke and
University of Quebec), Europe (University of Pannonia, Poznan University of
Technology, University of Montpellier, University of Santiago de Compostela), and
Asia (University of Tehran Medical Sciences, Nanjing University, University of
Babylon).

The University of Wollongong emerges as the leading institution, accounting for
~26% of total publications (Figure 4a) and demonstrating the most consistent and rapid
growth, particularly after 2015, remaining significantly ahead through 2024 (Figure
4b). The University of Sherbrooke, initially growing more slowly, showed a marked
increase in output from 2017, ranking as the second most productive institution. These
trends suggest that top institutions have benefited from increased research funding for
environmental restoration, particularly following the formal adoption of the SDGs in
2015.

A collaboration network was constructed to assess interactions among the top
10 most productive institutions (Figure 4c). The resulting map revealed the formation
of six distinct clusters. The blue cluster, led by the University of Sherbrooke, includes

the University of Santiago de Compostela and Nanjing University, indicating a clear
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tendency for international collaboration. The red cluster, which features the University
of Wollongong as the most productive institution in the dataset, demonstrates limited
international collaboration, with moderate connections to Poznan University of
Technology. Similarly, the green cluster highlights strong bilateral collaboration
between the University of Pannonia and the University of Babylon. Other institutions
appear in isolated clusters, suggesting a lack of direct cooperation with the other top

institutions.
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Figure 4. Institutional contributions and collaboration networks in fungal laccase
research for pharmaceutical bioremediation. (a) Top 10 most productive institutions by

number of published articles; bubble size represents publication count. (b) Cumulative
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article output (2008-2024) by the same institutions, differentiated by color. (c)
Institutional collaboration network. Each node represents an institution, with size
proportional to publication count and color indicating the cluster. The distance and the
thickness of the line connecting nodes indicate the relatedness and strength between the
institutions. The network is divided into six distinct clusters, each distinguished by a
color. (d) Sankey diagram linking prolific authors (AU) to their institutions (AU UN)
and countries (AU_CO).

The presence of weakly connected or isolated clusters indicates that, despite the
global relevance of pharmaceutical bioremediation, international partnerships remain
underdeveloped. This observation aligns with the author—institution—country flows in
the Sankey diagram (Figure 4d), which show limited inter-institutional mobility and
scarce cross-country collaborations. Most authors remain affiliated with their home
institutions, highlighting the prevalence of locally consolidated research groups. The
University of Wollongong hosts a concentration of leading authors (e.g., Hai F., Price
W., Nghiem L., Nguyen L.), reflecting a strong national research infrastructure.
Similarly, the University of Sherbrooke, represented by Cabana H. and Brar S., has
made a significant contribution to Canada’s output. Other institutions, such as the
University of Tehran Medical Sciences, Nanjing University, and the University of
Santiago de Compostela, contribute valuable but more isolated research efforts.

These patterns underscore both strengths and missed opportunities in global
collaboration, suggesting that targeted initiatives to foster international networking and
inter-institutional partnerships could enhance scientific impact, promote knowledge
exchange, and accelerate innovation in fungal laccase applications for pharmaceutical

bioremediation (Borger 2024).

3.4 Global research output by country

Australia stands out among the top ten most productive countries in fungal
laccase research applied to pharmaceutical bioremediation, with 90 published articles,
representing approximately 49.5% of total publications in this field, and accumulating
1,098 citations, averaging 49.9 citations per article (Figure 5a). Canada and China
follow closely, with 69 and 68 publications, respectively. In terms of citation impact,

Spain ranks second after Australia, with 916 citations across 40 articles. Although the
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earliest study originated in the United States, its overall output remains modest

compared to the leading five countries (Figure 5b).

(a) 100 1200
90
80 1000
L 800
g 60 g
2 50 600 E
2 w0 5
30 400
20 200
10
0 0
= < k] El ) g S 8 z 2
g = 8 o = = 7 g 8 =
£ = g R
3 9] = B b
< &)
. Articles Total Citation === Average Article Citations
(b) Country
7! == AUSTRALIA
== CANADA
7] == CHINA
% 50 - ==  FRANCE
= — = GERMANY
< == INDIA
25 - IRAN
== MEXICO
== SPAIN
8 -  USA
o
2 2 9 3 49 9 3§ 2 8 5 2 2 8 3 8 9 3
$ 8 8 8 8 8 B 8 &8 8 &8 & 8 &8 g & &
Year
(©
Q
o
o |
=
o
=
o
-l

Latitude

Figure 5. Global research output and international collaboration by country in fungal
laccase research for pharmaceutical bioremediation. (a) Article count (green bars), total
citations (orange line), and average citations per article (purple line) for the top 10
contributing countries. (b) Cumulative article output by country (2008-2024), with
color-coded representation. (c¢) Global collaboration map; node shading indicates
publication volume, and connecting lines represent co-authorship links between

countries.
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These findings are consistent with previous scientometric studies identifying
these countries as key contributors to research on pharmaceutical effluent treatment
(Davarazar et al. 2020) and laccase-based wastewater treatment (Puspita et al. 2023).
China, in particular, leads global scientific output in broader areas of environmental
biotechnology, including enzymatic bioremediation (Singh et al. 2024), enzyme
immobilization techniques (Gongalves et al. 2019) and biochar applications for
antibiotic removal (Liu et al. 2024). However, as evidenced by the results of this study,
Australia maintains a distinct leadership role specifically in fungal laccase applications
targeting pharmaceutical pollutants, as reflected by both publication volume and
citation performance.

The temporal analysis reveals a sharp growth in scientific output related to
fungal laccase application for pharmaceutical bioremediation from 2015 onwards
(Figure 5b). This trend coincides with the implementation of policy frameworks and
targeted funding initiatives aimed at mitigating the environmental impact of emerging
contaminants while promoting innovation in sustainable technologies (Wang et al.
2024; ONU 2025). It also reflects growing global awareness of the ecotoxicological
risks posed by pharmaceutical micropollutants and the potential of enzymatic
bioremediation as a green and effective alternative (Puspita et al. 2023; Thathola et al.
2024).

Multiple factors contribute to addressing pharmaceutical pollution, including
individual practices (e.g., proper disposal of unused medications) (Ehrhart et al. 2020),
technological progress supported by robust research infrastructure (Wang et al. 2024),
increased scientific engagement (Garduiio-Jiménez et al. 2025), and the implementation
of science-based policies aligned with the SDGs and the One Health framework (Wang
et al. 2024; Gardufio-Jiménez et al. 2025). Given that our dataset is based on peer-
reviewed literature, the results underscore the essential role of universities and research
institutions in enhancing national capacities for developing and deploying
biotechnological tools aimed at mitigating pharmaceutical pollution.

The international collaboration network (Figure 5c) further emphasizes
Australia’s leadership, with 32 documented collaborations involving 15 countries, the
highest global cooperation within this domain. Key partners include Canada, China,
and several European nations, illustrating a robust, interdisciplinary network that

fosters knowledge exchange and resource sharing. In contrast, countries such as
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Austria, Brazil, South Korea, and Tunisia registered only a single international
collaboration, highlighting disparities in global scientific engagement.

Persistent inequities in international collaboration risk reinforcing structural
barriers to developing fungal laccase-based bioremediation strategies.
Underrepresentation of Global South countries, particularly across Africa and parts of
Latin America, limits access to advanced analytical tools, funding, and high-impact
publication avenues. Conversely, countries with strong collaborative networks leverage
diverse expertise and shared infrastructure to accelerate technological innovation and
practical application (Isfandyari-Moghaddam et al. 2023; Borger 2024). Without
targeted initiatives promoting equitable partnerships, capacity building, and inclusive
knowledge exchange, the global scientific community risks entrenching a two-tier
system in which sustainable bioremediation solutions are developed primarily in
resource-rich contexts. This imbalance not only delays context-specific application of
bioresource technologies but also compromises the achievement of equitable
environmental restoration and shared sustainability goals.

In summary, sustained scientific leadership and robust international
collaboration, as exemplified by Australia, are critical to translating fungal laccase
research into scalable bioremediation technologies. Strengthening participation from
underrepresented regions through equitable partnerships and technology transfer is
essential to ensure that pharmaceutical pollution mitigation strategies are globally

relevant, technically feasible, and aligned with shared sustainability targets.

3.5 Journal distribution analysis

The eligible articles were published across 84 journals (Supplementary Table 6).
Applying Bradford’s law of scattering, eight journals were identified in the core zone
(Zone 1, shaded in Figure 6a), which comprised 61 articles, followed by 22 journals in
Zone 2 (62 articles) and 54 in Zone 3 (59 articles). This distribution reflects a classical
Bradford pattern, characterized by a few highly productive sources, a broader group of
journals with moderate productivity, and a large set of sources with progressively lower
output (Bradford 1934).

Among the core journals, Chemosphere emerges as the most prolific source,
publishing 12 articles. Bioresource Technology follows it with 10 publications and
Environmental Science and Pollution Research with 8. Journal of Environmental

Chemical Engineering, Journal of Hazardous Materials, and Science of the Total
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Environment each contributed 7 articles. Additionally, Biocatalysis and
Biotransformation and Environmental Research published 5 articles each. Journals in
Zones 2 and 3 published an average of approximately 2 and 1 article(s), respectively,

indicating a marked drop in publication frequency beyond the core.
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Figure 6. Core journals and citation impact in fungal laccase research for
pharmaceutical bioremediation. (a) Core sources identified using Bradford’s Law;
number of articles plotted against the logarithmic rank of each journal. The shaded area
represents the core zone of most productive journals. (b) Total citation (TC) count per

journal, used to assess local impact within the dataset.

This distribution is consistent with the alignment between the thematic scopes
of core journals and the interdisciplinary nature of fungal laccase research in

pharmaceutical bioremediation. Core journals predominantly focus on environmental
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biotechnology, pollutant degradation, sustainable technologies, and enzymatic
processes, which directly correspond to the research objectives of the analyzed studies.

To complement productivity analysis, local impact was evaluated using total
citations (TC) per journal (Figure 6b). Bioresource Technology emerged as the most
impactful journal, with 960 citations, approximately three times more than
Chemosphere, despite having published fewer articles. This suggests that while
Chemosphere is an important volume publication, Bioresource Technology publishes
articles of higher citation density. A similar trend was noted in a previous bibliometric
analysis covering four decades of laccase-assisted wastewater treatment identified
Bioresource Technology as the leading journal in number of publications, followed by
the Journal of Hazardous Materials and Chemosphere, which ranked second and third,
respectively (Puspita et al. 2023).

Journals exhibiting both high productivity and citation impact play a central role
in consolidating scientific knowledge, as citation frequency often reflects research
relevance, methodological robustness, and practical applicability (Garfield 2006;
Bornmann et al. 2008). By fostering visibility and recognition, these journals act as
strategic platforms for disseminating innovations in fungal laccase applications,
extending their influence beyond academia into industrial, social, and environmental
domains (Bornmann and Mutz 2015).

Overall, this analysis highlights the strategic importance of core journals in
guiding researchers toward high-impact sources, consolidating the scientific landscape
of fungal laccase-based pharmaceutical bioremediation, and supporting the

advancement of this emerging field.

3.6 Highly cited documents

The ten most cited documents in the field are summarized in Table 1. Four were
published in Bioresource Technology and two in Science of the Total Environment,
highlighting the central role of these journals in disseminating advances in
environmental biotechnology and pollutant degradation. The remaining publications
appeared in diverse journals, reflecting the interdisciplinary and rapidly evolving nature
of the field.

The average total citation count for these studies was 154, with the top-ranked
article by Prieto et al. (2011) receiving 218 citations during the analyzed period. This

pioneering work compared 7. versicolor and its isolated laccase in the
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biotransformation of the antibiotics ciprofloxacin and norfloxacin. Beyond identifying

environmentally relevant transformation products, the study suggested the involvement

of additional enzymatic systems, such as cytochrome P450, in the degradation pathway.

Its innovative experimental design, coupled with robust analytical methods, has

established this study as a benchmark for pharmaceutical bioremediation research.

Table 1. List of most cited documents on fungal laccase for pharmaceutical bioremediation
Rank Title Author  Year Journal TC TCY DOI
Degradation of the antibiotics norfloxacin Bioresour 10.1016/j.bi
1 and ciprofloxacin by a white-rot fungus and Prieto A 2011 Technol 218 15,57 ortech.2011
identification of degradation products .08.055
. . 10.1186/21
) Bgcterlal versus fungal lgccase. potential for Margot 2013 Amb 195 1625 91-0855-3-
micropollutant degradation J Express 63
Simultaneous removal and degradation
characteristics of sulfonamide, tetracycline, ] Hazard 10.1016/.jh
3 and quinolone antibiotics by laccase- DingH 2016 Mater 175 19,44 azmat.2015.
mediated oxidation coupled with soil 12.062
adsorption
. . . 10.1016/.b
4 Laccase-cata}yzed degradation of anti- LloretL 2010 Biochem 174 11,60 ¢j.2010.06.
inflammatories and estrogens EngJ 005
Biodegradation of the analgesic naproxen by .y
. . . : . 10.1016/j.bi
s Trametes versicolor and identification of Marco- 2010 Bioresour 150 10.00  ortech.2009
intermediates using HPLC-DAD-MS and Urrea E Technol ’ :
.11.019
NMR
C'ontlnuous ‘ adsorptlon and Nguyen ' 10.1016/j.bi
biotransformation of micropollutants by Bioresour
6 . . L 2016 137 15,22 ortech.2016
granular activated carbon-bound laccase in a Technol
.01.014
packed-bed enzyme reactor
Slfzm ?n‘iailicOtt;ei?rtrllzgitl\ifsiﬂinfuwnaZtle‘lzg[cearseb }j Becker Bioresour 10.1016/5.bi
7 ymatic N D 2016 135 15,00 ortech.2016
Degradation of compounds does not always Technol 08.004
eliminate toxicity R
Immobilized laccase on oxygen 10.1016/j.sc
3 functionalized  nanobiochars  through Naghdi 2017 Sci  Total 118 14.75 itotenv.201
mineral acids treatment for removal of M Environ ’ 7.01.021
carbamazepine
Characterization of combined cross-linked .
. 10.1016/j.sc
enzyme aggregates from laccase, versatile Touahar Sei Total itoteny.201
9 peroxidase and glucose oxidase, and their 1 2014 . 118 10,73 .
e s Environ 4.01.132
utilization for the elimination of
pharmaceuticals
Direct immobilization of laccase on titania 10.1016/j.se
nanoparticles from crude enzyme extracts of Ji C Sep Purif ppur.2017.0
10 P ostreatus culture for micro-pollutant 2017 Technol 17 14,63 1.043

degradation

TC: Total Citation — TCY: Total Citation Per Year
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A closer examination of Table 1 reveals several important trends. First, a
substantial portion of highly cited studies focuses on antibiotic degradation, including
ciprofloxacin and norfloxacin (Prieto, 2011), sulfonamides, tetracyclines, and
quinolones (Ding, 2016), highlighting the environmental concern regarding these
persistent micropollutants. Analgesics and anti-inflammatory drugs, such as naproxen
(Marco-Urrea, 2010) and estrogens (Lloret, 2010), are also addressed, reflecting the
broad applicability of fungal laccases across pharmaceutical classes.

Second, the data show a strong emphasis on technological innovation. Several
studies explore enzyme immobilization and continuous-flow systems, including
granular activated carbon-bound laccase (Nguyen, 2016) and direct immobilization on
titania nanoparticles (Ji, 2017). The combination of multiple enzymes in cross-linked
aggregates (Touahar, 2014) and functionalized nanobiochars (Naghdi, 2017) further
illustrates the drive toward scalable and efficient biocatalytic platforms. Margot (2013)
compares bacterial and fungal laccases, emphasizing the potential of fungi in
micropollutant degradation relative to other enzymatic systems.

Another important trend is the integration of sustainability considerations.
Several top-cited works incorporate green chemistry principles, cost-effective enzyme
production, and environmentally benign treatment alternatives, such as minimizing
toxic by-products (Becker, 2016). These strategies underscore the alignment of the field
with sustainable wastewater treatment and broader environmental safety goals (Bilal et
al. 2019; Gardufio-Jiménez et al. 2025).

Finally, the diversity of journals represented in the top ten indicates the
interdisciplinary nature of pharmaceutical bioremediation, bridging microbiology,
enzymology, chemical engineering, and environmental science. Collectively, these
studies show that impactful research in this area combines fundamental enzymology
with application-oriented innovation and sustainability considerations.

Future work aiming for high scientific and technological impact should continue
integrating novel biocatalysis strategies with scalable, environmentally responsible
approaches, consolidating fungal laccases as a key tool for pharmaceutical

bioremediation.

3.7 Keyword mapping and thematic focus
To explore the conceptual structure of research on fungal laccases for

pharmaceutical bioremediation, the thematic relationships among key terms and their
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temporal dynamics were examined (Figure 7). This integrated perspective reveals the
evolutionary patterns of the field, highlighting both well-established research domains
and persistent thematic gaps.

The Sankey diagram (Figure 7a) illustrates the relationship between the most
productive authors (AU), journals (SO), and keywords (DE) identified in the analyzed
studies. Prominent researchers such as Nghiem L., Hai F., and Price W., on the left,
show strong associations with high-impact journals including Bioresource Technology
and Chemosphere. The diagram aligns with Bradford’s Law, identifying the same core
journals highlighted in Figs. 6a and 6b. These journals, in turn, are strongly linked to
descriptors such as “laccase,” “immobilization,” “biodegradation,” and
“pharmaceuticals,” which reflect the core themes in fungal laccase research. Additional
terms such as “diclofenac,” “biotransformation,” and “enzyme immobilization”,
indicate global trends in addressing pharmaceutical pollutants and advancing
sustainable remediation technologies. The high density of connections across all three
fields suggests a thematically cohesive research landscape, supporting depth,
coherence, and practical relevance.

The co-occurrence network of the 50 most frequent author keywords (Figure
7b) revealed 10 distinct clusters, with the red, blue, and green clusters emerging as the
most prominent according to the node density and thematic cohesion.

The red cluster, the largest, centers on the keyword “laccase” and comprises 27
nodes. It aggregates terms with high betweenness centrality scores, such as
“immobilization” (17,569), “degradation” (10,861), and “micropollutants” (6,393),
underscoring the central role of fungal laccase applications in environmental
bioremediation.

Several keywords in the red cluster refer to specific pharmaceutical compounds,
including “diclofenac”, “estrogens”, “tetracycline”, “carbamazepine”, “antibiotics”,
“ciprofloxacin”, “ibuprofen”, “levofloxacin”, and “sulfamethoxazole”, listed in order
of their PageRank scores. These are well known for their persistence and ecotoxicity in
aquatic and terrestrial ecosystems (Gao et al. 2018; Estrada-Almeida et al. 2024; Singh
et al. 2025). This pattern indicates that fungal laccase research is actively targeting real-
world contaminants. However, pharmaceuticals such as thyroid hormones,
corticosteroids, psychoactive substances, antiretrovirals, and anticancer agents,

although present in environmental matrices and recognized for their high biological
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activity even at trace levels (Gong et al, 2019; Singh et al., 2025), remain
underexplored, signaling important opportunities for future studies.
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Figure 7. Key terms and emerging topics in fungal laccase applications for

pharmaceutical bioremediation. (a) Sankey diagram linking the top 10 contributing
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authors (AU), journals (SO), and author keywords (DE), depicting the structural
composition of the literature. (b) Keyword co-occurrence network of the 50 most
frequent terms. Each node represents a keyword, with size proportional to publication
count and color indicating the cluster. The distance and the thickness of the line
connecting nodes indicate the relatedness and strength between keywords. (¢) Temporal
evolution of trending topics based on author keywords (2008-2024); bubble size

denotes annual frequency of occurrence.

The blue cluster, composed of seven nodes, is centered on the term “wastewater”
and is connected to the red cluster through the keyword “laccase,” indicating a strong
thematic association between these areas. It also contains “enzymatic treatment,”
“pharmaceutical compounds,” and drug-related terms such as “acetaminophen” and
“fluoroquinolone.” These links highlight the focus on wastewater as a critical pathway
for pharmaceutical pollutant dissemination (Ortazar et al. 2022; Wang et al. 2024).

The green cluster, composed of four nodes, is linked to the red cluster through
the terms “mediator” and “laccase,” reflecting a strategic approach to broadening the
substrate range of fungal laccases. Mediators such as syringaldehyde, detected in this
cluster, are small molecules that act as electron shuttles, enabling the oxidation of
complex substrates otherwise inaccessible to the enzyme’s active site due to steric
hindrance or high redox potential (Bourbonnais and Paice 1990; Singh et al. 2025).
Once oxidized, these mediators form relatively stable radicals that diffuse from the
active site and oxidize target compounds via non-enzymatic pathways (Cafias and
Camarero 2010). The absence of other mediators in the co-occurrence network suggests
that compounds commonly used in laccase-based treatments of colorants or pesticides
— such as ABTS (2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic) acid), HBT (1-
hydroxy benzotriazole), TEMPO (2,2,6,6-tetramethylpi-peridine oxide), and violuric
acid — have not yet been fully explored for their potential in pharmaceutical
bioremediation. This research gap highlights the need to investigate structure-activity
relationships and environmentally friendly alternatives, particularly for complex drug
molecules or those lacking phenolic structures.

Pharmaceuticals can enter the environment through multiple pathways,
originating from their production or use across diverse sectors, including industry,
agriculture, households, healthcare, and even wastewater treatment plants, ultimately

reaching environmental compartments such as air, soil, and water (Ortuzar et al. 2022;
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Vaudin et al. 2022; Wang et al. 2024). Among these, water serves as the primary
medium for the dissemination of pharmaceutical pollutants due to its global
connectivity and transport capacity (Ortizar et al. 2022; Wang et al. 2024).

To mitigate these impacts, various wastewater treatment strategies, such as
advanced oxidation processes (AOPs), membrane filtration, and activated carbon
adsorption, have been implemented (Guo et al. 2017; Patel et al. 2019; Mutegoa 2024).
Nevertheless, these approaches have often proven insufficient, as numerous
pharmaceutical residues are still detected in treated effluents, surface, and even drinking
water sources (Heberer 2002; Gracia-Lor et al. 2012; Tran et al. 2018; Freitas and
Radis-Baptista 2021). In response, alternative strategies such as enzymatic
bioremediation have garnered increasing attention (Chmelova et al. 2024; Thathola et
al. 2024). As demonstrated by Singh et al. (2024), laccases are among the most
extensively studied enzymes for such applications. However, despite the growing
interest in fungal laccases for pharmaceutical bioremediation, current research remains
largely focused on aqueous matrices, for instance, see Singh et al. (2025), Naghdi et al.
(2018) and Puspita et al. (2023).

The absence of keywords related to solid matrices, such as soil and sludge, was
noted. Soil and sediment texture and chemical composition play a critical role in the
fixation and deposition of pharmaceuticals, and the presence of these compounds in
such environmental matrices has been documented (Beretta et al. 2014; Tran et al.
2018). Similarly, sludge can act as a concentrating medium for certain chemical
contaminants during wastewater treatment. Nevertheless, most treated sludge is directly
applied to agricultural land without prior screening for emerging contaminants, posing
potential environmental and health risks (Petrie et al. 2015; Tran et al. 2018). Therefore,
the application of fungal laccases in solid environmental matrices represents a research
gap. Addressing this gap could also contribute to SDG 15, which emphasizes the
protection, restoration, and sustainable use of terrestrial ecosystems.

The temporal evolution of the author keywords was analyzed, and the results
are presented in Figure 7c. Up to five terms were included per year, each appearing in
a minimum of five articles. Among pharmaceutical-related terms, “estrogens” and
“tetracycline” exhibited the longest temporal persistence, appearing consecutively for
seven years, with 13 and 12 occurrences, respectively. As expected, “laccase” was the

most frequently cited author keyword overall, with 136 occurrences. While this



79

prevalence was anticipated, the term was retained in the analysis to assess its
longitudinal relevance and co-occurrence dynamics with other keywords.

Trametes versicolor showed a steady rise in frequency from 2012 to 2020,
reinforcing its status as a model organism for laccase production (Viswanath et al.
2014; Yang et al. 2017; Chmelova et al. 2024). Its enzymes are widely studied for
bioremediation of micropollutants such as dyes (Puspita et al. 2023), pharmaceuticals
(Prieto et al. 2011; Alharbi et al. 2019), pesticides (Beltran-Flores et al. 2021), and other
xenobiotic compounds (Torres-Farrada et al. 2024). Although the keyword analysis
parameters did not capture additional fungal species within the dataset, several others,
such as Ganoderma lucidum, Lentinula edodes, Phanerochaete chrysosporium,
Pleurotus ostreatus and Pycnoporus sanguineus, have been reported in the literature for
their promising laccase activity in pharmaceutical bioremediation (Gao et al. 2018;
Cheute et al. 2024; Florez-Restrepo et al. 2025).

Recently, the keywords ‘“adsorption” and “immobilization” have become
prominent topics. “Adsorption” first appeared in 2023 and quickly reached a frequency
of six. In contrast, “immobilization” entered the network in 2018 and reached a
frequency of 36, making it the third most cited keyword overall. Studies have
demonstrated that immobilized enzymes offer significant advantages over free enzymes
(Gongalves et al. 2019; Kyomuhimbo and Brink 2023). Among various physical
immobilization strategies, adsorption stands out as a key method for attaching laccases
to solid support matrices (Jesionowski et al. 2014). This approach enhances the
enzymatic activity and stability, extends the enzyme’s half-life, and enables its reuse
over multiple catalytic cycles, ultimately reducing the cost of the biocatalytic process
(Gongalves et al. 2019; Sodhi et al. 2024).

The growing emphasis on immobilization reflects a broader research interest in
designing robust biocatalytic systems suited for real-world applications, including
continuous-flow reactors and wastewater treatment infrastructures (Ba et al. 2013;
Singh et al. 2025). The choice of support materials, such as biochar, silica, and
polymeric matrices, is crucial in determining the catalytic performance and
environmental sustainability of immobilized laccase systems (Di Cosimo et al. 2013;
Gongalves et al. 2019). Moreover, designing and functionalizing supports for specific
enzymes can be complex and costly (Di Cosimo et al. 2013; Aghaee et al. 2024).
Therefore, novel immobilization strategies should be guided by systematic economic

feasibility assessments to ensure scalability and practical applicability in
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bioremediation. Moreover, alternative stabilization approaches, such as lyophilization
or chemical stabilizers, remain underexplored. Addressing this gap is essential, as
effective enzyme stabilization extends shelf life and facilitates transport, particularly
for laboratories lacking immobilization expertise, thereby supporting the broader
commercialization of laccases for environmental applications (Iyer and

Ananthanarayan 2008; Sheldon and van Pelt 2013).

4. Conclusions and future perspectives

This study presents the first comprehensive mapping of global research trends
on fungal laccases applied to pharmaceutical bioremediation. The increasing number of
publications, driven by a relatively small group of prolific authors, institutions, and
countries, reflects the growing scientific and technological interest in enzymatic
biocatalysis as a sustainable strategy to mitigate pharmaceutical pollution.

Keyword mapping and thematic clustering revealed dominant research
directions centered on enzymatic degradation mechanisms, immobilization strategies,
and applications in water and wastewater matrices. Nevertheless, the analysis also
highlights persistent knowledge gaps, notably the limited attention given to soil and
sludge bioremediation, the underrepresentation of several pharmaceutical classes, such
as thyroid hormones, antiretrovirals, and anticancer agents, and the scarcity of
mechanistic studies addressing oxidation—reduction pathways and enzyme stability.
Addressing these gaps would broaden the field’s scope, strengthen its scientific
foundations, and enhance the practical applicability of fungal laccases across diverse
environmental contexts.

While the scientometric approach provides a structured and comprehensive
overview of the research landscape, some limitations should be acknowledged. These
include the limited ability to capture regional research nuances, the delayed citation
impact of recent publications, and the exclusive focus on fungal laccases, which
excludes other promising enzymatic systems, such as bacterial or recombinant laccases,
that may offer complementary or superior performance under specific operational
conditions.

To advance the field, future research should prioritize comparative evaluations
of laccases from diverse biological origins to identify enzymes with optimal catalytic
efficiency and operational stability, alongside systematic reviews aimed at reducing

methodological heterogeneity and establishing standardized performance benchmarks.
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In addition, greater emphasis should be placed on underexplored pharmaceutical
classes and solid environmental matrices, as well as on comprehensive toxicological
assessments of biotransformation products to ensure environmental safety and
regulatory compliance. From an applied perspective, the development of
immobilization strategies that enhance enzyme stability should be coupled with
economic feasibility analyses to support industrial-scale implementation. Furthermore,
alternative stabilization approaches beyond immobilization, such as lyophilization and
the use of chemical stabilizers, remain insufficiently explored and represent promising
avenues for future investigation.

Aligning fungal laccase research with the Sustainable Development Goals -
particularly SDG 6 (Clean Water and Sanitation), SDG 9 (Industry, Innovation, and
Infrastructure), SDG 12 (Responsible Consumption and Production), and SDG 15 (Life
on Land) - within a One Health framework underscores its potential to deliver
environmentally sound, scalable, and innovative solutions. Overall, this integrated
analysis not only delineates the intellectual structure of the field but also provides a
foundation for targeted interdisciplinary collaboration among academia, industry, and

policymakers.
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Supplementary Table 1 Consolidated list of synonyms adopted for co-occurrence

network construction

Label

Synonymous compiled

laccase

wastewater

immobilization

micropollutant

enzymatic membrane
bioreactor

redox mediator
tetracycline
antibiotics
carbamazepine
ciprofloxacin

diclofenac
enzymatic elimination

estrogens

fluroquinolone

endocrine disrupting chemical
mediator

immobilization

metabolite
transformation pathway

laccases; enzyme; enzymatic; lacasse; laccase enzyme;
crude enzyme laccase; enzymes; fungal laccase; fungal
laccases; laccase a; laccase b; ligninolytic enzymes;
crude laccase

wastewaters; wastewater treatment; pharmaceutical
wastewater; water pollution; water treatment; municipal
wastewater; biocatalytic wastewater treatment

enzyme immobilization

micropollutants; micropollutant degradation;
pharmaceutical micropollutants; micro-pollutant;
micro-pollutants; micropollutants removal;
pharmaceutic micropollutant; pharmaceutical
pollutants; trace pollutant; pollutants; pharmaceutical
micropollutants

enzymatic membrane; enzymatic membrane reactor;
enzymatic membrane bioreactor (embr); enzymatic
membrane bioreactor laccase-catalyzed; enzymatic
membrane reactors

redox-mediator

tetracyclines;tetracycline antibiotics; tetracycline
degradation; tetracycline/antibiotic degradation;
chlortetracycline

antibiotic; antibiotic pollutants; antimicrobial
carbamazepine (cbz)

ciprofloxacin hydrochloride

diclofenac sodium (diclofenac; or diclofenac salt
enzymatic decontamination;

estrogen; estrogen bioremediation; estrogen removal; -
ethynylestradiol; 17 \& alpha; 17 alpha-ethinylestradiol;
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Supplementary Table 4 Lotka’s law distribution of author productivity generated using

Bibliometrix

Documents written N. of Authors

Proportion of Authors

1 572
2 87
3 29
4 12
5 6
6 5
7 6
8 4
9 2
10 2
12 2
14 1
16 1
19 1

0.784
0.119
0.04

0.016
0.008
0.007
0.008
0.005
0.003
0.003
0.003
0.001
0.001
0.001

Supplementary Table 5 Metrics of the top 10 most productive authors in

pharmaceutical bioremediation research involving fungal laccases

Rank  Authors NP TC* h index g index m index
1 Hai F 19 1018 17 19 1.417
2 Nghiem L 16 854 15 16 1.25
3 Price W 14 799 13 14 1.083
4 Nguyen L 12 739 12 12 1.091
5 Cabana H 12 444 8 12 0.727
6 Belleville M 10 482 8 10 0.727
7 Sanchez-Marcano J 10 444 8 10 0.727
8 Brar S 9 470 8 9 1

9 Zdarta J 9 156 5 9 0.833
10 Leusch F 8 501 8 8 0.727

*NP: number of publications * TC: total citations

Supplementary Table 6 List of journal productivity identified by Bradford’s law using

Bibliometrix

Source Rank FQ CFQ Zone

Chemosphere 1 12 12 Zone 1
Bioresource Technology 2 10 22 Zone 1
Environmental Science And Pollution Research 3 8 30 Zone 1
Journal Of Environmental Chemical Engineering 4 7 37 Zone 1
Journal Of Hazardous Materials 5 7 44 Zone 1
Science Of The Total Environment 6 7 51 Zone 1
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4.2 Capitulo 2: Fungal laccase crude extracts: production and pharmaceutical

bioremediation
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Abstract

Fungal laccases are eco-friendly biocatalysts capable of oxidizing a broad
spectrum of compounds. In this study, four fungal species were cultivated to evaluate
laccase production and their application in the bioremediation of acetaminophen and
diclofenac. Among these, Pycnoporus sanguineus exhibited the highest laccase activity
(1116.94 U/mL). SDS-PAGE profiling of laccase crude extracts (LCEs) revealed multiple
protein bands, while zymograms confirmed the presence of distinct isoforms. Stability
assays demonstrated that glycerol protected laccase activity in a concentration- and

source-dependent manner, with laccase from Trametes sp. 50/08 showing the most
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gradual decline over 60 days. When examining the efficacy of bioremediation, the LCE
from Marasmiellus palmivorus at 10 U/mL achieved 96% acetaminophen removal within
24 hours, whereas the LCE from Agaricus blazei at 30 U/mL was the most effective for
diclofenac, achieving 82% removal. However, increasing laccase concentration did not
enhance pharmaceutical degradation, suggesting possible substrate saturation or
inhibition. These findings highlight the efficiency of crude enzyme extracts in removing
acetaminophen and diclofenac, reinforcing their potential as sustainable tools for treating

pharmaceutical pollutants in aquatic environments.

keywords: enzyme, bioremediation, stability, pharmaceutical, diclofenac,

acetaminophen, water

1. Introduction

Laccases (benzenediol:oxygen oxidoreductase, EC 1.10.3.2) are multicopper
oxidases that catalyze the oxidation of phenolic and aromatic amine compounds, using
molecular oxygen as the terminal electron acceptor and producing water as the only by-
product (Brugnari et al., 2021; Sodhi et al., 2024). These enzymes are widely distributed
among fungi, bacteria, and plants (Singh et al., 2024). Fungal laccases are the most
extensively studied due to their high redox potential and low substrate specificity (Sharma
and Gupta, 2024).

Fungal laccases are involved in various physiological and ecological functions,
including lignin degradation, pigment biosynthesis, sporulation, stress defense, and
pathogenesis (Singh et al., 2024). The capacity to oxidize a broad array of compounds
and the environmentally eco-friendly catalytic mechanism make these enzymes highly
attractive for biotechnological applications (Sodhi et al., 2024).

In recent years, fungal laccases have gained attention as promising biocatalysts
for the degradation of micropollutants, including synthetic dyes, pesticides, and
pharmaceutically active contaminants, from water and soil systems (Cantele et al., 2017,
Chmelova et al., 2024; Singh et al., 2025; Thathola et al., 2024). Pharmaceuticals, in
particular, have emerged as a global concern due to the physicochemical characteristics
(e.g., molecular weight, pKa, logP) that contribute to recalcitrant behavior (Patel et al.,
2019). These compounds are continuously released into the environment through
domestic sewage, hospital effluents, and drug manufacturing waste (Estrada-Almeida et

al., 2024).
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Non-steroidal anti-inflammatory drugs (NSAIDs), such as diclofenac, and
analgesics like acetaminophen are among the most frequently detected pharmaceuticals
in water matrices (Guerra et al., 2014; Placova et al., 2023). These compounds are widely
consumed and exhibit moderate to high environmental persistence (Lonappan et al., 2016;
Phong Vo et al., 2019). Once in the environment, these compounds may induce toxic and
genotoxic effects in soil microbial communities and aquatic organisms, causing oxidative
stress, endocrine disruption, and developmental abnormalities (Kummerova et al., 2016).
Their ecological relevance and ubiquity have made acetaminophen and diclofenac model
pollutants in bioremediation studies (Lonappan et al., 2016; Phong Vo et al., 2019).

Conventional wastewater treatment plants are not specifically designed to
eliminate pharmaceuticals, leading to their incomplete removal and subsequent detection
in surface waters, sediments, and even drinking water (Estrada-Almeida et al., 2024; Patel
et al., 2019). Advanced treatment technologies such as ozonation, membrane filtration,
and advanced oxidation processes have been proposed for wastewater treatment
(Bouabadi et al., 2024; Mutegoa, 2024). However, their high operational costs, energy
demands, and generation of toxic by-products limit their scalability and sustainability
(Guo et al., 2017; Phong Vo et al., 2019). In contrast, enzymatic bioremediation offers a
greener and more cost-effective alternative, operating under mild conditions with minimal
secondary pollution (Brugnari et al., 2021; Singh et al., 2024).

Laccases, in particular, have been studied for the bioremediation of
pharmaceuticals in model systems and real wastewater matrices (Chmelova et al., 2024;
Singh et al., 2025). However, their large-scale industrial application is limited by
enzymatic stability (Brugnari et al., 2021). While strategies such as enzyme purification
or immobilization have been explored, they often involve complex and expensive
processes (Brugnari et al., 2021; Singh et al., 2025). An alternative is the use of laccase
crude extracts (LCEs) derived directly from fungal cultures, which provide a practical
and low-cost approach for large-scale bioremediation. Furthermore, exploring fungal
strains beyond the extensively studied white-rot fungi may reveal novel enzymatic
profiles with broader degradation capabilities.

Although studies have reported the use of crude fungal laccases for the oxidation
of pharmaceuticals, few have systematically compared enzymatic extracts from different
basidiomycete species under standardized conditions. In this study, Agaricus blazei,
Marasmiellus palmivorus VE111 (MIUCS 2025), Pycnoporus sanguineus 14G, and

Trametes sp. 50/09 were evaluated to assess their potential for enzymatic bioremediation
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of acetaminophen and diclofenac. Moreover, the study examined the main factors
influencing enzyme activity and stability, as well as the structural features of these

pharmaceuticals that determine their susceptibility to enzymatic degradation.

2. Materials and methods
2.1 Laccase crude extracts production

The fungal strains Agaricus blazei, Marasmiellus palmivorus VE111 (MIUCS
2025), Pycnoporus sanguineus 14G, and Trametes sp. 50/09 were obtained from the
Microorganism Collection of the Laboratory of Enzymes and Biomass at the University
of Caxias do Sul. The strains were maintained on potato dextrose agar (PDA; Kasvi®) in
Petri dishes and incubated in a germination chamber with a photoperiod (Oxylab) at 28°C
for seven days.

For inoculum preparation, three mycelial disks (@ = 1.5 cm) were transferred from
actively growing PDA cultures into 500-mL Erlenmeyer flasks containing 100 mL of
culture medium. The composition of the medium was based on the protocol described by
(Schneider et al., 2018). It contained 2 g glucose (Quimidrol®), 0.15 g pure casein
(Synth®), 5 mL of a 20x concentrated mineral solution, and potato broth prepared by
boiling 200 g of chopped potatoes in 1L of water. Cultivation was conducted under
shaking conditions at 180 rpm and 28°C in a reciprocal agitation system.

Culture samples were collected at 4, 6, 8, and 10 days of cultivation and
centrifuged at 9600xg for 20 min at 4 °C. To explore the stability, zymography, and the
role of extracellular enzymes in pharmaceutical bioremediation, supernatants from 8-day-
old cultures of M. palmivorus VE111 and 10-day-old cultures of A. blazei, P. sanguineus

14G, and Trametes sp. 50/09 were collected and used as lacase crude extracts (LCEs).

2.2. Mycelial biomass, protein, pH, and consumption of carbon sources

Myecelial biomass was used to assess fungal growth, following the method
described by Rapp et al. (1981). For this, the entire contents of the Erlenmeyer flasks
were processed. After removal of the supernatant, the biomass was washed with distilled
water and dried at 40°C until a constant weight was reached.

Supernatants were evaluated for protein concentration, pH, laccase activity, and
carbon source consumption. Protein concentration was determined using the Bradford
method (Bradford, 1976), with bovine serum albumin (BSA) as the standard. The pH was

measured using a glass electrode pH meter.
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For carbon source analysis, supernatants were filtered through 0.20 um
membranes and analyzed by high-performance liquid chromatography (HPLC;
Shimadzu), according to the protocol of the National Renewable Energy Laboratory

(NREL) (Sluiter et al., 2008).

2.3 Enzymatic laccases assay

Laccase activity was determined by kinetically measuring the oxidation of 5
mmol/L 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) to its radical cation
(ABTS") at 420 nm, in 0.2 mmol/L sodium acetate buffer (pH 5.0) at 25 °C. Absorbance
was recorded over 90s using a spectrophotometer (Spectra MAX 190 - Molecular
Devices®). One unit (U) of laccase activity was defined as the amount of enzyme required
to produce 1 umol of ABTS" per minute under the assay conditions (Wolfenden and

Willson, 1982).

2.4 Zymogram of laccase crude extract

The LCEs were subjected to SDS—polyacrylamide gel electrophoresis (SDS—
PAGE), according to the method described by Laemmli (1970). After electrophoresis, the
gels were stained with Coomassie Brilliant Blue R in an ethanol:acetic acid:water solution
(5:1:4, v/v/v) for 2 min and then destained using the same solution without dye.

For laccase zymography, the gels were sequentially washed at room temperature:
first in 2.5% Triton X-100 (solution A), followed by 0.1 mmol/L sodium acetate buffer
(pH 5.0; solution B), each for 10 min. To visualize laccase activity, the gels were placed
on an ABTS—agar layer prepared with 0.02 g ABTS, 0.4 g agar, and 40 mL distilled heated
water. Green bands, indicative of ABTS oxidation, became visible within the first 5 min
of incubation at 25 °C (Camassola et al., 2013). Laccase bands were visualized, and
molecular mass was estimated by comparison with standard protein markers (Bio-Rad®,
USA). Images were documented by Molecular Imager ® (Gel Doc XR + ™ Imaging
System - Bio-Rad®, USA).

2.5 Storage stability assessment
The LCEs were subjected to storage stability assessment under different
conditions: refrigeration (4 °C), room temperature (23 +2°C), with and without a

stabilizer, and freeze-drying. Glycerol was used as the stabilizing agent and tested at
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concentrations of 10%, 20%, and 30%. Residual laccase activity was measured every 10

days up to 60 days; all assays were performed in triplicate.

2.6 Enzymatic pharmaceutical bioremediation

To assess the degradation efficiency of each LCE, reaction mixtures were prepared
using the LCE adjusted to a laccase activity of 10 U/mL and acetaminophen (Anqiu
Lu’An, China) or diclofenac (Elam Pharma, India) at final concentrations of 5 or 10 mg/L.
An additional condition using 30 U/mL of LCE was evaluated with pharmaceutical
concentrations of 10 mg/L. All assays were performed in triplicate in 50 mL Duran®
bottles, with a final reaction volume of 20 mL made up of ultrapure water. The mixtures
were incubated at room temperature (23 £ 2 °C) under constant agitation (160 rpm). Each
pharmaceutical compound was tested individually. Samples were collected at 0.5 and 24 h
and immediately placed on ice to stop enzymatic activity. Subsequently, they were filtered
through 0.2 pum PVDF syringe filters. Control reactions without enzyme addition were
included to assess the intrinsic stability of the pharmaceutical compounds.

The analytical method for quantifying acetaminophen and diclofenac was adapted
from Garcia-Morales et al. (2018). Analyses were carried out using high-performance
liquid chromatography (HPLC-UV, Shimadzu, Kyoto, Japan), equipped with a reverse-
phase C18 column (Discovery®, 5 pm, 150 X 4.6 mm), using a 20 pL injection volume
and a flow rate of 0.5 mL/min. For acetaminophen, the mobile phase consisted of
acetonitrile and phosphoric acid (pH 3) in a 40:60 (v/v) ratio, with detection at 243 nm.
Diclofenac was analyzed using a mobile phase composed of formic acid and acetonitrile
(40:60, v/v), with detection at 250 nm. In both cases, compound concentrations were

quantified using external calibration curves.

2.7 Statistical analysis

All data are presented as mean + standard deviation (SD). Statistical differences
were evaluated using one-way analysis of variance (ANOVA) at a 95% confidence level.
Results with p <0.05 were considered statistically significant. Statistical analyses were
performed using JASP software (version 0.16.1), and graphical representations were

generated using GraphPad Prism (version 8.0.1).

3. Results and discussion
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The profiles of laccase activity, pH, protein concentration, mycelial biomass, and
glucose content in the culture medium are shown in Figure 1. After ten days of cultivation,
the maximum laccase activities observed were 221.06 U/mL for 4. blazei, 239.28 U/mL
for Trametes sp. 50/09, and 1116.94 U/mL for P. sanguineus 14G. In contrast, for M.
palmivorus VE111, the highest laccase activity (994.36 U/mL) was reached on the eighth
day. Notably, M. palmivorus VE111 exhibited elevated laccase activity as early as the
fourth day, maintaining high levels until day eight, after which a sharp decline occurred.
Similar temporal patterns have been reported in previous studies and may be attributed to
a cascade of metabolic events (Cantele et al., 2017; Schneider et al., 2018).

In M. palmivorus VE111 cultures, the carbon source was almost completely
depleted by the tenth day (glucose: 0.066 g/L), coinciding with the peak of mycelial
biomass. However, organic acid production by fungal metabolism led to a pH drop from
6.74 on day eight to 5.65 on day ten. Although a strong inverse correlation was observed
between pH and mycelial growth (r = —0.891; p<0.001), this acidification likely
contributed to the sharp decline in enzymatic activity during the later stages of cultivation.
Overall, the data indicate that pH is a critical factor: while slightly acidic conditions
favored biomass accumulation, a near-neutral pH appeared more suitable for maximizing
laccase production (Cantele et al., 2017; Schneider et al., 2018).

A near-neutral pH also favored laccase biosynthesis in A. blazei cultures, although
this condition does not necessarily correspond to the commonly observed optimal pH for
catalytic activity. These production profiles primarily reflect the physiological and
regulatory mechanisms that promote enzyme secretion rather than the intrinsic catalytic
properties of the enzymes. Similar patterns have been reported in previous studies, where
neutral or slightly alkaline pH conditions favored laccase production, whereas the
enzymes exhibited their highest catalytic efficiency under acidic conditions(Schneider et
al., 2019; Ullrich et al., 2005; Valle et al., 2014). This distinction between production and
activity optima underscores the importance of decoupling physiological and catalytic
parameters when designing bioprocesses for fungal laccase production and application.

Soluble carbon compounds, such as glucose, can be readily absorbed by fungal
mycelium and used both for growth and as an energy source (Kim et al., 2004). However,
for A. blazei, a culture medium containing 2% glucose was found to be unsuitable for
both mycelial biomass production and enzymatic activity. Only 4% of the initial glucose
was consumed after ten days of cultivation, indicating low carbon uptake compared to the

other fungal species tested (Figure 1). This result, when considered together with the other
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evaluated parameters, suggests that 4. blazei was in the stationary growth phase. Glucose

was still available in the medium, no reduction in mycelial biomass or change in pH was

observed, and laccase production, typically associated with secondary metabolism, was

increasing. Similar behavior has been previously reported for this species, which

consumed only about 50% of the available glucose after 26 days of cultivation

(Argyropoulos et al., 2022). Although prolonged incubation would likely result in further

glucose depletion and higher laccase activity, the cultivation period was standardized to

10 days for all fungal species to ensure experimental consistency.
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Mycelial growth peaked at 2.48 g/L on day six and remained nearly unchanged
until day ten (2.57 g/L). Previous studies have reported higher mycelial biomass values
for A. blazei, likely due to differences in culture media composition and inoculum
concentration. Kim et al. (2004) obtained 8.10 g/L of mycelium after five days of
cultivation with 5 g/LL glucose, while Liu and Wang (2007) reported 13.91+0.71 g/L
using 20 g/L glucose over nine days. Additionally, Hamedi et al. (2007) tested various
carbon sources and found that starch (20 g/L) was more effective than glucose.

Regarding laccase production, 4. blazei exhibited the lowest activity among the
tested species in this study (221.05 U/mL), yet this value is significantly higher than those
reported in the literature for this fungus. Ullrich et al., (2005) obtained 5 U/mL after seven
days of cultivation. Valle et al., (2014) reported 9.7 U/mL using sugarcane molasses as
the main carbon source over ten days and reached 43.8 U/mL after 21 days by
supplementing the culture with aromatic compounds known to induce laccase expression.

Among the evaluated species, P. sanguineus 14G stood out by producing the LCE
with the highest enzymatic activity. Laccase activity was first detected after six days of
cultivation (588.62+63.13 U/mL) and continued to increase thereafter. This pattern
contrasts with the mycelial biomass profile, which had already reached a plateau by this
time, and aligns with the observed depletion of glucose in the culture medium. Previous
studies have demonstrated that laccase production in bioreactors can continue for an
extended period even after glucose depletion and the cessation of biomass growth (Saat
et al., 2013). Therefore, future experiments should evaluate this hypothesis for the P.
sanguineus.

The high laccase production observed in P. sanguineus 14G is consistent with previous
studies reporting that Pycnoporus strains can exhibit substantial enzyme yields depending
on the composition of the culture medium and the presence of specific inducers (Gioia et
al., 2014; Ramirez-Cavazos et al., 2014a; Vikineswary et al., 2006). To the best of our
knowledge, this is the first study to cultivate P. sanguineus using casein as a nitrogen
source, which likely contributed to the exceptionally high enzymatic activity observed
compared with values previously reported in the literature. Casein may have promoted
fungal growth and enzyme secretion by providing readily assimilable amino acids and
peptides, thereby stimulating secondary metabolism and laccase synthesis. Regarding
nitrogen sources employed in previous studies with basidiomycetes, organic nitrogen
sources have generally been reported to be more favourable than inorganic ones

(Schneider et al., 2018). Mikiashvili et al. (2006) found that peptone, followed by casein,
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was the most effective nitrogen source for laccase production by Pleurotus ostreatus
(Mikiashvili et al., 2006). Similarly, Schneider (2018) reported an approximately tenfold
increase in laccase activity when the culture medium of M. palmivorus VE111 was
supplemented with casein. Consistent with these findings, the present results support the
hypothesis that protein-based nitrogen sources may play a key regulatory role in the
expression of ligninolytic enzymes.

Trametes sp. 50/09 exhibited good mycelial development, second only to M.
palmivorus VE111. However, its laccase activity was comparatively low among the
studied species. Several strategies may be employed to enhance enzyme production
(Cantele et al., 2017). For instance, the addition of metal ions or lignin-related
compounds, such as 2,5-xylidine, to the culture medium has shown promising results in
inducing laccase synthesis by this species (Jang et al., 2006; Yang et al., 2013).
Additionally, another proposed strategy involves the immobilization of the mycelium,
which may improve enzyme yield and operational stability during bioprocesses (Wang et
al., 2013).

The Pearson correlation coefficients between laccase activity and mycelial
biomass, protein concentration, and pH are presented in Table 1. No significant
correlation was found between mycelial biomass and laccase activity. Although M.
palmivorus VE111 exhibited notable performance in terms of both biomass accumulation
and enzyme production, the correlation analysis indicates that mycelial growth alone is
not a reliable predictor of laccase activity. This observation aligns with previous findings
for P. sanguineus, where laccase production has been associated with the stationary
growth phase, a period typically characterized by limited or no mycelial expansion (Saat
etal., 2013). Likewise, no significant correlation was found between enzyme activity and
protein concentration in the cultures of 4. blazei and M. palmivorus VE111. In contrast,
moderate positive correlations were observed for P sanguineus 14G (r=0.652) and
Trametes sp. 50/09 (r=0.732). These findings indicate that total protein concentration is
not a consistent estimate of laccase content in LCEs. This interpretation is further
corroborated by the data presented in Figure 2A, which reports the protein secretome
profiles of the LCEs obtained from each fungal species. The extracts contain proteins
distributed across a wide range of molecular weights, with the most prominent bands

observed between 50 and 100 kDa.
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Table 1.

Pearson correlation coefficient between laccase activity and mycelium, protein or pH.

Laccase Mycelium Protein pH

A. blazei 0.520 0.200 0.568
M. palmivorus VE111 0.612* 0.310 0.299
P. sanguineus 14 G 0.545 0.652* 0.778**
Trametes sp. 50/09 0.161 0.732%*%  (.920%**

*p<0.05 **p<0.01 ***p<0.001

In the zymogram (Figure 2B), bands corresponding to laccases were detected for
all LCEs. For A. blazei LCE, a single band with an approximate molecular weight of
~50 kDa was observed. Ullrich et al. (2005) previously reported a laccase from this
species with a molecular weight of ~66 kDa, when cultivated in a tomato-based medium.
Such variability likely reflects the occurrence of distinct laccase isoforms, whose
expression is modulated by environmental and nutritional factors. Fungal laccases are
encoded by multigene families, and the transcription of each gene can be differentially
regulated depending on medium composition, pH, temperature, and the presence of metal
ions or aromatic inducers (Yang et al., 2017). Accordingly, different isoenzyme patterns
have been described for Pleurotus ostreatus and M. palmivorus VE111 under variable
nutrient or copper concentrations (Grace et al., 2012; Schneider et al., 2018). Therefore,
the isoform profile observed for A. blazei may result from the differential expression and
post-translational modification of laccase genes favored by the specific conditions of the
potato-based medium used in this study.

For M. palmivorus VE111, two distinct bands were identified, with estimated
molecular weights of ~55 and ~75 kDa. In contrast, Schneider et al. (2018) reported a
single laccase isoform of ~50 kDa under slightly acidic to neutral pH and low glucose
concentration (0.18%), conditions similar to those used in this study, except for the higher
glucose content.

Trametes sp. is one of the most extensively studied fungal genera for laccase
production, primarily due to its strong secretion capacity under optimized cultivation
conditions (Alharbi et al., 2019; Brugnari et al., 2021). In the present zymogram analysis,
the LCE from Trametes sp. 50/09 exhibited a single band with an apparent molecular
weight of 50 kDa. Similar results have been reported in the literature: Ling et al. (2015)
purified a laccase of ~59 kDa from Trametes sp. LAC-01; Chaurasia et al., (2014)
observed a 55 kDa band from 7. hirsuta MTCC-1171; and Riedi et al. (2022) reported a
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45 kDa laccase from T villosa. These variations in molecular mass may reflect species-

specific differences and potential isoform diversity among Trametes sp.

A Ab  Mar Pyc Tra MW B Ab Mar Tra Pyc MW
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Figure 2. Characterization of laccase crude extracts (LCEs) produced by Agaricus blazei
(Ab), Marasmiellus palmivorus VE111 (Mar), Pycnoporus sanguineus 14G (Pyc), and
Trametes sp. 50/09 (Tra). (A) SDS-PAGE analysis showing total protein profiles stained
with Coomassie Brilliant Blue R-250. (B) Zymogram analysis revealing laccase isoforms

based on oxidation of ABTS. MW: molecular weight marker (kDa).

For P. sanguineus 14G, three bands were observed at approximately 60, 40, and
30 kDa, suggesting the presence of multiple isoforms. Previous reports described purified
laccases from P. sanguineus with molecular weights of 68 and 66 kDa (Ramirez-Cavazos
et al., 2014b), and another at 61.4 kDa with dye decolorization potential (Lu et al., 2007).
The multiplicity of bands detected in our study likely reflects the unpurified nature of the
LCEs and the coexistence of different laccase isoforms. Nevertheless, although most
laccases from these species exhibit molecular weights between 55 and 70 kDa, similar
low-molecular-weight isoforms have been reported in other basidiomycetes. For instance,
Camassola et al. (2013) described laccases of approximately 30 kDa from Pleurotus
salmoneo-stramineus and Pleurotus citrinopileatus, while Isanapong et al. (2024)
purified and characterized a laccase of around 34 kDa from Pleurotus ostreatus HK35
(Camassola et al., 2013; Isanapong et al., 2024). Such bands may also correspond to

partially degraded or deglycosylated forms that preserve the trinuclear copper site, as
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previously observed for P. sanguineus by Vite-Vallejo et al. (2014) (Vite-vallejo et al.,
2009).

The LCEs from each fungal species were stored under different conditions to
evaluate their ability to retain laccase activity: refrigeration (4 °C), room temperature (23

+ 2 °C), supplementation with glycerol (10%, 20%, or 30%), or freeze-drying. The results

are presented in Figure 3.
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Figure 3. Storage stability of laccase crude extracts (LCEs) from (A) Agaricus blazei,
(B) Marasmiellus palmivorus VE111, (C) Pycnoporus sanguineus 14G, and (D) Trametes
sp. 50/09 (Tra) under different storage conditions. LCEs were stored at 4 °C, 23 °C
(£2 °C), or freeze-dried, with or without glycerol at 10%, 20%, and 30% (v/v). Residual
laccase activity was measured over 60 days and expressed as a percentage of initial

activity. Error bars represent standard deviation (n = 3).

The storage method was critical for preserving enzymatic activity during the first

10 days (Figure 3). The subsequent decline in laccase activity is mainly associated with
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protein aggregation and residual protease activity, key processes underlying enzyme
instability during storage (Gianfreda et al., 1985; Iyer and Ananthanarayan, 2008).
Understanding these mechanisms is essential for optimizing storage conditions and
extending the shelf life of LCEs, particularly for commercial applications.

For A. blazei LCE (Figure 3A), both refrigeration and freeze-drying effectively
preserved laccase activity in the early stages. However, over 60 days, refrigeration
combined with 30% glycerol proved most effective, maintaining approximately 75% of
the initial activity. Similarly, for M. palmivorus VE111 (Figure 3B), enzymatic activity
declined rapidly under most conditions; nonetheless, refrigeration with 30% glycerol
maintained up to 67% of the initial activity.

Freeze-drying proved to be the most effective long-term storage method for the
LCE from P. sanguineus 14G (Figure 3C) preserving high laccase activity throughout the
60-day evaluation period. This highlights lyophilization as a promising stabilization
strategy, capable of preventing enzymatic degradation, autolysis, and microbial
contamination. Although previous studies have reported the preservation of P. sanguineus
laccase through immobilization techniques (Cheute et al., 2025; Chmelova et al., 2024;
Garcia-Morales et al., 2018), our findings demonstrate that freeze-drying offers a simpler
and comparably effective alternative.

For Trametes sp. 50/09 LCE (Figure 3D), laccase activity declined more gradually
over the 60-day period. Refrigeration combined with 20% or 30% glycerol preserved up
to 70% of the initial activity at the end of the storage period. This aligns with previous
reports showing that 10% glycerol effectively preserves laccase activity in 7. versicolor
during cryopreservation (Eichlerova et al., 2015). These results illustrate that low-cost
glycerol supplementation can stabilize Trametes sp. laccases comparably to more
complex immobilization approaches.

The observed differences in stability likely reflect species-specific biochemical
properties of laccase isoforms, such as hydrophobicity, glycosylation, and structural
resilience. Glycerol stabilizes these enzymes by reinforcing hydrogen bonds and reducing
unfolding, particularly in more hydrophobic or less glycosylated isoforms (Bitcan et al.,
2023; Braham et al., 2021). However, higher glycerol concentrations may increase
viscosity or hinder substrate diffusion, potentially impacting catalytic performance in
practical applications.

The ability of LCEs to retain 65-75% of their enzymatic activity after 60 days

under refrigerated conditions underscores their potential as robust biocatalysts for
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decentralized or cost-sensitive bioremediation systems, particularly in settings with basic
cold chain logistics and limited access to enzyme purification or immobilization
technologies. This stability profile also supports the use of LCEs in modular, field-
deployable bioreactors for on-site pharmaceutical degradation in wastewater treatment
systems. The results of this study represent the stability of the extracts under ideal storage
conditions, established to minimize thermal degradation reactions previously reported in
the literature and to ensure that the product retains its properties over the evaluated period.
Although environmental conditions may vary across different regions of the world,
seasonal temperature variations could be addressed in future experimental designs,
particularly for extracts that exhibited promising performance. Future work should
include kinetic modeling of inactivation rates, assessments of enzyme reuse and
rehydration performance of freeze-dried extracts, and the development of tailored
stabilization protocols for each fungal species. To the best of our knowledge, no prior
study has reported on the stability of LCEs from A. blazei and M. palmivorus VE111
under glycerol-enriched storage conditions, highlighting the uniqueness and significance
of our findings.

Laccases offer clear advantages for bioremediation, operating with low energy
input and minimal use of auxiliary reagents (Thathola et al., 2024). Fungal laccases are
particularly relevant due to their broad substrate specificity and strong oxidative potential
(Chmelova et al., 2024). These properties enhance their versatility as biocatalysts and
support their integration with conventional remediation systems to improve pollutant
degradation (Chmelova et al., 2024; Singh et al., 2025). In this context, experiments were
conducted to assess the pharmaceutical biotransformation potential of LCEs derived from
the four cultivated fungal species.

Acetaminophen is among the most frequently detected pharmaceuticals in surface
waters and wastewater effluents worldwide, reflecting its extensive use and incomplete
removal by conventional treatment technologies (Guerra et al., 2014; Phong Vo et al.,
2019). Even at trace levels, it has been shown to exert toxic effects on diverse organisms,
including bacteria, algae, macrophytes, protozoa, and fish (Phong Vo et al., 2019; Placova
et al., 2023). To address these concerns, experiments were conducted using LCEs to
evaluate their potential for paracetamol bioremediation. At an initial acetaminophen
concentration of 5mg/L, all LCEs tested at 10 U/mL demonstrated the ability to
biotransform within 24 hours (Figure 4A). The LCE from M. palmivorus VE111 was the

most effective, achieving 96% biotransformation, followed by P. sanguineus 14G (91%),
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Trametes sp. 50/09 (86%), and A. blazei (66%). However, increasing the acetaminophen
concentration to 10 mg/L (Figure 4B) resulted in a time-dependent decline in degradation
efficiency across all species. For M. palmivorus, VE111 degradation dropped from 8§9%
at 0.5h to 39% at 24 h. P. sanguineus 14G showed a decline from 93% to 82%, and
Trametes sp. 50/09 exhibited only a modest reduction (88% to 81%). 4. blazei, however,
exhibited the most pronounced decline, with biotransformation dropping from 41% at
0.5h to undetectable levels at 24 h, matching the control condition. Increasing LCEs
concentration threefold did not enhance acetaminophen degradation (Figure 4C). This can

be explained by substrate saturation or inhibitory effects.
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Figure 4. Bioremediation of acetaminophen by fungal laccase crude extracts (LCEs).
Residual concentrations of the pharmaceutical were determined after 0.5 and 24 h of
incubation with LCEs under the following conditions: (A) 5 mg/L acetaminophen and 10

U/mL laccase, (B) 10 mg/L acetaminophen and 10 U/mL laccase, and (C) 10 mg/L
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acetaminophen and 30 U/mL laccase. Fungal species: Agaricus blazei (Ab),
Marasmiellus palmivorus VE111 (Mar), Pycnoporus sanguineus 14G (Pyc), and
Trametes sp. 50/09 (Tra). Control samples contained no enzyme. (D) Chemical structure
of acetaminophen. Different letters denote statistically significant differences between

treatments (Tukey’s test, p < 0.05). Error bars represent standard deviation (n = 3).

Structurally, acetaminophen contains a phenolic group (Figure 4D), rendering it a
suitable laccase substrate (Hachi et al., 2017; Phong Vo et al., 2019). Laccases catalyze
single-electron oxidation of phenolic and aromatic amine compounds, forming reactive
quinone-imine intermediates that are more hydrophilic and prone to polymerization or
further oxidation, thus reducing the parent compound’s persistence and toxicity. These
intermediates can undergo coupling and ring-opening reactions, leading ultimately to
smaller, more polar degradation products such as hydroxyquinones and short-chain
organic acids. Peroxidases and cytochrome P450 monooxygenases, commonly secreted
by fungi, may also contribute to acetaminophen transformation through hydroxylation
and subsequent oxidative cleavage (Phong Vo et al., 2019; Pylypchuk et al., 2018).
However, while this mechanism is generally efficient at moderate substrate
concentrations, our results indicate that laccase activity may decline under higher
substrate loads. This time-dependent loss of activity, particularly observed in M.
palmivorus VEI11 and A. blazei, is likely due to a combination of factors, including
enzyme inactivation and covalent modification by reactive oxidative byproducts such as
quinones. These byproducts can interact with amino acid residues or alter enzyme
conformation, leading to irreversible catalytic loss (Shu et al., 2019). Additionally,
although not fully characterized, interactions with other fungal redox-active enzymes
could potentially contribute to the observed decrease in activity, representing a hypothesis
that warrants further investigation.

Interestingly, despite the observed decrease in laccase activity, prolonged
incubation in some LCE treatments led to the partial reappearance of acetaminophen
(Figure 4B), suggesting that reductive pathways may contribute to the regeneration of the
parent compound. This phenomenon could involve redox cycling of quinone or
iminoquinone intermediates, which might be reduced back to acetaminophen by fungal
reductases. Fungi are known to secrete NAD(P)H-dependent quinone reductases, azo
reductases, and nitroreductases capable of catalyzing such reactions (Gémez-Toribio et

al., 2009). In species such as Pleurotus eryngii, extracellular reductases have been
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reported to operate in tandem with oxidative enzymes, forming coupled redox cycles that
facilitate detoxification (Goémez-Toribio et al., 2009). Although direct evidence for
acetaminophen regeneration remains limited, these observations highlight the complexity
of enzymatic biotransformation pathways in fungal enzyme crude extracts and underscore
the need for further mechanistic studies to elucidate interactions between laccases, redox-
active metabolites, and potential reductases.

All LCEs were further evaluated for their ability to degrade diclofenac, with
noteworthy results presented in Figure 5. When diclofenac was applied at an initial
concentration of 5mg/L (Figure 5A), the LCE from P sanguineus 14G achieved a
degradation rate of approximately 30% at both 0.5 and 24 hours. In contrast, the LCEs
from M. palmivorus VE111 and Trametes sp. 50/09 exhibited comparable degradation
rates only after 24 h. Upon doubling the initial diclofenac concentration, the LCE from
M. palmivorus VE111 demonstrated significantly enhanced performance, achieving a
degradation rate of approximately 75% (Figure 5B). Under both experimental conditions,
the LCE derived from A. blazei did not produce statistically significant degradation
relative to the control. However, when the pharmaceutical was applied at 5 mg/L and the
LCE dosage increased to 30 U/mL, an approximate degradation rate of 82% was observed
(Figure 5C). The findings presented here are particularly significant, as no previous
research has assessed the ability of M. palmivorus VE111 and A. blazei laccases to
degrade diclofenac.

The susceptibility of diclofenac to laccase-mediated degradation can be attributed
to its molecular structure (Figure 5D), which exhibits pronounced chemical reactivity and
a high affinity for interactions with biomolecules (Devi et al., 2019). Diclofenac features
a biphenyl backbone, incorporating a substituted aniline ring with two ortho-chlorine
atoms and a carboxylic acid moiety. The presence of the aromatic amine, a well-known
electron-donating group, facilitates single-electron oxidation by laccases, leading to the
formation of reactive iminoquinone or aryl cation intermediates. These unstable
intermediates may subsequently undergo hydrolysis, ring-opening, or coupling reactions,
ultimately reducing the toxicity and environmental persistence of the parent molecule
(Chmelova et al., 2024; Devi et al., 2019). Moreover, the ortho-chlorine substituents,
although potentially deactivating for electrophilic aromatic substitution, may contribute
to the stabilization of radical intermediates through inductive effects, thereby enabling

regioselective enzymatic oxidation (Devi et al., 2019; Lonappan et al., 2016).
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Furthermore, laccase activity is not limited to phenolic substrates; it can oxidize a
broader range of aromatic amines and electron-rich structures, especially in the presence
of redox mediators or reactive oxidation products formed in situ (Lonappan et al., 2017).
This mechanistic versatility underscores the enzyme's potential to transform structurally
diverse pharmaceuticals such as diclofenac and highlights the importance of exploring

enzyme—substrate structural compatibility in bioremediation research.
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Figure 5. Bioremediation of diclofenac by fungal laccase crude extracts (LCEs). Residual
concentrations of the pharmaceutical were determined after 0.5 and 24 h of incubation
with LCEs under the following conditions: (A) 5 mg/L diclofenac and 10 U/mL laccase,
(B) 10 mg/L diclofenac and 10 U/mL laccase, and (C) 10 mg/L diclofenac and 30 U/mL
laccase. Fungal species: Agaricus blazei (Ab), Marasmiellus palmivorus VE111 (Mar),
Pycnoporus sanguineus 14G (Pyc), and Trametes sp. 50/09 (Tra). Control samples

contained no enzyme. (D) Chemical structure of diclofenac. Different letters denote
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statistically significant differences between treatments (Tukey’s test, p < 0.05). Error bars

represent standard deviation (n = 3).

Future investigations should focus on identifying transformation intermediates
using LC-MS/MS, which will be crucial for elucidating the degradation pathways of the
pharmaceuticals evaluated in this study. Such analyses will also improve the predictability
of the toxicity of the resulting products, which can subsequently be assessed in dedicated
toxicological assays. Additionally, integrating comprehensive kinetic studies into the
degradation experiments could substantially enhance the scientific relevance of laccase-
mediated processes. Together, these approaches are essential to verify that enzymatic
degradation does not lead to the formation of harmful by-products.

To better contextualize the degradation performance observed in this study, Table
2 summarizes bioremediation data from previously reported laccase crude extracts
derived from the same fungal species used here for the degradation of acetaminophen and
diclofenac, together with the best results obtained in this work. To the best of our
knowledge, no previous studies have reported the use of crude extracts or purified
laccases from A. blazei or M. palmivorus for the degradation of these pharmaceuticals,
underscoring the novelty of the present findings.

The acetaminophen and diclofenac concentrations used in this study (5 and
10 mg/L) were selected based on previous bioremediation assays employing fungal
laccases under controlled conditions (Alharbi et al., 2019; Garcia-Morales et al., 2018;
Lonappan et al., 2017; Masjoudi et al., 2021). These concentrations were intentionally
chosen to simulate a model scenario of high pollutant load, as typically observed in
pharmaceutical manufacturing effluents, hospital wastewater, or bench-scale enzymatic
screening assays. Such levels ensure detectable analytical signals and facilitate the
assessment of enzymatic degradation patterns and stability over time. However, they are
higher than those typically found in surface waters or wastewater treatment plant
effluents, where concentrations usually range from ng L' to low pg L™! levels (Chmelova
et al., 2024; Patel et al., 2019). Given that laccases can effectively oxidize substrates even
at trace concentrations, future studies should investigate more environmentally relevant
levels across diverse matrices. Moreover, future experiments should evaluate

simultaneous exposure to acetaminophen and diclofenac, since these compounds
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frequently co-occur in aquatic environments. Such combined treatments may produce

synergistic or antagonistic effects that influence pollutant removal efficiency.

Table 2.
Bioremediation of acetaminophen and diclofenac by laccase crude extracts.
. Laccase Enzyme Concentrati  Effectiveness of
Fungi Extract Activity PCL on treatment Reference
Agaricus blazei Crude extract 10 U/mL  ACE Smg/L 67% (24h) PS
Agaricus blazei Crude extract 30 U/mL  DCF 5mg/L 94% (0,5h) PS
Marasmiellus Crude extract 10 U/mL  ACE 5mg/L 97% (24h) PS
palmivorus VE111
Marasmiellus Crude extract 10 U/mL  DCF 10 mg/L 75% (0,5h) PS
palmivorus VE111
Pycnoporus Crude extract 100 U/L  DCF 10 m/L 50% (8h) (Rodriguez-
sanguineus CS43 Delgado et al.,
2016)
Pycnoporus Crude extract 100 U/L  ACE 10 mg/L 90% (2h) (Garcia-
sanguineus CS43 Morales et al.,
2018)
Pycnoporus Crude extract 100 U/L  DCF 10 mg/L 80% (8h) (Garcia-
sanguineus CS43 Morales et al.,
2018)
Pycnoporus Crude extract 10 U/mL  ACE Smg/L 92% (24h) PS
sanguineus 14G
Pycnoporus Crude extract 30 U/mL.  DCF 5 mg/L 79% (0,5h) PS
sanguineus 14G
Trametes sp. (C3) Crude 40U/L  ACE 80 mg/L 76% (1,5h) (Sybuia et al.,
extract/ 2024)
Concentrated
Trametes hirsuta Crude 1,5U/L ACE 1 mg/L 30% (6h) (Hachi et al.,
extract/Immo 2017)
bilized
Trametes hirsuta Crude 200U/L  ACE 10 pg/L 97% (24h) (Alokpa et al.,
extract/ 2022)
Cross-linked
enzyme
aggregates
Trametes pubescens  Crude extract 100 U/L  DCF  0.84 ug/L 39% (24h) (Spina et al.,
2020)
Trametes versicolor  Crude extract 210 U/mL DCF 20 mg/L 100% (144h) (Margot et al.,
2013)
Trametes versicolor ~ Crude extract 35 DCF 50 ug/L 60% (24h) (Nguyen et al.,
pM/min 2014)
Trametes sp. 50/90  Crude extract 10 U/mL  ACE 5mg/L 86% (24h) PS
Trametes sp. 50/90  Crude extract 30 U/mL  DCF 5mg/L 72% (24h) PS

PCL: pharmaceutical

ACE: acetaminophen

DCF: diclofenac PS: present study
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Understanding and quantifying enzymatic activity is essential for effective
bioremediation. Therefore, this study aimed to assess whether the enzymes retained their
catalytic performance following exposure to pharmaceutical compounds. To achieve this,
an aliquot of the reaction mixture, containing 10 U/mL of enzyme and 5 mg/L of either
acetaminophen or diclofenac, was analyzed to evaluate the enzymatic activity, using
ABTS as a substrate for the reaction. In Figure 6, we can see that in both the
biotransformation reaction of acetaminophen (Figure 6A) and diclofenac (Figure 6B), the
enzyme maintains its activity after 0.5 h and 24 h of reaction. Researchers demonstrates
that enzymatic activity and stability are preserved when enzymes are immobilized on a
range of supports (Cheute et al., 2025; Chmelova et al., 2024; Zdarta et al., 2019). Our
findings demonstrate that the enzymes retain their catalytic activity after exposure to these
pharmaceutical compounds, even when present in a free state within the reaction medium.
This highlights their potential for continued use in biotransformation processes. However,
further research is needed to explore the turnover mechanisms involved in the
biotransformation of these pharmaceuticals upon their reintroduction into the reaction
medium, as well as their potential to degrade other pharmaceutical contaminants.
Moreover, pharmaceuticals that are not typical laccase substrates may still be biodegraded
via oxidative byproducts generated from low-molecular-weight compounds, such as
acetaminophen. These intermediates can act as redox mediators, thereby enhancing the
enzymatic transformation of more recalcitrant pollutants, for example carbamazepine
(Hachi et al., 2017).

It is well-established that variations in pH can alter the molecular conformation of
enzymes, influencing their catalytic efficiency, substrate specificity, and affinity (Iyer and
Ananthanarayan, 2008). Consequently, pH was systematically evaluated in the reaction
environment involving the pharmaceuticals acetaminophen (Figure 6C) and diclofenac
(Figure 6D). The results indicated that the pH remained stable after both 0.5 and 24 hours
of reaction time, suggesting that pH did not significantly impact the biotransformation of
the pharmaceuticals under the conditions tested. Further investigation is warranted to
examine other factors, such as temperature and enzyme concentration, which may offer
additional insights into their effects on the efficiency of biotransformation processes for

these specific pharmaceuticals.
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Figure 6. Laccase activity (U/mL) and pH variations during pharmaceutical
biotransformation reactions. (A) and (C): acetaminophen; (B) and (D): diclofenac.
Enzyme activity and pH were evaluated at 0.5 and 24 h of reaction using LCEs from
Agaricus blazei (Ab), Marasmiellus palmivorus VE111 (Mar), Pycnoporus sanguineus
14G (Pyc), and Trametes sp. 50/09 (Tra). * Statistically significant differences between

time points (Tukey’s test, p <0.05). Error bars represent standard deviation (n = 3).

4. Conclusion

This study demonstrates the potential of crude laccase extracts for pharmaceutical
bioremediation, particularly acetaminophen and diclofenac. P. sanguineus 14G produced
the highest laccase levels, while Trametes sp. 50/09 exhibited a gradual decline in activity
during storage. In bioremediation, M. palmivorus VEI111 efficiently transformed
acetaminophen, and A. blazei showed notable activity against diclofenac, both reported

here for the first time. Laccases retained performance at elevated pharmaceutical
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concentrations, highlighting their robustness and applicability in wastewater treatment.
Preliminary evidence suggests redox cycling, possibly mediated by fungal reductases,
contributing to acetaminophen reappearance, a mechanism deserving further

investigation.
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5. DISCUSSAO GERAL

As questdes ambientais tém se tornado centrais nas agendas governamentais e
cientificas em nivel global, especialmente diante do aumento da poluicdo de matrizes
naturais por contaminantes emergentes, como farmacos, pesticidas e produtos quimicos
industriais (Wang et al., 2024). Esses compostos apresentam alta persisténcia, baixa
biodegradabilidade e efeitos adversos sobre ecossistemas aquaticos e terrestres,
configurando desafios significativos para a manutencao da saide ambiental e humana
(Estrada-Almeida et al., 2024; Placova et al., 2023).

Nesse contexto, o desenvolvimento de tecnologias sustentaveis para mitigacao de
poluentes tornou-se uma prioridade. Entre essas, destacam-se as enzimas, que catalisam
reagdes bioquimicas especificas sob condigdes brandas, com elevada eficiéncia e baixo
impacto ambiental (Singh et al., 2024). Diferentemente dos processos quimicos
convencionais, as abordagens biocataliticas reduzem a gera¢ao de subprodutos toxicos e
o consumo energético (Steinbiichel, 2020).

A aplicacdo de lacases fungicas evidencia o potencial da biotecnologia na
transformacgdo de poluentes em produtos menos nocivos, alinhando-se as metas dos
Objetivos de Desenvolvimento Sustentavel (ODS), em especial o ODS 6 (agua potavel e
saneamento) e o ODS 15 (vida terrestre). Essa estratégia contribui para a
descontaminacdo de corpos hidricos e a recuperagcdo de ambientes impactados.

Além disso, a abordagem de Satude Unica, que integra as dimensdes humana,
animal e ambiental, refor¢a a importancia de intervengdes que considerem os impactos
transversais entre diferentes sistemas bioldgicos. A presenca de farmacos no meio
ambiente afeta ndo apenas organismos aquaticos ou terrestres, mas também a satde
humana, por meio da contaminagdo da agua potavel ou da bioacumulacdo na cadeia
alimentar (Wang et al., 2024). Nesse sentido, a biorremediagdo enzimatica oferece
solucdes compativeis com a complexidade desses sistemas, fortalecendo o papel das
biotecnologias sustentaveis.

O estudo do potencial das lacases fungicas na biorremediacdo de farmacos,
portanto, insere-se em um cenario de relevancia global, combinando inovagdo
tecnoldgica, responsabilidade ambiental e compromisso com a sustentabilidade e a satide

integrada.
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Até o presente, ndo havia um levantamento sistematico sobre as tendéncias de
pesquisa envolvendo as lacases fungicas aplicadas a biorremediagdo de fairmacos. Essa
lacuna dificultava a visualizacdo de padrdes de produgdo cientifica, redes de colaboracgdo
e principais focos tematicos, limitando o direcionamento estratégico de futuras pesquisas
e investimentos. O estudo cienciométrico desenvolvido nesta tese preencheu essa lacuna,
oferecendo uma andlise abrangente do panorama cientifico e identificando oportunidades
e desafios para o avanco da area.

Os resultados indicaram que o campo encontra-se em expansado, refletindo o
crescente interesse académico e o potencial estratégico das lacases no desenvolvimento
de tecnologias sustentaveis. As publicacdes concentram-se nas areas de Ciéncias
Ambientais, Engenharia Ambiental e Microbiologia Aplicada a Biotecnologia,
confirmando a natureza interdisciplinar da tematica.

A analise das redes de colaboragao revelou comunidades cientificas coesas, mas
com conectividade limitada entre os clusters, o que indica que grande parte das
colaboragdes ainda ocorre de forma regionalizada ou restrita a fronteiras disciplinares
especificas. Isso reforca a necessidade de fomentar programas de intercambio
internacional e redes interinstitucionais para fortalecer a integracdo e a inovacdo
colaborativa.

Do ponto de vista dos periodicos, Chemosphere, Bioresource Technology e
Environmental Science and Pollution Research se destacaram tanto pelo niimero de
publicacdes quanto pelo nimero de citagdes. As métricas desses periddicos evidenciam
indexagoes expressivas, elevados fatores de impacto e CiteScore, consolidando-os como
veiculos centrais para a disseminagdo do conhecimento na area.

O mapeamento de palavras-chave revelou termos recorrentes como
“imobilizagdo”, “dguas residuais” e “degradagdo”, evidenciando a forte relagdo entre
lacases e o tratamento de contaminantes emergentes. Entre os farmacos mais estudados
estao diclofenaco, estrogénios, tetraciclina e carbamazepina, compostos que podem servir
de referéncia para delineamentos experimentais futuros. Os dados também indicam a
necessidade de ampliar o espectro de farmacos investigados e explorar aplicacdes em
matrizes solidas, como solos e sedimentos.

A diversidade de espécies fungicas estudadas para a produgado de lacases voltadas
a biorremediacao de farmacos ¢ limitada. Entre 2012 e 2020, observou-se um aumento
constante na utiliza¢do de enzimas de Trametes versicolor, consolidando seu papel como

organismo de referéncia para a producdo de lacase. Espécies como Agaricus blazei,
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Marasmiellus palmivorus, Pleurotus sanguineus, Ganoderma lucidum, Lentinula edodes,
Phanerochaete chrysosporium e Pycnoporus sanguineus, reconhecidas como secretoras
enzimaticas, ainda carecem de investigacdo sistematica, especialmente no que se refere a
biorremediagao.

Com base nesses achados, o estudo experimental desta tese foi planejado para
incluir espécies pouco exploradas (4. blazei e M. palmivorus VE111), visando preencher
lacunas da literatura, e espécies ja consolidadas (P. sanguineus 14G e Trametes sp. 50/90),
para fins de comparagdo e validacao de protocolos. Essa estratégia permitiu combinar
inovagao e consolidagao, ampliando o escopo de investigacao.

A selecdo dos farmacos considerou critérios de relevancia ambiental e
informagdes disponiveis na literatura. Paracetamol e diclofenaco foram escolhidos por
sua ampla utilizagdo clinica e baixa biodegradabilidade, sendo reconhecidos como
contaminantes emergentes de preocupacdo global (Kummerovad et al.,, 2016;
Sathishkumar et al., 2020). Além disso, possuem estruturas quimicas distintas, o que
possibilita avaliar a versatilidade catalitica das lacases.

Os extratos brutos de lacases produzidos pelas quatro espécies foram avaliados
quanto a parametros bioquimicos ¢ enzimaticos durante o cultivo, incluindo atividade
enzimatica, pH, biomassa micelial, concentragdo proteica ¢ consumo de glicose. Essa
abordagem permitiu caracterizar o comportamento de cada espécie e avaliar a
aplicabilidade direta dos extratos em biorremediagao.

A opgao por utilizar extratos brutos, em vez de enzimas purificadas, fundamenta-
se em sua viabilidade pratica e econdmica, especialmente em processos de tratamento de
aguas residuais, nos quais a utilizagdo de enzimas purificadas eleva os custos e a
complexidade operacional sem ganhos significativos em eficiéncia sob condicdes reais
(Di Cosimo et al., 2013).

Os extratos obtidos apresentaram caracteristicas distintas para cada espécie,
refletindo nas diferengas nos padrdes de produgdo enzimatica, no crescimento micelial e
no metabolismo secundario. Durante o cultivo, observou-se que M. palmivorus VE111
apresentou alta atividade enzimatica, enquanto 4. blazei se destacou pelo crescimento
micelial e conteudo proteico. P. sanguineus 14G e Trametes sp. 50/90 exibiram padrdes
intermediarios, consistentes com os relatados para organismos modelo. A caracterizagao
detalhada fornece informacdes essenciais para a aplicacdo pratica dos extratos,
permitindo selecionar espécies ou até mesmo combinacdes mais adequadas para

diferentes farmacos ou matrizes ambientais.
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O monitoramento do pH e do consumo de glicose confirmou a influéncia do
metabolismo fingico na estabilidade do cultivo e na producdo enzimatica, fornecendo
subsidios para a padronizagdo de protocolos e a escalabilidade do processo.

Considerando a suscetibilidade das enzimas a desnaturacao, foram avaliadas as
seguintes estratégias de estabilizagdo para os extratos obtidos: liofilizagdo,
armazenamento sob refrigerago, estabilizacdo com glicerol em temperatura ambiente e
sob refrigeracdo. A combinagdo de glicerol e refrigeracdo manteve a atividade enzimatica
ao longo de 60 dias, evidenciando o efeito protetor do poliol na estrutura tridimensional
das lacases. A liofilizagao também se mostrou eficaz, especialmente para o extrato de P.
sanguineus 14G, permitindo conservacao prolongada sem a necessidade de aditivos. Do
ponto de vista tecnoldgico, a estabilidade enzimatica observada para os extratos mantidos
sob refrigeracdo ou liofilizados amplia as possibilidades de armazenamento e transporte,
favorecendo o desenvolvimento de biocatalisadores comerciais ¢ formulacdes de enzimas
secas aplicaveis em larga escala.

A capacidade de biorremediacdo dos extratos foi testada frente ao paracetamol e
ao diclofenaco. M. palmivorus VE111 apresentou melhor desempenho na degradacgao do
paracetamol, enquanto A. blazei foi mais eficiente frente ao diclofenaco. P. sanguineus
14G e Trametes sp. 50/90 também exibiram desempenho satisfatorio, confirmando o
potencial de organismos modelo. Essas variagdes refletem diferencas metabdlicas e
reforgam a importancia da escolha adequada da espécie conforme o farmaco alvo.

Os resultados obtidos fornecem base solida para o desenvolvimento de estratégias
aplicadas de biorremediagdo envolvendo diferentes espécies, farmacos e matrizes
ambientais. Pesquisas futuras poderdo avaliar o uso de mediadores, a imobiliza¢do
enzimdtica e o controle de varidveis fisico-quimicas (pH, temperatura e substratos)
visando otimizar os processos de degradacdo e caracterizar os produtos formados quanto
a toxicidade e impacto ambiental.

Apesar dos resultados promissores, este estudo apresenta algumas limitagdes que
devem ser consideradas na interpretagdo dos dados e no planejamento de trabalhos
futuros. Primeiramente, as reagdes de biorremediacdo foram conduzidas em condi¢des
controladas de laboratdrio, o que nao reflete integralmente a complexidade das matrizes
ambientais reais, que podem conter compostos interferentes e variagdes de pH,
temperatura e carga organica. Além disso, ndo foi realizada a identificacdo detalhada dos
produtos de transformagdo gerados nas reagdes enzimaticas, o que limita a compreensao

dos mecanismos de degradacdo e da possivel regeneracdo dos compostos-alvo. Ensaios
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ecotoxicologicos complementares e estudos de toxicidade dos produtos formados bem
como do proprio extrato enzimatico seriam necessarios para confirmar a efetividade
ambiental dos processos.

Em sintese, os resultados confirmam que os extratos brutos de lacases fungicas
representam uma abordagem promissora para amenizar o impacto dos contaminantes
emergentes, com relevancia pratica e potencial de aplicacdo na biorremediacdo de
farmacos. A simplicidade operacional e o baixo custo de produgdo desses extratos
reforgam sua viabilidade para uso em estagdes de tratamento de aguas residuais e em
tecnologias descentralizadas de saneamento. A integragao dos achados cienciométricos e
experimentais evidencia que escolhas estratégicas de espécies, farmacos ¢ métodos de
conservacdo influenciam diretamente a eficiéncia e a aplicabilidade das enzimas em
diferentes contextos ambientais, apontando caminhos concretos para o desenvolvimento

de solucdes biotecnoldgicas sustentaveis.
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6. CONCLUSOES

O presente trabalho integrou abordagens cienciométricas e experimentais para
ampliar o entendimento e a aplicagdo de lacases fingicas na biorremediacao de farmacos.
As principais conclusdes e contribuigdes podem ser sintetizadas da seguinte forma:

. O estudo cienciométrico mapeou de forma abrangente as tendéncias globais de
pesquisa envolvendo o uso de lacases fungicas na degradacdo de fairmacos. A analise
evidenciou o crescimento continuo do interesse cientifico na area, identificando os paises,
instituicdes e autores de maior relevancia, bem como as palavras-chave mais recorrentes.
Esses resultados consolidam o estado atual do conhecimento e fornecem subsidios
estratégicos para orientar novas investigacdes e promover colaboragdes internacionais

voltadas a aplicagdo biotecnoldgica de lacases na biorremediacao.

o O cultivo submerso das espécies Agaricus blazei, Marasmiellus palmivorus
VE111, Pycnoporus sanguineus 14G e Trametes sp. 50/09 possibilitou a caracterizacéo
detalhada de seu desempenho biotecnolégico. Foram determinados os parametros de
producéo de lacases, variagdo de pH, desenvolvimento micelial, consumo de carboidratos
e concentracgdo proteica, permitindo compreender diferencas interespécies relevantes para

a selecdo de linhagens mais promissoras.

o Os extratos enzimaticos obtidos apresentaram atividade lacasica detectavel e
perfis de estabilidade distintos. Observou-se que a adicdo de glicerol influenciou
positivamente a preservacdo da atividade em determinadas condi¢des de armazenamento,

ampliando as perspectivas de uso pratico desses extratos em processos biotecnoldgicos.

. Na avaliagdo da capacidade de biorremediacdo, os extratos enzimaticos
demonstraram potencial para a transformacao dos farmacos diclofenaco e paracetamol,
ainda que em niveis distintos entre espécies e condigdes de reacdo. Esses resultados
confirmam a viabilidade do uso de lacases fungicas em processos de biorremediagdo e
apontam a necessidade de explorar mecanismos complementares, como reagdes redutivas

e ciclos redox acoplados, que podem influenciar a eficiéncia global do processo.
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PERSPECTIVAS

Com base nos resultados obtidos, evidenciam-se diversas oportunidades de

continuidade e aprofundamento cientifico, voltadas ao avan¢o do conhecimento e a

aplicacdo tecnologica das lacases fungicas na biorremediacao de farmacos:

Otimizag¢ao de cultivo e producdo enzimatica: explorar diferentes condigdes de
cultivo submerso, substratos e indutores, bem como parametros de aeracdo e pH, para
maximizar a expressao e o rendimento de lacases fungicas.

Caracteriza¢ao enzimatica avangada: purificar e caracterizar as isoformas de lacases
obtidas, determinando pardmetros cinéticos, estabilidade térmica, comportamento
frente a mediadores redox e potenciais inibidores.

Elucidacdo de mecanismos de transformagdo: investigar detalhadamente os
mecanismos de degradagdo e possivel regeneracdo de farmacos, considerando a
atuacdo de redutases fungicas e ciclos redox acoplados que possam modular a
eficiéncia do processo.

Avalia¢ao em condi¢des complexas: aplicar os extratos enzimaticos em efluentes reais
de estacdes de tratamento de d4guas residuais ou sistemas laboratoriais
multicomponentes, avaliando a eficiéncia de remocao, os produtos formados e sua
toxicidade residual.

Estabilizacdo e conservagdo enzimatica: ampliar as estratégias de preservacao da
atividade enzimatica, incluindo o uso de diferentes aditivos estabilizantes ¢ métodos
fisicos, como a secagem por aspersao, visando maior durabilidade e reducdo de custos
operacionais.

Imobilizagdo e reuso enzimatico: desenvolver técnicas de imobilizagdo de lacases em
diferentes suportes, com foco em estabilidade operacional, reuso sucessivo e
viabilidade economica em processos continuos de biorremediagao.

Escalonamento e validagado tecnologica: conduzir estudos em escala piloto e avaliar a
integragdo dos processos enzimaticos em sistemas reais de tratamento, aproximando
os resultados laboratoriais das condigdes industriais e ambientais.

Integracdo com tecnologias complementares: investigar a sinergia das lacases com
outros processos de tratamento, como fotocatalise, ozonizacdo, eletroquimica e
biodegrada¢do microbiana, visando aumentar a eficiéncia global e reduzir impactos

ambientais.
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