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RESUMO

A 1industnia téxtil, apesar da grande importincia econdmica, pode ocasionar sérios riscos ao
meio ambiente devido a liberagdo de compostos toxicos como os corantes téxteis. A
biodegradacéo enzimatica de corantes téxteis é apontada como op¢io de remediagio eficiente
e com menor impacto ambiental. Uma peroxidase purificada de raizes de Moringa oleifera
(MoPOX) se revela bastante promissora na biodegradagio de corantes téxteis, apresentando
eficiéncia de até 65% de descoloragdo. MoPOX tem rendimento de purificagio de 1,97% em
coluna de cromatografia DEAE-Sephacel, possui massa de 43,6 kDa, ponto isoelétrico de 9,4,
além de apresentar elevada termoestabilidade, mantendo até 80% de sua atividade catalitica
mesmo apos 1 h a 80 °C. Embora MoPOX mostre-se bastante promissora para biodegradacéo
de corantes, € imprescindivel a implementagio de metodologias de imobilizagfo para que a
enzima possa ser utilizada em escala industrial. Portanto, este trabalho visou a imobilizagéo
de MoPOX em esferas de quitosana ativadas com divinil sulfona (CTS-DVS) com o intuito de
gerar um biocatalisador estavel para a degradacio de corantes téxteis. MoPOX foi
eficientemente imobilizada ao suporte em tampéo acetato de sédio 5 mM pH 5.2, tendo-se
obtido cerca de 67% de rendimento de imobilizagdo apos 4 h de contato. O suporte apresentou
capacidade maxima de carga enzimatica de 300 UPA/g de suporte, além de reagir por meio de
ligagBes covalentes com a enzima. Os ensaios de caracterizagdo do biocatalisador proposto
demonstraram que a propriedade estabilizadora da divinil sulfona melhorou a atividade
enzimatica em todas as condigdes testadas e tomou a enzima imobilizada mais ativa em
temperaturas elevadas e pHs alcalinos. Dessa forma, MoPOX imobilizada apresentou melhor
atividade em pH 8.0 e temperatura ¢tima de atividade de 80 °C. Além disso, o processo de
imobilizagdo foi capaz de manter o perfil de resisténcia térmica apresentada pela enzima
goluvel. A degradagio do corante Remazol® Azul ocorreu em pH 8.0 como forma de simular
as condig¢des caracteristicas do efluente téxtil. Apos 6 h de reagdo, MoPOX imobilizada foi
capaz de degradar cerca 40% do corante, enquanto a enzima soluvel apresentou taxa de
degradagfio de apenas 8.5%. O reuso enzimatico nas condi¢des de degradagdo do corante
demonstraram que o biocatalisador foi capaz de manter 36% da sua taxa de degradagfo inicial
apos sete ciclos consecutivos. Os resultados obtidos demonstram o potencial de aplicagéo do

biocatalisador proposto na bioremediagio de efluentes téxteis.

Palavras-chave: Immobilizagdo enzimatica. Peroxidase. Divinil sulfona. Descoloragdo de

corante.



ABSTRACT
The textile industry, despite its great economic importance, can cause serious risks to the
environment due to the release of toxic compounds like textile dyes. Enzymatic
biodegradation of textile dyes is pointed out as an efficient remediation alternative with lower
environmental impact. A peroxidase purified from Moringa oleifera roots (MoPOX) 1s very
promising for the biodegradation of textile dyes, showing efficiency of up to 65% of
discoloration. MoPOX presents a purification yield of 1.97% in DEAE-Sephacel
chromatography column, molecular weight of 43.6 kDa, isoelectric point of 9.4, and shows
high thermostability, maintaimng up to 80% of its catalytic activity even after 1h at 80 °C.
Although MoPOX displays great potential for the biodegradation of dyes, it is essential to
implement immobilization methodologies so that the enzyme can be used on an industrial
scale. Therefore, this work aimed to immobilize MoPOX in chitosan spheres activated with
divinyl sulfone (CTS-DVS) in order to generate a stable biocatalyst for the degradation of
textile dyes. MoPOX was efficiently immobilized to the support in 5 mM sodium acetate
buffer pH 5.2, obtaining about 67% immobilization yield after 4 h of contact. The support
showed a maximum enzyme load capacity of 300 UPA /g of support, in addition to reacting
through covalent bonds with the enzyme. The characterization tests of the proposed
biocatalyst demonstrated that the stabilizing property of divinyl sulfone improved the
enzymatic activity in all conditions tested and rendered the immobilized enzyme more active
at elevated temperatures and alkaline pHs. Thus, immobilized MoPOX showed better activity
at pH 8.0 and an optimum activity temperature of 80 ° C. In addition, the immobilization
process was able to maintain the thermal resistance profile presented by the soluble enzyme.
The degradation of the Remazol® Blue dye occuired at pH 8.0 as a way to simulate the
characteristic conditions of the textile effluent. After 6 h of reaction, immobilized MoPOX
was able to degrade about 40% of the dye, while the soluble enzyme showed a degradation
rate of only 8.5%. The enzymatic reuse in the dye degradation conditions demonstrated that
the biocatalyst was able to maintain 36% of its initial degradation rate after seven consecutive
cycles. The results obtained demonstrate the potential application of the proposed biocatalyst

in the bioremediation of textile effluents.

Keywords: Enzymatic immobilization. Peroxidase. Divinyl sulfone. Dye discoloration.



21
2.2
22,1
2.2.2
23
24
24.1
2.5

4.1
4.2

SUMARIO

INTRODUCA D oo mmmsmmmnssmamnmnmms e 10
FUNDAMENTACAO TEORICA ... 12
Industria téxtil e seu impacto socioambiental ... 12
(31 L 11 L 13
CBPATCTETISTICHR WOTTIS oo s oo a0 S S N S SR 13
Impacto ao meio ambiente e a satide humana .................................................... 16
Remediacio de efluentes téxteis ... 17
PeroXidaSses ...........ooooiiiiiiiiii e 19
Peroxidase de Moringa oleifera Lamarck ......................................... 20
RO L A N IR R st S S R 2l
129 . 24
OBEJTINVOS . ovcnvnunmnnmnmn s essnssssisiss 25
Objetivo Geral ..o, 25
Objetivos Especificos ... 25

MoPOX IMMOBILIZATION IN CHITOSAN MODIFIED WITH 26
DIVINYL SULFONE AS A STABLE BIOCATALYST FOR TEXTILE
DYES DISCOEORATION o st s sttt
CONCEUSOES «::-0nnmmmmnsnnmnmmss s 61
REFERENCIAS .......ooooiiiiiioioeeeeeeeoeeeeee et 62



10

1 INTRODUCAO

Tem-se testemunhado nas ultimas décadas o aumento da consciéncia ambiental de
diversas nagdes. Se antes os problemas ambientais eram vistos apenas como preocupagdes de
ONGs e ativistas ambientais, hoje € evidente a pressdo que a populagdo em geral exerce sobre
os governos para ado¢do de medidas sustentaveis e para a devida puni¢do para os crimes
ambientais. Cientistas e pesquisadores ambientais sdo os principais responsavels pela
formagédo consciéncia ambiental da sociedade por mostrarem a finitude dos recursos naturais e
como as atividades humanas impactam diretamente tais recursos. Nesse contexto, muitas
pesquisas tém se voltado a propor solugdes que tornem viaveis o desenvolvimento social

econdmico das nagGes sem negligéncia.

O desenvolvimento de estratégias para o tratamento de efluentes industriais tem sido o
foco de muitas pesquisas uma vez que esses efluentes tém elevado potencial toxicologico para
os sereg vivos além de serem prejudiciais ao meio ambiente. De modo mais especifico, os
efluentes oriundos as industrias téxteis destacam-se pelos elevados teores de carga orgamnica,
pH, temperatura, demanda quimica (COD) e bioquimica de oxigénio (BOD), além de serem
caracterizados pelas diferentes coloragdes advindas do processo de tingimento (ARSLAN et
al., 2016; UDAY; BANDYOPADHYAY ., BHUNIA, 2016). Estima-se que cerca de 52% dos
efluentes industriais coloridos sejam advindos da inddstria téxtil (KATHERESAN;
KANSEDO; LAU, 2018). Os corantes sdo os poluentes mais problematicos desse tipo de
atividade industrial porque sfo compostos potencialmente carcinogénicos e mutagénicos
(KHATRI et al., 2018), e com capacidade de bioacumulagio na cadeia troéfica (SANDHYA,
2010).

Apesar dos graves impactos ambientais da industria téxtil, as técnicas convencionais
de remediagfio de corantes possuem importantes desvantagens como elevados custos, baixa
eficacia e possivel geragéo de subprodutos ainda toxicos (ARSLAN et al., 2016; JUN er al.,
2019). Com 1sso, a busca por técnicas alternativas que sejam efetivas e ecologicamente
sustentaveis tem crescido vertiginosamente nos tiltimos anos. A bioremediagdo enzimatica por
uso de enzimas imobilizadas € uma promissora alternativa devido a possibilidade de
dimmuigdo de custos por reutilizacdo das enzimas e geragdo de subprodutos menos ou néo

toxicos (KATHERESAN; KANSEDO; LAU, 2018).

Dentre as enzimas com aplicagdo em remediagdo ambiental, peroxidases de diversas

fontes tém tido destaque na descontaminagéio de poluentes e na detoxificacio e degradagio de
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contaminantes emergentes, como os corantes téxteis sintéticos (BILAL er al., 2018). A
peroxidase de raizes de Moringa oleifera (MoPOX), purificada pelo nosso grupo de pesquisa
(ALMEIDA er al., 2020) demonstrou elevado potencial de uso na degradagfo de corantes
téxteis. Contudo, para que possa competir com os métodos fisico-quimicos de tratamento de
efluentes, € indispensavel que a imobilizagdo de MoPOX gere um biocatalisador estavel nas

duras condi¢des de pH e temperatura caracteristica dos efluentes téxteis.

Uma das maneiras de obtengdo de biocatalisadores estaveis € permitindo a
imobilizagdo enzunatica atraveés de ligagdo cruzadas multipontuais (DOS SANTOS et al.,
2015a; DOS SANTOS et al., 2015c). A interacdo covalente entre enzima e suporte evita o
desprendimento enzimatico ao mesmo tempo que enrjjece a estrutura da enzima, tornando o
biocatalisador mais resistente em condi¢des desfavoraveis de atividade, tais como os elevados
pH e temperatura dos efluentes téxteis industrias. Apesar de o glutaraldeido ser o principal
agente de ligagdo cruzada utilizado nos estudos de imobilizagéo, a divinil sulfona (DVS) tem
recebido destaque por permitir interagfo com a enzima ndo somente por meio dos grupos
amino, mas também pelos grupamentos tiol, fenol e 1midazol (DOS SANTOS er al., 2015c,
2015a).

Nesse cenario, a imobilizagio de MoPOX em suportes modificados em DVS permite a
obtencfio de biocatalisadores mais estaveis e resistentes em diversas condi¢des. Portanto, este
trabalho se propGe a gerar um biocatalisador enzimatico a partir da imobilizagdo de MoPOX
em suporte modificado com divinil sulfona e avaliar seu uso na degradagéio de corantes
téxteis. Esta dissertagdo se organiza em revisdo de literatura, onde sdo apresentados os
principais aspectos sobre o tema, e em manuscrito de publicacdo cientifica, onde s#o

mostrados e discutidos os resultados obtidos neste trabalho.
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2 FUNDAMENTACAO TEORICA
2.1 Industria téxtil e seu impacto socioambiental

Vestirse ¢ o segundo mais importante anseio humano apdés a necessidade de
alimentar-se. Esse fato ajuda a entender o por qué de a industria téxtil ser uma das mais bem
estabelecidas mundialmente e presente em todos os paises, nfo mmportando o nivel de
desenvolvimento. A cadeia produtiva do setor téxtil € bastante longa, tendo inicio desde a
producéo de fibras naturais ou sintéticas, até os processos de confec¢do e acabamento téxteis
(CNI1, 2017). A industria téxtil ndo atende somente o setor de vestuario. Embora o setor de
vestuario represente mais de 70% do mercado mundial de produtos téxteis em 2019, essa
induistria também oferece produtos para areas técnicas, tais como médica, de construgio e
transportes, além de produtos do lar, incluindo artigos de cama, mesa e banho, dentre outros

(Grand View Research, 2020).

Em 2019, o mercado téxtil mundial foi avaliado em 965 bilhdes de dolares (Grand
View Research, 2020), com previsdo de atingir cerca de 1,207 bilhdes em 2025 (Zion Market
Research, 2019), o que demonstra a relevancia do setor na economia mundial. A China € o
pais lider em exportagdes téxteis, com suas instalagGes fabris representado cerca de 25% da
induistria téxtil mundial (UDDIN, 2019). Consequentemente, além de ser o maior produtor
téxtil, a China é também o pais mais poluidor na area, gerando 53% da poluigéo téxtil global.
Estima-ge que dois ter¢os dos rios e lagos chineses estejam poluidos por cerca de 9 bilhdes de

litros de efluentes téxteis contaminados (LEHMANN er al., 2018),

No Brasil, a industria téxtil tem mais de 200 anos de atividade, apresentando elevada
releviancia na economia da nagfo. Segundo dados de 2017 da Associagio Brasileira da
Indistria Téxtil e Confecciio (ABIT), esse setor industrial é o segundo maior gerador de
empregos no pais, com oferta de 1,5 milhGes de empregos diretos em 32 mil empresas
distribuidas em todo o territorio nacional. A regifio Sudeste detém 49,4% da forga de trabalho
téxtil nacional, com o Estado de S&o Paulo concentrado 27,7% da méo de obra téxtl
brasileira. O lugar de destaque da industria téxtil brasileira também € reconhecido

internacionalmente: o Brasil € o quarto maior produtor de vestiario do mundo (CNI, 2017).

Apesar de ser um setor industrial com grande visibilidade internacional (7% das
exportagdes mundiais sdo de produtos téxteis), a gestdo social e ambiental desse setor ainda é
arcaica (DESORE; NARULA, 2018). Em paises subdesenvolvidos ou em desenvolvimento, a

displicéncia com a forg¢a de trabalho téxtil é ainda mais evidente. Por exemplo, em paises
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como a India e as Filipinas, a remuneragéo da industria téxtil representa apenas 50% do que
seria considerado um salario que possibilite as condi¢Ses mimmas de sobrevivéncia. (KERR;

LANDRY, 2017).

Todos os processos de produgdo téxtil possuem algum tipo de impacto direto na
qualidade na agua e do ar e na geracio de residuos, com destaque para os processos
molhados, que incluem desde a etapa de preparo da fibra para tecelagem até as etapas de
acabamento, como a aplicagdo de corantes (MADHAV et al., 2018). Estima-se que os
processos molhados sejam responsavels por 86%, 79% e 65% do consumo de adgua, energia e
produtos quimicos, respectivamente, na cadeia de produgio téxtil(UDDIN, 2019). Estudos
apontam que até 2030, o consumo de bens téxteis ira aumentar em 63%, resultando em
aumentos de 63% e 62% de emissio de gas carbonico e geragio de residuos, respectivamente

(KERR; LANDRY, 2017).

O aumento na geragiio de residuos é bastante preocupante tanto por conta do descaso
com o comreto tratamento do efluente, quanto pelas carateristicas poluentes dos efluentes
téxteis incluindo alta demanda quimica de oxigénio (DQO), elevados pH e temperatura e além
da baixa capacidade de biodegradagio (ARSLAN et al., 2016; YASEEN; SCHOLZ, 2019).
Diante da pratica ainda incomum tratamento de efluentes téxteis, os cientistas ambientais
alertam para o prncipal poluente nesse cenario, os corantes téxteis. Além de se
bioacumularem na cadeia tréfica, os corantes sdo potencialmente toxicos e carcinogénicos,
apresentando sérios riscos a satide humana e animal, e sdo dificilmente degradados por conta
de suas estruturas recalcitrantes (SANDHYA, 2010; TORRES-DUARTE.; VAZQUEZ-
DUHALT, 2010).

2.2 Corantes téxteis
2.2.1 Caracteristicas gerais

Embora todas as etapas de fabricagfo e processamento de tecidos gerem impactos
ambientais relevantes, o tingimento de tecidos € o principal agente de produgio de efluentes
toxicos. Corantes e pigmentos sfo compostos quimicos capazes de colorir os materiais aos
quais sdo aplicados. Contudo, enquanto pigmentos mantém seu estado particulado e cristalino
durante a aplicagdo, os corantes sfo completamente dissolvidos no processo, de forma a se
difundirem no material e se tornarem parte dele (UDAY; BANDYOPADHYAY;, BHUNIA,
2016). Os corantes sdo utilizados em diversas areas como nas industrias farmacéutica, de

cosméticos, de alimentos, de plasticos, de papel e na induistna téxtil (CHEQUER ef al., 2013).
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Esta ultima € a maior consumidora de corantes, com demanda de cerca 70% produgéo

mundial (BENKHAYA; HARFI; HARFI, 2017).

Estima-se que de 10 a 15% da produgéio anual de 7 x 10° toneladas de corantes seja
descartada nos efluentes industnas (VIKRANT et al., 2018). A demanda cada vez mais
crescente por esses corantes se da pelo seu processo de produgfio menos custoso e mais
rapido, pela maior gama de cores e pela maior estabilidade contra degradagio (YASEEN;
SCHOLZ, 2019). A sintese de corantes sintéticos ocorre pela adigdo de diferentes grupos
funcionais, como por exemplo grupos amino, nitro e bromo, a compostos quimicos basicos
organicos, como o benzeno (UDAY; BANDYOPADHYAY; BHUNIA, 2016). A presenca de
complexas estruturas aromaticas faz com que os corantes sintéticos sejam mais recalcitrantes

que os corantes naturais (DRUMOND CHEQUER et al., 2013).

A estrutura dos corantes € composta por um ou mais grupos cromoéforos e auxocromos
e por grupos reativos, sendo estes os responsaveis pela fixagfo ao tecido. Os cromoéforos séo
os grupos funcionais responsaveis pela coloragdo, tais como grupos azo, mtro, carbomila,
anfraquinona, dentre outros. A transi¢do eletronica entre diversos orbitais moleculares no
cromoforo € o que gera a cor (GHALY et al, 2014). Ja os auxocromos sdo grupos
responsaveis por intensificar a cor gerada pelos cromoforos e incluem grupos hidroxila,

amina, carbonila e sulfonatos (BHATIA et al., 2017, DRUMOND CHEQUER et al., 2013).

Os corantes podem ser classificados de acordo com sua estrutura quimica, indice de
colorago e outras caracteristicas como solubilidade e carga. Essa ultima forma de
classificagdo divide esses compostos em aniénicos, catiénicos e nido i6mnicos (FU;
VIRARAGHAVAN, 2001). Os corantes nédo 16nicos sdo chamados de dispersivos e néo séo
completamente dissolvidos na agua, permanecendo como uma suspensdo de particulas
microscopicas. Os corantes catidnicos, conhecidos como corantes basicos, sfo soluveis em
agua, produzindo uma solugéo colorida de cations. Os corantes anidnicos sdo subdivididos em
acidos, diretos e reativos. Corantes acidos sdo aniénicos tanto em sua forma natural como
quando estdo dissolvidos em éagua e interagem com o tecido por meio de trocas i6nicas. Os
corantes anidnicos reativos ganham destaque porque formam interages covalentes com o
tecido e, portanto, sfo considerados os corantes com maior permanéncia no tecido
(DRUMOND CHEQUER et al, 2013; GUARATINL, ZANONI, 2000, UDAY;
BANDYOPADHYAY; BHUNIA, 2016).
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Corantes reativos sfo os principais corantes usados no tingimento de fibras
celulosicas, podendo também ser usados na coloragéio de fibras proteicas, como a 14, e de
tecidos com poliamidas, como o poliéster (GHALY er al., 2014; KIMURA, 2001). A maioria
desses corantes possui grupos azo (-N=N-) ou antraquinonas como cromoforos, e grupos
monoclorotriazina e viml sulfonas como grupos reativos. Os corantes com grupo vinil
sulfonas foram primeiramente registrados como a marca Remazol e sfo atualmente
reconhecidos por essa nomenclatura (GHALY er al., 2014; GUARATINI, ZANONI, 2000,
UDAY; BANDYOPADHYAY:; BHUNIA, 2016). A Figura 1 ilustra a estrutura quimica do
corante Remazol® Azul RGB, cujo nome genérico de acordo com o indice de coloragéo (do
inglés, Colour Index Generic Name) é Reativo Azul 250. Como ilustrado nesta figura, o
corante em questdo apresenta dois azogrupos como grupos cromoforos e dois grupos reativos

do tipo vinil sulfona.

Figura 1. Férmula estrutural do corante Remazol® Azul RGB.
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Fonte: ChemNet, 2020.

Além dos grupos cromoéforos e grupos reativos, os corantes reativos possuem grupos
de solubilizagfo constituidos de sulfonato de sodio (-SO;Na), grupos ligantes, que nio séo
obrigatorios na estrutura do corante; e grupos de saida, que serfio substituidos pelos grupos
ligantes dos tecidos. A fixagdo de corantes Remazol nos tecidos ocorre por meio de adigéo
nucleofilica, como ilustrado na Figura 2. Em condi¢gBes alcalinas, o grupo de saida é
eliminado, gerando a dupla ligagio do grupamento vinilico da vinil sulfona. A elevada
eletronegatividade do grupo sulfona, torna o grupo vinilico um eletréfilo. Na presenga de um
nucleofilo, que sdo os grupos ligantes dos tecidos, ocorre a adigdo nucleofilica, formando a

ligacéio covalente entre corante e tecido (GUARATINI, ZANONTI, 2000; KIMURA, 2001).
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Figura 2. Mecanismo de fixagdo dos corantes Remazol.

OH"
R-S02- CHz -CH2 - 0OSO3Na —— R - S02 - CH = CH2 + Na2S04

R -S03 - CH=CHz + O - celulose m: R -S02- CH2 - CH2 - O - celulose

Fonte: GUARANTINI; ZANONI, 2000.

Corantes reativos possuem taxas maiores de fixagfo, que podem ser ainda melhoradas
pela introdugdo de mais de um grupo reativo. Por exemplo, corantes com apenas um grupo
reativo sdo afixados aos tecidos a taxas que variam de 50 a 70%. Ja corantes com mais de um
grupo de reagéo, essa taxa de fixa¢do pode aumentar para 80 a 95% (GHALY eral., 2014). A
taxa de fixagdo também pode ser aumentada por meio do controle do pH alcalino durante o
tingimento. Em pH alcalino, o grupo eletrofilico dos corantes reativos pode sofrer hidrolise e,
com 1880, néo se ligar ao tecido. Portanto, € essencial que o tingimento ocorra em condi¢des
alcalinas que possibilitem a formagdo do grupo eletrofilico, sem que o mesmo seja

prontamente hidrolisado (KIMURA, 2001).
2.2.2 Impacto ao meio ambiente e a satide humana

Os corantes usados no tingimento de tecidos sfo os principais poluentes das industrias
téxteis por dois principais motivos: os corantes sdo compostos altamente recalcitrantes e
toxicos e néo sdo inteiramente afixados aos tecidos sendo, portanto, comumente encontrados
nos efluentes téxteis. Esses efluentes sfdo caracterizados por apresentarem alta demanda
quimica de oxigémio (DQO), elevados pH e temperatura, além da baixa capacidade de
biodegradagdio (ARSLAN et al., 2016). Embora a fixagdo do corante no material varie
bastante de acordo com sua estrutura quimica, com o tipo de fibra do tecido e com o método
de fixago, estima-se que cerca de 200.000 toneladas de corantes sejam perdidas anualmente

durante o tingimento (DRUMOND CHEQUER et al., 2013).

Dentre as problematicas advindas da presenca de corantes téxteis no meio ambiente, o
aumento da demanda biologica por oxigénio (DBO) € bastante preocupante porque diminw a
capacidade de reoxigenacdo do efluente, inibindo o crescimento de microrganismos
fotoautotroficos e impactando todo o sistema aquatico (IMRAN et al., 2015; MOHAMMED
et al., 2017). Além disso, esses compostos sfo bioacumulados nas cadeias tréficas

(SANDHYA, 2010) e sdo altamente resistentes a temperatura, a luz, a agfo de surfactantes e
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detergentes e ao ataque microbiano (TORRES-DUARTE, VAZQUEZ-DUHALT, 2010).
Vale ressaltar que, mesmo concentra¢gdes muito baixas (= 1ppm), € suficiente para a formacéo

de efluentes corados (UDAY, BANDYOPADHYAY; BHUNIA, 2016).

A poluigdo pelos corantes téxteis € percebida nfo somente por danos ao meio
ambiente, mas também por riscos a saude humana, os quais podem variar desde dermatites até
sindromes no sistema nervoso (KHAN; MALIK, 2018). Corantes dispersivos sdo comumente
relacionados a casos alérgicos por contato com reconhecida importincia clinica
(MALINAUSKIENE et al., 2013; ROVIRA; DOMINGO, 2019). O corante azure-B,
vastamente utilizado na industria téxtil, age como inibidor reversivel da enzima monoamina
oxidase A, uma enzima intracelular do sistema nervoso central com grande importancia para o

comportamento humano (LELLIS et al., 2019).

Ainda mais preocupantes sdo os danos causados pelos azocorantes, classe de corantes
com maior produgdo mundial (cera de 70%) (SINGH; ARORA, 2011). Esses corantes
possuem aminas aromaticas como intermediarios na sua sintese (FREEMAN, 2013), que séo
reconhecidas pelas suas propriedades carcinogénicas e genotéxicas (BRUSCHWEILER,

MERLOT, 2017; MORIKAWA et al., 1997).
2.3 Remediacio de efluentes téxteis

N&o somente a obrigatoriedade de cumprimento das leis e normas ambientais
impulsiona a industria téxtil a reverter esse quadro de contaminagéo do meio ambiente,
também a opinifio piblica comeca a estimular a ado¢io de medidas mais sustentaveis. A
disseminagéo dos dados de poluigdo ambiental téxtil ajuda a moldar a consciéncia ambiental
dos consumidores. Segundo pesquisas de opinifo realizadas em 2019, 75% dos consumidores
de vestuario consideram a sustentabilidade como algo muito ou extremamente importante, e
mais de 50% planejam mudar de marca no futuro se outra marca agir mais ambientalmente e

socialmente do que a preferida (LEHMANN; ARICI, MARTINEZ-PARDO, 2019),

Nesse cenario, adaptar-se a medidas sustentaveis significa ganhar uma maior parcela
de mercado. Portanto, muitas pesquisas tem tentado solucionar o ponto mais agravante da
poluicdo téxtil, que sdo o descarte inadequado de efluentes corados. A importancia da
degradagfio de corantes nos efluentes téxteis é refleida na busca por alternativas que
consigam degradar eficientemente esses compostos de forma economicamente viavel e
ambientalmente menos prejudicial. Dentre as estratégias de descontaminagéio de corantes,

pode-se citar aquelas que se baseiam em métodos fisicos, quimicos e biologicos.
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O método fisico de coagulagdo e floculagéio de moléculas de corante requer etapas
posteriores de tratamento e destino do residuo solido gerado. Além disso, os agentes
coagulantes usados sdo caros e dificilmente recuperados. A degradacido de corantes por
métodos quimicos ocoire por meio de rea¢des de oxidagdo. Os processos avancados de
oxidagdo (AOPs) utilizam ozénio ou peréxido de hidrogénio para oxidar corantes na presenca
ou nfo de uma fonte de irradiagfio. Apesar de bastante eficientes na remocéo de corantes, os
AOPs néo sfo utilizados comercialmente por representarem uma etapa de tratamento de custo

bastante elevado (SINGH; ARORA, 2011; UDAY; BANDYOPADHYAY; BHUNIA, 2016).

Considerando as desvantagens dos métodos fisico-quimicos de remediagio, a
biorremediagdo surge como uma alternativa mais limpa e sustentavel, com um melhor
equilibrio entre custo e eficiéncia. A biodegradagéo enzimatica € uma técnica de
biorremediagdo que tem ganhado destaque porque faz uso de enzimas de alta especificidade e
capacidade de degradagdo de compostos recalcitrantes (UDAY; BANDYOPADHYAY;
BHUNIA, 2016).

Os métodos de biorremediagéo tém surgido entdo como alternativas mais seguras
ambientalmente e economicamente mais plausiveis para a remocgdo/degradacio dos
micropoluentes. Entende-se como biorremediagdo a transformacido ou degradagido de
quimicos persistentes em compostos menos ou néo toxicos através de processos mediados por
agentes biolégicos (ZDARTA er al., 2018). A biorremediagdo pode ocorrer através de
Organismos ol Mmicrorganismos, nos casos em que plantas e bactérias sfo utilizados para
absorver e bioassimilar poluentes, ou pode ainda se dar pelo uso de produtos advindos de

organismos, como os biocatalisadores biologicos.

A biodegradagdo € uma técnica de biorremediagdo que tem ganhado destaque porque
faz uso de enzimas de alta especificidade e capacidade de degradacdo de compostos
recalcitrantes (ARSLAN er al., 2016). Enzimas isoladas sfo preferiveis ao uso de organismos
completos por serem mais convenientemente manipuladas, podendo ainda ter sua atividade
padronizada de acordo com as condigdes de reagio (BILAL et al., 2019; BODALO et al.,
2006).



19

2.4 Peroxidases

Dentre as enzimas com potencial de aplicagdo na biodegradacéo de corantes, pode-se
citar as peroxidases (EC 1.11.1.x), que sfo oxidorredutases que catalisam a reduciio de
perdxidos, como o peroxido de hidrogénio, acoplando essa reagéo a oxidagdo de compostos
poluentes organicos e inorganicos por meio dos radicais hivres formados (BANSAL;
KANWAR, 2013). Na verdade, o termo peroxidase se refere a um grupo heterogéneo de
enzimas que acoplam a oxidacdo de diversos substratos a redugfo de peroxidos. Assim,
alguns exemplos de membros desse grupo sdo as NADH peroxidases (EC 1.11.1.1), as
glutationa peroxidases (EC 1.11.1.9), as guaiacol peroxidases (EC 1.11.1.7), dentre outras, e
demais peroxidases néo especificas (BILAL et al., 2018, HAMID; KHALIL-UR-REHMAN,
2009; PANDEY et al., 2017). A Figura 3 esquematiza o mecanismo de reagdo das

peroxidases, onde RH é um substrato viavel da enzima, e R- representa o radical livre gerado.

Figura 3. Esquema geral do mecanismo de agfo das peroxidases.

2 RH + H,0, — 2R + 2H,0

Fonte: DE MONTELLANO, 2010.

Peroxidases sdo ubiqoas na natureza, tendo diversas fontes como plantas, fungos,
algas, bactérias e animais (HAMID; KHALIL-UR-REHMAN, 2009). Essa familia de enzimas
¢ caracterizada por apresentarem massa molecular entre 30 e 150 kDa, e a maioria delas
(cerca de 80 % de acordo com o banco de dados PeroxiBase) possui grupamentos heme como
grupo prostético(PANDEY et al., 2017). A importincia das peroxidases é vista diante da sua
vasta gama de aplicagdes, podendo ser utilizada na confecc¢do de biossensores, em
imunoensaios enzimaticos, sintese orgédnica, dentre outras (QUEIROZ ef al., 2018). Além
disso, as peroxidases tém ganhado grande destaque em pesquisas de tratamento de efluentes
por serem capaz degradar poluentes ambientais como fendis, cresois, pesticidas, corantes

téxteis sintéticos etc (BANSAL; KANWAR, 2013).

Peroxidases que possuem grupamento heme como grupo prostético sfio agrupadas nas
superfamilias das ciclooxigenase peroxidases e das catalase peroxidases. Estas ultimas sfo
representadas por trés classes. A classe I engloba principalmente citocromo ¢ peroxidases de
fungos, ascorbato peroxidases e catalase peroxidases bacterianas. A classe II € constituida de
lignina e manganés peroxidases de fungos, enquanto a classe III é composta por peroxidases

de plantas (ZAMOCKY;, OBINGER, 2010).
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Diversos estudos tém demonstrado o potencial uso de peroxidases de origem vegetal
na biodegradaciio de corantes advindos da industria téxtl. Por exemplo, estudos com a
peroxidase purificada de raizes de Armoracia rusticana , comumente conhecida como
peroxidase de rais-forte, mostraram que a enzima conseguiu degradar 59% do corante
Remazol Turquoise Blue G 133% apds 50 min de reagio em pH 4.0 (DE SOUZA;
FORGIARINI; DE SOUZA, 2007) e 69% do corante Reative Blue 21 em 1 h de reagéio do
mesmo pH (FARIAS et al., 2017). A mesma enzima também fo1 capaz de degradar 94% do
corante Acid Blue-25 apdés 75 min de reagdo em pH 7.0 (GHOLAMI-BORUJENI,
FARAMARZI, NEJATZADEH, 2013).

Embora a peroxidase de raiz-forte seja a principal representante das peroxidases de
plantas, outras enzimas da classe III também mostraram grande potencial de degradacéo de
corantes téxteis. Por exemplo, uma peroxidase purificada de soja degradou 95% do corante

Remazol Turquoise Blue G 133% em 4 h de reagio em pH 3,0 (MARCHIS eral., 2011).
2.4.1 Peroxidase de Moringa oleifera Lamarck

Moringa oleifera Lam. é uma planta de porte arboreo pertencente a classe
Magnoliopsida, a ordem Brassicales e a familia Moringaceae (SULTANA, 2020). Nativa da
India essa planta de crescimento rapido se desenvolve principalmente em regides de clima
semiarido, tropical e subtropical, contudo suas caracteristicas de resisténcia a seca a torna
mais facilmente adaptavel aregides de clima seco (GUPTA et al., 2018; LEONE et al., 2015).
M. oleifera é notoriamente conhecida pelo elevado valor nutricional, principalmente das suas
folhas, sendo comumente utilizada em paises subdensenvolvidos no tratamento contra a
desnutrigdo infantil (SULTANA, 2020). A quantidade de aplicagdes de M.oleifera é bastante
extensa e diversa uma vez que essa planta apresenta propriedades antimicrobianas (DA
SILVA NETO et al., 2020), antidermatofiticas (LOPES et al., 2020), hipoglicémicas e
antioxidantes (PAULA et al., 2017), cardioproteivas (ABDULAZEEZ et al., 2016),
neuroprotetivas (HANNAN et al., 2014), imunomodulatérias e imunoestimulatérias
(RACHMAWATI, RIFA’I, 2014) e propriedades de purificagdo de aguas, dentre outras
(GUPTA et al., 2018).

Trabalhos desenvolvidos no nosso grupo de pesquisa permitiram a purificagdo de uma
peroxidase de raizes de M. oleifera capaz de degradar corantes téxteis. Essa peroxidase,
denominada de MoPOX, tem peso molecular de 43,6 kDa, ponto isoelétrico de 9.4, atividade
6tima em pH 5,2 e em 70 °C e possui elevada termoestabilidade, mantendo 80% de sua



21

atividade depois de 60 min a 70 °C. A total inibi¢do de MoPOX quando tratado com
ditiotreitol (DTT) indica a presenca de pontes dissulfeto estabilizadoras da enzima. Além

disso, a significativa inibi¢do por azida sédica sugere a presencga de grupamento heme como

grupo prostético (ALMEIDA et al., 2020; LOPES, 2019).

MoPOX demonstrou elevado potencial de degradacdo de corantes téxteis. Em pH 5,2 e
apos 48 h de reagéo, a enzima descoloriu 64% e 60 % dos corantes Remazol® Azul e Telon®
Turquesa M-G5 85%, respectivamente (LOPES, 2019). Apesar dos resultados promissores de
MoPOX, o uso de enzimas livres apresenta a desvantagem de dificuldade de recuperacgédo do
biocatalisador ao final do processo de catalise. Esse percalgo é facilmente contornado atraveés
de técnicas de unobilizagio enzimatica, as quais além de diminuir o custo total por permitir o
reuso enzimatico, podem ainda melhorar propriedades como estabilidade, atividade,

seletividade, especificidade e robustez (ZHANG; GE; LIU, 2015).
2.5 Imobilizacio enzimatica

As metodologias de imobiliza¢do enziméatica permitem a recuperagido da enzima e a
melhoria de propriedades enzimaticas, tais como estabilidade, atividade, seletividade,
especificidade e robustez (MATEO et al., 2007, ZHANG; GE; LIU, 2015). Além disso, a
imobilizacdo de enzima permite diminuir de custos de produgéo e superar as limitagdes do
uso de enzimas hivres nos processos industriais, tais como sensibilidade as condigdes do
processo, baixa estabilidade em operagSes de longa duragfo, estrutura instavel etc

(MOHAMAD et al., 2015; VAGHARI et al., 2016).

Os métodos de imobilizagdo enzimatica podem ser divididos em adsorcfo fisica,
ligagéio covalente, encapsulamento e ligagdo cruzada (BEZERRA et al., 2015). Imobilizagio
por adsorcéo é considerado o método mais simples e gera catalisadores com elevada atividade
enzimatica. Contudo, a enzima ¢ facilmente desprendida do suporte devido as fracas forgas de
interacéo envolvidas tais como ligagéo de hidrogénio, for¢a de Van der Waals e ligacéo 16nica
(DATTA; CHRISTENA; RAJARAM, 2013; MOHAMAD et al., 2015). A sintese de suportes
poliméricos na presencga da enzima caracteriza a imobilizagido por encapsulamento, que tem
como desvantagens as limitagSes difusionais do substrato por dificultar a interagido entre a
enzima encapsulada e o ambiente externo. InteragSes fortes entre enzima e suporte
caracterizam a 1mobilizacdo por ligagéo covalente e por igagio cruzada, as quais diminuem a
lixiviagdo enzimatica, facilitando o reuso do biocatalisador (BEZERRA et al., 2015;
MOHAMAD et al., 2015).
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Glutaraldeido € o agente de ligacédo cruzada mais utilizado em estudos de imobilizagio
por ser barato e facilmente encontrado em quantidades comercias (MIGNEAULT et al.,
2004). Contudo, a imobilizagdo enzimatica em suporte ativados com glutaraldeido possui
baixa estabilidade em pHs alcalinos, o que nfio permite a ativacdo de grupos de aminoacidos
de pKa mais elevado, como ocorre com os amino grupos da lisina, diminuindo as
possibilidades de se alcancar interagdes multipontuais (DOS SANTOS et al., 2015b;
PINHEIRO et al., 2019).

Os estudos tém se voltado para a mvestigagdo de novas estratégias para formagéo de
ligagées multipontuais. Imobilizagdo utilizando divimilsulfona (DVS) como agente de
crosslinkning tem se mostrado eficiente para formagido de ligagGes multipontuais intensas,
uma vez que os grupos vinil sulfona altamente reativos podem interagir com grupos tiol,
imidazol, fenol e aminas primarias e secundarias das enzimas (DOS SANTOS et al., 2015a,
2015¢). A interagio da divinil sulfona com esses grupos funcionais ocorre por meio da Adigéo
de Michael, como ilustrado na Figura 4. A elevada eletronegatividade do grupamento sulfona
faz com que os grupamentos vinilicos se tornem bons eletrofilos. Dessa forma, DVS € um
6timo aceptor de Michael para o ataque de grupamentos nucleofilicos (LOPEZ-
JARAMILLO; HERNANDEZ-MATEO; SANTOYO-GONZALEZ, 2012).

Figura 4. Mecanismo de interag¢fo das vinil sulfonas por meio da Adi¢do de Michael.

Nu™ = C-, N-, and S-Nucleophiles
Fonte: LOPEZ-JARAMILLO b, 2012.

O sucesso da umobilizagdo enzimatica depende nfo somente da enzima e da
metodologia de imobilizagio, mas também da escolha adequada do suporte. A quitosana € um
biopolimero obtido a partir da desacetilagio da qutina (HUANG et al., 2017), o segundo
biopolimero mais abundante, e € o suporte a base de biopolimero mais utilizado nos estudos
de imobilizagfio (BILAL et al., 2016) As vantagens que justificam seu uso incluem sua
biocompatibilidade, abundancia comercial, auséncia de toxicidade (LIU et al., 2012) e sua
heterofuncionalidade, possuindo grupos amino e hidroxila como grupos funcionais

(BARBOSA er al., 2013).

A presenca de mais de um grupo funcional traz vantagens a quitosana como suporte de

imobilizagdo por oferecer mais de um ponto de ancoragem para funcionalizagéo. No caso da
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ativagdo com divinil sulfonas, esse agente de ligagdo cruzada pode tanto interagir com os
grupos amino quanto com os grupamentos hidroxila da quitosana (PINHEIRO et al., 2019),
como ilustrado na Figura 5, de forma a permitir maior numero de ligagSes cruzadas e
consequente maior rigidez do suporte. Portanto, este trabalho se propds a imobilizar MoPOX
em quitosana ativada com divinil sulfona com a intengéo de gerar um biocatalisador cujo uso

seja viavel para a descoloragéio de corantes téxteis.

Figura 5. Mecanismo de reagédo da ativacdo da quitosana com divinil sulfonas em pH alcalino.
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3 HIPOTESE

A 1mobilizagdo de MoPOX em quitosana ativada com divinil sulfonas resultaria em
um biocatalisador com maior atividade cataliica e com maior estabilidade diante das

condi¢gGes desfavoraveis dos efluentes téxteis.
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4. OBEJTIVOS
4.1 Objetivo Geral

Este trabalho tem por objetivo estudar a imobilizagéo de uma peroxidase purificada de
raizes de Moringa oleifera em esferas de quitosana funcionalizadas com divinil sulfonas e

avaliar as propriedades cataliticas na descoloragfio de corantes téxteis.
4.2 Objetivos Especificos

e Purificar MoPOX a partir de raizes de Moringa oleifera;

e Determinar estrutura primana de MoPOX;

e Determinar as melhores condigdes de funcionalizacéo das esferas de quitosana
com divinil sulfona;

e Determinar as melhores condigées de imobilizagio de MoPOX (pH e tempo de
contato entre enzima e suporte),

e Determinar a carga maxima enzimatica do suporte;

e Avaliar o perfil de atividade catalitica do estabilizador frente a diferentes
condigdes de pH e temperatura;

e Avaliar a estabilidade térmica do biocatalisador proposto;

e Avaliar a eficiéncia do biocatalisador na degradagéio de corantes téxteis;

e Avaliar a estabilidade operacional do biocatalisador proposto.
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1. Introduction

In recent decades, there has been an increase in the environmental awareness of
several nations. If environmental problems were previously seen only as concerns of non-
governmental orgamizations and environmental activists, today the pressure that the general
population exerts on governments to adopt sustainable measures is always increasing. In this
scenario, the environmental impact caused by the textile industry 1s highlighted both because
of the water demand in this industry and because of the toxic effluents generated. It is
estimated that by 2030, consumption of textile goods will increase by 63%, resulting in
increases of 63% and 62% in carbon dioxide emissions and waste generation, respectively

[10].

In addition to presenting high organic load, pH, temperature, chemical (COD) and
biochemical oxygen demand (BOD), textile effluents are also characterized by the coloring
resulting from the dyeing process [1,2,11]. It is estimated that about 52% of colored industrial
effluents come from the textile industry [3]. Dyes are the most worrying pollutants i the
textile industry because they are toxic compounds that are potentially carcinogenic and
mutagenic [4,58], and capable of bioaccumulating i the food chain [5]. Despite the serious
environmental impacts of the textile industry, conventional dye remediation techniques have
important disadvantages such as high costs, low efficiency and possible generation of still

toxic by-products [2,6,59].

As a result, the search for alternative techniques that are effective and ecologically
sustainable stimulated the research on bioremediation. Enzymatic bioremediation is a
promising alternative due to the possibility of reducing costs by reusing enzymes and

generating less or non-toxic by-products [3,6,60].

Among the enzymes used in environmental remediation, peroxidases from different
sources are highlighted in the decontamination of pollutants and in the detoxification and
degradation of emerging contaminants [6,7,61]. The peroxidase purified from Moringa
oleifera roots (MoPOX) [62] demonstrated a high potential for use in the degradation of
textile dyes, being able to discolor 64% and 60% of Remazol® Blue and Telon® Turquoise
M-GS5 85% dyes, respectively, after 48 h of reaction [63] . However, in order to be effectively
implemented in the wastewater textile treatment, 1t 1s essential that MoPOX be immobilized
and generate a stable biocatalyst under the harsh pH and temperature conditions characteristic

of textile effluents. The need for immobilization i1s easily justified because it reduces
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production costs, overcoming the limitations of using free enzymes in industrial processes,
such as sensitivity to process conditions, low stability in long-term operations, unstable

structure, etc [47,61,64].

One of the possibilities to obtain stable biocatalysts 1s to allow enzymatic
immobilization through multipoint cross-linking [8]. The covalent interaction between
enzyme and support prevents enzymatic leaking while tighteming the enzyme structure and
making the biocatalyst more resistant to unfavorable conditions of activity. Although
glutaraldehyde (GA) is the main cross-linking agent used in immobilization studies [50],
divinyl sulfone (DVS) has also been gaining great attention because it allows interaction with
the enzyme not only through amino groups, but also by thiol, phenol and imidazole groups
[65]. Moreover, DVS is stable in a broad range of pH value (from 4 to 10) [8]and has been
suggested as an important enzyme stabilizing agent via multipoint covalent attachment [66].
In this scenario, the immobilization of MoPOX on supports modified in DVS contributes to
the effective implementation of the enzyme as an efficient alternative for the degradation of

textile dyes.

Not only the choice of enzyme and immobilization method 1s important to create a
successful biocatalyst, choosing the appropriate immobilization support is crucial. Chitosan
(CTS) 1s the second most abundant biopolymer and is the most widely used biopolymer-based
support in immobilization studies [7]. The advantages that justify chitosan use as
immobilization support include its biocompatibility, commercial abundance, absence of
toxicity [7,56,67] and its heterofunctionality, having amino and hydroxyl groups as functional
groups [57].

The presence of more than one functional group brings advantages to chitosan as an
immobilization support as 1t offers more than one anchorage point for functionalization. In the
case of activation with divinyl sulfones, this cross-linking agent can either bind with the
amino groups or with the chitosan hydroxyl groups [52], in order to allow a greater number of
cross-links and consequently greater support rigidity. Therefore, this work proposed to
immobilize MoPOX in chitosan beads activated with divinyl sulfone with the objective of

generating a stable biocatalyst whose use is feasible for the discoloration of textile dyes.
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2. Material and methods
2.1. Materials

Chromatographic resin DEAE-Sephacel and molecular mass markers were purchased
from GE Healthcare (Uppsala, Sweden). Guaiacol, medium molecular weight chitosan and
divinyl sulfone were purchased from Sigma-Aldrich Ltd (St. Lous, USA). Textile dyes were
gently provided by the company DyStar. Other reagents used were of analytical grade and for

biochemical use.
2.2. Methods
2.2.1. Plant material and cultivation conditions

M. oleifera seeds were collected in Pici campus of Federal University of Ceara
(3°44°48S, 38°34°30”W), with the authorization (number 47766) from the Chico Mendes
Biodiversity Conservation Institute (ICMBi10).

Sterilization conditions are described according to [68] with modifications. Viable
seeds had their surface sterilized with 2.0% sodium hypochlorite for 5 min, being then
thoroughly washed in three cycles of 10 min submersion in deionized water. Germination
proceeded in Germitest paper humidified with deionized water for 10 days in a light protect
environment and with Germitest paper continuously soaked in deionized water. After this
period, radicle emission allowed seedling transference to green house cultivation in sterilized
gsand. Plants were grown for 30 days being daily watered and nourished with Hoagland
Solution [69]. After cultivation period, roots were abundantly washed with deiomzed water,

being then excised from the plant and stored in - 20 °C for later use.
2.2.2. Peroxidase extraction and purification

MoPOX extraction and purification followed protocol by [63]. Approximately 60 g of
M. oleifera roots were dehydrated by freeze-drying for 48 h. Plant material was then finely
minced in a common grinder in order to obtain a homogeneous powder, which was
immediately put in contact with 100 mM sodium acetate buffer pH 5.2 (1/10 w/v) under
agitation at 4 °C. After 2 h extraction, the crude extract was filtered, centrifuged at 12,000 x
g, for 20 min at 4 °C, and the supernatant was dialyzed against deionized water for 24 hin a

12 kDa cut off cellulose membrane to obtain a soluble extract.
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Soluble extract then was concentrated by freeze-drying, and to it was added 1 M
sodium acetate buffer pH 5.2 in order to obtain a final concentration of 100 mM acetate salt.
After centrifugation (10,000 x g, 10 min, 4 °C), the sample (5.3 mgP/mL) was applied to a
DEAE-Sephacel column (20 cm x 1.5 mm) previously equilibrated with acetate buffer.
Retained proteins were eluted with acetate buffer with 0.5 M NaCl. Elution of MoPOX from
column was monitored by measuring absorbances at 280 nm. Proteins eluted were then

dialyzed against water for 24 h and concentrated in Vivaspin (30 kDa cut ofY).

Concentrated sample (1.3 mgP/mL) was applied to a Hiload® 16/600 Superdex® 75
pg collumn (60 x 1,6 cm) coupled to a Aktaprime Plus System. A volume of 1 mL of
concentrated MoPOX was applied to the column pre-equilibrated with the elution buffer of
previous chromatographic step. Protein fractionation was performed in 0.4 mL/min flux, 0.5
MPa pressure and collecting 0.5 mL/fraction. Purified MoPOX was then dialyzed against
water for 24 h and stored at 4 °C. MoPOX fraction purified after this last chromatographic
step was used for the determination of enzyme primary structure. All the other experiments

were performed with purified fraction from DEAE-Sephacel column.
2.2.3. Determination of peroxidase activity

Peroxidase activity was measured according to [70] using guaiacol as substrate.
Reactional mixture composed of 50 mM sodium acetate buffer pH 5.2, 20 mM guaiacol and
60 mM hydrogen peroxide was incubated at 30 °C for 10 min. After addition of enzyme,
tetraguaiacol formation was monitored by measuring absorbance at 470 nm. One umt of
peroxidase activity (UPA) was defined was the amount of enzyme needed to increase one
absorbance unit per min under reaction conditions. In the case of immobilized MoPOX,
activity will be measured in terms of gram of support and will be defined as Aty (activity of
immobilized enzyme) according to Equation 1, where Abs is the absorbance and g is mass of
support in grams.

Abs/min

Atle a—JPA’I{ g) = g

1)
2.2.4. Determination of MoPOX primary structure

Purified MoPOX obtained from molecular exclusion chromatographic was submatted
to an SDS-PAGE analysis in a 10% polyacrylamide gel [71]. The electrophoresis was run at
20 mA and 180 V. Protemn bands were visualized after silver staining [72]. Protein spots were
digested with trypsin and peptides were extracted from the gel according to [73]. Tryptic
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peptides were separated in BEH300 CI8 column (100 pm x 100 mm) using the
nanoAcquity™ (Waters) system and eluted at 600 pL/min with acetonitrile gradient (5-85%)
containing 0.1% formic acid. The liquid chromatography system was connected to a
nanoelectrospray mass spectrometer source (SYNAPT HDMS system, Waters Corp., Milford,
MA, USA). The mass spectrometer was operated in positive mode using a source temperature
of 90 °C and capillary voltage of 3.5 kV. The instrument was calibrated with phosphoric acid
clusters, and the Lock mass used during the acquisition was the m/z 686.8461 ion. The LC—
MS/MS procedure was performed according to the data-dependent acquisition (DDA)
method, selecting MS/MS doubly to triply charged precursor ions. Ions were fragmented by
collision-induced dissociation using argon as the collision gas and ramp collision energy that
varied according to the charge state of the selected precursor ion. Data acquisition was
performed at an m/z range of 300-2100 for the MS survey (1 scan/sec) and at an m/z range of
50-2500 for MS/MS. Data were collected with MassLynx 4.1 software and processed using
the Protein Lynx Global Server 2.4 (Waters Corp.) and were converted to peak list text files

and submitted to a database search using the RedoxiBase database.
2.2.5. Chitosan beads preparation

Chitosan (CTS) beads were prepared following protocol by [74]. Briefly, 0.5 g of
chitosan was dissolved in 20 mL of 10% acetic acid and stirred for 1 h. Then, the mixture was
dropwise added to a 2 M NaOH solution under mild agitation. The chitosan beads were
thoroughly washed with deionized water until neutrality, allowed to dry overnight at room

temperature. The wet support was stored at 4 °C.
2.2.6. Chitosan beads modification with divinyl sulfone

Modification of chitosan with divinyl sulfone (DVS) was carried as described by [52].
A volume of 750 uL of DVS were completely solubilized in 20 mL of a 333 mM sodium
carbonate solution at pH 10.0, 12.5 or 14.0. To this solution, 1 g of chitosan beads were added
and allowed to react under agitation for 35 min at room temperature. Finally, chitosan beads
modified with DVS (CTS-DVS) were abundantly washed with deionized water and stored at
4°C.
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2.2.7 Characterization of chitosan beads

Chitosan beads modifications with DVS were evaluated using Fourier Transform
Infrared Spectroscopy (FTIR) in an Agilent Cary 630 FTIR Spectrophotometer with the data
being collect in the range 650 - 4000 cm™ .

2.2.8. MoPOX immobilization in CTS-DVS
2.2.8.1 pH immobilization profile

Immobilization was carried out using 25 mg of CTS-DVS, offering an initial
enzymatic load of 300 UPA per gram of wet support and with continuous agitation. Enzyme
immobilization conditions were evaluated for different pH and time of contact between
enzyme and support. MoPOX immobilization was conducted for 4, 8, 16 and 24 hin 1 mL of
final volume of SmM sodium acetate pH 5.2, 5 mM sodium phosphate pH 7.0 or 5 mM
carbonate-bicarbonate pH 10.0.

2.2.8.2. Maximum enzymatic loading

Once the best pH and time of immobilization was determined, the maximum
enzymatic loading was evaluated. To do so, enzymatic loading ranging from 25 to 500 UPA/g
CTS-DVS were offered to the same amount of immobilization support, and effects on

immobilization yield and activity of immobilized MoPOX were analyzed.
2.2.9 Immobilization parameters

Efficiency of proposed immobilization method was evaluated by measuring initial
(At;) of assay blank (soluble enzyme in the specific immobilization condition), and activity of
supernatant (Atg) and immobilized enzyme (Aty) after immobilization procedure. These
values were used to calculate immobilization yield (Y), theoretical activity (Atr) according
the following equations [75]:

(A.':l A.cf)

Y (%)= %100 (2)
At (UPA/g of support) =Y x At (3)
2.2.10. SDS-PAGE analysis

Interaction between enzyme and support was evaluated by SDS-PAGE with a 10%
polyacrylamide gel (20 mA, 180 V). Soluble enzyme extract, supernatant after 4 h

immobilization and immobilized enzyme were treated in a reductant environment according
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to [76]. Samples were treated with rupture buffer (2% SDS and 10% mercaptoethanol) in a
1:10 (v/v or w/v) ratio of sample: rupture buffer. Denaturation was completed by heating
samples in boiling water for 10 min. Then, a 20 uL aliquot of supernatant was applied to the
gel and electrophoresis was performed according to [71]. Gel staining was carried out as

described by [72].
2.2.11. Effect of pH and temperature in free and immobilized MoPOX activity

Having evaluated the optimum immobilization conditions, the catalytic efficiency of
free and immobilized MoPOX were analyzed in different pH and temperature conditions. At
first, the activity profile, under different pHs, was studied using the following buffer solutions
at 50 mM concentration: glycine-HCI pH 2.0, sodium acetate pH 4.0 and 5.2, sodium
phosphate pH 6.0 and 7.5, Tris-HC1 pH 8.0, glycine-NaOH pH 9.0 and 10.0. Besides pH
conditions, activity assay was conducted according to section 2.2.3. The highest activity
measurement from both free and immobilized MoPOX were taken as reference value of

100%.

In order to determine the effect of temperature in biocatalysts performance, peroxidase
activity of free and immobilized MoPOX were assayed having 50 mM sodium acetate pH 5.2
as activity buffer. Enzymatic activity was measured after reaction mixture was incubated in
the following temperatures: 30, 40, 50, 60, 70 and 80 °C. Besides temperatures conditions,
activity assay was conducted according to section 2.2.3. The highest activity measurement

from both free and immobilized MoPOX were taken as reference value of 100%.
2.2.12. Thermal stability of free and immobilized MoPOX

Thermal stability assay was carried out in 50 mM sodium acetate buffer pH 5.2 and in
water bath at 60 °C. Samples of both free and immobilized MoPOX were periodically
removed from the water bath and allowed to cold in ice bath before having its activity
measured as described in section 2.2.3. In the same way, reference values of activity for free
and CTS-DSV-MoPOX were obtained before both samples were placed in the 60 °C water
bath.

2.2.13. Textile dye decolorization

Remazol Blue® dye was solubilized (50 mg/mL) in 50 mM Trns-HCI pH 8.0

immediately before being used in decolorization assay, which was performed in a recipient

protected from light. Reaction mixture was constituted as described by [63] with slight
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changes. In a 15 mL tube were added 2 mL dye solution and 250 uL. 1 mM H,0O,, besides free
enzyme, immobilized enzyme, blocked support or nothing (assay control). In this assay, it
was also evaluated the dye adsorption capacity of support alone. For this, DVS groups
exposed in the chitosan surface were blocked with 1 M ethylenediame (EDA) in carbonate-
bicarbonate buffer pH 10.0 for 24 h [18]. Blocked support (CTS-DVS-EDA) was then
abundantly washed with deionized water to remove EDA excess [52]. Reaction was carried
out under end-over-end agitation in the absence of light, at room temperature and aliquots
were periodically removed to have their absorbance measured at 592 nm in a 96 well

microplate.
2.2.14. Operational stability

The reusability efficiency of immobilized MoPOX was evaluated by Remazol Blue®
degradation under the conditions cited i item 2.2.13 and after 3 h reaction. Immobilized
MoPOX samples were washed with deionized water between each activity cycle. The decay
in CTS-DVS-MoPOX activity was measured throughout the cycles having activity of the first

cycle as 100% reference value.
2.2.15. Statistical Analysis

All experiments were performed in triplicate and results are represented as average

and standard deviation (lower than 10%).
3. Results and discussion
3.1. Peroxidase extraction and purification

MoPOX was purified from the M. oleifera roots following protocol previously
stablished by [63]. Figure S1 illustrates chromatogram profile and SDS-PAGE gel of purified
MoPOX. However, considering a higher protein yield and lower costs, we choose to use the
semi-purified MoPOX samples obtained from the ion exchange chromatography in the
following immobilization experiments. The purified protein was used only for mass

spectrometry analysis.
3.2. Determination of MoPOX primary structure

Tryptic digestion of MoPOX resulted in three peptides as illustrated in Table 1. These
peptides were analyzed in the plant oxidoreductase database RedoxiBase. Comparative

analysis demonstrated that MoPOX peptides present high similarity, around 85%, with
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regions of other plant peroxidases. This result confirms the classification of the enzyme as one

peroxidase.
3.3. Chitosan beads modification with divinyl sulfone

In order to evaluate if the crosslinking agent was successfully incorporated in the
immobilization support, the chitosan beads activated under different pH conditions were
submitted to a FTIR analysis. Figure 1 shows a typical spectrum of chitosan with absorption
bands between 3360 and 3291 cm™, representing N-H and O-H stretching vibrations. The
band at a wavenumber of 2920 cm™ corresponds to C-H symmetric stretching and at 1645 cm”
! to C=0 stretching of amide I [77,78]. All samples presented these absorptions bands, which
indicate that modification was able to preserve chitosan overall structure. In the same way, all
modified samples presented characteristics peaks from DVS, which can be seen at 1310 -
1130cm™ corresponding to S=O symmetric and asymmetric stretching and 1255 cm™,
representing C-O-C stretching vibration from ether bonds [79,80]. In addition, figure 1 shows
that a band at a wavenumber of 1300 cm™ is more evident in chitosan modified with DVS at
pH 12.5 in comparison with the other supports. For this reason, we choose this support for the

MoPOX immobilization.
3.4. Effect of pH and time on MoPOX immobilization

MoPOX immobilization efficiency in CTS-DVS beads was evaluated in different pHs.
Figure 2(A) shows that the best pH of immobilization 1s pH 5.2. At this immobilization
condition, the activity measured in the supernatant is the lowest among the pHs. After 24 h of
contact at pH 5.2, the immobilization yield was around 98%, against 23% at pH 7.0 and only
5.0% at pH 10.0. Notwithstanding, literature shows that amino acids that react with DVS,
such as cysteine, lysine, histidine and tyrosine, present a higher rate of support binding at
alkaline environments (pH 10.0) [8]. Lysine 1s one of the most common amino acids residues,
accounting for over 10% of amino acid sequence and frequently being located at protein
surface [81]. However, due to the high pKa value of its g-amino group, lysine can act as a
nucleophile only in pHs over 9.0 [53,82] . MoPOX immobilization in pH 10.0 had the lowest

immobilization yields, suggesting low frequency of this amino acid in MoPOX surface.

Lowering pH to neutrality resulted in an increase in MoPOX attachment. In neutral
pHs the terminal amino group is more nucleophilic than e-amino of lysine once it presents a
pKa around 7-8 [8.,83,84]. Therefore, one could suggest that the increase in MoPOX

immobilization at pH 7.0 1s a consequence of support attachment to the terminal amino group.
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Histidine is another amino acid reported to react with DVS at neutral pH [85], and it could
also be involved in MoPOX immobilization at pH 7.0.

The best MoPOX 1immobilization condition was at pH 5.0. One likely explanation for
this result 1s that under different pH conditions, enzyme immobilization in the same support
can occur by interaction with different areas of the protein [66,86]. As consequence of this
phenomenon, different orientations of enzyme on the support can generate different stabilities
and substrate selectivity [57]. Therefore, the effect of pH 5.2 on MoPOX orientation towards
immobilization support could have resulted in binding of more enzyme molecules and in a

MoPOX conformational state that allowed a higher activity.

Another data that supports pH 5.2 as the best immobilization condition is shown in
Fig. 2(B). Besides having the highest immobilization yield, this pH also resulted in biocatalyst
with the highest activities. It is interesting to observe that although MoPOX attachment
increases over time in pH 5.2, peroxidase activity decreases in longer contact imes between
the enzyme and CTS-DVS. It is known that immobilization process trough multipoint
covalent attachment occurs in longer contact times which allow that more crosslinking
connections are stablished between enzyme and support [51,52,66]. However, probably after
4 h immobilization the increasing number of connections between MoPOX and CTS-DVS
resulted in rigidification of enzyme structure, consequently leading to decreasing in enzyme
activity [87]. Considering these results, MoPOX immobilization in pH 5.2 for a period of 4 h

was adopted in the subsequent experiments.
3.5. CTS-DVS maximum loading capacity

The maximum enzyme loading of the support was evaluated and its influence was
tested over immobilization yield and biocatalyst activity. As illustrated in Figure 3(A), CTS-
DVS has a maximum enzymatic capacity of 300 UPA per gram of support. This maximum
enzymatic loading is estimated as how much protein the support can load while presenting the
maximum biocatalyst activity. Not surprisingly, immobilization yield decreased as enzyme
loading increased. This usually occurs if enzyme preparation presents some degree of
contamination. Immobilization yield is almost constant between enzymatic loading of 25 to
100 UPA/g, ranging from 97 to 93%. Increasing enzyme loading over 100 UPA/g support
resulted in a sharp decrease in immobilization yield. Nevertheless, this is not a negative result.
It only indicates that the enzyme of interest in being purified in the immobilization process

[88]. The highest biocatalyst activity is obtained at 300 UPA/g of enzyme loading. In lower
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enzymatic loadings, the enzyme is reacting primarily with the support. However, in increasing
enzymatic loadings, MoPOX molecules start to be deposited on the first layer of enzyme
already attached to the support. This occurs because support surface has already reached its
saturation point. Such protein-protein interactions result in diffusional limitations of substrate
and products, consequently creating biocatalysts with lower activity [89]. This phenomenon
usually occurs when support achieves its maximum loading capacity [75,90]. At enzymatic
loadings higher than 300 UPA/g of support, diffusional limitations of substrate and product
commence to have a greater effect in the activity, and so less efficient biocatalysts are

generated [88,90].

In order to assure that the maximum loading capacity was achieved, the theoretical
activity of the support was calculated for the enzyme loadings tested. As Figure 3(B)
illustrates, presumed biocatalyst activity start to stabilize in enzyme loadings higher than 300
UPA/g. This indicates that after this point, increases in enzyme loading will not results in
biocatalysts with greater activity. The following experiments were carried out using the

maximum loading capacity.
3.6. SDS-PAGE analysis

A desorption experiment was performed in an SDS-PAGE analysis in order to confirm
that MoPOX 1s being covalently attached to the support by the crosslinking feature of DVS.
Figure 4 shows the polyacrylamide gel containing the samples from the immobilization
procedure. Lane 2 contains the soluble enzyme with the MoPOX band around 52 kDa. The
supernatant obtained after immobilization is shown in lane 3. It can be seen that MoPOX is
also present because after 4 h immobilization, around 33% of relative activity could still be
measured in the sample. As expected, there is not any protein band in lane 3 because the
reductant conditions of the experiment were not able to dissociate MoPOX from the support,

meaning that enzyme and support are interacting trough very stable covalent binding.
3.7. CTS-DVS-MoPOX optimum pH of activity

Once the best immobilization parameters were stablished, the efficiency of the
biocatalyst was tested in different pH conditions. From the pH profile illustrated in Figure 5,
two important features of the proposed biocatalyst can be observed. The first one is the
change in optimum pH of activity: while soluble enzyme presented higher activity in pH 5.2,
immobilized enzyme presented the best activity at pH 8.0. Changes in pH profile can be
explained by the type of enzyme and the structure of cross-linker used. Therefore, part of this
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phenomenon can be explained by the high stability divinyl sulfone in alkaline environments
[53]. Change in optimum pH activity after immobilization can also be explained by the well
accepted partition effect, which stablishes that the microenvironment in the immobilized
enzyme surface and bulk solutions are distinct, including the pH conditions [91,92]. This
discontinuity of pH profiles occurs when support presents charges in its surface, resulting in a
displacement of pH in enzyme activity [93][ILLANES 2008]. When the support 1s cationic,
enzyme activity pH is displaced to more acidic conditions, while optimum enzyme activity is
displaced to alkaline pH when the support is anionic [94]. Although the present work did not
analyze the electric charge of the support, the shift of enzyme activity to a more alkaline pH
suggests the anionic feature of CTS-DVS. This assumption is supported by the isoelectric
point of 5.0 in silica nanoparticles functionalized with DVS [95].

The second feature observed in Figure 5 is that immobilized MoPOX presented higher
activity than free enzyme in all pHs conditions. This means that the conformational changes
induced by immobilization process resulted in increase of enzyme activity. This is a very
important result, specially at alkaline conditions. Textile effluent physical and chemical
characteristics can widely vary according to the type of fabric, dye and dying process,
however high pH and temperature are usually a common feature [[2,11,96]. In a previous
work by our group [63], MoPOX immobilization in chitosan beads activated with
glutaraldehyde (CTS-GA) did not present a shift in pH profile. This result helps to understand
the stabilization effect of DVS over commonly used crosslinking agents such as
glutaraldehyde, demonstrating the promising application of the proposed biocatalyst in textile

wastewater treatment.

The crosslinking with DVS enhanced the overall mechanical resistance of chitosan as
the beads maintained their physical structures in a broad pH range from 2.0 to 10.0, even after
72 h of contact. Crosslinking reagents are well known to improve mechanical features of an
immobilization support. Nevertheless, CTS-DVS beads has shown mechanical improvement
even better than chitosan beads modified with glutaraldehyde [63]. In fact, [97] could not
measure the activity of aminotransferases immobilized in CTS-GA when the biocatalysts
were treated with pH lower than 6.5 because support became solubilized. Under acidic
conditions chitosan beads were resolubilized, meaning that glutaraldehyde modification could

not maintain the support crosslinking.
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3.8. CTS-DVS-MoPOX optimum temperature of activity

Biocatalyst performance was also investigated under different temperatures as
illustrated in Figure 6. In all the temperatures evaluated, immobilized MoPOX presented
greater activity than the soluble enzyme, specially at higher temperatures. Increases in
temperature leads to increases in catalysis rate in the same time that it also increases
inactivation rate through heat [93]. In the case of free MoPOX, influence of inactivation rate
becomes more evident in temperatures higher than 70 °C, as previously demonstrated by [62].
However, immobilized MoPOX does not display a preponderant influence of inactivation rate
in 70 °C. In fact, CTS-DV S-MoPOX was more active at 80 °C. The reason for this is probably
the immobilization process through DVS protected MoPOX from major conformational
changes caused by high temperatures [55,98]. In addition, the high degree of molecule
agitation caused by high temperatures favors the enzymatic reactions. The stabilization effect
of DVS is easily observed when comparing to results of MoPOX immobilization in CTS-GA,
which presented lower activities in temperatures higher than 30 °C. This ig a very promising
result considering the biocatalyst application in textile wastewater treatment because textile

effluents usually present high temperatures [2,11,96].
3.9. CTS-DVS-MoPOX thermostability

Notwithstanding, MoPOX stabilization by DVS resulted in a biocatalyst more reactive
in elevated temperatures, the performance of immobilized enzyme in longer periods of
exposure to high temperatures could also reinforce divinyl sulfone as a stabilizer agent.
Thermostability profile at 60 °C of free and immobilized enzyme is illustrated in Figure 7.
Decay profile of both samples are very similar. First, both samples present a sharp decay in
activity after 15 min of thermal inactivation. In the period between 15 and 60 min, the
gsamples continue to show decrease in their activity, which 1s greater for the immobilized
enzyme. However, both samples have an increase i activity in 120 min, followed by a mild
decrease in 240 min and another decrease in 360 min. According to profile in Figure 7, it was
estimated that free enzyme has a half-life of approximately 360 min, while immobilized
enzyme presents half-life of around 300 min. Although, DVS could not enhance MoPOX
thermal stability, the proposed biocatalyst did not severely impaired enzyme stability to
temperature.
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3.10. Textile dye degradation by CTS-DVS-MoPOX

Immobilized MoPOX was evaluated in the degradation of Remazol Blue RGB ®
(RB). Dye degradation was conducted in pH 8.0 in order to best simulate the conditions of
textile wastewater, once literature shows that most of dye effluents present high pH [2,11].
Remazol Blue RGB ® degradation profile is illustrated in Figure 8. Dye self-degradation was
taken as control and remained less than 3.5% during the entire time investigated. As expected,
free MoPOX presented low dye discoloration rate, around 6.5%, because soluble enzyme has
low activity at alkaline pH (see pH profile in Figure 5). After 300 min reaction, blocked
support presented 73% degradation rate, while immobilized MoPOX showed around 40% dye
degradation. It was not expected that blocked support would have a greater degradation rate
than immobilized MoPOX. In fact, the rationale in the experiment was to block the vinylic
groups in chitosan surface with ethylenediamine (EDA) in order to neutralize DVS reactivity
[21]. Moreover, in this way, immobilization support would be covered by amino groups from
EDA and by amino and hydroxyl groups from chitosan, those that would have not reacted
with DVS during functionalization. In this scenario, the greater dye degradation from the
blocked support could be explained by the characteristics of the chosen dye.

In our previous studies, MoPOX immobilized in CTS-GA was able to degrade around
80% of RB in 8 h reaction at pH 5.2. Accordingly, the present work intended to evaluate how
the proposed biocatalyst would influence the already high RB degradation rate. However,
Remazol dyes are reactive dyes that present vinyl sulfone as the reactive group. When in
alkaline conditions, Remazol dyes are readily converted to vinyl sulfone derivatives,
presenting free vinylic groups [53,82,99]. Therefore, it could be suggested that vinyl sulfone
denvatives generated when Remazol Blue was treated in pH 8.0 would be reacting with the
blocked support by Michael addition with EDA amino groups. The reaction rate would be
greater for the blocked support because of the high density of amino groups in chitosan
surface. In contrast, the nucleophilic groups of MoPOX would not be available for the vinylic
groups of RB, once most of the groups would already be interacting with the DVS on

chitosan's surface.

Although presenting the best degradation rate, blocked support would not be a viable
candidate for textile dye remediation due to the high toxicity of EDA. Its availability in
chitosan's surface 1s not advised for application in wastewater treatment because, besides

being a corrosive and carcinogenic reagent, EDA is also toxic to freshwater algae, planktonic
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crustaceans and fish. The result demonstrated that CTS-DVS MoPOX is a promising
biocatalyst for dye degradation because its good degradation rate despite the alkaline pH.

3.11. CTS-DVS-MoPOX operational stability

The reusability of immobilized MoPOX was evaluated during seven cycles of RB
degradation after 3 h reaction. Figure 9 demonstrates that degradation rate presents a sharp
decrease in the second cycle of reuse, with 60% degradation. After the third cycle of use,
decreases in rate of reaction were less prominent. During the seventh degradation cycle CTS-
DV S-MoPOX retained around 36% of its original activity. This reusability result was similar
to what was previously obtained in MoPOX immobilization in glutaraldehyde activated
chitosan beads [63]. Both biocatalysts maintained around 40% of activity after five reuse
cycles. A packed bed reactor system with horseradish peroxidase immobilized by entrapment
in chitosan beads were used to degrade two vinyl sulfone dyes, Reactive Blue 19 and Reactive
Black 5 [67]. After 5 cycles of reuse, the former dye presented around 50% degradation,
while the later had around 70% degradation. The authors suggested that a possible HRP
leaking would explain the decreased in dye decolorization. Others works with HRP
immobilization by entrapment or physical adsorption have also reported enzyme leakage as
one of the reasons for decrease in catalytic efficiency throughout enzymatic cycles [67,100].
However, the covalent attachment between support and MoPOX, as discussed earlier,
demonstrates that is unlike that MoPOX lixiviation from chitosan is sigmficant enough to
result in decreased catalytic efficiency. A more likely explanation for the decreasing
degradation rate i reusability test is the product accumulation in the MoPOX reactive site,

resulting in steric hindrance and consequently loss of enzyme activity [61,67].
4. Conclusion

The results of this study demonstrated that chitosan modified with diviml sulfone 1s a
promising immobilization support for MoPOX. The proposed immobilization method resulted
in MoPOX stabilization that allowed the biocatalyst to present better enzyme activity then free
enzyme. Although this stabilization effect could not be seen during thermostability assay,
immobilized enzyme was still able to present a sumilar thermal inactivation profile than the
free enzyme. More importantly, the pH and temperature profile of immobilized MoPOX
demonstrated that the proposed biocatalyst 1s a propitious alternative for decolonization of
textile dye without the need for adjusting pH of textile effluent after the dyeing process.
Moreover, the applicability of immobilized MoPOX was proven possible for textile
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wastewater treatment once the biocatalyst can be used for seven cycles presenting 36% dye

degradation rate.
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Peptide sequence Mass (Da) Peroxidase with identity  ID RedoxiBase Identity
Experimental Calculated (specie) (%)
GGTKEEFFEEK 1299.61 1299,59 AtMDARO3 13878 85
(Arabidopsis thaliana)
ThasMDARO3 15763 85
(Tarenava hassleriana)
TaPrx100 443 70
(Triticum aestivum)
LKDDWTDTER 1277.62 127155 MpPrx117 14649 75
(Marchantia polymorpha)
EVIAINQDPLGVQGR 1607.93 1607.86 HaPrx08 1478 63

Table 1. Comparative analysis of MoPOX peptide sequence with data from the plant oxidoreductase database

RedoxiBase.
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Fig. 1. FTIR spectra of chitosan samples modified with DVS. Non modified chitosan
(a), chitosan modified with DVS at pH 10.0 (b), 12.5 (c) and 14.0 (d). The zoomed in
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6. CONCLUSAO

No presente estudo, a imobilizacio de uma peroxidase purificada de raizes de Moringa
oleifera foi avaliada com o intuito de gerar um biocatalisador que seja viavel para aplicagéo
no tratamento de efluentes téxteis. Para isso, utilizou-se como suporte de imobilizagio esferas
de quitosana modificadas com divinil sulfona de modo a permitir que as intensas interac¢des
covalentes multipontuais entre enzima e suporte gerasse wm biocatalisador estavel nas
condi¢Bes desfavoraveis do efluente téxtil. A interagéio covalente desejada foi confirmada por
ensaio de eletroforese, e a estabilizacfo esperada por meio do agente de ligacio cruzada foi
comprovada pela resisténcia da enzima imobilizada diante de condi¢es extremas de pH e
temperatura. MoPOX imobilizada apresentou melhor desempenho catalitico do que a enzima
livre em todos os ensaios avaliados, com excecgido ao ensaio de termoestabilidade a 60 °C..
MoPOX 1mobilizada apresentou atividade otima em pH 8,0, demonstrando que o
biocatalisador proposto é uma alternativa propicia a descoloragdo do corante téxtil sem a
necessidade de ajustar o pH do efluente téxtil apés o processo de tingimento. Dessa forma,
apos 5 h de reagio em pH 8,0, a enzima imobilizada descoloriu cerca de 40% do corante
Remazol® Azul RGB, enquanto MoPOX livre apresentou taxa de descoloragdo de apenas
8,5%. Além disso, o reuso de MoPOX imobilizada corroborou com seu possivel uso no
tratamento de aguas residuais téxteis, uma vez que o biocatalisador pode ser utilizado por sete

ciclos, apresentando uma taxa de degradagéo de 36% do corante.
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