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RESUMO

Na producdo de suco de uva, a adi¢do de preparados enzimaticos durante a maceragdo, antes
da prensagem, é um pré-requisito para a obtencao de rendimentos satisfatorios de suco, além
de melhorar a qualidade organoléptica, promovendo uma maior extragdo de cor e compostos
bioativos. Uma segunda aplicagdo enzimatica pode ser realizada ap0s o0 processo de
prensagem no suco ainda turvo, buscando reduzir essa turbidez, o que facilitara os processos
de clarificacdo e filtracdo posteriores, aumentando a produtividade dessas etapas. Porém,
existe um grande nimero de enzimas comerciais disponiveis para a aplicagdo na industria de
sucos, sendo assim, € importante avaliar o potencial de cada preparado enzimatico para uma
utilizagdo correta. Desta forma, o objetivo deste trabalho foi avaliar a influéncia da
composicdo dos diferentes preparados enzimaticos na extracdo, qualidade e compostos
bioativos do suco de uva elaborado com a variedade Concord. Primeiramente, o efeito de oito
diferentes preparados enzimaticos foi avaliado para extracdo e qualidade do suco de uva.
Subsequentemente, os dois preparados enziméticos que se destacaram (Pectinex® Ultra Clear
e Lallzyme® Beta), foram utilizados de forma sinérgica em um planejamento experimental,
buscando encontrar a condi¢do 6tima de tempo, temperatura, concentracdo de enzima e
proporcéo de Pectinex® Ultra Clear/Lallzyme® Beta, que pudesse maximizar a extracao do
suco de uva. E, por fim, foram obtidos agregados enzimaticos entrecruzados (CLEAS), como
forma de imobilizacéo das diferentes enzimas encontradas nos preparados enzimaticos para a
clarificacdo do suco de uva. Os experimentos foram realizados no Laboratério de Biocatalise
e Tecnologia Enzimatica do ICTA/UFRGS. As uvas utilizadas nos experimentos foram da
variedade Concord fornecida pela empresa Vitivinicola Jolimont, de Canela, RS. As
preparacfes enzimaticas utilizadas foram caracterizadas em relacdo a cinco atividades
enzimaticas, sendo elas, pectinase total (PE), poligalacturonase (PG), pectina liase (PL),
pectina metil esterase (PME) e celulase (CE). Desta mesma forma, os combi-CLEAs foram
caracterizados em relacdo as suas atividades enzimaticas, além disso, sua estabilidade,
reutilizacdo e pH e temperatura 6tima foram avaliados. Os compostos bioativos foram
identificados e quantificados por HPLC-DAD-MS (cromatografia liquida de alta eficiéncia -
detector de arranjo de diodos - espectro de massa) e a atividade antioxidante foi avaliada
através dos métodos de ABTS e de capacidade redutora. Rendimentos superiores de suco
foram obtidos com os preparados que apresentaram altas concentracdes de PG e PME ou PL.
Quando, o preparado Pectinex® Ultra Clear (PUC) foi utilizado, observou-se um aumento de
8,7% na quantidade de suco extraido em comparacdo com o controle. Ja 0s maiores valores de
compostos bioativos foram encontrados com 0s preparados que apresentaram em sua
composicdo uma maior atividade CE (Lallzyme® Beta, LB). Entretanto, quando PUC e LB
foram adicionados em conjunto, maiores valores de rendimento e compostos bioativos foram
encontrados. Ja os combi-CLEAs, se mostraram como uma oOtima forma de enzima
imobilizada para a clarificagio do suco de uva. Dentre os combi-CLEAs produzidos,
destacaram-se o combi-CLEA-BSA devido a melhor atividade enziméatica e maior
estabilidade térmica (3 vezes mais que a enzima sollvel), podendo ser reutilizados por 6
ciclos com conversdo total do substrato em produto. Além disso, o combi-CLEA-BSA
melhorou a clarificacdo do suco, obtendo uma reducédo da turbidez de 56.7 % em 1 h. Por fim,
pode-se afirmar que o trabalho atingiu melhorias produtivas e qualitativas ao suco de uva
através da tecnologia enzimatica.

Palavras-chave: pectinases; celulases; suco de uva; compostos bioativos; combi-CLEAs.



ABSTRACT

In grape juice production, the addition of enzyme preparations during the maceration prior to
pressing is a prerequisite for obtaining satisfactory juice yield, besides it improves the
organoleptic quality, improving color and bioactive compounds extraction. A second enzyme
application may be performed after the pressing process in cloudy juice, in order to reduce
this turbidity, facilitating clarification and filtration processes. However, there are a great
number of commercial enzymes available to the application on the fruit juice industry, so it is
important to know the ability of each enzyme preparation for correct use. Thus, the aim of this
study was to evaluate the influence of the composition of the different enzymatic preparations
in the extraction, quality and bioactive compounds of grape juice from Concord variety.
Firstly, the effect of eight different enzyme preparations was evaluated for extraction and
quality of grape juice. Subsequently, the best enzyme preparations (Pectinex® Ultra Clear and
Lallzyme® Beta) were used in an experimental design to find the optimal time, temperature,
enzyme concentration and ratio of Pectinex® Ultra Clear/Lallzyme® Beta which could
maximize the extraction of grape juice. Finally, cross-linked enzyme aggregates (CLEAS)
were obtained as a way to immobilize the different enzymes found in the enzyme preparations
for grape juice clarification. The experiments were performed at the Laboratory of
Biocatalysis and Enzyme Technology, ICTA/UFRGS. The grapes (Concord variety) were
provided by Vitivinicola Jolimont, Canela, RS. The enzymatic preparations were
characterized through of five enzymatic activities, being total pectinase (PE),
polygalacturonase (PG), pectinlyase (PL), pectin methyl esterase (PME) and cellulase (CE).
In the same way, the combi-CLEAs were characterized regarding their enzymatic activities,
thermal, pH and operational stabilities, and optimal pH and temperature. The bioactive
compounds were identified and quantified by HPLC-DAD-MS (High Performance Liquid
Chromatography - Diode Array Detector — Mass Spectrum) and the antioxidant activity was
performed by the method of ABTS and reducing capacity. High juice yield was obtained with
the preparations that presented higher concentrations of PG, PME or PL activities. The
Pectinex® Ultra Clear, when compared with the control, provided an increase of 8.7 % in the
amount of juice extracted. On the other hand, the highest values of bioactive compounds were
found for preparations with higher CE activity (Lallzyme® Beta). However, when PUC and
LB were added together, higher values for yield and bioactive compounds were found.
Already, regarding the combi-CLEAsS, it appears to be a potential immobilized enzyme for
clarification of grape juice. Among the combi-CLEAs obtained, combi-CLEAsS-BSA
presented the best enzyme activities, higher thermal stabilities (3 times more than the soluble
enzyme) and it can be reused for 6 cycles with a total conversion of substrate to product.
Furthermore, the combi-CLEA-BSA improved the juice clarification, obtaining 56.7 % in
turbidity reduction in 1 h. Finally, it can be concluded that the work reached productive and
qualitative improvements for grape juice through enzymatic technology.

Keywords: pectinases; cellulases; grape juice; bioactive compounds; combi-CLEAs.
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INTRODUCAO

Nos Ultimos anos, a demanda por produtos mais saudaveis e benéficos a salde por
parte dos consumidores vem aumentando, principalmente, pela difusdo de informagdes sobre
0s beneficios que esses alimentos proporcionam a salde. Diversos estudos apontam 0s
beneficios que a uva e seus derivados podem proporcionar a salde humana.

Dentre esses derivados da uva, pode-se destacar o suco, que € uma bebida que pode
ser facilmente incluida na dieta humana, desde criancas até idosos, casos em que 0 vinho nédo
é indicado pela presenca de alcool. Os sucos de uva sao ricos em compostos bioativos capazes
de diminuir o dano causado pelo estresse oxidativo, auxiliando na prevencdo de muitas
doencas, como cancer, doencas cardiovasculares e neurolégicas (Dani et al., 2009), sendo 0s
compostos fendlicos, tais como flavonoides, antocianinas, taninos, acidos fendlicos, entre
outros, 0s principais responsaveis por estes efeitos benéficos.

O crescimento da producdo de uvas e seus derivados faz deste setor um dos mais
importantes da agroindustria brasileira. No Rio Grande do Sul, esta importancia ¢ ainda
maior, pois o Estado permanece sendo o principal produtor de uva no pais. Anualmente sao
produzidas 1,4 milhdes de toneladas de uva no Brasil, sendo que cerca de 45 % deste total ¢
destinado a elaboracdo de vinhos, sucos e derivados e o restante é comercializado in natura.
Destes 45 % de uvas destinadas a industrializacdo, 25 % sdo utilizadas para a producao de
suco, entretanto, observa-se um crescimento constante desta porcentagem nos Ultimos anos.
Segundo dados da Unido Brasileira de Vitivinicultura (UVIBRA, 2015), de janeiro a
novembro de 2015, foram comercializados 136.087.204 litros de suco de uva, um aumento de
20,69 % em relacdo a 2014 e um aumento de 136,74 % em relagéo a 2010, evidenciando um

grande crescimento em 5 anos.
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Com o crescimento do consumo do suco de uva, novas marcas estdo surgindo,
deixando o mercado mais competitivo, o que leva o consumidor a exigir cada vez mais
caracteristicas de qualidade. Além da sua composicéo benéfica a salde, 0s aspectos sensoriais
sdo muito importantes para a aceitacdo do produto. Sucos com aroma e sabor pronunciados,
boa aparéncia e coloracdo, sdo caracteristicas fundamentais de qualidade. Porém, algumas
caracteristicas do suco de uva, como a sua rica composi¢do em substancias pécticas, podem
influenciar o rendimento produtivo, bem como, sua qualidade, podendo este fator estar
diretamente ligado com a aceitagdo do produto. Por isso, praticas como a aplicagdo de
enzimas vém sendo utilizadas buscando melhorar essas caracteristicas.

Preparados comerciais de pectinases e celulases podem desempenhar um papel
fundamental no aumento da produtividade, na extracdo de cor e compostos bioativos dos
tecidos vegetais, na melhoria da turbidez e na reducédo da viscosidade dos sucos, melhorando
a eficiéncia dos processos de clarificacdo e filtracdo, contribuindo assim, para a melhoria das
caracteristicas de qualidade exigidas pelo mercado consumidor.

A utilizacdo de pectinases e celulases imobilizadas também podem ser uma opcao para
melhorar as caracteristicas sensoriais do suco de uva, permitindo que essas enzimas insollveis
sejam reutilizadas, possibilitando o seu uso continuo, melhorando o controle e a estabilidade
do processo. Entre as diversas metodologias de imobilizacdo de enzimas, os agregados
enzimaticos entrecruzados (CLEASs) destacam-se pelo seu simples, rapido e econdmico
processo de preparo, permitindo a imobilizagdo de moléculas heterogéneas de enzimas no
mesmo agregado, caracteristica interessante para a aplicacdo nos sucos, visto que sdo varias
enzimas atuando em sinergia na hidrolise dos polissacarideos. O uso de enzimas imobilizadas
ja vem sendo aplicada com éxito para a clarificacdo de sucos, porém ndo ha relatos da

utilizacdo de CLEAs.
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Este trabalho tem como objetivo principal avaliar a influéncia da composi¢édo dos
diferentes preparados enzimaticos na extracdo, qualidade e compostos bioativos do suco de
uva elaborado com a variedade de uva Concord.

Os objetivos especificos sdo:

« Caracterizar os diferentes preparados enzimaticos comerciais para producdo de sucos;

» Avaliar a influéncia das diferentes enzimas na produtividade e qualidade do suco de
uva;

» Estudar a combinacédo de enzimas e as condicOes ideais para maximizar o efeito da sua
aplicagéo no suco de uva;

« Estudar o preparo de combi-CLEAs para obter derivados estaveis e ativos para a
clarificacdo do suco de uva;

» Avaliar a estabilidade e reuso dos combi-CLEAs.

A presente dissertacdo de mestrado foi desenvolvida principalmente no Laboratoério de
Biocatalise e Tecnologia Enzimatica do Instituto de Ciéncia e Tecnologia de Alimentos da
Universidade Federal do Rio Grande do Sul.

Este trabalho encontra-se organizado da seguinte forma: no Capitulo 1 esta
apresentada a revisdo bibliografica abordando os principais pontos do tema proposto. O
Capitulo 2 apresenta a descricdo dos materiais e métodos utilizados nos experimentos. Os
Capitulos 3, 4 e 5 apresentam os resultados obtidos, na forma como foram submetidos a
publicacdo em periodicos internacionais. Por fim, no Capitulo 6 é apresentado a discussdo
geral e, em seguida, as principais conclusdes obtidas e as perspectivas para os trabalhos

futuros.
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CAPITULO | - REVISAO BIBLIOGRAFICA

1.1. SUCO DE UVA

Suco ou sumo é a bebida ndo fermentada, ndo concentrada, ressalvados os casos a
seguir especificados, e ndo diluida, destinada ao consumo, obtida da fruta madura e s&, ou
parte do vegetal de origem, por processamento tecnoldgico adequado, submetida a tratamento
que assegure a sua apresentacdo e conservacdo até o momento do consumo (BRASIL, 2009).
O suco de uva é uma bebida fresca e nutritiva, apreciada em todo o mundo, e com crescente
aumento da sua producdo a cada ano. O Brasil, juntamente com os Estados Unidos, € um dos
principais produtores e consumidores de suco de uva, destacando o estado do Rio Grande do
Sul por ser o principal produtor do pais (UVIBRA, 2015). Inicialmente, a producdo de suco
de uva surgia como uma maneira de processar as uvas americanas, que até entdo, eram
destinadas a elaboracdo de vinho comum, e que j& ndo encontrava mais mercado. Nos
primeiros sucos produzidos, ja era observada notdria qualidade, o que fez o suco ganhar

rapidamente o mercado e aumentar a sua producao (Fig. 1).

Figura 1. Comercializacdo de suco de uva elaborado no RS em 2004-2015.
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Fonte: UVIBRA (2015).



20

Esse cenario favordvel é, em grande parte, devido ao conhecimento sobre o0s
componentes bioativos do suco e seus beneficios relacionados & saude humana. Varios
estudos clinicos sobre as uvas e seus derivados tém demonstrado essas propriedades,
incluindo a protecdo contra doengas cardiovasculares (Coimbra et al., 2005; Dohadwala e
Vita, 2009), aterosclerose (Aviram e Fuhrman, 2002), hipertensdo (Mudnic et al., 2010),
cancer (Jang et al., 1997), diabetes (Zunino, 2009) e problemas neuroldgicos (Joseph et al.,
2009). O mecanismo de acdo tem sido atribuido a atividade antioxidante (Modun et al., 2008),
regulacdo de lipideos (Ursini e Sevanian, 2002; Davalos et al., 2006) e efeitos anti-
inflamatorios (Castilla et al., 2006; Percival, 2009).

Muitos desses beneficios estdo ligados aos compostos antioxidantes encontrados no
suco de uva, tais como flavonodides, antocianinas, taninos, &cidos fendlicos, entre outros (Abe
et al. 2007; Capanoglu et al. 2013). Os constituintes fendlicos tém uma grande importancia na
enologia, devido ao papel que desempenham direta ou indiretamente sobre a qualidade dos
produtos obtidos a partir da uva. Os compostos fendlicos agem como antioxidantes nédo
somente pela sua habilidade em doar hidrogénio ou elétrons, mas também por causa de seus
radicais intermediarios estaveis, que impedem a oxidacdo de varios ingredientes do alimento,

particularmente de acidos graxos e de 6leos (Cuvelier et al.,1992).

1.1.1. Compostos fendlicos da uva

Os compostos fenolicos de maior ocorréncia natural apresentam-se conjugados com
mono e polissacarideos, através de um ou mais dos grupos fendlicos, e podem também
ocorrer como derivados funcionais, como ésteres e metil ésteres flavonoides (Cabrita et al.,
2002). Do ponto de vista quimico, os compostos fenolicos sdo caracterizados por apresentar
um ndcleo benzénico agrupado a um ou VAarios grupos hidroxila, tendo sua classificacéo

baseada na distincdo entre compostos flavondides e ndo flavonoides (Cabrita et al., 2002). A
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atividade antioxidante dos compostos fenolicos depende da sua estrutura, particularmente do
namero e posicdo dos grupos hidroxila e da natureza das substituicdes nos anéis aromaticos
(Balasundram et al. 2006).

Os compostos ndo flavonodides compreendem os é&cidos fendlicos, hidroxibenzobicos e
hidroxicinamicos, e outros derivados fendlicos como os estilbenos (Flanzy, 2000). Os acidos
fendlicos sdo compostos simples formados por um anel aromético e os substituintes ligados a
sua estrutura (Fig. 2), conferindo capacidade de sequestrar espécies reativas, como o radical
hidroxila e o oxigénio singleto (Marinova e Yanishlieva, 2003). Nas uvas, os acidos fenolicos
sdo, principalmente, os acidos hidroxicindmicos (&cido p-cumarico, acido ferulico e acido
cafeico) que se encontram nos vacuolos das células da pelicula e polpa (Guerra, 2005). Os
principais derivados de 4&cido hidroxibenzoico sdo os 4cidos: salicilico, vanilico,
hidroxibenzdico, gentisico, siringico, galico e protocatéquico. Entre os estilbenos, o
resveratrol € o mais conhecido, o qual se encontra na casca da uva e sua concentracao varia
em funcdo de fatores diversos, dentre os quais a variedade de uva (Guerra, 2005). Os acidos
fenolicos, além de se apresentarem sob sua forma livre, podem também estar ligados entre si
ou com outros compostos (Bravo, 1998).

Os flavondides sdo compostos fendlicos que se caracterizam por um esqueleto basico e
comum C6-C3-C6. A estrutura base consiste em dois anéis aromaticos ligados por um anel
pirano (Zoecklein et al., 1995). Esta grande familia é dividida em indmeras subclasses,
flavonas, flavanonas, isoflavonas, flavondis, flavanois e antocianinas (Fig. 3), as quais se
distinguem entre si pelo grau de oxidacdo do anel pirano (Balasundram et al. 2006). Grande
parte da estrutura e da cor dos vinhos e sucos deve-se a esta familia de compostos. De todos
eles, os flavondis, os flavanois e as antocianinas sdo quantitativamente 0s mais importantes.
Os flavonodides podem encontrar-se no estado livre ou polimerizados com outros flavondides,

acucares e compostos nao flavonoides (Cabrita et al., 2002). Os flavonoides, particularmente
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as antocianinas, sdo efetivos doadores de hidrogénio. Seu potencial antioxidante é dependente
do nimero e da posi¢do dos grupos de hidrogénio e suas conjugacdes, e também devido a

presenca de elétrons nos anéis benzénicos (Cao et al., 1997).

Figura 2. Exemplos de &cidos hidroxibenzdicos (a) e hidroxicindmicos (b).
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Acido ferilico Acido sindpico

Fonte: Balasundram et al., (2006).

Os flavondis s@o caracterizados pela presenca de uma insaturagdo no anel
heterociclico e um grupo hidroxilo na posicdo 3, sendo 0s mais importantes: quempferol,
quercetina e miricetina. Nas uvas encontram-se apenas nas peliculas, como glucésidos ou

glucurdnidos na posicao 3 (Cabrita et al., 2002).
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Os flavandis caracterizam-se por possuirem um anel heterociclico saturado, sendo
moléculas fendlicas relativamente volumosas, resultantes da polimerizagdo de moléculas
elementares de funcdo fenol (Cabrita et al., 2002). Segundo a natureza das moléculas
elementares, os taninos se distinguem em taninos hidrolisaveis e taninos condensados. A
estrutura base dos taninos hidrolisaveis ¢ compreendida por moléculas de &cido galico e acido
elagico. Ja para os taninos condensados, essa estrutura base € formada por (+)-catequina e a (-
)-epicatequina (Ribéreau-Gayon et al., 2002).

As antocianinas sdao responsaveis pela cor das uvas tintas e de seus derivados. Séo
pigmentos de diferentes cores, em tons de vermelho, rosa e violeta (Guerra, 2005). As
antocianinas representam uma parte muito importante, quantitativamente e qualitativamente,
dos flavonoides das uvas tintas. Elas localizam-se na pelicula e nas trés ou quatro primeiras
camadas da hipoderme, e também na polpa das variedades tintureiras (Cabrita et al., 2002).

Sua estrutura compreende dois ciclos benzénicos unidos por um heterociclo
oxigenado, insaturado e catidnico, o cation flavilium. Elas diferenciam-se pelo numero de
grupos hidroxi (oxidrilo) e grau de metilacdo destes grupos presentes no anel lateral, nimero e
a natureza dos acuUcares ligados a molécula, e nimero e natureza das cadeias alifaticas ou
aromaticas esterificadas com os acgUcares (Ribéreau-Gayon et al., 2002; Flanzy, 2000). As
antocianinas do género Vitis sdo a cianidina, a malvidina, a petunidina, a delfinidina e a
peonidina. A quantidade relativa de antocianinas varia de acordo com a variedade, mas a
malvidina é quase sempre majoritaria (Cabrita et al., 2002). Nas variedades viniferas, s6 se
identificam antocianinas monoglicosidicas e antocianinas monoglicosidicas aciladas, com os
acidos p-cumarico, cafeico e acético. JA em outras espécies do género Vitis (V. riparia, V.
rupestres, V. labrusca), sdo encontradas em quantidades consideraveis antocianinas

diglicosidicas (Ribéreau-Gayon et al., 2002; Flanzy, 2000). A cor e a reatividade das
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antocianinas variam de acordo com suas estruturas quimicas e com as condigdes fisico-

quimicas do meio (Cabrita et al., 2002).
Figura 3. Estrutura base das maiores classes dos flavonoides.
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Fonte: Balasundram et al., (2006).

Na videira, as areas de maior acumulo de compostos fenélicos sdo: casca, sementes,
polpa e engaco, contendo compostos ndo flavondides na polpa e flavondides na casca,
semente e engaco (Flanzy, 2000). Desta maneira, a transformacdo tecnoldgica adotada
condiciona a extracdo destes compostos para o suco. Além da tecnologia adotada na
elaboracdo, o tempo de contato com a casca, temperatura, adicdo de enzimas e outros fatores,
como a maturacdo, o ponto de colheita, a cultivar, fatores edafoclimaticos, o periodo e a
forma de armazenamento podem influenciar a presenca dos compostos fenodlicos nos vinhos e

sucos (Facco, 2008).
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1.1.2. Composicéo do suco de uva

A qualidade do suco de uva brasileiro vem se destacando muito e um dos fatores que
contribuem para isso é sua elaboracéo a partir de uvas de espécies americanas (Vitis labrusca
e outras) como a Concord, Bordd e Isabel, que sdo extremamente ricas em aroma e sabor, 0
que os diferencia dos sucos produzidos em paises europeus, onde é permitida somente a
elaboracdo de produtos oriundos de uvas finas (Vitis vinifera) (Barnabé et al., 2007). Os sucos
de uvas provenientes de variedades viniferas tém caracteristicas aromaéticas e gustativas
menos intensas, quando comparados aos de variedades americanas (Dani et al., 2008). Em
geral, os consumidores apreciam 0s sucos de uva cujos atributos sensoriais sdo percebidos em
alta intensidade, com equilibrio entre acidez e agucar.

Entre as cultivares de uva Vitis labrusca, a variedade Concord é a mais utilizada para a
producdo de suco, devido a sua qualidade, produzindo um suco muito aromatico, com boas
propriedades nutricionais (Morris e Striegler, 1996; Stalmach et al., 2011).

A variedade Concord é originaria de Massachussets, EUA, conhecida também como
“Francesa”, “Bergerac” e “Francesa Preta”, sendo muito difundida nos Estados Unidos. Ea
uva tinta referéncia de qualidade para suco pelas suas caracteristicas de aroma e sabor, com
alta rusticidade, ocupando uma area de 2.362,57 hectares no Rio Grande do Sul, produzindo
45.822,68 toneladas de uvas em 2012 (Mello et al. 2013). Apresenta dificuldade de adaptacao
em regides tropicais, sendo recomendada apenas para regifes onde existe um periodo de
dorméncia. A Concord é relativamente precoce, medianamente vigorosa e bastante produtiva
guando bem manejada (Giovannini, 2008). Diversos estudos clinicos apontam essa variedade
como uma fonte rica em compostos fendlicos, tais como flavonoides, antocianinas, acidos
fenodlicos, entre outros, que sdo os principais responsaveis pelos efeitos benéficos a saude

(Krikorian et al., 2010; Rowe et al., 2010; Krikorian et al., 2012).
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O suco de uva possui uma composicdo muito semelhante a do fruto, podendo ser
influenciada pela tecnologia de elaboracéo utilizada, principalmente pelo tempo e temperatura
de extracdo (Rizzon et al., 1998). O principal componente do suco de uva é a agua, além
disso, 0 suco apresenta elevado teor de aglcar, como a glicose e a frutose em concentracdes
semelhantes, variando de 150 a 250 g.L™ de aclcar quando utilizado uvas com maturacio
ideal para a producdo do suco (Rizzon et al., 1998; Ribéreau-gayon et al., 2002). O suco de
uva destaca-se por apresentar excelente equilibrio gustativo (doce/acido), estando essa
caracteristica diretamente ligada ao teor de &cidos tartarico (principal &cido da uva), mélico e
citrico, que conferem ao suco pH baixo (Rizzon et al., 1998).

Para 0s minerais, 0 suco apresenta elevada quantidade de K, e baixa de Na (Rizzon e
Miele, 1995). Além desses elementos, Ca, Mg e P sdo encontrados em concentragdes
consideraveis, e Fe, Cu, Mn, Zn, Li e Rb sdo encontrados em concentra¢cdes menores, sendo
considerados microelementos (Rizzon e Link, 2006). Os sais minerais sdo importantes para a
salde, pois desempenham funcBes reguladoras no organismo, tais como o metabolismo de
enzimas, o equilibrio acido-base e a pressdo osmética (Franco, 1999).

Com relacdo as vitaminas, substancias indispensaveis para o desenvolvimento e
funcionamento do organismo, no suco de uva encontram-se geralmente vitaminas do

complexo B, acido ascérbico e inositol (Rizzon et al., 1998).

1.2. ESTRUTURA DA PAREDE CELULAR DOS VEGETAIS

A presenca de parede celular € uma caracteristica intrinseca as células vegetais (Fig.
4), que se desenvolve durante 0 seu crescimento e senescéncia. No inicio do crescimento
vegetativo é formada a parede primaria e sua unido com as células adjacentes € denominada
lamela média. Muitas células depositam cadeias adicionais subsequentemente, formando

entdo a parede secundaria (Raven et al., 2007).
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Os constituintes da parede celular e da lamela média podem ser classificados em
varios tipos de moléculas poliméricas: polissacarideos pécticos, celulose, hemicelulose e
proteinas, as quais variam em contetdo e estrutura quimica dependendo da espécie de fruto e
do estadio de desenvolvimento (Brownleader et al., 1999).

Entre as funcOes da parede celular estdo a absorcdo, transporte e secrecdo de
substancias, sitio de atividade digestiva (vactolos), prote¢do contra desidratacdo, choques

mecanicos e defesa contra bactérias e fungos patogénicos (Raven et al., 2007).

Figura 4. Disposi¢do dos principais componentes da parede celular vegetal ao longo da sua
estrutura.

Lignina Hemicelulose
r Pel:tma Celulose
(
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Fonte:Martins (2006).

1.2.1. Substancias pécticas

As substancias pécticas, também conhecidas como pectina, sdo polissacarideos
complexos e estdo localizadas, principalmente, na lamela média entre as células das plantas
superiores, contribuindo para dar firmeza, estrutura aos tecidos e resisténcia a compressao
(James, 1986; Alkorta et al., 1998; Kashyap et al., 2001).

Quimicamente, as substancias pécticas sdo formadas por uma cadeia central de
residuos de &cido galacturénico unidos por ligagdes do tipo o-1,4 (Fig. 5) (James, 1986;

Kashyap et al., 2001).
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Figura 5. Estrutura da pectina.

Fonte: Uenojo e Pastore (2007).

Os grupos carboxilicos dos &cidos galacturdnicos estdo parcialmente esterificados por

grupos metil. Com base no tipo de modificacdes da cadeia principal, as substancias pécticas

séo classificadas como (Whitaker, 1984; James, 1986; Alkorta et al., 1998; Kashyap et al.,

2001; Jayani et al., 2005; Uenojo e Pastore, 2007):

Protopectina: As substancias pécticas insolUveis no tecido intacto sdo, muitas vezes,
referidas como protopectina. A partir da hidrélise da protopectina, as substancias
pécticas sollveis sdo produzidas, como pectina ou acido pectinico. A insolubilidade
pode estar ligada com o tamanho do polimero ou com a presenca de cétions bivalentes,
tais como Ca”";

Acido péctico: O 4cido péctico é um polimero soltvel em que os grupos metilicos
foram removidos das unidades de acido galacturdnico;

Acidos pectinicos: O acido pectinico é um polimero soltvel que possui varios grupos
metilicos nas unidades de &cido galacturénico;

Pectinas: A composicdo da pectina é variada possuindo o acido pectinico como o
componente principal. E um material polimérico soltvel, em que pelo menos 75 % dos
grupos carboxilico dos acidos galacturénicos se encontram esterificados com grupos
metil.

As substancias pécticas dos tecidos vegetais sdo de grande importancia para a industria

de alimentos, pois possuem efeitos sobre a textura das frutas, como macas, péssegos, tomates

e uvas (Whitaker, 1984).
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1.2.2 Celulose

Na natureza, a celulose € um produto primario da fotossintese e é essencialmente
sintetizada por vegetais, mas também por algumas bactérias e algas (Percival Zhang et al.,
2006). Nas plantas, a celulose estd associada a outros grupos de polimeros, como
hemiceluloses, pectinas e ligninas, o que remete a designacdo de materiais lignocelulésicos,
que sdo considerados 0s recursos renovaveis mais abundantes na natureza (Han et al., 2004).

A celulose é formada por cerca de 8000 a 12000 residuos de glicose ligados entre si
através de ligagdes B-1,4-glicosidicas (Saha, 2004), formando microfibrilas com 10 a 25 nm
de didmetro (Raven et al., 2007), sendo encontrada em conteldos elevados nas paredes
celulares, frequentemente na faixa de 35 a 50 % do peso seco da planta (Lynd et al., 2002).

A extremidade da cadeia em que se encontra o carbono anomérico livre é chamada
extremidade redutora; a outra extremidade é chamada nédo redutora (Fig. 6) (Sandgren et al.,

2005).

Figura 6. Estrutura molecular da celulose.

Unidade repetitiva (celobiose)
1,03 nm

)

Extremidade ndo redutora
Extremidade redutora

Fonte: Sandgren et al. (2005).

As moléculas de celulose séo ligadas entre si devido a presenca de grupos hidroxilas
na glicose gerando ligagdes de hidrogénio (Fig. 7). Essas ligacdes sdo responsaveis por certas

propriedades da celulose, como rigidez da estrutura e grau de cristalizacdo. Em condic6es
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normais, a celulose é extremamente insolUvel em &gua, 0 que é necessario para sua funcdo

estrutural nas paredes celulares vegetais (Raven et al., 2007).

Figura 7. Representacdo das ligacbes moleculares da cadeia de celulose.

Fonte: Lynd et al. (2002).

A celulose apresenta duas regides: a regido cristalina, que implica em uma estrutura
mais organizada, possuindo um maior numero de interagdes moleculares através das pontes de
hidrogénio e forcas de Van der Waals, o que torna a celulose insoltvel e mais resistente,
evitando assim a acdo de enzimas, da dgua e de agentes quimicos. J& a regido amorfa € a
forma mais encontrada na natureza, onde a celulose é mais facilmente hidrolisavel, pois as
fibras apresentam maior distdncia uma das outras e menos intera¢fes de hidrogénio, sendo
facilmente hidratada e mais acessivel as enzimas (Lynd et al., 2002; Percival Zhang et al.,
2006).

As fibras de celulose na natureza podem ser encontradas desde puramente cristalina

até puramente amorfa em todos os graus dentro desta faixa. Esta variacdo ird influenciar
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algumas caracteristicas fisicas e quimicas das fibras, como solubilidade, densidade, ponto de

fusdo, forma do cristal, propriedades elétricas (Lynd et al., 2002).

1.3. ENZIMAS PECTINOLITICAS

As pectinases, ou enzimas pectinoliticas, sdo produzidas por um grande ndmero de
bactérias, leveduras, fungos filamentosos, insetos, nematddeos e plantas. Estas enzimas foram
umas das primeiras enzimas utilizadas nas industrias de frutas, tendo sua aplicacdo comercial
observada pela primeira vez em 1930 para a elaboracdo de vinhos e sucos de frutas (Bhat,
2000; Kashyap et al., 2001).

As pectinases hidrolisam polissacarideos complexos dos tecidos vegetais em
moléculas mais simples, como os &cidos galacturdnicos. Dependendo de seu mecanismo de
acdo, as enzimas podem ser divididas em, despolimerizantes, que agem catalisando o
rompimento das liga¢cdes a-1,4 da cadeia principal do polissacarideo péctico, e
desmetoxilantes, que agem desesterificando a pectina a partir do acido péctico por remocéo
dos grupos metilicos (Kashyap et al., 2001; Jayani et al., 2005).

A classificacdo das enzimas pécticas estd baseada nos seguintes critérios (Alkorta et
al., 1998; Kashyap et al., 2001; Jayani et al., 2005):

» Substrato preferencial: podendo ser a pectina, &cido péctico ou protopectina,;

« Acdo: modo pela qual a ligacdo € rompida, podendo agir por trans-eliminacdo ou
hidrolise;

« Clivagem: posicdo de ataque no substrato podendo ser aleatoria (enzima endo-) ou
terminal (enzima exo-);

As enzimas despolimerizantes envolvem as hidrolases (catalisam a hidrolise das
ligagdes glicosidicas) ¢ as liases (catalisam a B-eliminagdo das ligagdes glicosidicas) (Fig. 8)

(Alkorta et al., 1998).



32

1.3.1. Hidrolases

As hidrolases incluem (Whitaker, 1984; Alkorta et al., 1998; Kashyap et al., 2001,

Jayani et al., 2005; Uenojo e Pastore, 2007; Tapre e Jain, 2014):

Poligalacturonases (PG): atuam sobre o acido péctico hidrolisando a ligag¢do a-1,4
entre dois residuos de &cido galacturénico ndo esterificados, de forma endo-PG ou
exo-PG. As poligalacturonases fungicas sao Uteis pela alta atividade enzimatica e por
possuirem pH étimo de atividade em condi¢do levemente &cida e temperatura 6tima
entre 30 e 50 °C. Esta enzima tem mais afinidade por substratos com baixo grau de
metilacdo, havendo a necessidade da utilizacdo de outras enzimas com acéo
desesterificante para a degradacdo da pectina;

Polimetilgalacturonases (PMG): atuam sobre a pectina altamente esterificada por
grupos metilicos, ndo havendo necessidade da acdo prévia de outras enzimas
desesterificantes. Esta enzima hidrolisa a liga¢do a-1,4 dos polimetilgalacturonatos a

oligometilgalacturonatos por clivagem de forma endo-PMG ou exo-PMG.

1.3.2. Liases

As liases, também chamadas trans-eliminases, incluem (Whitaker, 1984; Alkorta et al.,

1998; Kashyap et al., 2001; Jayani et al., 2005; Uenojo e Pastore, 2007; Tapre e Jain, 2014):

Pectina liases (polimetilgalacturonato liase, PMGL): atuam sobre a pectina,
catalisando B-eliminacdo da ligacdo a-1,4 de forma endo-PMGL ou exo-PMGL,
resultando em um galacturonato com uma ligagdo insaturada entre C4 e C5 na
extremidade ndo redutora do acido galacturénico formado. O pH 6timo é em torno de
5,5 e a temperatura 6tima se situa entre 40 e 50 °C. N&o necessita de enzimas

desesterificantes para a degradagéo da pectina;
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« Pectato liases (poligalacturonato liase, PGL): atuam sobre o acido péctico, catalisando
B-eliminagdo da ligagdo a-1,4 de forma endo-PGL ou exo-PGL, resultando em um
galacturonato com uma ligacéo insaturada entre C4 e C5 na extremidade ndo redutora
do 4cido galacturdnico formado. Requer Ca** para atividade méxima, tem pH 6timo
em condicdes alcalinas (entre 7,5 e 10) e temperatura Otima entre 40 e 50 °C.

Necessita da acdo de enzimas desesterificantes para a degradacéo da pectina.

1.3.3. Esterases

A pectina metil esterase (polimetilgalacturonato esterase, PME) possui atividade
desesterificante ou desmetoxilante, removendo o0s grupos metilicos e convertendo pectina em
pectato (polimero ndo esterificado) (Jayani et al., 2005; Uenojo e Pastore, 2007). Age
preferencialmente no grupo metilico proximo a uma unidade nao esterificada (Kashyap et al.,
2001). Possui atividade étima na faixa de pH entre 4 e 8 e temperatura entre 40 e 50 °C. Esta
enzima € imprescindivel para a acdo de outras enzimas, como as poligalacturonases, uma vez

gue atuam sobre pectina de baixa metoxilacdo (Alkorta et al., 1998; Jayani et al., 2005).

1.3.4. Protopectinases

As protopectinases sdo responsaveis pela solubilizacdo da protopectina, formando
pectina sollvel altamente polimerizada (Kashyap et al., 2001). Com base nas suas aplicagdes,
sdo principalmente de dois tipos: a protopectinase tipo A (PPase-A), que reage com o sitio
interno, na regido do acido poligalacturbnico da protopectina e a protopectinase tipo B
(PPase-B) que reage com o sitio externo, nas cadeias de polissacarideos que podem estar
conectadas as cadeias de acido poligalacturénico (Jayani et al., 2005; Uenojo e Pastore, 2007).
N&o sdo muito abundantes e possuem pouco interesse industrial na degradagdo da pectina

(Alkorta et al., 1998).
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Figura 8. Acdo enzimatica das pectinases em uma molécula de pectina. PMGL.: pectina liase.
PMG: polimetilgalacturonase; PMGE: pectina metil esterase; PGL: pectato liase; PG:

poligalacturonase.
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1.4. ENZIMAS CELULOLITICAS

As celulases sdo enzimas responsaveis pela degradacdo da celulose, promovendo a
hidrolise das ligagbes quimicas existentes entre as unidades de glicose. Estas enzimas séo
biocatalisadores altamente especificos que atuam em sinergia para a liberacdo de agucares
(Lynd et al., 2002; Castro e Pereira Jr, 2010).

As celulases sdo produzidas por diversas bactérias e fungos, aerobios e anaerobios,
mesofilos e termofilos. Os géneros Aspergillus e Trichoderma sdo os principais produtores

das enzimas celulases (Bhat, 2000).
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A classificacdo das celulases é de acordo com a posi¢do de ataque no substrato,

dividindo-as em trés grandes grupos (Wright et al., 1988; Bhat e Bhat, 1997; Lynd et al.,

2002):

Endoglucanases: sdo também conhecidas como endo-f-1,4 glicanases e carboximetil
celulases. Catalisam a hidrélise interna de ligagdes B-1,4-D-glicosidicas da celulose,
liberando compostos menores formados por poucas unidades de glicose, os chamados
oligossacarideos. Atuam somente na porcdo amorfa da celulose, sendo que sua
atividade diminui conforme o encurtamento da cadeia;

Exoglucanases: agem nas extremidades das fibras de celulose e liberam unidades de
glicose (glicanohidrolases) ou celobiose (celobiohidrolases), que sdo compostos
menores, formados por duas unidades de glicose. As glicanohidrolases séo
responsaveis pela remocdo sucessiva de unidades de glicose na ligagdo B-1,4-D-
glicosidica. Ja as celobiohidrolases catalisam a hidrélise de ligacdes [-1,4-D-
glicosidicas, liberando celobiose;

B-glicosidases: agem hidrolisando a ligagdo B-1,4-D-glicosidicas existente entre as
duas unidades de glicose que formam a celobiose, liberando unidades de glicose.
Diminuem sua atividade com o aumento da extensdo da cadeia de celulose ou na
presenca de altas concentracGes de glicose.

E proposto que as enzimas necessitam estar adsorvidas sobre o substrato insoluvel

para dar inicio a hidrélise enzimatica. A estrutura ordenada do substrato (regido cristalina) é

perdida aumentando a desordem molecular das regibes compactas, expondo as cadeias

celulosicas do interior das microfibrilas. Uma vez exposto as cadeias de celulose da-se inicio

a acdo enzimdtica, que por sinergismo, as endoglucanases promovem o rompimento das

ligagdes B-1,4-D-glicosidicas em oligossacarideos soluveis com grau de polimerizagcdo menor

gue 6 unidades. Esses oligossacarideos soluveis sdo rapidamente hidrolisados pelas



36

exoglucanases, formando em sua maioria celobiose, que pela agdo das PB-glicosidases séo
convertidas em glicose (Arantes e Saddler, 2010).

Quando atuam conjuntamente, as enzimas do complexo celulésico apresentam um
rendimento melhor do que a soma dos rendimentos individuais (Wright et al., 1988), como
mostra a Fig. 9. O grau de sinergismo varia conforme o tipo de celulose utilizada, na presenca
de celulose cristalina o sinergismo endo-exo é alto, diminui na celulose amorfa e é muito
baixo ou ausente em derivados soluveis da celulose, como a carboximetilcelulose (CMC)

(Bhat e Bhat, 1997).

Figura 9. Acéo das enzimas celulases sobre a molécula de celulose.
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Fonte: Wright et al. (1988).

1.5. APLICACAO DE ENZIMAS EM SUCOS

Preparados enziméaticos comerciais utilizados na produgéo de suco sdo constituidos de
um complexo de enzimas pectinoliticas e celuloliticas que atuam de modos diferentes,
catalisando a hidrdlise dos polissacarideos das frutas (Sankaran et al., 2015). Na producédo de
suco de uva, a adigdo de preparados enziméticos durante a maceragdo, antes da prensagem, é

um pre-requisito para a obtencdo de satisfatorios rendimentos de suco. Além disso, a
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degradacéo catalisada por enzimas das paredes celulares ajuda a liberar compostos bioativos,
aumentando assim a recuperacdo de fendis e antocianinas, que de outro modo seriam perdidos
com os residuos de prensagem (Sowbhagya e Chitra, 2010). Estes compostos séo
normalmente encontrados nas cascas das uvas, exigindo, portanto, uma etapa de maceracao,
necessitando que ocorra a degradacdo da lamela média e das paredes celulares para permitir
que o seu contetdo seja extraido (Bautista-Ortin et al., 2005). A porosidade desta barreira
pode ser aumentada pela hidrdlise parcial dos polissacarideos (pectina, hemicelulose,
celulose), utilizando enzimas de maceracdo (Romero-Cascales et al., 2012).

Um fator determinante para o alto rendimento do suco é a selecdo adequada da
atividade enzimética na maceracdo (Alkorta et al., 1998; Lei e Bi, 2007). Segundo
Mieszczakowska-Frac et al. (2012), o aumento da proporcéo de pectina liase e pectina metil
esterase na maceracao influenciam positivamente o rendimento do suco.

Algumas enzimas utilizadas na inddstria de alimentos e vinhos, com suas respectivas
funcBes, sdo apresentadas na tabela 1. Na industria de sucos de frutas, estas enzimas sdo
utilizadas para melhorar a qualidade sensorial, proporcionando sucos mais claros e, além
disso, facilita os processos de filtracdo, clarificacdo e estabilizacdo dos produtos (Pinelo et al.,
2010; Khandare et al., 2011; Sandri et al., 2011; Romero-Cascales et al., 2012). A etapa de
prensagem das frutas provoca um rompimento das paredes celulares do mesocarpo levando a
liberacdo do mosto (Lea, 1995). Esta etapa pode gerar alguns problemas como excesso de
viscosidade e turbidez pela formagdo de particulas insollveis, podendo dificultar o
processamento (Kashyap et al., 2001). Essa turbidez pode ser encontrada nos sucos de frutas
em diferentes graus, especialmente devido a presenca dos polissacarideos (pectina, celulose,
hemicelulose, lignina e amido) (Whitaker, 1984; Vaillant et al., 2001).

As substancias pécticas que formam a turbidez do suco, contem um nucleo proteico

com carga positiva, revestido por moléculas de pectina com carga negativa (Pilnik e VVoragen,
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1993). Esta carga negativa faz com que as moléculas de pectina sejam repelidas uma das
outras. As pectinases atuam degradando a pectina e expdem parte da proteina carregada
positivamente, reduzindo assim a repulsdo eletrostatica e proporcionando a agregacdo em
particulas maiores (complexo pectina-proteina) que irdo sedimentar (Fig. 10) (Pilnik e
Voragen, 1993; Lea, 1995). Para melhorar o processo de sedimentacdo, podem ser utilizados
agentes floculantes, como gelatina, tanino ou bentonite. Posteriormente, os processos de
centrifugacdo e de filtragdo podem ser necessarios para dar ao suco uma aparéncia limpida e

clara que muitos consumidores preferem (Kashyap et al., 2001).

Figura 10. Mecanismo de formacdo do complexo pectina-proteina.
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Fonte: Adaptado de Pilnik e Voragen (1993).

Dentre as celulases, as p-glicosidases possuem capacidade de liberar compostos
aromaticos durantes a fabricacdo do vinho, como terpenos, compostos fendlicos com
capacidade antioxidante, propriedades nutracéuticas e flavorizante (Daroit et al., 2007). A
utilizagdo de B-glicosidases em conjunto com pectinases faz com que aromas e caracteristicas
volateis de frutas e vegetais aumentem, o0 que € de grande importancia para a industria de

alimentos (Bhat, 2000).
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Tabela 1. Funcdes e aplicagbes de enzimas na industria de alimentos e de vinhos.

ENZIMA

FUNCAO

APLICACAO

Enzima de maceracdo
(pectinases, celulases e
hemicelulases)

Pectinase acida e termo-
estavel como
poligalacturonase, pectina
esterase e pectina
transeliminase

Poligalacturonase com alta
atividade de pro-pectinase e
baixa celulase

Poligalacturonase e pectina
trans-eliminase com baixa
atividade de pectina esterase e
hemicelulase

Poligalacturonase, pectina
trans-eliminase e hemicelulase

Pectinase e B-glicosidade

Pectina esterase com atividade
de poligalacturonase e de
pectina liase

Pectina esterase

Enzima de maceracédo
(pectinases, celulases e
hemicelulases)

Hidrdlise de pectina sollvel e
de componentes de parede
celulares, diminuigéo de
viscosidade e manutencao de
textura de sucos de frutas

Répida diminuicdo de
viscosidade e hidrélise dos
tecidos vegetais

Hidrolise parcial de pré-pectina

Hidrdlise parcial de pré-pectina
e de pectina solvel em
fragmentos de tamanho médio,
formacdo de precipitado e
remocao de hidrocol6ides de
celulose

Hidrdlise completa de pectina e
de polissacarideos ramificados

Infusdo de pectinase e
glicosidase para facilitar o
descascamento e melhorar a
firmeza de frutas

Processamento de frutas

Desesterificacao e geleificacdo
de pectina

Hidrolise de polissacarideos
das paredes celulares vegetais

Melhoramento na extracdo de
sucos de frutas e 6leo de oliva,
liberacdo de aromas, enzimas,
proteinas, polissacarideos,
amido e agar

Melhora o rompimento da fruta
e aumenta a extracdo de
pigmentos de cor

Producéo de purés com alta
viscosidade

Producdo de sucos vegetais
nao clarificados de baixa
viscosidade

Clarificacdo de sucos de frutas

Alteracédo das propriedades
sensoriais de frutas e vegetais

Producdo de ketchup de alta
qualidade e de polpa de frutas

Melhoramento na clarificacdo
de sidra

Melhoramento da maceracéao
da casca e extracdo de
pigmentos de cor das uvas,
qualidade, estabilidade,
filtraco e clarificacdo dos
vinhos

Fonte: Uenojo e Pastore (2007).
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1.6. IMOBILIZAC}AO DE ENZIMAS

As enzimas sdo moléculas complexas, altamente sensiveis, com estruturas
tridimensionais que sdo essenciais para as suas atividades. A exposi¢cdo a determinadas
condi¢cBes do meio de reacdo, tais como temperatura elevada ou baixo pH, pode levar a
desnaturacdo e a perda da sua atividade. Além disso, as enzimas sdo geralmente usadas na
forma de solucdes, dificultando a sua recuperacao e reutilizacdo, podendo também gerar uma
contaminagdo do produto (Sheldon, 2011). Estas desvantagens podem ser contornadas pela
utilizacdo de enzimas imobilizadas.

Enzimas imobilizadas podem ser definidas como aquelas fisicamente retidas,
normalmente em uma matriz sélida, com manutencdo da sua atividade catalitica, podendo ser
utilizadas continuamente (Garcia-Galan et al., 2011). Em geral, a imobilizagdo oferece uma
série de vantagens, incluindo: possibilidade de uso da enzima por um maior periodo de
tempo; possibilidade de operacdo em modo continuo, com maior controle do processo;
facilidade de separacdo do produto final e de interrupcdo da reacdo pela simples remocéao da
enzima, caso 0 processo seja em batelada, ou ajuste do tempo de residéncia em reatores
continuos. Além disso, em alguns casos, ocorre modificacdo favordvel das propriedades
cataliticas da enzima, conferindo maior estabilidade frente as condi¢cdes adversas da reacéo,
como faixas extremas de pH e temperatura (Guisan, 2006; Hanefeld et al., 2009; Klein et al.,
2013; Liese e Hilterhaus, 2013; Asgher et al., 2014).

Vérias metodologias podem ser aplicadas para imobilizar enzimas, como por exemplo,
a encapsulagdo, a adsorcdo em materiais insollveis como resinas de troca idnica, a
copolimerizagcdo com mondmeros ou a ligacdo a uma matriz insoltvel por ligacbes covalentes
(Fig. 11) (Dalla-Vecchia et al., 2004; Guisan, 2006; Romaskevic et al., 2006; Hanefeld et al.,

2009).
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Figura 11. Métodos de imobilizagdo de enzimas.
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Fonte: Dalla-Vecchia et al. (2004).

1.6.1. Agregados enzimaticos entrecruzados

Agregados de enzima entrecruzados (CLEAs, do inglés cross-linked enzyme
aggregates) ganharam considerdvel atencdo industrial como uma alternativa aos métodos
convencionais de imobilizacdo em suportes sélidos, destacando-se por ser um processo
simples, rapido e econdmico (Cao et al., 2003; Sheldon, 2011). A preparacdo de CLEAs
apresenta vantagens como alta retengdo de atividade, estabilidade mecénica, estabilidade
frente as condicOes da reacdo, estabilidade de armazenamento, baixos custos de producéo,
excelente capacidade de recuperacdo, além de ndo haver necessidade de purificacdo prévia
das enzimas (Wilson et al., 2004; Sheldon, 2011; Bhattacharya e Pletschke, 2014; Nadar et
al., 2016).

Os CLEAs sdo normalmente preparados por precipitagdo da enzima com adicdo de
agentes precipitantes especificos como solventes organicos, polimeros ndo-iénicos e sais
inorganicos, seguido por ligacdo cruzada com um agente de entrecruzamento bifuncional
(Cao et al., 2003; Garcia-Galan et al., 2011; Cruz et al., 2012). Os agentes de precipitacdo
proporcionam uma agregacdo fisica das moléculas de enzima em grandes estruturas

moleculares, sem perturbacdo da estrutura tridimensional original da proteina. Estes



42

agregados solidos sdo mantidos por ligacdo ndo covalente e facilmente se redissolvem,
quando dispersos em meio aquoso. Assim, a etapa de entrecruzamento é necessaria para
estabilizar os agregados por ligagdes covalentes, no qual as moléculas de enzimas s&o ligadas
quimicamente umas as outras por um reagente bifuncional através da reacdo de grupos amino
de residuos de lisina presentes na superficie externa da enzima, tornando os agregados
permanentemente insolveis (Sheldon, 2007; Kartal et al., 2011; Sheldon, 2011; Talekar et
al., 2013).

O agente de entrecruzamento, bem como a sua concentracdo, tem papel muito
importante para a atividade, estabilidade e tamanho dos CLEAs. Geralmente, o glutaraldeido
tem sido amplamente utilizado devido ao seu baixo custo, facilidade de manuseio e a
capacidade de formar ligacGes covalentes com o0s residuos de aminoécidos reativos na
superficie de numerosas enzimas (Barbosa et al., 2014). No entanto, em baixas concentracdes
de proteina no extrato bruto, ou com enzimas contendo poucos residuos de lisina na sua
superficie, ou ainda quando a atividade da enzima é sensivel ao glutaraldeido, o
entrecruzamento pode ndo ser eficaz, resultando em CLEAS com baixa estabilidade mecanica,
lixiviando enzimas para o meio de reacdo e com baixa atividade catalitica pela ligacdo do
glutaraldeido aos grupamentos amino essenciais do sitio ativo (Talekar et al., 2013). Como
uma opcdo para resolver esses problemas, Lopez-Gallego et al., (2005) e Shah et al., (2006)
propuseram a adicdo de um polimero e albumina de soro bovino (BSA), respectivamente,
contendo varios grupos amino livres na preparacdo de CLEAs altamente estaveis (Fig. 12).
Embora as enzimas estudadas tivessem um ndmero reduzido de grupos amino na superficie,
0s grupamentos amino do polimero e da BSA proporcionaram um adequado entrecruzamento
entre estes aditivos e as moléculas de enzimas resultando em elevadas atividades recuperadas.

A preparagdo dos CLEAs é um processo bastante complexo e demorado. Qualquer

fator que pode alterar a precipitacdo da proteina ou o entrecruzamento do agregado pode
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afetar o tamanho de particula, a estabilidade e a recuperagdo da atividade (Yu et al., 2006). O
tamanho de particula é uma propriedade importante no contexto de aplica¢Bes industriais,
uma vez que afeta diretamente a transferéncia de massa e a separacdo do meio reacional sob
as condicBes operacionais (Talekar et al., 2013). Um tamanho tipico das particulas dos
CLEAs € de 5 m a 50 m. Igualmente como acontece com todos os catalisadores sélidos, pode-
se esperar perda de atividade devido as limitac6es difusionais. No entanto, os CLEAS séo
altamente porosos, o que facilita 0 acesso do substrato ao sitio ativo das enzimas no interior
dos CLEAs (Sheldon, 2011).

Alguns estudos também tém demonstrado que os CLEAs podem catalisar uma
sequéncia de reacOes, sendo chamados de combi-CLEAs. Nos combi-CLEAs, populactes
heterogéneas de enzimas podem ser simultaneamente confinadas no mesmo agregado,
podendo desempenhar a bioconversdo em cascata ou ndo, melhorando desse modo as
interacdes sinéergicas entre as diferentes enzimas na catalise (Taboada-Puig et al., 2011; Jung
et al., 2013; Bhattacharya e Pletschke, 2015). Processos cataliticos em cascata tém grande
potencial no contexto da producdo industrial (Bruggink et ai. 2003), envolvendo menos
operacdes unitarias, reatores menores, maiores rendimentos volumétricos e de espaco/tempo,
tempos de ciclo mais curtos e que geram menos residuos em comparagcdo com 0S processos
convencionais de multiplas etapas (Sheldon, 2011). Essa possibilidade da preparacdo dos
combi-CLEAs com diferentes enzimas no mesmo agregado € uma caracteristica interessante
para a aplicacdo em sucos, visto que sdo varias enzimas atuando em conjunto na degradagéo

dos polissacarideos.
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Figura 12. Producdo de CLEAs com enzimas deficientes em grupamentos amino (a) e com
adicdo de BSA (b).

Enzima soltivel ~ Agregado CLEA  CLEA instavel
a)
— 6 &
° Prempntagao Retlculagao '

Enzima solivel + BSA CLEA-BSA CLEA estavel
Co-agregado

| ‘{: N a2

° Precipitacao Reticulagao

Fonte: Adaptado de Talekar et al. (2013).
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CAPITULO 2 - MATERIAIS E METODOS

2.1. MATERIAIS
2.1.1. Uvas

Para a realizagdo dos experimentos foram utilizadas as uvas da variedade Concord
doadas pela Vitivinicola Jolimont (Canela, RS). Prévio ao processamento, as uvas foram
higienizadas com uma solugdo de NaClO (1 %) por 15 min e lavadas com agua potavel. Apos

foram armazenadas a —18 °C até o processamento.

2.1.2. Enzimas

As preparagdes enzimaticas utilizadas foram a Pectinex® Ultra SP-L, Pectinex® Ultra
Color, Pectinex® Smash XXL, Novozym® 33095, Pectinex® Ultra Clear, Pectinex® BE
XXL, doadas pela Novozymes (Espanha). O preparado Rohapect® 10L foi doado pela
Amazon Group (Brasil) e o preparado Lallzyme® Beta foi doado pela Lallemand Wine
(Franca). Na Tabela 1 s&o mostradas, para cada preparado, as enzimas e atividades declaradas
pelos fornecedores, bem como o0s microrganismos de origem. Cabe ressaltar que estas
atividades sdo ilustrativas e que todos preparados foram caracterizados de acordo com as
atividades descritas nas se¢des 2.4.1 a 2.4.5.

Como sera visto ao longo do trabalho, cada preparacdo enzimatica possui uma
composicao enzimatica propria, mas todas sdo indicadas, pelos seus fabricantes, para o0 uso na
producdo de sucos e vinhos, com diversas finalidades, como por exemplo, na reducdo da
viscosidade, no aumento da extracdo, no melhoramento dos processos de prensagem e

filtracdo e no aumento de compostos aromaticos, buscando agregar qualidade ao produto.
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Tabela 1. Principais enzimas, atividades e microrganismo declarado pelos fabricantes.

Preparados Enzimas Atividades Microrganismo
Enziméaticos Declaradas Declaradas produtor
Pectinex® Ultra SP-L Poligalacturonase 9500 PGU.mL™ Aspergillus aculeatus

. Pectina liase 1 A. aculeatus
Pectinex® Ultra Color Poligalacturonase 10000 PECTU.mL A. niger
Pectinex® Smash XXL Pectina liase 30000 UPTE.mL™* A. niger

Pectina liase 1 A. aculeatus

Novozym® 33095 Poligalacturonase 10000 PECTU.mL A. niger

. . 1 A. niger
Pectinex® Ultra Clear Poligalacturonase 7900 PGNU.mL A aculeatus
Pectinex® BE XXL Pectina liase 16000 PECTU.mL™ A. niger

Poligalacturonase

Rohapect® 10L Complexo de pectinases 70000 ADJU.mL™ A. niger
Pectina liase 5U.g"
Lallzyme® Beta Pectina metil esterase 180 U.g* A. niger
Poligalacturonase 590 U.g™

2.1.3. Reagentes

Os reagentes utilizados para as diversas analises foram os seguintes: pectina (75 %
grau de esterificacdo), acido poligalacturénico, acido galacturénico, acido galico, acido
cafeico, acido feralico, acido cumarico, quercetina, cianidina e trolox (&cido-6-hydroxi-
2,5,7,8-tetrametilcroman-2-carboxilico), os quais foram adquiridos da Sigma Aldrich Co. Ltd.
(Sdo Paulo, Brazil). Acido formico, acetonitrila, metanol de grau HPLC foram adquiridos da
Panreac Quimica SL (Barcelona, Espanha). Todos os outros solventes e produtos quimicos

foram de grau analitico ou grau HPLC.

2.2. EXTRACAO DO SUCO DE UVA

Os sucos foram preparados no Laboratério de Biocatalise e Tecnologia Enzimatica do
ICTA/UFRGS. O processamento do suco foi desenvolvido no laboratério, sendo realizado
conforme o fluxograma do Apéndice A. Primeiramente para a extragdo do suco, as uvas,
anteriormente higienizadas, foram desengacadas e homogeneizadas manualmente, seguindo

para 0s passos abaixo:
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+ 100 g de bagas de uva foram pesadas e suavemente esmagadas com auxilio de um
pistilo;
« 1 mL da preparacdo enzimatica, diluida e padronizada com base na sua atividade de
pectinase total, foi misturado as uvas esmagadas;
* Incubacdo durante um determinado tempo e temperatura, variando conforme o
experimento, sob constante agitagéo;
* Prensagem dos sucos;
* Andlise e armazenamento a -18 ° C.
Como tratamento controle, utilizou-se uma amostra sem enzima que foi submetida ao
mesmo procedimento. O rendimento de suco de uva foi calculado de acordo com a Equacgéo
1:

massa de suco

Rendimento = x 100 (D

massa inicial de uvas

2.2.1. Planejamento experimental para a extracé@o do suco de uva

Um delineamento composto central 2* (DCC) foi utilizado para determinar as
condicBes 6timas para maximizar o rendimento de suco que foi analisado através Equacéo 1, e
extracdo de compostos antioxidantes, sendo analisado através da capacidade redutora (Item
2.4.12.). Quatro variaveis independentes foram selecionados: temperatura, tempo,
concentragdo de enzima e razdo Pectinex® Ultra Clear/Lallzyme® Beta (PUC/LB). O
planejamento consistiu de dezesseis pontos fatoriais, oito pontos axiais, e quatro repeti¢cbes no

ponto central, gerando 28 tratamentos como mostrado na Tabela 2.
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Tabela 2. Planejamento experimental para otimizacdo da extracdo do suco de uva.

Experimentos X X2 X X4
P Temperatura (°C)  Tempo (min)  Concentracéo de enzima (U.g") Razdo PUC/LB
1 -1 (40) -1 (30) -1 (0.325) -1 (0.25)
2 -1 (40) -1 (30) -1 (0.325) 1(0.75)
3 -1 (40) -1 (30) 1 (0.775) -1 (0.25)
4 -1 (40) -1 (30) 1(0.775) 1(0.75)
5 -1 (40) 1 (60) -1 (0.325) -1 (0.25)
6 -1 (40) 1 (60) -1 (0.325) 1(0.75)
7 -1 (40) 1 (60) 1 (0.775) -1 (0.25)
8 -1 (40) 1 (60) 1(0.775) 1(0.75)
9 1 (60) -1 (30) -1 (0.325) -1 (0.25)
10 1 (60) -1 (30) -1 (0.325) 1(0.75)
11 1 (60) -1 (30) 1(0.775) -1 (0.25)
12 1 (60) -1 (30) 1(0.775) 1(0.75)
13 1 (60) 1 (60) -1 (0.325) -1 (0.25)
14 1 (60) 1 (60) -1 (0.325) 1(0.75)
15 1 (60) 1 (60) 1(0.775) -1 (0.25)
16 1 (60) 1 (60) 1(0.775) 1(0.75)
17 -2 (30) 0 (45) 0 (0.55) 0(0.5)
18 2 (70) 0 (45) 0 (0.55) 0(0.5)
19 0 (50) -2 (15) 0 (0.55) 0(0.5)
20 0 (50) 2 (75) 0 (0.55) 0(0.5)
21 0 (50) 0 (45) -2 (0.1) 0(0.5)
22 0 (50) 0 (45) 2(1.0) 0(0.5)
23 0 (50) 0 (45) 0 (0.55) -2 (0)
24 0 (50) 0 (45) 0 (0.55) 2(1.0)
25 0 (50) 0 (45) 0 (0.55) 0(0.5)
26 0 (50) 0 (45) 0 (0.55) 0(0.5)
27 0 (50) 0 (45) 0 (0.55) 0(0.5)
28 0 (50) 0 (45) 0 (0.55) 0(0.5)

2.2. PREPARACAO DOS COMBI-CLEAS
A preparacdo dos combi-CLEAS segui a metodologia proposta por Schoevaart et al.
(2004) com modificacdes, através das seguintes etapas:
» Precipitagdo de enzima com agente precipitante na propor¢cdo de 1:9 v/v de
enzima/precipitante;
+  Adicdo de glutaraldeido (mM) e BSA (mg.mL™) (as concentracdes variaram conforme

0 experimento);
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+ Agitacdo suave em homogeneizador de rolos horizontal, onde ficou por um tempo
determinado conforme o experimento, a temperatura ambiente;

» Centrifugacdo dos CLEAs a 3000 x g por 5 min;

« Separacdo do sobrenadante para a retirada do agente precipitante;

« Lavagem dos combi-CLEAs com tampdo citrato de sédio (50 mM, pH 4,8); seguido
de centrifugacdo a 3000 x g por 5 min, retirando o sobrenadante. Essa operacdo de
lavagem foi realizada trés vezes para retirada das enzimas ndo covalentemente ligadas
e do excesso de glutaraldeido;

» Ressuspensdo dos CLEAs em tampao citrato de sédio (50 mM, pH 4,8);

» Andlise e armazenamento a 4 °C.

Atividade recuperada foi calculada de acordo com a Equagéo 2:

RA (%) = Total pectinase activity in CLEAs (U) 100 @
o Initial pectinase activity (U) X

2.2.1. Selecéo do agente precipitante
A fim de escolher o melhor agente de precipitacdo para a preparacdo dos combi-
CLEAs, foi verificada a influéncia de cinco agentes precipitantes (acetona, etanol, alcool iso-
propilico, terc-butanol e sulfato de aménio saturado) foi avaliada, através das seguintes
etapas:
« 0,1 mL de enzima diluida foi adicionado a 0,9 mL do solvente organico;
» Agitacdo suave em homogeneizador de rolos horizontal durante 4 horas a temperatura
ambiente;
« Centrifugacédo por 3000 x g durante 5 min;
+ Remocéo do sobrenadante para a retirada do agente precipitante;

» Ressuspensdo da enzima precipitada em tampao citrato de sédio (50 mM, pH 4,8);
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» Medicdo da atividade recuperada (Equagéo 2)

2.2.2. Planejamento experimental para a preparacéao dos combi-CLEAs

Um delineamento composto central (DCC) com duas varidveis variando em cinco
niveis foi realizado, a fim de se obter as condi¢bes Otimas para a preparacdao dos combi-
CLEAs. Duas variaveis independentes foram analisadas: concentragdo de glutaraldeido e
tempo de reagdo e como resposta foi determinado atividade recuperada (Equagdo 2) e
atividade de pectinase total (item 2.4.1.). O planejamento consistiu de quatro pontos fatoriais,

quatro pontos axiais, e trés repeticdes no ponto central, gerando 11 tratamentos (Tabela 3).

Tabela 3. Planejamento experimental para otimizacdo do preparo dos combi-CLEAs.

Experimentos X X2
Glutaraldeido (mM) Tempo (h)
1 -1 (46) -1(4)
2 -1 (46) 1(14)
3 1(174) -1(4)
4 1(174) 1(14)
5 -1,41 (20) 0(9)
6 1,41 (200) 0(9)
7 0 (110) -1,41 (2)
8 0 (110) 1,41 (16)
9 0 (110) 0(9)
10 0 (110) 0(9)
11 0 (110) 0(9)

2.2.3. Determinacédo do pH e da temperatura 6tima

Um delineamento de composto central (DCC) com duas varidveis variando em cinco
niveis foi realizado para encontrar as condi¢Ges 6timas de atividade enzimatica para a enzima
soltvel, combi-CLEAs e combi-CLEAs-BSA. Duas varidveis independentes foram
analisadas: temperatura e pH, e como resposta foi determinado atividade de pectinase total
(item 2.4.1.) O planejamento consistiu de quatro pontos fatoriais, quatro pontos axiais, e trés

repeticdes no ponto central, gerando 11 tratamentos para cada enzima (Tabela 4).
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Tabela 4. Planejamento experimental para determinacdo do pH e temperatura 6timos de
atividade para a enzima soltvel, combi-CLEAs e combi-CLEAs-BSA.

Experimentos X X2
Temperatura (°C) pH
1 -1 (36) -1(3.4)
2 -1 (36) 1(5.6)
3 1 (64) -1(3.4)
4 1 (64) 1(5.6)
5 -1,41 (30) 0(4.5)
6 1,41 (70) 0 (4.5)
7 0 (50) -1,41 (3.0)
8 0 (50) 1,41 (6.0)
9 0 (50) 0 (4.5)
10 0 (50) 0 (4.5)
11 0 (50) 0 (4.5)

2.2.4. Avaliagdo da estabilidade térmica e estabilidade ao pH

A estabilidade térmica foi avaliada como descrito por Lorenzoni et al. (2014) com
modificaces, através da incubagdo das enzimas em tampdo citrato de sédio (50 mM, pH 4,8)
a 50 °C durante 150 min. Periodicamente, amostras foram retiradas e a atividade de pectinase

total foi medida. A inativacéo térmica foi descrita por uma Equacao de primeira ordem:

A
A exp(—kt) (3)

onde A é atividade enzimatica no tempo t, Ao é atividade enzimatica inicial, t é o tempo de
tratamento, e k é a taxa de inativacdo constante na temperatura estudada. Os tempos de meia-
vida das enzimas (ti,) representam os tempos necessarios para que as enzimas percam 50 %
da sua atividade inicial, sendo calculados a partir dos valores de k, com a seguinte Equagéo:

In(2
by = o @

A estabilidade ao pH foi avaliada através da incubacéo das enzimas proximo ao pH do

suco (pH 3,5), em tampao citrato de soédio (50 mM, pH 3,5) a 4 °C. Periodicamente, amostras

foram retiradas e atividade de pectinase total foi medida.
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2.2.5. Estabilidade operacional

A estabilidade operacional dos combi-CLEAs e dos combi-CLEAs-BSA foi avaliada
através da hidroélise da pectina, através das seguintes etapas:

2 U de pectinase total foram adicionadas a 1,0 mL de substrato (1 g.L™ de pectina) em

tampado citrato de sodio (50 mM, pH 4,8);

* Incubacéo a 37 °C durante 15 min, sob agitacao;

» Centrifugacdo dos combi-CLEAs e combi-CLEAs-BSA (3000 x g por 5 min);
» Lavagem com tampao citrato de sédio (50 mM, pH 4,8);

» Nova incubacdo com 1 mL de substrato, dando inicio a um novo ciclo.

A concentracdo do produto formado depois de cada ciclo foi determinada através da
curva de calibracdo construida com solugdes de glicose (Vetec), entre 0,2 a 1,2 mg.L™,
analisadas pelo método do DNS proposto por Miller (1959), sendo que a concentracdo de
acucares redutores liberados do primeiro ciclo foi definida como méaxima hidrélise naquele

tempo.

2.3. CLARIFICACAO DO SUCO DE UVA
Para a clarificacdo do suco de uva, as preparacGes enzimaticas comerciais (Iltem 2.1.2)

e 0s combi-CLEASs foram diluidos e padronizados pela atividade de pectinase total, avaliando-
se a reducdo na turbidez (Item 2.4.15.), seguindo 0s passos abaixo:

+ Adicédo de 5 U de pectinase total em 1 mL de suco de uva;

* Incubacéo a 40 °C durante 1 h;

» Centrifugacdo a 5000 x g por 2 min;

» Leitura em espectrofotbmetro, a 860 nm, contra um branco preparado com agua

destilada.
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Um tratamento controle (sem enzima) foi submetido ao mesmo procedimento. A
porcentagem da reducdo de turbidez foi medida, considerando a turbidez de 100 % para o

tratamento controle.

2.4. DETERMINACOES ANALITICAS
2.4.1. Determinacédo da atividade de pectinase total (PE)

A atividade de pectinase total foi determinada pela liberacdo de substancias redutoras
pela hidrélise da solucdo de pectina citrica (75 % grau de esterificagdo) que foram
quantificadas pelo método de DNS (Miller, 1959). O procedimento analitico foi o seguinte:

0,1 mL da preparacéo enzimética diluida foi adicionado a 0,9 mL de substrato (1 g.L™

de pectina) em tampdo citrato de sddio (50 mM, pH 4,8);

» Incubacéo a 37 °C durante 1 min, sob agitacéo;

* 1 mL de &cido dinitrosalicilico (DNS) foi adicionado a cada tubo de ensaio;

* Incubacdo a 100 °C por 5 min e, em seguida, resfriados em banho de gelo;

» Leitura em espectrofotdmetro, a 540 nm, contra uma amostra controle preparada sem
enzima, submetida ao mesmo procedimento.

Os valores de absorbancia encontrados em cada amostra foram convertidos em
concentracdo através da curva de calibracdo construida com solucdes de acido galacturdnico
(Sigma), entre 0,2 a 1,2 mg.L™. Uma unidade de pectinase total foi definida como a
quantidade de enzima necessaria para liberar 1 umol de grupos redutores por minuto, nas
condices da reacdo e expressa em unidades/mL (U.mL™). A atividade de pectinase total foi

calculada pela Equacdo 5:

C *vr * fay

U/ml =
/m t*xv,

(5)

Onde:
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C = concentragdo de grupos redutores liberados (mg.mL™)
vi = volume final da reagéo (mL)

fqil = fator de diluicdo

t = tempo de reagdo (min)

Ve = Volume de enzima (mL)

2.4.2. Determinacdo da atividade de poligalacturonase (PG)

A atividade de poligalacturonase foi determinada pela hidrdlise de &cido
poligalacturénico, liberando &cidos galacturénicos que foram quantificadas pelo método de
DNS (Miller, 1959). O procedimento analitico foi o seguinte:

0,1 mL da preparacéo enzimética diluida foi adicionado a 0,9 mL de substrato (1 g.L™

de &cido poligalacturénico) em tampao citrato de sédio (50 mM, pH 4,8);

» Incubacéo a 37 °C durante 2 min, sob agitacéo;

* 1 mL de &cido dinitrosalicilico (DNS) foi adicionado a cada tubo de ensaio;

* Incubacdo a 100 °C por 5 min e, em seguida, resfriados em banho de gelo;

» Leitura em espectrofotdmetro, a 540 nm, contra uma amostra controle preparada sem
enzima, submetida ao mesmo procedimento.

Os valores de absorbancia encontrados em cada amostra foram convertidos em
concentracdo de acido galacturénico através da curva de calibracdo construida conforme
citado anteriormente (Item 2.4.1). Uma unidade de PG foi definida como a quantidade de
enzima necessaria para liberar 1 umol de acido galacturdnico por minuto, nas condigdes da

reacdo e expressa em unidades/mL (U.mL™). A atividade de PG foi calculada pela Equagéo 5.
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2.4.3. Determinacado da atividade de pectina liase (PL)

A atividade de pectina liase foi determinada espectrofotometricamente pela medida do

aumento da absorbancia em 235 nm devido a formacdo de produtos insaturados, conforme

descrito por Albersheim e Killias (1962), com modifica¢es. O procedimento analitico foi o

seguinte:

0,05 mL da preparacdo enzimatica diluida foi adicionado a 0,95 mL de substrato (4
g.L™ de pectina) em tampéo citrato de sédio (50 mM, pH 4,8);

Incubacéo a 37 °C durante 1 min, sob agitacéo;

3 mL de tampdo de parada (HCI 0,5 M) foi adicionado a cada tubo;

Leitura em espectrofotdbmetro, a 235 nm, contra uma amostra controle preparada sem
enzima, submetida ao mesmo procedimento.

Os valores de absorbancia encontrados em cada amostra foram convertidos em

concentracdo utilizando o coeficiente de extingdo molar do uronideo insaturado (e = 5500 M

! em™), Equacdo 6. Uma unidade de PL foi definida como a quantidade de enzima que produz

1 nmol de uronideo insaturado por min, nas condi¢des da reacdo e expressa em unidades/mL

(U.mL™).
Abs * vr * f4i
_ r * Jait
U/ml_—em*L*t*ve (6)
Onde:

Abs = absorbancia das amostras

vt = volume final da reagdo (mL)

fqii = fator de diluicao

€m = coeficiente de extin¢do molar

L = comprimento que a luz atravessa na amostra (cm)

t = tempo de reagdo (min)
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Ve = Volume de enzima (mL)

2.4.4. Determinacdo da atividade de pectina metil esterase (PME)

A atividade de pectina metil esterase foi determinada por titulagdo de grupos
carboxilicos liberados através da desesterificacdo da pectina citrica, de acordo com o método
descrito por Rouse e Atkins (1952), com modificagcbes. O procedimento analitico foi o
seguinte:

« 0,1 mL da preparacdo enzimética diluida foi adicionado 9,9 mL de substrato (5 g.L™

de pectina) em NaCl (0,15 M, pH 4,5);

* Incubacéo a 30 °C por 10 min, sob agitacéo;
+ Titulacdo com NaOH (0,02 M) até alcancar o pH final de 4,5;

Os valores de NaOH gastos em cada amostra foram convertidos em concentracao
utilizando a Equacdo 7. Uma unidade de PME foi definida como a quantidade de enzima que
libera 1 mEq de grupos carboxilicos por mL por minuto, nas condi¢cdes da reacdo e expressa
em unidades/mL (U.mL™).

mL NaOH * M NaOH * f; * 1000
U/ml = P (7)
e

Onde:

mL NaOH = volume gasto de NaOH (mL)
M NaOH = molaridade da solu¢cdo de NaOH
fqil = fator de diluicdo

t = tempo de reagao (min)

Ve = volume de enzima (mL)
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2.4.5. Determinacdo da atividade de celulase total (CE)

A atividade celulolitica foi determinada utilizando papel filtro Whatman n°1, como
substrato, seguindo o método proposto por Ghose (1987), com modifica¢fes. O procedimento
analitico foi o seguinte:

» 0,5 mL da preparacdo enzimatica diluida foi adicionado a 50 mg de papel filtro em 0,5

mL de tampdo citrato de sodio (50 mM, pH 4,8);

* Incubacéo a 50 °C por 5 min, sob agitacao;

« 1 mL de &cido dinitrosalicilico (DNS) foi adicionado a cada tubo de ensaio;

* Incubagédo a 100 °C por 5 min e, em seguida, resfriados em banho de gelo;

+ Leitura em espectrofotdmetro, a 540 nm, contra uma amostra controle preparada sem
enzima, submetida ao mesmo procedimento.

Os valores de absorbancia encontrados em cada amostra foram convertidos em
concentracdo através da curva de calibracdo de glicose construida conforme descrito
anteriormente. Uma unidade de CE foi definida como a quantidade de enzima necessaria para
liberar 1 pmol de grupos redutores por min, nas condicbes da reacdo e expressa em

unidades/mL (U.mL™). A atividade de celulase total foi calculada pela Equacdo 5.

2.4.6. Determinacao de solidos solUveis totais (°Brix)
Soélidos soluveis totais (°Brix) foram medidos usando um refratbmetro portatil. O
procedimento analitico foi o seguinte:
» Amostras foram ambientadas a 20,0 £ 0,5 °C;
« 3 gotas foram adicionadas ao prisma do refratdbmetro com auxilio de uma pipeta de
Pasteur,;

Leitura do °Brix.
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2.4.7. Determinacdo de agUcares redutores
A quantificacdo dos acUcares redutores foi realizada pelo método do acido
dinitrosalicilico (DNS), proposto por Miller (1959). O procedimento analitico foi o seguinte:
« 1 mL de suco diluido foi adicionado a 1 mL de DNS em tubos de ensaio,
* Incubacgédo a 100 °C por 5 min e, em seguida, resfriados em banho de gelo;
+ Leitura em espectrofotdmetro, a 540 nm, contra uma amostra controle preparada com
agua destilada, submetida ao mesmo procedimento.
Os valores de absorbancia encontrados em cada amostra foram convertidos em
concentracdo através da curva de calibracdo construida com solugdes de glicose, conforme

descrito anteriormente.

2.4.8. Determinacao da acidez total
Acidez total foi realizada através do método titulométrico. O procedimento analitico
foi o seguinte:
« 10 mL da amostra foi adicionando a 100 mL de &gua destilada;
« Titulacdo com NaOH (0,1 M) até o pH 8,2, sob agitacéo.
Os valores de NaOH gastos em cada amostra foram convertidos em gramas por litro
de &cido tartarico, utilizando a Equacéo 8.

_ nxM *1000 % 0,075

At % (8)

Onde:

At = acidez total (g.L™ de 4cido tartarico)

n = volume gasto de NaOH (mL)

M = molaridade da solucio de NaOH (mol.L™)

V = volume de amostra (mL)
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2.4.9. Determinacéo do pH
O pH do suco foi determinado utilizando um medidor de pH digital com controlador

de temperatura, calibrado com soluc6es tampéo a pH 7,0 e pH 4,0.

2.4.10. Determinacéo da cor

A determinacdo da cor do suco foi realizada através de um Colorimetro Minolta
(modelo CR-400, Minolta Sensing Konica, Inc., Osaka, Jap&o), segundo Tiwari et al. (2010),
com base em trés coordenadas, L*, a*, b*, que significam respectivamente luminosidade, que
varia de 0 a 100 (preto/branco); intensidade de vermelho/verde (+/-) e intensidade de
amarelo/azul (+/-). Antes da medicdo das coordenadas, as amostras de suco foram
homogeneizadas e adicionadas com auxilio de uma pipeta de Pasteur na cubeta que foi
acoplada ao colorimetro.

Além das coordenadas, foi calculado o angulo de tonalidade (h*), o croma (C*) e

diferenca de cor (4E*y,), através das Equacdes 9, 10, e 11, respectivamente:

h* = atan (Z—) 9)
c* =./(a")? + (b*)? (10)
AE* o, = \/(AL)? + (Aa*)? + (Ab*)? (11)

2.4.11. Determinacao de compostos fenélicos por HPLC-DAD-MS

Os compostos fenolicos foram determinados de acordo com o protocolo descrito por
Rodrigues et al. (2013). As analises cromatograficas foram realizadas usando um HPLC
Shimadzu (Kyoto, Japdo) equipado com duas bombas, desgaseificador, forno da coluna,

ligado em série a um detector de arranjo de diodo e um espectrobmetro de massas com
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analisador Q-TOF e fonte de ionizacdo por electrospray (ESI) (Bruker Daltonics, modelo
micrOTOF-QII, Bremen, Alemanha).
Primeiramente, antes das injecdes no HPLC, houve a preparacdo das amostras de suco
de uva, seguindo 0s passos:
» Centrifugacdo a 15000 x g por 10 min a 4 °C;
* Filtragdo com membranas de 0,22 pum de acetato de celulose (Millipore®,
Massachusetts, EUA);
* Injecdo de 20 pL ao sistema cromatografico.
O compostos fenolicos foram separados em coluna Atlantis C18 RP-T3 (5 um, 250 x
4,6 mm) e coluna Synergi Hydro-RP C18 (4 pm, 250 x 4,6 mm, Phenomenex), a um fluxo de
0,7 mL.min e temperatura da coluna de 29 °C, usando duas solugdes de fase movel:
+ Fase mdvel A: solucdo de agua ultrapura (Milli-Q®, Millipore®) acidificada com
acido formico (99,5:0,5 v/v);
» Fase mdvel B: solugdo de acetonitrila acidificada com acido férmico (99,5:0,5 v/v).
Um gradiente linear para as solucfes de fase mdvel foi utilizado (Fig. 2), iniciando
com a proporcdo de 99:1 para A/B, aumentando linearmente a proporcéo da fase movel B até
alcancar 50:50 (A/B) em 50 min. Na sequéncia, foi aumentado novamente a propor¢éo de B
até 1:99 (A/B) em 5 min. Essa relacdo anterior (1:99) foi mantida por mais 5 minutos e apos

esse tempo o sistema voltou a condicao inicial de 99:1 para A/B.
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Figura 1. Gradiente linear das soluc6es de fase movel.
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Os espectros de UV-vis foram obtidos entre 200 e 800 nm e os cromatogramas foram
processados a 280, 320, 360, e 520 nm.

O eluato da coluna foi dividido para permitir a entrada de apenas 0,35 mL.min™ na
interface de ESI do espectrdmetro de massas. Os espectros de massas foram adquiridos com
uma faixa de varredura de 100 a 700 m/z. Os parametros de MS foram os seguintes: fonte ESI
nos modos de ionizacao positivo e negativo; voltagem do capilar: 2000 V (positivo) ou -3000
V (negativo); end plate offset: -500 V; gas de secagem: N; temperatura: 310 °C; vazdo de
nitrogénio: 8 L.min; gas nebulizador: 2 bar. A fragmentagdo (MS?) foi obtida no modo
automatico, aplicando uma energia de fragmentacdo de 34 eV. Os compostos fenolicos foram
identificados com base nas seguintes informagdes: ordem de eluicdo e tempo de retencdo na
coluna de fase reversa, UV-vis e caracteristicas dos espectros de massas (MS e MS?)
comparados com padrdes analisados nas mesmas condi¢fes e com dados disponiveis na
literatura.

Os compostos fendlicos foram quantificados pelas areas dos picos encontrados nos
cromatogramas do HPLC-DAD, usando curvas analiticas (Tabela 5) com nove pontos dos

seguintes compostos:
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Tabela 5. Validagéo das curvas analiticas pelo HPLC-DAD.

Compostos R? LD? LQP
Acido galico 0,9997 1,0 3,0
Acido cafeico 0,9999 0,4 1,3

Acido cumaérico 0,9989 1,0 3,0
Acido ferdlico 0,9999 0,2 0,7
Quercetina 0,9966 4,4 13,3
Cianidina 0,9993 0,3 1,0

*Limite de deteccdo (mg.L™); "Limite de quantificacdo (mg.L™).

2.4.12. Determinacéo da capacidade redutora
A capacidade redutora foi determinada através do método de Folin-Ciocalteau
proposto por Singleton e Rossi (1965), com modificacbes. O procedimento analitico foi o
seguinte:
* 20 pl de amostra de suco diluido foi misturado a 1,68 ml de reagente de Folin-
Ciocalteau 2 M em tubos de ensaio protegidos da luz;
* 300 pl de tampdo carbonato de sédio foi adicionado aos tubos e devidamente
homogeneizados;
* Incubacéo a 2 h no escuro;
+ Leitura em espectrofotdmetro, a 765 nm, contra uma amostra controle preparada com
10 % de etanol, submetida ao mesmo procedimento.
Os valores de absorbancia encontrados em cada amostra foram convertidos em
concentracdo utilizando uma curva de calibragdo construida com solucdes de acido galico
entre 0,1 a 0,4 mg.L™. Os resultados foram expressos em equivalentes de 4cido gélico (mg)

por litro de suco.

2.4.13. Determinacéo da capacidade antioxidante pelo método do ABTS
O ensaio de ABTS foi realizado como descrito por Re et al, (1999). O procedimento

analitico foi o seguinte:
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A solucéo estoque de ABTS 7 mM foi misturado com persulfato de potassio 2,45 mM
para a producgéo da solugéo de radical ABTS;

Incubacdo a 16 h no escuro a temperatura ambiente (x 20 °C), antes da utilizacdo;
Diluicdo com etanol/agua (50:50, v/v) da solucdo de radical ABTS até alcancar uma
absorbancia de 0,70 (£ 0,02) a 750 nm;

Diluicdo das amostras de suco para produzir uma inibicdo da solucdo de radical
ABTS entre 20 % e 80 % da absorbancia inicial,

0,3 mL do suco diluido foi adicionado a 2,7 mL da solugdo de radical ABTS;

Leitura em espectrofotdmetro no tempo de 0 min (absorbancia inicial) e no tempo de 6
min (absorbéncia final), a 750 nm, contra uma amostra controle preparada com agua
destilada, submetida ao mesmo procedimento.

Através da diferenca entre as absorbancias inicial e final foi obtido a % de inibicédo do

radical ABTS. Os valores de inibicdo encontrados em cada amostra foram convertidos em

concentracdo utilizando uma curva de calibragdo construida com solugdes de Trolox (&cido-6-

hydroxi-2,5,7,8-tetrametilcroman-2-carboxilico) (Sigma), entre 5 a 50 mM. Os resultados

foram expressos como equivalentes de Trolox (mM) por litro de suco de uva.

2.4.14. Quantificacdo de proteinas

O método de Bradford é uma técnica para a determinacdo de proteinas totais que

utiliza o corante de "Coomassie brilliant blue" BG-250. O procedimento analitico foi o

seguinte:

20 pL de amostra foi adicionado a 1 mL de reagente de Bradford,
Estabilizac&o da cor por 5 min;
Leitura em espectrofotdmetro, a 595 nm, contra uma amostra controle preparada com

agua destilada, submetida ao mesmo procedimento.
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Os valores de absorbancia encontrados em cada amostra foram convertidos em
concentracdo utilizando uma curva de calibracdo construida com solugdes de BSA (padrdo de
proteina, albumina do soro bovino), entre 0,1 a 1,0 mg.mL™. Os resultados foram expressos

em mg.mL™ de albumina.

2.4.15. Determinacéo da turbidez
Turbidez dos sucos foi medida atraves da luz dispersa por espectrofotometria, como
proposto por Anderson (2005) com modificagOes, seguindo as etapas:
» Centrifugacédo das amostras a 5000 x g por 2 min;
+ Leitura da absorbancia a 860 nm;
Através da diferenca entre as absorbancias do controle e das amostras tratadas foi

obtido a % de reducdo da turbidez.
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CAPITULO 3 - Identification of bioactive compounds from Vitis labrusca L. variety
Concord grape juice treated with commercial enzymes: improved yield and quality

parameters

Neste trabalho foi avaliado o efeito da composicdo de oito diferentes preparados
enziméticos sobre os pardmetros de qualidade como cor, sélidos sollveis totais (°Brix),
acucares redutores, acidez total, pH e capacidade antioxidante. Os compostos fendlicos e
antocianinas foram identificados e quantificados por HPLC-DAD-MS. Os resultados estdo
apresentados no manuscrito a seguir, publicado na revista Food and Bioprocess Technology,

v. 9, p. 365-377, 2016.
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Abstract

In this work, the effects of eight different enzymatic preparations were compared in terms of
the extraction of bioactive compounds as well as the yield and quality of grape juice from
Vitis labrusca L. variety Concord. Juices were prepared by enzymatic treatment and the used
preparations were characterized through five enzymatic activities: total pectinase (PE),
polygalacturonase (PG), pectinlyase (PL), pectin methyl esterase (PME) and cellulase (CE).
Quality parameters such as color, total soluble solids (°Brix), reducing sugars, titratable
acidity, pH and antioxidant capacity were determined for all samples. Phenolic compounds
and anthocyanins were identified and quantified by HPLC-DAD-MS. Juice yield was
improved by preparations with high activities of PG, PME and PL, up to 9 % higher than the
control, when used Pectinex® Ultra Clear. For the extraction of bioactive compounds, the
highest values were found for preparations with high CE activity. Regarding the phenolic
compounds, fifteen compounds were identified. The content of caftaric acid and total
anthocyanins were improved up to 300 and 60 %, respectively, using Lallzyme® Beta. It was
possible to understand the role of each enzyme in the extraction of yield, quality parameters
and bioactive compounds. Pectinex® Ultra Clear was the preparation that provided the
highest yield and Lallzyme® Beta the highest bioactive compounds concentration. For a good
quality juice and high yields for the industry, it is important a good balance of pectinases and

cellulases.

Keywords: pectinase; cellulase; grape juice extraction; bioactive compounds; antioxidant

activity; HPLC-DAD-MS.
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1. Introduction

The increased demand for natural products that provide nutritional benefits for
consumer health, promotes the research and development of products derived from the grape.
It has been recognized that there is an inverse association between the consumption of some
fruits and vegetables and mortality from age-related diseases, which could be partly attributed
to the presence of antioxidant compounds (Dudonné et al. 2009).

In this sense, grapes and their products are rich in antioxidant compounds such as
flavonoids, anthocyanins, tannins, phenolic acids, among others (Abe et al. 2007; Capanoglu
et al. 2013). Among these derivatives, it can be highlighted the grape juice, because it is a
product that can be included in the diet of all people, from children to elderly, where the wine
is not indicated. Grape juices are rich in bioactive compounds that can reduce the damage
caused by oxidative stress, helping to the prevention of many diseases such as cancer,
atherosclerosis, diabetes, cardiovascular and neurological diseases (Castilla et al. 2006; Dani
et al. 2007; Cantos et al. 2002; Lacerda et al. 2014).

In the production of grape juice, the addition of enzymes during the maceration prior
to pressing is a prerequisite for obtaining satisfactory juice yield. In addition, the enzyme-
catalyzed degradation of cell walls helps to release bioactive compounds, thus enhancing the
recovery of phenols and anthocyanins, which otherwise would be lost in press residues
(Sowbhagya and Chitra 2010).

Commercial enzymes used in juice extraction consist of a complex of pectinolytic and
cellulolytic enzymes that act in different ways catalyzing the hydrolysis of pectic and
cellulosic substances in fruits. Pectinolytic complex is formed mainly by polygacturonase,
pectin methyl esterase and pectinlyase, while cellulolytic complex is composed by endo and
exo-cellulase and B-glucosidase (Sankaran et al. 2015). Moreover, in the fruit juice industry,

these enzymes are used to improve the sensorial quality, providing clearer juices, helping in
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filtration processes, clarification and stabilization of the products, and promoting greater
extraction of compounds responsible for the color (Pinelo et al. 2010; Khandare et al. 2011,
Sandri et al. 2011; Romero-Cascales et al. 2012).

Actually, there is a great number of commercial pectinases and cellulases able to the
application on the fruit juice industry, and it is important to know the enzymatic composition
and the ability of each preparation for extraction of specific compounds and vyield, for a
correct use in juice industry (Kashyap et al. 2001; Tapre and Jain 2014). Thus, the objective
of this work was to evaluate and compare the effects of eight different commercial enzyme
preparations in the extraction of bioactive compounds and yield of grape juice. Different from
other works that generally make a superficial comparison of enzymatic preparations,
excluding the composition of each one (Lima et al. 2015; Toaldo et al. 2014; Mojsov et al.
2011; Mojsov et al. 2010), we compared five enzymatic activities in each preparation,
verifying their synergistic effects and proposing the better application for each preparation.
After the enzymatic treatment, juices were evaluated to yield, color, total soluble solids
(°Brix), reducing sugars, titratable acidity, and pH, as well as phenolic compounds
concentration, anthocyanins, and antioxidant activity. Additionally, phenolic compounds and
anthocyanins were quantified and identified by High Performance Liquid Chromatograph

with Diode Array Detector and Mass Spectrometry (HPLC-DAD-MS).

2. Material and methods
2.1. Material

Grapes from the Concord variety were kindly donated by Vitivinicola Jolimont
(Canela, RS, Brazil) and were hygienized with NaCIlO solution (1 %) for 15 min and washed
with potable water, before stored at -18 °C until processing. Pectinex® Ultra SP-L, Pectinex®

Ultra Color, Pectinex® Smash XXL, Novozym® 33095, Pectinex® Ultra Clear, Pectinex®
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BE XXL were kindly donated by Novozymes (Spain), Rohapect® 10L was from Amazon
group (Brazil) and Lallzyme® Beta was from Lallemand Wine (France).

Pectin from apple (ID 76282), polygalacturonic acid, galacturonic acid, gallic acid,
caffeic acid, quercetin, ferulic acid, coumaric acid, cyanidin, trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) and Folin-Ciocalteu were from Sigma Aldrich (St.
Louis, MO). Formic acid, acetonitrile and methanol HPLC grade were from Panreac Quimica
SL (Barcelona, Spain). All solvents and other chemicals were of analytical or HPLC grade.
The samples and solvents were filtered through Millipore® membranes of 0.22 and 0.45 m,

respectively.

2.2. Methods
Experiments were performed in triplicates, and the results are expressed as the mean

standard deviation (SD) of these experiments.

2.2.1. Enzymatic activities

Total pectinase (PE) and polygalacturonase (PG) activities were determined using
pectin and polygalacturonic acid as substrates (1 g.L™), respectively. Briefly, 0.1 mL of
properly diluted enzyme was added to 0.9 mL of substrate, prepared in sodium citrate buffer
(50 mM, pH 4.8), and incubated at 37 °C, for 1 min for PE activity and 2 min for PG activity,
under agitation. The amount of reducing groups was estimated by the 3,5-dinitrosalicyclic
acid (DNS) method according to Miller (1959). One unit of PE and PG activity was defined
as the amount of enzyme required to release 1 pmol of reducing groups, expressed as glucose,
per min under the reaction conditions.

Pectinlyase (PL) activity was estimated spectrophotometrically measuring the increase

in absorbance at 235 nm, by the formation of unsaturated products, as described by
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Albershein (1966), with slight modifications. Briefly, 0.05 mL of the diluted enzyme was
added to 0.95 mL of pectin solution (4 g.L™) prepared in sodium citrate buffer (50 mM, pH
4.8) and incubated at 37 °C for 1 min, under agitation. The reaction was stopped by adding 3
mL of 0.5 M HCI. One PL unit was defined as the amount of enzyme that produces 1 nmol of
unsaturated uronide (e = 5500 M™.cm™ at 235 nm) per min, under the reaction conditions.

Pectin methyl esterase (PME) activity was determined by titration of carboxylic
groups released through the de-esterification of pectin, as described by Rouse and Atkins
(1952), with slight modifications. Briefly, 0.1 ml of the diluted enzyme was added to 9.9 mL
of pectin solution (5 g.L™) prepared in NaCl buffer (0.15 M, pH 4.5). The reaction was
conducted at 30 °C for 10 min, under agitation. One PME unit was defined as the amount of
enzyme which liberates 1 milliequivalent of carboxyl groups per minute under the reaction
conditions cited above.

Total cellulase (CE) activity was determined using Whatman n°1 filter paper as
substrate, following the method proposed by Ghose (1987), with slight modifications. The
enzyme preparation previously diluted (0.5 mL) was added to 0.5 mL of sodium citrate buffer
(50 mM, pH 4.8) containing 50 mg of filter paper. The reaction was carried out at 50 °C for 5
min, under agitation. The released reducing sugars were estimated by the DNS method
according to Miller (1959). One CE unit was defined as the amount of enzyme required to
release 1 umol of reducing groups, expressed as glucose, per min under the reaction

conditions.

2.2.2. Extraction of grape juice
For the juices extraction, 100 g of grape berries were gently crushed by hand with a
pestle. Afterwards, 1 mL of the enzyme preparation, diluted and standardized based on its

pectinase activity, was mixed with the crushed grapes and allowed to react for 30 min at 50
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°C, under agitation. At the end, the juice was pressed, analyzed and stored at -18 °C. For all
experiments, a control was performed without enzyme. Grape juice yield (JY) was calculated

according to the equation 1:

mass of juice
initial mass of grapes

JY (%) =

100 1)

2.2.3. Total soluble solids (°Brix), reducing sugars, total acidity and pH

Soluble solids (°Brix) were measured using a refractometer at 20.0 £ 0.5 °C. The
reducing sugars were quantified by the DNS method, proposed by Miller (1959). For total
acidity, the diluted juice was titrated with a 0.1 M NaOH, using phenolphthalein as indicator.
It was expressed in g.L™ of tartaric acid. The pH of the juice was measured using a digital

pHmeter.

2.2.4. Color determination

Determination of juice color was performed in a Minolta Colorimeter (Model CR-400,
Konica Minolta Sensing, Inc., Osaka, Japan), according to Tiwari et al. (2010). It was based
on 3 color coordinates: L* (whiteness or brightness/darkness), a* (redness/greenness) and b*
(yellowness/ blueness). The hue angle (h*), Chroma (C*) and Color difference (AE*,,) were

calculated following the equations 2, 3 and 4, respectively:

h* = atan (Z—) (2)
C*=y(a*)?+ (b*)? 3)
AE" g, = /(AL)? + (Aa*)? + (Ab*)? (4)

2.2.5. HPLC-DAD-MS analysis of phenolic compounds

Phenolic compounds were determined according to a protocol described by Rodrigues



73

et al. (2013). Chromatographic analyses were performed using a Shimadzu HPLC (Kyoto,
Japan) equipped with two pumps, on-line degasser, column oven, connected in series to a
diode array detector and a mass spectrometer with an Q-TOF analyzer and electrospray
ionization (ESI) source (Bruker Daltonics, model micrOTOF-QIII, Bremen, Germany).

Previously to the HPLC analysis, grape juice samples were centrifuged and filtered
through 0.22 pum cellulose acetate membrane filter (Millipore®, Massachusetts, USA) and 20
uL were directly injected into the chromatographic system. The phenolic compounds were
separated in a Cig Atlantis T3-RP column (5 um, 250 x 4.6 mm, Dublin, Ireland) at a flow
rate of 0.7 mL.min™, column temperature at 29 °C, using a mobile phase consisting of
water/formic acid (99.5:0.5, v:v) (solvent A) and acetonitrile/formic acid (99.5:0.5, v:v)
(solvent B) in a linear gradient from A:B 99:1 to 50:50 in 50 min; then from 50:50 to 1:99 in
5 min. The former ratio (1:99) was maintained for additional 5 min. The column eluate was
split to allow only around 0.35 mL.min™ entering the ESI interface. The UV-vis spectra were
obtained between 200 and 800 nm and the chromatograms were processed at 280, 320, 360
and 520 nm.

The mass spectra were acquired with a scan range from m/z 100 to 700. The MS
parameters were set as follows: ESI source in positive and negative ion modes; capillary
voltage, 2000 V (positive) or —3000 V (negative); end plate offset, =500 V; dry gas (Ny)
temperature, 310 °C; flow rate, 8 L.min™; nebulizer gas, 2 bar. MS? were set in automatic
mode applying a fragmentation energy of 34 V. The phenolic compounds were identified on
the basis of the following information: elution order and retention time in the reversed phase
column, UV—Vis and MS spectra features compared to standards analyzed under the same
conditions, and data available in the literature.

The phenolic compounds were quantified by HPLC-DAD, using analytical curves (r?

> 0.99) with nine-point of the following compounds, with their respective detection and
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quantification limits (in mg.L™): caffeic acid (0.4 and 1.3); coumaric acid (1.0 and 3.0);

ferulic acid (0.3 and 1.0); quercetin (4.4 and 13.3); and cyaniding (0.3 and 1.0).

2.2.6. Antioxidant capacity

Antioxidant capacity was estimated using two in vitro assays, ABTS and reducing
capacity.

ABTS assay was performed as described by Re et al. (1999). Briefly, ABTS radical
was produced by reacting 7 mM ABTS stock solution with 2.45 mM potassium persulphate
and allowing the mixture to stand in a dark room at room temperature ( 20 °C) for 16 h before
use. The ABTS radical solution was diluted with ethanol:water (50:50, v:v) mixture to an
absorbance of 0.70 (x 0.02) at 750 nm. The grape juice was diluted to produce between 20-80
% inhibition of the initial ABTS absorbance. An aliquot of 300 pL of the sample was added to
2.7 mL of ABTS radical solution and the decrease of absorbance at 750 nm was recorded
during 6 min in a spectrophotometer. Trolox was used as standard for the calibration curves
and results were expressed as equivalents of Trolox (mmol) per liter of grape juice.

The reducing capacity was determined by the Folin-Ciocalteu method proposed by
Singleton and Rossi (1969), with slight modifications. A mixture of 20 uL of grape juice, 1.68
mL of Folin-Ciocalteu reagent and 300 uL of sodium carbonate buffer were placed in assay
tubes. After 2 h of reaction in the dark, the absorbance was measured at 765 nm. The results

were expressed as equivalents of gallic acid (mg) per liter of grape juice.

3. Results and discussion
3.1. Enzymatic activity of commercial preparations
Initially, eight commercial preparations were analyzed regarding five enzymatic

activities (PE, PG, PL, PME and CE) and the results are shown in Table 1. All commercial
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enzymes are pectinases indicated for use in juice production and wines to produce better
product quality, reducing the viscosity, increasing the juice extraction and improving the
pressing and clarification processes. Pectinex® Ultra SP-L, Pectinex® Ultra Color, Pectinex®
Ultra Clear are commercialized by Novozymes as pectinolytic preparations, with declared
activity of polygalacturonase, while Pectinex® Smash XXL has declared activity of
pectinlyase. Among these enzymatic preparations, Lallzyme® Beta can be highlighted due to
its high B-glucosidase secondary activity, and it was specially developed to enhance the
aromatic profile of wine, since this enzyme is able to hydrolyze the glycosylated aroma
compounds (as monoterpenes, norisoprenoids, benzene derivatives) (Villena et al. 2007).
Other enzymes have not a specific activity declared. Despite this, it can be observed in Table
1 that all preparations are a mixture of different enzymes, and their exact activities are an
important information to make the right choice for the industry. Therefore, in the next
experiments we evaluated these preparations for the grape juice extraction, analyzing the
yield, quality parameters and bioactive compounds, aiming to understand the contribution of

each enzyme at each result and thus, to define the best preparation.

Table 1. Total pectinase activity (PE), polygalacturonase (PG), pectinlyase (PL), pectin
methylesterase (PME) and cellulase (CE) in commercial enzyme preparations.

Enzyme Activity
Enzyme preparation PE PG PL PME CE
UmLh @OUmLhH UmLYH) UmLY)  (UmLY

1 — Pectinex Ultra SP-L 3850.28  8887.45 35.80 315.56 32.24
2 — Pectinex Ultra Color 831450  9839.95 848.16 3140.00 55.77
3 — Pectinex Smash XXL 9011.76 0.00 2358.66 0.00 23.90
4 — Novozym 33095 6687.56  7910.21 757.67 3217.78 63.32
5 — Pectinex Ultra Clear 7875.97  9090.32 792.57 4254.44 72.40
6 — Pectinex BE XXL 745499 2991.84  1340.76 1545.56 30.17
7 — Rohapect 10L 4284.42  6920.60 470.63 1857.78 89.16

8 — Lallzyme Beta 4226.32  3912.18 186.18 0.00 1134.36
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In order to determine the best amount of enzyme (based on total pectinase activity) for
the application on grape juice extraction, we selected Pectinex® Ultra Clear and varied its
concentration per gram of grape: 0.1 U, 0.5 U and 1.0 U. This preparation was chosen because
it exhibited a good balance for all enzymatic activities analyzed. The yield of extracted juice
was evaluated and expressed, for each concentration in Fig. 1. The highest juice yield was
achieved using 1.0 U.g™". However, there is no statistical difference between 1.0 and 0.5 U.g™.
Therefore, the concentration of 0.5 U.g" of PE was chosen as standard for the next

experiments.

Figure 1. Juice yield after treatment with Pectinex® Ultra Clear using different enzyme
concentrations.
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3.2. Yield of grape juice extraction

Vitis labrusca L. variety Concord is the grape cultivar most widely used for juice
production, due to its quality, which provides a highly aromatic juice with good nutritional
properties (Morris and Striegler 1996; Rowe et al. 2010). The eight commercial enzyme

preparations were tested in the Concord juice extraction, and their activities were based 0.5



77

U.g™ of total pectinase activity. The final activities for each preparation applied for juice
extraction are shown in the Table 2. The results of grape juice yield for the eight preparations
and the control are presented in Fig. 2. It was observed that juice yields ranged from 69 % to
75 %. The highest yield was obtained by the treatments with enzymes 2 to 6, where there are
no statistical differences at 5 % of significance. When comparing enzyme 5 (Pectinex® Ultra

Clear) with the control, 8.7 % increase in the amount of extracted juice was observed.

Table 2. Concentrations of enzyme activity applied for grape juice extractions.

Enzyme Activity
Enzyme preparation PE PG PL PME CE
(UmLY) UmLh UmLYHx102 UmL?Y  (U.mL™) x10

1 — Pectinex Ultra SP-L 0.50 1.15 0.46 0.04 0.42
2 — Pectinex Ultra Color 0.50 0.59 5.10 0.20 0.36
3 — Pectinex Smash XXL 0.50 0.00 13.08 0.00 0.13
4 — Novozym 33095 0.50 0.59 5.66 0.24 0.47
5 — Pectinex Ultra Clear 0.50 0.58 5.03 0.27 0.46
6 — Pectinex BE XXL 0.50 0.20 8.99 0.10 0.20
7 — Rohapect 10L 0.50 0.81 5.49 0.22 1.04
8 — Lallzyme Beta 0.50 0.46 2.20 0.00 13.42

These results can be explained by the good activities of the enzymes of the
pectinolytic complex (PG, PME and PL) of these preparations. PME catalyzes the de-
esterification of the methoxyl group of pectin, being essential for the action of other enzymes
such as PG that catalyzes the hydrolysis of a-1,4 linkages, which acts on low methoxyl pectin
(Alkorta et al. 1998; Jayani et al. 2005). Therefore, the low values of PME presented by
enzymes 1 (Pectinex® Ultra SP-L) and 8 (Lallzyme® Beta) were not enough to de-esterify
the pectin, impeding its hydrolysis by PG. Besides, the lower yields showed by these
preparations (1 and 8) can be also explained by the low PL content. Pectinlyases are
responsible for catalyzing the p-elimination, of the main chain of the pectic polysaccharide,

acting on pectin with high degree of methylation (Kashyap et al. 2001; Tapre and Jain 2014),
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without the need of other enzymes with de-esterification activity. This fact explains the high
extraction yields presented by enzymes 3 and 6, which have low values of PG and PME
activities, but present high PL concentration. For example, considering the same PE activity,
the enzyme 6 (Pectinex® BE XXL) has almost 2-times more PL activity than enzyme 5
(Pectinex® Ultra Clear), while enzyme 5 has almost 3-times more PG and PME activities
than enzyme 6. Although very distinct in their compositions, both preparations presented
similar results for juice yields.

Overall, these results agreed with the conclusions of other studies suggesting that
pectinolytic enzymes could improve the yield of fruit juices. Lieu and Le (2010) also achieved
an increase in the yield of approximately 9.2 % in grape juices treated with enzymes. The
same behavior was observed when these enzymes were applied in pineapple juice (Chenchin
et al. 1984), carrot juice (Demir et al. 2001), and elderberry juice (Landbo et al. 2007).
According to Buchert et al. (2005) and Romero-Cascales et al. (2012), pectinases are known
to hydrolyze complex polysaccharides of plant tissues into simpler molecules, causing

solubilization of these polysaccharides improving the extraction and the yield of juice.

Figure 2. Juice extraction yields using eight different commercial enzyme preparations.
Means followed by the same letters do not differ by Tukey’s test at 5% probability.
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3.3. Grape juice characterization

For characterization of grape juice, the parameters pH, total acidity, soluble solids and
reducing sugars were evaluated and the results for the each treatment are presented in Table
3. It was observed a tendency to pH decrease and acidity increase in the juices treated with
enzymes. However, only the enzymes 4 and 5 are statistically different from the control
treatment. This can be explained by the good balance in the pectinases activities in theses

preparations, considering the PE, PG, PL and PME activities.

Table 3. Analysis of pH, total acidity, °Brix and reducing sugars of the juices prepared with
eight different commercial enzyme preparations.

Analysis
Enzyme preparation Total acidit . Reducing sugars
PH oLy =~ Brix Gl
0 - Control 3.1740.01  10.93+0.23°  14.73+0.06° 185.26+1.74°
1 - Pectinex UltraSP-L ~ 3.13+0.03® 11.36+0.37% 14.97+0.21®  188.43+2.28™
2 — Pectinex Ultra Color ~ 3.13+0.01®  11.37+0.43® 14.90+0.10®  193.24+3.46™
3 — Pectinex Smash XXL  3.14+0.01* 11.26+0.26® 14.87+0.21*  193.48+2.30%*
4 — Novozym 33095 3.11+0.01°  11.61+0.38" 15.03%0.06®  190.38+2.16™
5— Pectinex Ultra Clear ~ 3.10+0.02°  11.71+0.25*  14.90+0.20  194.48+3.15%°
6 — Pectinex BE XXL 3.13+0.03* 11.36+0.15® 14.90+0.10®  191.15+5.88"
7 — Rohapect 10L 3.13+0.02° 11.29+0.25® 15.10+0.10®  197.12+4.30®
8 — Lallzyme Beta 3.14+0.02® 11.44+0.31* 15.23+0.12*  202.67+1.30°

*Means followed by the same letters in the same columns do not differ by Tukey’s test at 5% probability

Regarding the reducing sugars content and °Brix, the highest values were obtained for
the enzyme 8 (Lallzyme® Beta), while the lowest values were obtained for the control. The
high concentration of cellulase activity in enzyme 8 can explain this result. Cellulases are
highly specific biocatalysts that work in synergy to release sugars, and they are often found
together with pectinases in commercial enzymes preparations. These enzymes can be
classified according to the attack position on the substrate as endoglucanases that catalyze the
hydrolysis of internal linkages p-1,4 of the cellulose, exoglucanases which act on the ends of

the cellulose chain releasing glucose or cellobiose units, and B-glycosidases which hydrolyze
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cellobiose, releasing glucose units (Arantes and Saddler 2010), increasing the content of
soluble solids and sugars in the juice.

The effect of the different commercial enzyme preparations was also analyzed on the
change in color parameters of the grape juice (Table 4). For juices treated with all enzymes, it
was observed a tendency to increase of the juice color. The highest value of a* (redness) was
obtained by enzyme 8 (Lallzyme® Beta), and there are no statistical differences with the
enzymes 1, 4, 6 and 7. The parameter b* (blueness) slightly increased with the addition of
enzymes. The overall increase of these two variables leads to a greater chroma (C*), mainly
for the enzyme 8. The AE*,, was measured to determine the color total difference of the
juices in comparison with the control, where can be highlighted the juices produced using the
enzymes 6, 7 and 8, which presented the highest values, compared to the control. Regarding
the parameters L* (brightness) and h* (hue), it was not observed significant difference among
the treatments. These results can demonstrate the relationship of a good color with the amount

of anthocyanins (see results below in section 3.4).

Table 4. Analysis of color of the
preparations.

juices treated with eight different commercial enzyme

Color parameters

Enzyme preparation

L* a* b* C* h* AE*4,

0 - Control 31.07+0.44%  7.28+0.26° 2.51+0.14° 7.70+0.20° 1.23+0.03 -

1 — Pectinex Ultra SP-L 31.55+0.45° 8.45+0.28%™° 2.86+0.21® 8.93+0.20® 1.24+0.03* 1.31+0.01°
2 — Pectinex Ultra Color ~ 31.60+0.35°  8.35+0,17™ 3.05+0.08° 8.89+0.13%" 1.22+0.02% 1.31+0.07°
3 — Pectinex Smash XXL  31.24+0.16*  7.7620.46% 2.81+0.22 8.26+0.36% 1.22+0.04* 0.65+0.06°
4 — Novozym 33095 31.47+0.22%  8.49+0.21%° 3.02+0.24® 9.02+0.12"° 1.23+0.03% 1.39+0.11°
5 — Pectinex Ultra Clear 31.95+0.27°  8.27+0.48™ 2.84+0.09® 8.75+0.42° 1.24+0.03* 1.38+0.05"
6 — Pectinex BE XXL 32.17+0.16° 8.63+0.15® 3.11+0.07° 9.18+0.11%° 1.23+0.01* 1.85+0.18%
7 — Rohapect 10L 32.14+0.53* 8.93+0.13® 3.13+0.06° 9.47+0.10® 1.23+0.01*° 2.06+0.02%
8 — Lallzyme Beta 31.80£0.37°  9.17+0.14* 3.14+0.24* 9.70+0.10*° 1.24+0.02* 2.12+0,10%

# Means followed by the same letters in the same columns do not differ by Tukey’s test at 5% probability; L*:
lightness; a*: redness/greenness; b*: yellowness/ blueness; C*: chroma; h*: hue angle; AE*,,: color difference
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3.4. Phenolic compounds and antioxidant capacity

Besides juice yield and the analysis of quality parameters, it was verified the
extraction of bioactive compounds of the grape juice prepared with the eight enzyme
preparations and the control.

To better understand the differences between the enzymatic preparations, the
identification and quantification of different phenolic compounds was performed by HPLC-
DAD-MS. Fifteen phenolic compounds were identified by HPLC-DAD-MS based on the
combined information obtained from chromatographic elution on C18 column, UV-Vis and
mass spectra characteristics (Fig. 3 and Table 5). The MS? fragments characteristic of the
chemical structure and functional groups allowed the confirmation of the assigned protonated
and deprotonated molecules. Table 6 shows the concentration of the different phenolic
compounds obtained by the different treatments. All treatments showed similar profile of
phenolic compounds, although differences regarding the concentration of the compounds.

The total anthocyanins quantified by HPLC varied of 20.50 to 32.57 mg.L™, which are
in agreement with the results reported by Lima et al. (2015). The highest content for total
anthocyanins was obtained using enzymes 6, 7 and 8, totaling 29.75, 30.36 and 32.57 mg.L™,

respectively, representing an increase of 44.4 %, 47.4 % and 58.1 % compared to the control.
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Table 5. Chromatographic, UV—-Vis, and Mass Spectroscopy Characteristics of phenolic compounds in grape juice, obtained by
HPLC-DAD-MS.

Peak® (;ir:]) k(‘r‘;‘;’; 'f;‘;s‘;t [M+H]* MS? (+) [M-H] MS2 () Compound

1 17.1 327 617.1162 6181143  145.0575/264.0223/543.0873  616.1623 149'022;‘21'/1116;6(/’4323/125;0263/ 2-S-glutathionylcaftaric acid
2 175 278/515 611.1612 611.1507 287.0479/449.1036 ND ND Cyanidin-3,5-O-diglucoside
3 19.1 322 3420950 ND° ND 341.1227 133'Of;”g’_/éggé(/’lsggﬁféio“l?/ Caffeic acid-O-hexoside

4 195  278/518 655.1874 655.1782 331.0731/493.1359 ND ND Malvidin-3,5-O-diglucoside
5 20.6 320 3120481 ND ND 311.0722 135.0601/149.0225/179.0534 Caftaric acid

6 20.8 280/516  449.1084 449.1006 287.0484 447.1375 284.0602 Cyanidin-3-0-glucoside

7 21.7 281 3261001  ND ND 325.1264 119.0634/163.0562 p-coumaric acid glucoside

8 23.0 280/517  463.1240 463.1168 301.0626 ND ND Peonidin-3-O-glucoside

9 233 280/525 493.1346 493.1271 331.0750 ND ND Malvidin-3-O-glucoside

10 25.4 323 3260637 ND ND 325.0000 134.0510/149.0770/178.0480/193.0795 Fertaric Acid

11 26.2 280/519 491.1189 491.1076 287.0487 ND ND Cyanidin-3-0-6-0 (acetyl)glucoside
12 27.4  281/520 757.1979 757.1892  287.0490/449.1049/595.1355  755.2551 285.0714/447.1343/593.1889 Cya“idi“'3'd(?g' Ica(-:g;?g:maryl),s-o
13 202 280/522 771.2136 771.2022  301.0635/463.1162/609.15.14 ND ND Peo”idi”'3'86i;]?££%tmar°y')’5'0
14 30.2 351  464.0955 465.0953 303.0439 463.1337 271.0593/300.0590/301.0788 Quercetin-3-O-glucoside

15 303 280/521 5951451 595.1368 287.0486 ND ND Cyanidin-3-(6-O-p

*Numbered according to the chromatograms shown in Figure S2; "Retention time on the C18 column; “Maximum absorbance;’Not detected.

coumaryl)glucoside
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Table 6. Phenolic compounds concentration in the grape juice extracted by eight different commercial enzyme preparations.

a Amax Enzyme preparation

Compounds i mm o 1 2 3 4 5 6 7 8

2-S-glutathionylcaftaric acid 17.1 327 6.50° 6.74 7.77 7.12 7.04 6.73 10.63 10.62 9.73
Cyanidin-3,5-O-diglucoside 17.5 278/515 1.93% 1.89 240 203 2.03 199 269 274 2.76
Caffeic acid-O-hexoside 19.1 322 245° 250 288 243 250 372 367 4.07 4.17
Malvidin-3,5-O-diglucoside 19.5 278/518 3.70° 359 452 363 3.87 446 574 6.07 6.40
Caftaric acid 20.6 320 7.44° 13.97 13.66 11.26 12.42 12.11 15.23 17.48 21.63
Cyanidin-3-O-glucoside 20.8 280/516 6.00° 6.38 854 642 651 581 843 7.95 852
p-coumaric acid glucoside 21.7 281 6.48° 6.89 6.32 6.27 7.32 7.12 584 6.34 6.41
Peonidin-3-0-glucoside 23.0 280/517 1.02° 121 142 112 129 112 141 137 134
Malvidin-3-O-glucoside 23.3 280/525 1.66° 156 1.92 1.66 169 185 224 249 2.68
Fertaric Acid 25.4 323 3.75" 3.85 3.83 353 4.03 371 355 3.63 350
Cyanidin-3-0O-6-O-(acetyl)glucoside 26.2 280/519 1.03 1.03 145 1.18 110 103 174 176 1.88

Cyanidin-3-(6-O-p-coumaryl),5-O-diglucoside 27.4 281/520 2.38% 248 329 277 261 255 334 353 4.00
Peonidin-3-(6-O-p-coumaroyl),5-O-diglucoside 29.2 280/522 1587 159 216 1.78 171 194 248 270 3.03

Quercetin-3-0O-glucoside 30.2 351 26.979 27.31 27.17 33.42 38.46 35.85 33.81 30.56 39.73
Cyanidin-3-(6-O-p-coumaryl)glucoside 30.3 280/521 1.30 1.16 1.68 1.37 151 114 171 177 198
Total anthocyanins (mg.L™) 20.50 20.89 27.38 21.96 22.32 21.89 29.78 30.38 32.57
Total phenolic acids (mg.L™) 26.61 33.95 34.46 30.61 33.31 33.39 38.92 42.14 45.44

®Retention time of an Atlantis C18 column (5 um); ® Maximum absorbance; “Quantified in Caffeic acid (mg.L™); “Quantified in Cyanidin (mg.L™); ®Quantified in Coumaric
acid (mg.L™); "Quantified in Ferulic acid (mg.L); *Quantified in Quercetin (mg.L™Y).
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Regarding the anthocyanin profile of grape juice, it was observed a high amount of
cyanidin-3-O-glucoside (up to 8.54 mg.L™), which it is in agreement with the results obtained
by Toaldo et al. (2015), who detected malvidin and cyanidin glucosides as the main
anthocyanins in Vitis labrusca L. grapes. Anthocyanins are flavonoids widely distributed in
nature and are responsible for most of the blue, violet and all shades of red, present in flowers
and fruits. In grapes, anthocyanins constitute a large percentage of phenolic compounds,
representing an important compound for the juice production, contributing to the sensory
attributes, and mainly for the coloring (Mufioz-Espada et al. 2004). Moreover, the
anthocyanins have a variety of bioactivities, such as antioxidant, cardioprotective, anticancer,
anti-inflammation, anti-aging and antimicrobial activities (Xia et al. 2010).

The content of total phenolic acids ranged from 26.61 to 45.44 mg.L™, highlighting
the caftaric acid as the main phenolic acid (7.44 to 21.63 mg.L™), followed, in descending
order, by 2-S-glutathionylcaftaric acid (6.50 to 10.63 mg.L™), p-coumaric acid glucoside
(5.84 to 7.32 mg.L™), caffeic acid-O-hexoside (2.43 to 4.17 mg.L™) and fertaric acid (3.50 to
4.03 mg.L™). The treatment with enzyme 8 rendered the highest values of total phenolic acid
(45.44 mg.L™), especially the caftaric acid, which presented an increase of almost 3-times
compared with the control treatment. Cantos et al. (2002) reported that the caftaric acid are
the main phenolic acids of the grape, which it is associated an good vasodilatory and
antimicrobial activity (Mudnic et al. 2010).

The major flavonol found in the grape juice was the quercetin-3-O-glucoside, ranging
from 26.97 to 39.73 mg.L™. The highest concentrations were achieved in the juices treated
with enzymes 4 (38.46 mg.L™) and 8 (39.73 mg.L™). When compared to the control, these
enzymes (4 and 8) provided an increase of 42.6 % and 47.3 % in release of quercetin,
respectively. According to Bonilla et al. (1999), the quercetin is one of the most effective

antioxidant flavonoids. Some studies showed an inverse relationship between quercetin rich
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diets and risk of cardiovascular diseases and the regulation of cancer promoter genes (Cantos

et al. 2002; Castilla et al. 2006; Xia et al. 2010).

Figure 3. HPLC chromatograms of phenolics compounds in grape juice. Peak identification:
1. 2-S-glutathionylcaftaric acid, 2. Cyanidin-3,5-O-diglucoside, 3. Caffeic acid-O-hexoside, 4.
Malvidin-3,5-O-diglucoside, 5. Caftaric acid, 6. Cyanidin-3-O-glucoside, 7. p-coumaric acid
glucoside, 8. Peonidin-3-O-glucoside, 9. Malvidin-3-O-glucoside, 10. Fertaric acid, 11.
Cyanidin-3-0-6-O-(acetyl)glucoside, 12. Cyanidin-3-(6-O-p-coumaryl),5-O-diglucoside, 13.
Peonidin-3-(6-O-p-coumaryl),5-O-diglucoside 14. Quercetin-3-O-glucoside, 15. Cyanidin-3-

(6-O-p-coumaryl)glucoside.
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In general, the treatment with enzyme 8 (Lallzyme® Beta) provided the highest
extraction of phenolic compounds. Recent works (Zietsman et al. 2015a; Zietsman et al.
2015b) have studied the polysaccharide cell wall composition of grape berries, showing the
effects of different enzymes on the cell wall hydrolysis. These works show a synergistic effect
between pectinases and xylanases, where the hydrolysis of pectin probably facilitated the
access for the xylanases to their target, promoting a higher hydrolysis of the cell wall.

These findings are corroborated by Toaldo et al. (2014), who found concentrations of

total phenolics, monomeric anthocyanins and antioxidant activity significantly higher in grape
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juices prepared with enzymatic preparations that had in its composition, pectinases,
hemicellulases and cellulases, when compared to grape juices prepared only with one of these
enzymes.

The middle lamella of the grape cells is basically composed of pectin, and approaching
the plasma membrane of the cells, the cellulosic complexes increase, being the secondary cell
wall largely made up of cellulose microfibrils (40 — 80 %) (Pinelo et al. 2006). So, near to the
plasma membrane there is high cellulose content, thus enzymatic preparations with higher
concentrations of cellulase enzymes can provide higher release of intracellular components. It
has been reported that phenols can be linked or entrapped in the polysaccharides of the cell
walls, being confined in the cell vacuoles, or associated with cell nuclei through different
chemical or physical bindings depending on the composition and nature of both phenols and
polysaccharides (Pinelo et al. 2006). To better understand the effects of enzymatic hydrolysis
on the grape berry cell, a simplified schematic of the plant cell wall was shown in Fig. 4. A
more detailed structure of the grape berry and the distribution of the phenolic compounds can

be found in Teixeira et al. (2013).
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Figure 4. Simplified scheme of the cell wall structure.
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3.5. Antioxidant capacity

Antioxidant capacity was determined by ABTS as well as the reducing capacity. The
values varied from 30.06 to 39.65 mM and 1017 to 1436 mg.L™, respectively (Table 7). The
highest antioxidant capacity was also obtained by the treatment with enzyme 8 (Lallzyme®
Beta), which allowed greater extraction of anthocyanins, phenolic acids and flavonoids. The
treatment with enzymes 4 and 7 also provided juices with satisfactory antioxidant activity,
probably due to the high extraction of quercetin and anthocyanins, respectively for these
enzymes.

Several studies related to phytochemical composition of the grape and its derivatives,
showing a wide range of compounds with antioxidant capacity presents in its composition,
such as flavonoids, anthocyanins, catechins, phenolic acids, hydroxycinnamic acids and
hydroxybenzoic acids (Dani et al. 2007; Moreno-Montoro et al. 2015; Lima et al. 2015;
Mudnic et al. 2010; Badhani et al. 2015). Thus, it can be concluded that the enzyme

preparation that allowed the higher extraction of phenolic compounds was also effective to
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provide the highest antioxidant capacity. These findings are in agreement with Lima et al.
(2014), which observed that the antioxidant capacity values increased with the increase of
enzyme concentration and temperature, possibly due to the higher extraction of antioxidant
phenolic compounds.

Another possible explanation for the result obtained using enzyme 8 is its high
concentration of B-glucosidases. The use of B-glucosidases in the wine industry is potentially
very interesting because they can promote the liberation of glycosylated aromatic and
phenolic compounds, which can cause an increase in antioxidant capacity of the phenolic
compounds (Todaro et al. 2008). However, the B-glucosidase is inhibited with high glucose

contents, which could decrease its activity in grape juice.

Table 7. Analysis of antioxidant capacity of the juices treated with eight different commercial
enzyme preparations.

Enzyme preparation Reducing cgpacity ABTS
(mg.L™) (mM)
Control 1017+16% 30.06+0.55%"
1 — Pectinex Ultra SP-L 1231+11°¢ 34.90+2,26™
2 — Pectinex Ultra Color ~ 1219+37° 33.12+1.61°¢
3 — Pectinex Smash XXL 1188+61° 31.58+1.59%
4 — Novozym 33095 1287+70™ 35.63+2.47%°
5 Pectinex Ultra Clear ~ 1218+10° 32.67+2.38
6 — Pectinex BE XXL 1226+24° 34.00+0.71°¢
7 — Rohapect 10L 1362+39% 36.72+0,27%
8 — Lallzyme Beta 1436+72° 39.65+0.73

*Means followed by the same letters in the same columns do not differ by Tukey’s test at 5% probability

4. Conclusion

The enzymatic treatment is an important step for the production of good quality grape
juice. We demonstrated in our work that pectinolytic and cellulolytic enzymes had a great
influence in the juice yield, as well as in the quality parameters and bioactive compounds

composition.
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Pectinex® Ultra Clear as well as Novozym® 33095 showed a good balance between
PG and PME activities, resulting in higher yields. Moreover, enzymatic preparations with a
good content of PL activity, such as Pectinex® BE XXL, also achieved good juice yields.
Thus, it was observed that a good balance between these three pectinolytic enzymes are
essential to improve juice yield, but the presence of high amounts of pectinlyase, or the
combination of polygalacturonase and pectin methyl esterase can lead to similar results. On
the other hand, enzymatic preparations with high content of cellulases, such as Lallzyme
Beta®, favored a better extraction of sugar and phenolic compounds such as anthocyanins,
flavonoids and phenolic acids, improving the juice color and increasing its antioxidant
activity.

Finally, it is important for the juice industry to know the activities of different
enzymes in the preparation, for an adequate choice, aiming a high extraction yield as well as a
good quality juice, depending the characteristics of each raw material in terms of pectin and
cell wall composition. In this work, Pectinex® Ultra Clear was the best preparation for
extraction o grape juice yield from the variety Concord, while Lallzyme® Beta was the best
preparation for improving the bioactive compounds concentration. Moreover, each grape
variety has its own characteristics and compositions in terms of pectin, cellulose,
hemicellulose and bioactive compounds, thus the presented results can be modified according
when used other grape varieties. A good enzymatic preparation should contain pectinases for
improving the juice yield and cellulases to obtain juices with higher quality and more

beneficial composition to health, creating a product more attractive to consumers.
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CAPITULO 4 - Synergistic effects of Pectinex® Ultra Clear and Lallzyme® Beta on

yield and bioactive compounds extraction of Concord grape juice

Neste trabalho estudou-se o efeito sinérgico da Pectinex® Ultra Clear (PUC) com
Lallzyme® Beta (LB) na extracdo do suco de uva. Primeiramente, as condi¢bes Otimas de
extracao do suco foram encontradas através de um delineamento de composto central (DCC) e
a metodologia de superficie de resposta (MSR), avaliando as seguintes variaveis: temperatura,
tempo, concentracdo de enzima e razdo de PUC/LB, tendo como variaveis de resposta o
rendimento e a capacidade redutora dos sucos. Apos, encontradas as condi¢des 6timas de
extracdo, a mistura dos dois preparados enzimaticos (PUC/LB) e os preparados em separado
foram utilizados para a producdo do suco de uva. Parametros de qualidade como cor, sélidos
sollveis totais (°Brix), acucares redutores, acidez total, pH e capacidade antioxidante foram
determinados para essas amostras, e 0s compostos fendlicos e antocianinas foram
identificados e quantificados por HPLC-DAD-MS. Os resultados estdo apresentados na forma

de um manuscrito submetido para publicacdo na revista LWT- Food Science and Technology.


http://www.journals.elsevier.com/lwt-food-science-and-technology/
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Abstract

In this work, the synergistic effects of the combination of Pectinex® Ultra Clear (PUC),
presenting high pectinase activity, and Lallzyme® Beta (LB), presenting cellulase activity
were tested for grape juice extraction from Vitis labrusca L. variety Concord. The variables
time, temperature, enzyme concentration and PUC/LB ratio were analyzed with the responses
juice yield and reducing capacity. PUC improved the juice yield while LB increased the
reducing capacity. However, the mix PUC/LB provided an increase in juice yield and
reducing capacity, reaching to 75.8% and 1090 mg.L™, respectively. The best conditions for
grape juice extraction were: 51 °C, 52 min, 0.75 U.g™* and PUC/LB ratio 0.52. Twenty-three
phenolic compounds were identified and quantified by HPLC-DAD-MS, where the content of
quercetin 3-O-glucoside and total anthocyanins were improved up to 112% and 41%,
respectively. The mix of two enzymatic preparations improved the juice yield and bioactive
compounds extraction when compared with each preparation individually. The appropriate
choice of enzymatic preparation and the extraction conditions are very important in the juice

yield and quality for food industries.

Keywords: pectinase; cellulase; grape juice extraction; bioactive compounds; antioxidant

activity.
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1. Introduction

Grape juice is a fresh and nutritional beverage, highly appreciated worldwide, its
production is significantly increasing every year. Among grape cultivars, Vitis labrusca L.
variety Concord is the most widely used for juice production, due to its quality, providing a
highly aromatic juice with good nutritional and healthy properties (Morris & Striegler, 1996;
Stalmach, Edwards, Wightman, & Crozier, 2011).

Phenolic compounds of the grape juice such as flavonoids, anthocyanins, tannins,
phenolic acids, among others, are the main responsible for the beneficial healthy effects
observed (Capanoglu, Vos, Hall, Boyacioglu, & Beekwilder, 2013). Polyphenols are usually
found in grape skins, and their extraction needs the degradation of the middle lamella and cell
wall to allow their contents to be extracted or diffused into the juice (Bautista-Ortin,
Martinez-Cutillas, Ros-Garcia, Lépez-Roca, & Gomez-Plaza, 2005). The porosity of this
barrier can be increased by partial hydrolysis of the polysaccharide constituents (pectin,
hemicellulose, cellulose), that can be achieved using maceration enzymes (Romero-Cascales,
Ros-Garcia, Lopez-Roca, & Gémez-Plaza, 2012).

In the production of grape juice, enzyme-catalyzed degradation of cell walls, by
cellulases, helps the release of bioactive compounds, enhancing the recovery of phenols and
anthocyanins, which otherwise would be lost in pressed residues. Besides, the use of
pectinolytic enzymes during the maceration prior pressing is a prerequisite for obtaining
satisfactory juice yield (Khandare, Walia, Singh, & Kaur, 2011). Among some commercial
enzyme preparations, Pectinex® Ultra Clear (Novozymes) are known by its high pectinase
activity and, on the other hand, Lallzyme® Beta (Lallemand Wine) by its high cellulase
activity. Although both preparations are composed by pectinases and cellulases, they are used
by different purposes, and additionally, their composition is much different, which makes that

each one is traditionally applied separately in wine and juice processing.
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Previously, we evaluated eight different enzymatic preparations for grape juice
production, analyzing the extraction of bioactive compounds, yield and juice quality (Dal
Magro et al., 2016). Among these preparations, Lallzyme® Beta (LB) and Pectinex® Ultra
Clear (PUC) provided the best results, increasing individually, the antioxidant activity and
yield, respectively. Based on these aspects, the objective of the present work was to evaluate
and to compare the synergistic effect of these two commercial enzymatic preparations, PUC
and LB, on the juice yield and bioactive compounds extraction. For this, a central composite
design (CCD) and the response surface methodology (RSM) were used to evaluate the
variables temperature, time, enzyme concentration and PUC/LB ratio. In the CCD, juice yield
and reducing capacity were analyzed as responses, and the best conditions to improve both
responses simultaneously were defined. Moreover, the grape juice was characterized for
color, total soluble solids (°Brix), reducing sugars, total acidity, pH, and antioxidant activity.
Additionally, phenolic compounds and anthocyanins were quantified and identified by HPLC

and mass spectrometry.

2. Material and methods
2.1. Material

Grapes from Concord variety were donated by Vitivinicola Jolimont (Canela, RS,
Brazil). Pectinex® Ultra Clear and Lallzyme® Beta were acquired from Novozymes (Spain)
and Lallemand Wine (France), respectively. Pectin (ID 76282), polygalacturonic acid,
galacturonic acid, gallic acid, caffeic acid, quercetin, ferulic acid, coumaric acid, cyanidin,
trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) and Folin-Ciocalteu were
purchased from Sigma Aldrich (St. Louis, MO). Formic acid, acetonitrile and methanol HPLC

grade were from Panreac Quimica SL (Barcelona, Spain). All solvents and other chemicals
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were of analytical or HPLC grade. The samples and solvents were filtered through Millipore®

membranes of 0.22 and 0.45 m, respectively.

2.2. Methods
Experiments were performed in triplicates, and the results are expressed as the mean

standard deviation (SD).

2.2.1. Enzymatic activities

For pectinase (PE) and polygalacturonase (PG) activities, pectin and polygalacturonic
acid were used as substrates, respectively. The diluted enzyme (0.1 mL) was added to the
substrate (0.9 mL, 1 g.L™) prepared in sodium citrate buffer (50 mM, pH 4.8), and incubated
at 37 °C, during 1 min for PE and 2 min for PG. The amount of reducing groups was
estimated by the 3,5-dinitrosalicyclic acid (DNS) method, according to Miller (1959). One PE
and PG unit were defined as the amount of enzyme required to release 1 umol of reducing
groups per min under the reaction conditions.

Pectinlyase (PL) activity was estimated measuring the increase in the absorbance at
235 nm, due to the formation of unsaturated products, as described by Albershein (1966),
with modifications. Briefly, the diluted enzyme (0.05 mL) was added to the pectin solution
(0.95 mL, 4 g.L"") prepared in sodium citrate buffer (50 mM, pH 4.8) and incubated at 37 °C
during 1 min. The reaction was stopped by adding 3 mL of 0.5 M HCI. One PL unit was
defined as the amount of enzyme that produces 1 nmol of unsaturated uronide (¢ = 5500 M"
! cm™ at 235 nm) per min under the reaction conditions.

Pectin methyl esterase (PME) activity was determined by titration of carboxylic
groups liberated through the de-esterification of citric pectin, as described by Rouse and

Atkins (1952), with modifications. The diluted enzyme (0.1 mL) was added to the pectin
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solution (9.9 mL, 5 g.L™) prepared in NaCl buffer (0.15 M, pH 4.5). The reaction was carried
out at 30 °C during 10 min. Samples were titrated with NaOH (0.02 M) until the pH 4.5. One
PME unit was defined as the amount of enzyme which liberates 1 milliequivalent of carboxyl
groups per minute under the reaction conditions cited above.

Total cellulase (CE) activity was determined using Whatman n°l filter paper as
substrate, following the method proposed by Ghose (1987), with modifications. The enzyme
preparation previously diluted (0.5 mL) was added to 0.5 mL of sodium citrate buffer (50
mM, pH 4.8) containing 50 mg of filter paper. The reaction was carried out at 50 °C during 5
min, under agitation. The released reducing sugars were estimated by the DNS method
according to Miller (1959). One CE unit was defined as the amount of enzyme required to

release 1 umol of reducing groups per min under the reaction conditions.

2.2.2. Extraction of grape juice

100 g of grape berries were gently separated from the rachis, washed and then crushed
by hand with a pestle. Afterwards, 1 mL of enzyme solution, properly diluted, was added and
the mixture incubated, under agitation, in a thermostatically controlled water bath. Time and
temperature were defined according to the experimental design. Following the enzyme
application, the juice was pressed, analyzed and stored at -18 °C. The grape juice yield (JY)

was calculated according to the equation 1:

mass of juice
initial mass of grapes

JY (%) =

100 (1)

2.2.3. Experimental design
A 2* central composite design (CCD) was applied to determine the optimized

conditions for improving the grape juice yield and extraction of bioactive compounds. The
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four independent variables were temperature, time, enzyme concentration and enzyme ratio
(PUC/LB) (Table 1). The experimental design consisted of sixteen factorial points, eight axial
points (two axial points on the axis of design variable), and four replications at the central
point, leading to 28 sets of experiments as shown in Table 2. Regression analysis was
performed and an empiric second order polynomial model was fitted to the data (Equation 2).
Y =Bo+ X BiXi + X Bij XiX; + X B X7 (2)

where Y is the response variable, o the constant, gi, i, fij were the coefficients for the linear,
quadratic, and for the interaction effects, respectively, and X; and X; the coded level of
variables x; and x;. The above quadratic equation was used to plot surfaces for all variables.

Statistica 12.0 software (Statsoft, USA) was used for regression and graphical analysis.

Table 1. Process variables and their coded and real levels used in CCD.
Coded Levels

Variables Name

-2 -1 0 1 2
X1 Temperature (°C) 30 40 50 60 70
Xa Time (min) 15 30 45 60 75
Enzyme
X3 concentration (U.g™) 01 0325 055 0775 1.0
X4 PUC/LB ratio 0 0.25 0.5 0.75 1.0

2.2.4. Total acidity, pH, soluble solids (°Brix) and reducing sugars.

For total acidity, the diluted juice was titrated with a 0.1 M NaOH, using
phenolphthalein as indicator and it was expressed in g.L™ of tartaric acid. The pH of the juice
was determined using a digital pHmeter. Soluble solids (°Brix) were measured using a
refractometer at 20.0 £ 0.5 °C. The reducing sugars were quantified by the DNS method

(Miller, 1959).
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Table 2. Experimental design and results of CCD.
Juice yield Reducing capacity

Run X; X2 X3 X4 (%) (mg. L_l)
1 -1 -1 -1 -1 70.08 621
2 -1 -1 1 1 72.58 552
3 -1 -1 1 -1 71.49 682
4 -1 1 1 76.99 603
5 -1 1 -1 -1 70.81 751
6 -1 1 -1 1 72.93 616
7 -1 1 1 -1 75.39 774
8 -1 1 1 1 77.35 703
9 1 -1 -1 -1 69.89 1104
10 1 101 1 69.90 1049
11 1 -1 1 -1 68.61 1219
12 1 -1 1 1 69.05 1174
13 1 1 -1 -1 68.09 1221
14 1 1 -1 1 67.96 1077
15 1 1 1 -1 68.78 1240
16 1 1 1 1 69.08 1174
17 2 0 0 0 74.70 592
18 2 0 0 0 68.21 997
19 o -2 0 0 72.04 598
20 0 2 0 0 76.61 939
21 0 0 -2 O 72.77 716
22 0 0 2 0 76.38 988
23 0 0 0 -2 71.38 1003
24 0 0 0 2 75.49 822
25 0 0 0 0 76.44 969
26 0 0 0 0 76.84 929
27 0 0 0 0 76.30 985
28 0 0 0 0 76.00 934

2.2.5. Color determination

Determination of juice color was performed in a Minolta Colorimeter (Model CR-400,
Konica Minolta Sensing, Inc., Osaka, Japan) based on 3 color coordinates: L* (whiteness or
brightness/darkness), a* (redness/greenness) and b* (yellowness/ blueness). The hue angle
(h*), Chroma (C*) and Color difference (AE*,) were calculated following equations 2, 3 and

4, respectively:

h* = atan (Z—) 3)
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AE* o, = \/(AL)? + (Aa*)? + (Ab*)? (5)

2.2.6. HPLC-DAD-MS analysis of phenolic compounds

Phenolic compounds were determined according to Rodrigues, Mariutti, and
Mercadante (2013). Chromatographic analyses were performed using a Shimadzu HPLC
(Kyoto, Japan) connected in series to a diode array detector and a mass spectrometer with an
Q-TOF analyzer and electrospray ionization (ESI) source (Bruker Daltonics, model
micrOTOF-QIII, Bremen, Germany).

The phenolic compounds were separated in a Synergi 4 Hydro-RP Cyg column (4 pum,
250 x 4.6 mm, Phenomenex, USA) at a flow rate of 0.7 mL.min*, column temperature at 29
°C, using a mobile phase consisting of water/formic acid (99.5:0.5, v/v) (solvent A) and
acetonitrile/formic acid (99.5:0.5, v/v) (solvent B) in a linear gradient from A/B 99:1 to 50:50
in 50 min; then from 50:50 to 1:99 in 5 min. The former ratio (1:99) was maintained for
additional 5 min. The chromatograms were processed at 280, 320, 360 and 520 nm. The
phenolic compounds were identified on the basis of the following information: elution order
and retention time in the reversed phase column, UV—Vis and MS spectra features compared

to standards analyzed under the same conditions, and data available in the literature.

2.2.7. Antioxidant capacity

Antioxidant capacity was estimated using two in vitro assays: ABTS and reducing
capacity. ABTS assay was performed as described by Re et al. (1999). The grape juice was
diluted to produce between 20-80% of inhibition of the initial ABTS absorbance. An aliquot

of 300 pL of the sample was added to 2.7 mL of ABTS radical solution and the decrease of
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absorbance at 750 nm was recorded during 6 min in a spectrophotometer. Trolox was used as
standard for the calibration curves and results were expressed as equivalents of Trolox (mmol)
per liter of grape juice.

The reducing capacity was determined by the Folin-Ciocalteu method, as proposed by
Singleton and Esau (1969), with some modifications. 20 uL of grape juice, 1.68 mL of Folin-
Ciocalteu reagent and 300 pL of sodium carbonate buffer were mixed in assay tubes. After 2
h of reaction in the dark, the absorbance was measured at 765 nm. The results were expressed

as equivalents of gallic acid (mg) per liter of grape juice.

3. Results and discussion
3.1. Enzymatic activity of commercial preparations

In order to characterize the PUC and LB preparations, 5 enzymatic activities (total
pectinase, PE; polygalacturonase, PG; pectinlyase, PL; pectin methyl esterase, PME; and total
cellulase, CE) were measured and the results are shown in Table 3. It was observed that PUC
had higher concentration of pectinolytic enzymes in its composition, mainly in the PG
activity, which was 9090.32 U.mL™, while for LB was 3912.18 U.mL™. PUC stands out also
for its high PME activity (4254.44 U.mL™) compared to LB (not detected). On the other hand,
LB has a CE activity significantly higher than PUC, 1134.36 U.mL™ and 72.40 U.mL™,
respectively. Thus, based on the composition of each preparation, in the next experiments,
both preparations will be mixed aiming to improve the extraction of juice and bioactive

compounds from grape.
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Table 3. Total pectinase activity (PE), polygalacturonase (PG), pectinlyase (PL), pectin
methylesterase (PME) and cellulase (CE) in commercial enzyme preparations.

Enzyme Activity

Enzyme preparation PE PG PL PME CE
(UmLh UmLYH umLh UmLh UmLh

Pectinex® Ultra Clear (PUC)  7875.97 9090.32  792.57 4254.44  72.40
Lallzyme® Beta (LB) 4226.32 3912.18 186.18 0.00 1134.36

3.2. Model fitting and ANOVA

The results for the 28 experiments performed in the CCD are presented in Table 2.
Among the treatments, the highest juice yield (77.35 %) was obtained for the treatment 8 (40
°C; 60 min; 0.775 U.g™ of pectinases; PUC/LB ratio, 0.75), while for reducing capacity, the
highest value (1240 mg.L™) was for the treatment 15 (60 °C; 60 min; 0.775 U.g™* of
pectinases; PUC/LB ratio, 0.25). It can be clearly noted the effects of temperature, as well as,
PUC/LB ratio in each response. Low temperatures and high PUC/LB ratio improved juice
yield, while high temperatures and low PUC/LB ratio increased the reducing capacity. The
proposed model was adjusted to the experimental data using a second-order polynomial
equation and the adequacy of the model was performed by analysis of variance and by the
coefficient of determination (R?). The second-order polynomial equation that describes the
behavior of juice yield and reducing capacity are presented in Eq. (6) and Eq. (7),

respectively.

Y, = 76.40 — 2.05X; — 1.61X% + 0.45X, — 0.89X7 + 0.90X; — 0.83X% + 0.87X, —

1.12X2 — 0.55X, X, — 0.95X; X5 — 0.71X, X, + 0.44X,X, (6)

Y, = 942.36 + 198.64X, — 24.92X2 + 51.46X, — 31.40X% + 46.86X; — 42.68X,  (7)
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Where Y3 and Y, are the percentage of juice yield and reducing capacity values,
respectively, and X;, X, Xs, and X, are the coded values for temperature, time, enzyme
concentration, and PUC/LB ratio, respectively. Statistical analysis of the model was made by
the Fisher’s statistical test for analysis of variance (ANOVA). The computed F-values were
6.24 (p = 0.0011) for juice yield, and 6.33 (p < 0.0001) for reducing capacity, both highly
significant. Both responses showed a determination coefficient of R = 0.86 and correlation
coefficient of R = 0.93, suggesting a highly satisfactory representation of the process model
and good correlation between the experimental results and the theoretical values predicted by

the model equation.

3.3 Effect of parameters

The linear, quadratic, and the interaction effects of the variables temperature, time,
enzyme concentration and PUC/LB ratio are presented in Table 4. All linear effects were
statistically significant, being the temperature the one that showed the highest effect for both
responses.

For juice vyield, the temperature presented a negative effect, which means that an
increase in its value will reduce the response. This yield reduction can be explained by
enzyme inactivation at elevated temperatures. Temperature may increase enzymatic activity
as long as it is below to the enzyme denaturation temperature (Tapre & Jain, 2014). The
variables time, enzyme concentration and PUC/LB ratio presented positive effects, which
means that an increase in their values will increase the response. In general, the time needed
to obtain a good enzymatic extraction is inversely proportional to the enzyme concentration
used at an optimum temperature (Kashyap, Vohra, Chopra, & Tewari, 2001). When used
longer times and high enzyme concentrations there was not observe any increase in juice

yield.
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Juice yield Reducing capacity

Variable Standard Standard

Effect error p-Value Effect error p-Value
Mean 76.39* 0.17 <0.0001 954.15* 13.56 <0.0001
Linear
X1 -4.10* 0.14 <0.0001 397.27* 11.07 <0.0001
Xa 0.91* 0.14 0.0076 102.92* 11.07 0.0026
X3 1.80* 0.14 0.0010 93.72* 11.07 0.0034
X4 1.74* 0.14 0.0011 -85.35* 11.07 0.0045
Quadratic
X1 X1 -3.22* 0.14 0.0002 -53.76* 11.07 0.0166
XoX; -1.79* 0.14 0.0011 -66.73* 11.07 0.0091
X3X3 -1.66* 0.14 0.0013 -24.94 11.07 0.1096
XXy -2.23* 0.14 0.0006 5.30 11.07 0.6643
Interactions
X1 X -1.10* 0.17 0.0077 -27.58 13.56 0.1348
X1 X3 -1.89* 0.17 0.0016 16.87 13.56 0.3017
X1Xq -1.42* 0.17 0.0037 5.76 13.56 0.6995
XoX3 0.88* 0.17 0.0143 -15.64 13.56 0.3323
XoX4 -0.52 0.17 0.0555 -20.99 13.56 0.2193
X3Xy 0.46 0.17 0.0759 17.70 13.56 0.2829

*Statistically significant at 95 % of confidence level.

For PUC/LB ratio, the results can be explained by the good activities of the enzymes

of the pectinolytic complex (PG, PME and PL) of PUC. PME catalyzes the de-esterification

of the methoxyl group of pectin, being essential for the action of other enzymes such as PG

that catalyzes the hydrolysis of o-1,4 linkages, acting on low methoxyl pectin (Alkorta,

Garbisu, Llama, & Serra, 1998; Jayani, Saxena, & Gupta, 2005). Therefore, the low value of

PME presented in the Lallzyme® Beta was not enough to de-esterify the pectin, impeding its

hydrolysis by PG. Besides, the lower PL values of the Lallzyme® Beta also contributed to the

lower yields obtained when this preparation was used individually. Pectinlyases are

responsible for catalyzing the p-elimination, of the main chain of the pectic polysaccharide,
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acting on pectin with high degree of methylation (Kashyap et al., 2001; Tapre & Jain, 2014),
without the need of other enzymes with de-esterification activity.

Regarding the results of the reducing capacity, excepting for PUC/LB ratio, all
variables presented positive effects. These results are consistent with some studies, showing
that the temperature acts on the cell wall degradation of grape cells, aiding to the extraction of
intracellular compounds (Cabrera et al., 2009). For PUC/LB ratio, a negative effect on
reducing capacity was observed by increasing this parameter. Best results were found using
higher amounts of LB, which can be explained by the higher cellulase content in this
preparation. Analyzing the structure of the grape cell wall, the higher pectin content is located
on the middle lamella of the grape cells, and when approaching the plasma membrane of the
cells, the layer of pectin decreases, while the cellulose complex increase (Alkorta et al., 1998).
The secondary cell wall is largely made up of cellulose microfibrils (40 — 80 %) (Pinelo,
Arnous, & Meyer, 2006). Near to the plasma membrane there is high cellulose content, thus
enzymatic preparations with higher concentrations of cellulases can provide an efficient
hydrolysis of cell wall, enhancing the release of phenolic compounds and anthocyanins,
presented in the grape cells, to the juice.

The relationship between variables and responses can be better understood by examining the
contour plots depicted in Fig. 1. It can be seen the influence of PUC/LB ratio versus
temperature for the juice yield and reducing capacity, showing an inverse behavior of these
variables for each response. The best condition to improve juice yield is different than those
to improve reducing capacity. However, at intermediate conditions for both variables it is
possible to obtain good juice yield and reducing capacity. Thus, since in the work, the goal is
to maximize both responses, these variables were fixed in a condition that provided an

increase in yield and antioxidant capacity simultaneously.
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Figure 1. Contour plots for (a) juice yield and (b) reducing capacity for PUC/LB ratio versus
temperature. In each figure, the missing variables were fixed at the optimal point (O)
condition for maximal extraction for each separate response, (LJ) optimal condition for
maximize both responses (51 °C and 0.52 PUC/LB ratio) .
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3.4. Optimal reaction conditions and model validation

In order to maximize both juice yield and bioactive compounds, the optimal conditions
for the extraction of grape juice were determined by the response desirability profile
calculated using Statistica 12.0. The optimal value of each variable was obtained at the
desirability point, where it was possible to reach the maximal response for juice yield and
reducing capacity at the same time. The profiles for the predicted values of the four variables
are shown in Fig. 2. The optimum conditions were: temperature, 51 °C; time, 52 min; enzyme
concentration, 0.75 U.mL™; and PUC/LB ratio, 0.52. It is clearly noted that if each response
was optimized individually, the extraction conditions would be different for each one, as also
observed in Fig. 1.

In order to validate the prediction models, experiments were carried out under optimal
conditions, obtaining 75.8 + 0.9 % for the juice yield and 1090 + 67 mg.L™ for reducing

capacity. Experimental results showed good correlation with the theoretical value predicted
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by the models (Eq. 6 and 7), which were 76.5 % and 1013 mg.L™ for juice yield and reducing

capacity, respectively.

Figure 2. Prediction profiles for the variables tested in the CCD. JY: juice yield; RC: reducing
capacity. Response desirability maximizing both responses at the same time.
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3.5. Grape juice characterization

For a complete characterization, juices were prepared using each preparation

individually, the best mix defined by the RSM, and a control without enzyme. The juices were

prepared under optimized conditions for time, temperature and enzyme concentration. All

juices were characterized for yield, pH, total acidity, soluble solids (°Brix), reducing sugars,

color, phenolic compounds and antioxidant capacity, and the results are presented in Table 5.
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3.5.1. Juice yield

Regarding the juice yield, it can be seen that the combination of the two enzymatic
preparations (PUC/LB) provided the highest yields of juice (75 %), representing an increase
of 8.2 % when compared to the control treatment. This treatment was equal statistically when
compared with the treatment with Pectinex® Ultra Clear.

The composition of polygalacturonase, pectin lyase and pectin methyl esterase of
Pectinex® Ultra Clear, combined with the highest cellulase activity of Lallzyme® Beta
provided an extensive degradation of the middle lamella and cell wall of grapes. The
synergistic effect of pectinases and cellulases is the crucial part of the process of enzymatic
treatment of pulp to an almost complete liquefaction of pulped fruit and vegetables, increasing

the extraction yield (Demir, Acar, Sarioglu, & Mutlu, 2001).
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Table 5. Analysis of yield, pH, Total acidity, °Brix, Reducing sugars and color of the juices prepared with different enzymatic treatments.

Analysis
Enzyme preparation ina Vi i Reducing
yme prep Juice yield oH Total a(_:lldlty oBrix sugars L o b* c* h* AE*,
(%) (9.L7) )
(g.LY)
Control 69.85+0.76% 3.30+0.02%  9.99+0.43°  14.75+0.05° 186.18+2.80° 58.07+0.30° 51.61+0.17° 21.20+0.68° 55.79+0.42° 0.39+0.01% -
PUC 75.23+0.95° 3.18+0.02° 11.58+0.17%° 15.00+0.10™ 193.40+1.50° 54.35+1.31% 53.41+0.36° 22.55+0.53" 57.98+0.13° 0.41+0.02% 4.42+0.58"
LB 70.70£0.21° 3.28+0.02°  10.51+0.15° 15.35+0.15° 200.37+2.05% 53.70+2.07° 54.68+0.43% 23.33+0.41% 59.45+0.43% 0.40+0.02% 5.91+0.90%

PUC/LB (52 % of

PUC in the mix) 75.83+0.92% 3.19+0.01° 11.21#0.23° 15.20+0.10° 196.04+1.49® 52.96+1.93° 54.95+0.28° 24.54+0.49° 60.18+035° 0.41+0.01° 7.06+0.87°

*Means followed by the same letters in the same columns do not differ by Tukey’s test at 5% probability; L*: lightness; a*: redness/greenness; b*: yellowness/ blueness; C*:
chroma; h*: hue angle; AE*,,: color difference.
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3.5.2. pH and total acidity

For pH and total acidity, when the juice extraction was performed using Pectinex®
Ultra Clear (PUC or PUC/LB), the pH decreased (with an increase in acidity), which can be
explained by the high content of PME in this enzyme preparation. The de-esterification of
methoxyl groups of pectin by PME leaves carboxyl groups free on the pectin backbone
(Jayani et al., 2005; Tapre & Jain, 2014), favoring the increase in juice acidity. For the juice
treated only with LB, it was not observed any significant differences from the control

treatment.

3.5.3. Soluble solids (°Brix) and reducing sugars

Higher values of soluble solids and reducing sugars were obtained when Lallzyme®
Beta was used (LB or PUC/LB). It can be explained by the high content of cellulase enzymes
in this preparation. Cellulases can be classified according to the attack position on the
substrate as endoglucanases that catalyze the hydrolysis of internal linkages B-1,4 of the
cellulose, exoglucanases which act on the ends of the cellulose chain releasing glucose or
cellobiose units, and pB-glycosidases which hydrolyze cellobiose, these enzymes work
synergistically to release glucose units (Arantes & Saddler, 2010), increasing the content of

soluble solids in the juice.

3.5.4. Color juice

Regarding the color parameters, the lowest color intensity was for the juice in the
control treatment. The highest values for L* (whiteness) were obtained by the control
treatment. For a* (redness) and b* (blueness) parameters, the treatment with the mixture of

enzymes (PUC/LB) provided the highest values. The overall increase of these two variables
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leads to a greater Chroma (C*) for juice produced using the mixture of enzymes. This juice

also showed the greatest color difference in comparison with the control treatment.

3.5.5. Phenolic compounds

The identification and quantification of different phenolic compounds were performed
by HPLC-DAD-MS. Based on the combined information obtained from chromatographic
elution on C18 column, UV-vis and mass spectra characteristics, twenty three phenolic
compounds were identified (Fig. 3 and Table 6). The MS? fragments characteristic of the
chemical structure and functional groups allowed the confirmation of the assigned protonated
and deprotonated molecules. All treatments showed similar profile of phenolic compounds,
although differences regarding the concentration of the compounds were observed (Table 7).

Among the identified phenolic compounds, 14 were anthocyanins. The total
anthocyanin concentration ranged from 38.40 mg.L? to 54.23 mg.L". The highest
concentration was for the treatment with PUC/LB, while the lowest was for the control
treatment. Compared to the control treatment, all the treatments using enzymes increased the
concentration of anthocyanins, 40.8 %, 26.5 % and 21.1 %, respectively for PUC/LB, LB and
PUC.

The major anthocyanin found in grape juice was malvidin-3,5-diglicoside (up to 15.50
mg.L™), being followed by cyanidin-3-O-glucoside (up to 10.55 mg.L™). In grapes,
anthocyanins constitute a large percentage of phenolic compounds, representing an important
compound for the production of juices, contributing to the sensory attributes, and mainly for
the coloring of juices (Mufioz-Espada, Wood, Bordelon, & Watkins, 2004). Moreover, the
anthocyanins presents several beneficial properties, such as antioxidant, cardioprotective,
anticancer, anti-inflammation, antiaging and antimicrobial activities (Xia, Deng, Guo, & LI,

2010).
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Figure 3. HPLC chromatograms of phenolics compounds in grape juice. Peak identification:
1. Galloyl-O-glucoside, 2. Gallic acid, 3. Feruloyl di-hexoside, 4. Feruloyl di-hexoside, 5. 2-
S-glutathionylcaftaric acid, 6. Cyanidin-3,5-O-diglucoside, 7. Malvidin-3,5-O-diglucoside, 8.
p-coumaric acid glucoside, 9. Cyanidin-3-O-glucoside, 10. Petunidin 3-O-glucoside, 11.
Feruloyl O-hexoside, 12. Caftaric acid, 13. Peonidin-3-O-glucoside, 14. Malvidin-3-O-
glucoside, 15. Fertaric acid, 16. Delfinidin 3-O-6-O-(acetyl)glucoside Cyanidin-3-O-6-O-
(acetyl)glucoside, 17. Delfinidin-3-(6-O-p-coumaryl),5-O-diglucoside, 18. Cyanidin-3-(6-O-
p-coumaryl),5-O-diglucoside, 19.  Peonidin-3-(6-O-p-coumaryl),5-O-diglucoside,  20.
Quercetin-3-O-glucoside, 21. Delfinidin-3-O-(6-O-p-coumaryl)glucoside, 22. Cyanidin-3-(6-
O-p-coumaryl)glucoside, 23. Malvidin-3-O-(6-O-p-coumaryl)glucoside.
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Table 6. Chromatographic,
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UV-Vis, and Mass Spectroscopy Characteristics of phenolic compounds in grape juice, obtained by

HPLC-DAD—-MS.

. T 2max® Exact . 5 .
Peak (min) (nm) mass [M+H] MS* (+) [M-H] MS2 (-) Compounds

1 149 277 3320743 __ND ND 331.0842 124.0287/169.0336 Galloyl-O-glucoside

2 154 202 1700215 ND ND 169.0348 124.0281 Gallic acid

3 189 325 5181635  ND ND 517.1800 193.0372/355.1085 Feruloyl di-hexoside

4 190 276/519 627.1561 627.1647 303.0503/465.1027 ND ND Delfinidin 3,5-diglucoside

5 196 323  617.1162 618.1209  145.0616/264.0349/543.1010  616.1795 149.0264/167.0374/211.0320/272.1208/466.1455  2-S-glutathionylcaftaric acid
6 205 277/516 6111612 611.1667 287.0577/449.1175 ND ND Cyanidin-3,5-O-diglucoside
7 226 277522 655.1874 655.1868 331.0840/493.1439 ND ND Malvidin-3,5-O-diglucoside
8 23.7 281 326.1001 ND ND 325.1310 119.0638/163.0583 p-coumaric acid glucoside

9 242  279/516 449.1084 449.1120 287.0571 447.1569 285.0773 Cyanidin-3-0-glucoside
10 24.7  279/525 479.1189 479.1239 317.0670 477.1591 315.0879 Petunidin 3-O-glucoside
11 25.3 326 356.1107 ND ND 355.1085 193.0372/355.1085 Feruloyl O-hexoside
12 257 320 3120481 ND ND 311.0722 135.0601/149.0225/179.0534 Caftaric acid
13 263 280/518 463.1240 463.1277 301.0723 461.1612 285.0723 Peonidin-3-O-glucoside
14 265 279/525 493.1346 493.1370 331.0844 491.1773 329.0973 Malvidin-3-O-glucoside
15 273 323 3260637 ND ND 325.0900 134.0510/149.0770/178.0480/193.0795 Fertaric Acid
16 277 279/525 507.1138 507.1156 303.0506 505.1575 301.0606 Delfinidin 3-0-6-O-(acetyl)glucoside
17 287 280/528 773.1929 773.2008  303.0505/465.1061/637.0756 ND ND De'f'“'d'“'i%ﬁi:i:mafy')’5'0'
18 302 281/523 757.1979 757.2044  287.0569/449.1111/595.1484  755.2698 285.0738/447.1459/593.1976 Cya“'d'”'3'3?5&'[;;3?”“)’5'0'
19 318 280/524 771.2136 771.2117  301.0731/463.1201/609.1650 ND ND Peo“'d'"'3'(5;5&2:;?:?”03")’5'0'
20 321 352 464.0955 465.1087 303.0513 463.1402 271.00589/300.0625 Quercetin-3-O-glucoside
21 322 281/528 611.1400 611.1440 303.0508 609.1917 301.0621 Delfinidin-3-0-(6-O-p-coumaryl)glucoside
22 337 282/523 5951451 595.1488 287.0555 593.1978 285.0753 Cyanidin-3-(6-O-p-coumaryl)glucoside
23 357 281/528 639.1713 639.1782 331.0833 637.2214 329.1023 Malvidin-3-O-(6-O-p-coumaryl)glucoside

*Numbered according to the chromatograms shown in Figure S2; "Retention time on the C18 column; “Maximum absorbance; “Not detected.
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Regarding the phenolic acids, the total concentration ranged from 23.89 mg.L™ to
28.80 mg.L™ for the control and PUC/LB treatments, respectively. Among the phenolic acids,
the gallic acid can be highlighted as the main phenolic acid found in the juice (4.95 to 5.80
mg.L™). As well as anthocyanins, the PUC/LB treatment provided the highest extraction of
phenolic acids. Mudnic et al. (2010) reported the importance of phenolic acid in antioxidant
activity, being the gallic acid the one that more contributes to antioxidant activity. In
comparison with the control, the enzymatic treatments provided an increase of 20.55 %, and
15.75 % 6.43% in total phenolic acids, respectively, for PUC/LB, LB and PUC.

With respect to flavonoids, quercetin-3-O-glucoside was the main flavonoid found in
the juice, ranging from 15.75 mg.L™ to 30.84 mg.L™. The highest concentration was obtained
by treatment with PUC/LB, while lowest concentrations were obtained by the control
treatment. Compared to the control, the treatments with PUC/LB, LB and PUC provided an
increase of 111.9%, 86.5% and 61.4% on the flavonoids contents, respectively. This increase
in the content of quercetin-3-O-glucoside may reflect on the beneficial properties of grape
juice, since quercetin is one of the most effective antioxidant flavonoids (Bonilla, Mayen,
Merida, & Medina, 1999). Some studies showed an inverse relation between quercetin rich
diets and the risk of cardiovascular diseases and regulation of cancer promoter genes (Castilla
et al., 2006; Xia et al., 2010).

In general, Lallzyme® Beta provided higher phenolic compounds extraction than
Pectinex® Ultra Clear, when used individually. This fact can be explained by the higher
content of cellulases presents in LB, as mentioned before. However, when they were used in
combination, the extraction of phenolic compounds was intensified. The complexity of
pectinolytic enzymes from Pectinex® Ultra Clear allowed better hydrolysis of the pectic

complex in the middle lamella, facilitating the access of cellulases from Lallzyme® Beta in
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the cell wall of the grape cells. The combined action of these two enzymes on different

polysaccharides of the vegetable cell wall possibly led to a more extension of cell wall

degradation and, consequently, to the improved release of phenolic compounds.

Table 7. Phenolic compounds concentration in the grape juice extracted by different

enzymatic treatments.

Compounds Ret. Time A max Treatments
(min) (M) control  PUC LB PUCILB

Galloyl-O-glucoside 14.9 277 483 507 548 5.66
Gallic acid 15.4 292 4.95% 540 576 5.80
Feruloyl di-hexoside 18.9 325 0.82° 0.96 1.06 1.16
Delfinidin 3,5-diglucoside 19.0 276/519 0.98° 126 1.38 1.62
2-S-glutathionylcaftaric acid 19.6 323 1.20° 143 178 2.11
Cianidin 3,5-diglucoside 20.5 277/516 2.65° 345 4.03 4.56
Malvidin 3,5-diglucoside 22.6 277/522  14.70° 17.91 1866  21.81
p-coumaric acid glucoside 23.7 2801/312  3.77° 3.60 3.77 3.79
Cianidin 3-O-glucoside 24.2 279/516 8.47° 1180 1296  14.76
Petunidin 3-O-glucoside 24.7 279/525 3.57° 455 411 5.03
Feruloyl O-hexoside 25.3 281/326 1.94° 190 239 2.49
Caftaric acid 25.7 320 4.22° 481 486 5.30
Peonidin 3-O-glucoside 26.3 280/518 1.89° 239 234 2.72
Malvidin 3-O-glucoside 26.5 279/525 1.52¢ 1.84 167 1.93
Fertaric acid 27.3 323 2.16" 225 255 2.49
Delfinidin 3-O-6-O-(acetyl)glucoside 27.7 279/525 0.99° 113  1.06 1.36
Delfinidin-3-(6-O-p-coumaryl),5-O-diglucoside 28.7 280/528 2.27° 270 292 2.76
Cianidin-3-(6-0O-p-coumaryl),5-O-diglucoside 30.2 281/523 5.85° 6.05 6.76 6.67
Peonidin-3-(6-0O-p-coumaryl),5-O-diglucoside 31.8 280/524 2.71° 3.03 322 3.21
Quercetin-3-Oglucoside 32.1 352 15.75° 24.04 27.42 30.84
Delfinidin-3-0O-(6-O-p-coumaryl)glucoside 32.2 281/528 2.15° 244 270 2.76
Cianidin-3-O-(6-0O-p-coumaryl)glucoside 33.7 282/523 2.64° 3.32 289 3.36
Malvidin-3-O-(6-O-p-coumaryl)glucoside 35.7 281/528 0.50° 0.53 0.62 0.62
Total anthocyanins (mg.L™) 38.40 46.56 48.64 54.22
Total phenolic acids (mg.L™) 23.89 2543 27.65 28.80

Quantified in Gallic acid (mg.L™); "Quantified in Ferulic acid (mg.L™); ‘Quantified in Cyanidin (mg.L™);
YQuantified in Coumaric acid (mg.L™); “Quantified in Quercetin (mg.L™?).

3.5.6. Antioxidant capacity

Antioxidant capacity was analyzed by ABTS and reducing capacity. The results varied

from 30.55 mM to 36.06 mM of Trolox and 899 mg.L™ to 1140 mg.L™ of gallic acid,
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respectively (Table 8). The highest antioxidant capacity was also obtained by the PUC/LB
treatment. Thus, the treatment that allowed the higher extraction of phenolic compounds was
the treatment that provided the highest antioxidant capacity. These findings are also in
agreement with Lima et al. (2014), who observed that the antioxidant capacity values
increased with the increase of enzyme concentration and temperature, possibly due to the

higher extraction of antioxidant phenolic compounds.

Table 8. Analysis of antioxidant capacity of the juices treated with different enzymatic
treatments.

Enzyme preparation Reducing capacity ABTS
(mg.L-1) (mM)
Control 849+22* 30.55+0.51°
PUC 923458 32.47+0.89"
LB 1006+33% 33.80+1.14%
PUC/LB (ratio = 0.52) 1090+67% 36.03+1.58%

*Means followed by the same letters in the same columns do not differ by Tukey’s test at 5% probability.

4. Conclusions

Nowadays, the consumers are concerned to buy a product with healthy characteristics,
thus, it is important for food industries to improve their products quality, as well as their
yield. Thus, in this work, it was demonstrated that the mix of two different enzymatic
preparations was able to improve the juice yield and bioactive compounds extraction when
compared to each preparation individually. The best conditions for extraction of grape juice
from variety Concord was using a mixture of Pectinex® Ultra Clear, containing high
pectinolytic activity, and Lallzyme® Beta, containing high cellulolytic activity. Moreover, it
was shown that, as important as the use of enzymes for juice extraction, is the suitable choice

of enzymatic preparation and the extraction conditions.
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CAPITULO 5 - Preparation and characterization of combi-CLEAs from pectinases and

cellulases: a potential biocatalyst for grape juice clarification

Neste trabalho estudou-se a producéo, caracterizacdo e aplicacdo dos combi-CLEAS
para clarificacdo do suco de uva. Os combi-CLEAs foram preparados atraveés da precipitacdo
de um preparado enziméatico comercial composto por populacfes heterogéneas de enzimas.
Para a preparagdo dos CLEAs, um delineamento experimental de composto central (CCD) e a
metodologia de superficie de resposta (RSM) foram usados para avaliar as variaveis:
concentracdo de glutaraldeido e tempo de reacdo. O glutaraldeido foi utilizado como agente
entrecruzante, quatro agentes precipitantes foram testados e o efeito da adi¢cdo de albumina de
soro bovino (BSA) foi avaliado. Finalmente, a enzima soltvel, os combi-CLEAS e os combi-
CLEAs-BSA foram caracterizados em relacdo as suas atividades enzimaticas, pHs e
temperaturas Otimas, estabilidade térmica e ao pH, estabilidade operacional e na clarificacdo
do suco de uva. Os resultados estdo apresentados no manuscrito a seguir, publicado na revista

RSC Advances, v. 6, p. 27242-27251, 2016.


http://www.journals.elsevier.com/lwt-food-science-and-technology/
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Abstract

Combined cross-linked enzyme aggregates (combi-CLEAS) are a novel prospective for
immobilization of mixture of enzymes and the present study addresses the preparation,
characterization and application of pectinases-cellulases combi-CLEAs for grape juice
clarification. Initially, 8 enzymatic preparations were tested for turbidity reduction in grape
juice and Rohapect® 10L provided the best results (around 50 % in 1 h) being selected for
CLEA preparation. The optimization of combi-CLEAs, was performed using a central
composite design (CCD) and response surface methodology (RSM) varying the
glutaraldehyde concentration and reaction time, using iso-propanol as precipitant agent. The
best conditions for Rohapect® 10L CLEAs preparation was 110 mM of glutaraldehyde and 2
h. Bovine serum albumin (BSA) was used as feeder and improved the volumetric activity,
recovered activity and thermal stability. Combi-CLEAs-BSA prepared using 0.4 mg.mL™ of
enzyme mixture and 2.4 mg.mL™? of BSA presented an activity of 14 UmL™?, 18 % of
recovered activity and 3-times more thermal stability compared to soluble enzymes. The
combi-CLEAs and combi-CLEAs-BSA were tested in repeated batches, being reused for 4
and 6 cycles, respectively, keeping 100 % of the initial activity. The combi-CLEAs and
combi-CLEAs-BSA appear to be suitable alternatives of immobilized biocatalyst for the

clarification of grape juices.

Keywords: pectinase; cellulase; cross-linked enzyme aggregates; bovine serum albumin;

grape juice clarification.
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1. Introduction

In the processing of grape juice, pressing the fruit leads to a disruption of the cell
walls, releasing the internal juice. This method may generate some problems such as
excessive viscosity and turbidity by the formation of insoluble particles which may hinder
processing and decrease the quality of the juice.! This turbidity can be found in fruit juices in
different degrees, mainly due to the presence of polysaccharides (pectin, cellulose,
hemicellulose, lignin and starch).>® In order to overcome these problems, pectinases,
cellulases and other depolymerizing enzymes are extensively applied in fruit juice processing,
since they promote the hydrolysis of such compounds, improving filtration, clarification and
stabilization of the final product. Moreover, a greater extraction of compounds responsible for
the color of the juices can be achieved.*” The utilized enzymes are already commercialized as
mixtures of cellulases, hemicellulases and pectinases to hydrolyze a wide range of
polysaccharides.

Depolymerizing enzymes in their immobilized form have already been used for the
clarification of apple, orange and carrot juice.2’® The great advantage of using immobilized
enzymes is the easy separation and multiple reuses that make them commercially and
industrially feasible.***? In addition, a proper immobilization may cause an improved thermal
and operational stability of the resultant biocatalyst (by increasing the enzyme rigidity or
avoiding enzyme subunit dissociation),* allowing their uses at more drastic conditions than
their soluble counterparts.***® On the other hand, immobilization on a pre-existing solid has a
certain cost, including the process and the support.*! Then, the large amount of non-catalytic
mass "dilutes" the effective enzyme, leading to a low specific activity of the full biocatalyst."’
In contrast, cross-linked enzymes results in both stabilization and immobilization, without a
solid support, becoming a simple, rapid and economical process.*’*°

Cross-linked enzyme aggregates (CLEAS) are prepared by precipitating the target
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enzyme with the addition of specific precipitant agents such as organic solvents, non-ionic
polymers or inorganic salts followed by cross-linking with a bifunctional reagent.****?° The
precipitant agents provide the physical aggregation of enzyme molecules into supermolecular
structures, in some instances without perturbation of the original three-dimensional structure
of the protein. These solid aggregates are held together by noncovalent linkages and readily
collapse and re-dissolve when the precipitant is eliminated and the aggregates are dispersed in
the aqueous medium. Thus, a cross-linking step is necessary to stabilize the aggregates by
covalent bonds, avoiding the solubilization of the protein when removing the precipitating
reagent, rendering them permanently insoluble.!”#® It can be also prepared the named
combi-CLEAs by co-precipitation of two or more different enzymes. This may be a solution
in the case of cascade reactions or if the catalyst must attack several substrates by different
enzymes. Moreover, using these mixtures of enzymes with different sizes, immobilization on
pre-existing supports may be a problem, because the protein with the largest size will
determine the support pore diameter, which will control the final specific area. Nevertheless,
this problem can be avoided using CLEAs.'*?

The cross-linking agent has very crucial role for the final activity and stability of
CLEAs. Generally, glutaraldehyde has been extensively used because of its low cost, ease of
handling and the ability to form covalent bonds with numerous enzymes.® However, when
dealing with enzymes with low amino groups in their surfaces,?® low protein concentration in
the preparation,?” or if the enzyme activity is vulnerable to the modification with
glutaraldehyde,?® the cross-linking might not be effective, resulting in CLEAs with low
mechanical stability and/or low catalytic activity. The addition of bovine serum albumin
(BSA) as proteic feeder makes easier the CLEAs preparation due to the large number of
27,29

amine groups present in this protein.

CLEAs optimization preparation is a quite complex and time-consuming process. Any
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factor that may alter the protein precipitation or the aggregate cross-linking may affect the
particle size, and activity recovery.®® The use of response surface methodology (RSM) for
optimizing this complex process may be a potential tool to optimize it.%

Based on these aspects, the objective of the present work was to optimize the
preparation of pectinases-cellulases combi-CLEAs for the application on the grape juice
clarification. Firstly, the influence of four precipitant agents was evaluated considering the
enzyme activity recovery. For combi-CLEAS preparation, a central composite design (CCD)
and response surface methodology (RSM) were used to evaluate the glutaraldehyde
concentration and reaction time. The effect of the enzyme and BSA concentrations on
recovered activity were also investigated. Finally, the soluble enzymes, combi-CLEAs and
combi-CLEAs-BSA were characterized and their enzymatic activities, optimal pH and
temperature, thermal and pH stability, operational stability and juice clarification were
compared. The commercial preparations used are a mixture of several enzymes, mainly
pectinases and cellulases that need to be used in combination for juice clarification, making

complex the analysis of individual CLEAs.

2. Materials and methods
2.1. Materials

Raw grape juice, after pressing and without any treatment, was kindly donated by
Vitivinicola Jolimont (Canela, RS, Brazil). Pectinex® Ultra SP-L, Pectinex® Ultra Color,
Pectinex® Smash XXL, Novozym® 33095, Pectinex® Ultra Clear, Pectinex® BE XXL were
acquired from Novozymes (Spain), Rohapect® 10L was acquired from Amazon group
(Brazil) and Lallzyme® Beta was acquired from Lallemand Wine (France). Pectin from
apple, polygalacturonic acid, galacturonic acid and bovine serum albumin were from Sigma

Aldrich (St. Louis, MO). All other reagents and solvents were of analytical grade.
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2.2. Determination of enzyme activities
The enzymatic activities of cellulase (CE) and total pectinase (PE), as well as
polygalacturonase (PG), pectinlyase (PL) and pectin methyl esterase (PME) activities, were

performed as described by Dal Magro et al.**

2.3. Grape juice clarification

The commercial preparations were standardized by total pectinase activity to allow a
better comparison among them. Then, 5 U of total pectinase was added to 1 mL of raw grape
juice, and incubated at 40 °C for 1 h. After, percentage of turbidity reduction was measured,
considering 100 % the juice without any enzymatic treatment. Turbidity was measured by
scattered light at 860 nm (spectrophotometrically), as proposed by Anderson,® with

modifications.

2.4. Screening of precipitant agents

Four organic solvents (acetone, ethanol, isopropyl alcohol and tert-butanol) were
evaluated in the residual enzymatic activity. For this, 0.1 mL of the diluted enzyme was added
to 0.9 mL of the organic solvent. The mixture was homogenized in a roller mixer during 4 h,
at 20 °C. Afterwards, the precipitated enzyme was recovered by centrifugation (3000 x g, 5
min) and resuspended in 50 mM sodium citrate buffer, pH 4.8 and the total pectinase activity

was measured as described.

2.5. Combi-CLEA preparation
For the combi-CLEA preparation, the commercial enzymatic preparation was diluted

in sodium citrate buffer (50 mM, pH 4.8). Then, 0.1 mL of the diluted enzyme (0.3 mg.mL™)
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was added to 0.9 mL of isopropyl alcohol, and homogenized in a roller mixer at room
temperature. The concentration of glutaraldehyde and reaction time, which means the contact
time between enzyme and glutaraldehyde solution, were defined by the experimental design.
A central composite design (CCD) with two variables varying at five levels was carried out in
order to obtain the optimal conditions for combi-CLEA preparation. Glutaraldehyde
concentration varied from 20 to 200 mM while reaction time from 2 to 16 h. The factorial
design consisted of four factorial points, four axial points (two axial points on the axis of
design variable), and three replicates at the central point, leading to 11 experiments, as shown
in Table 1. The combi-CLEA were recovered by centrifugation (3000 x g, 5 min), the
supernatant was removed and the combi-CLEA were washed 3-times with sodium citrate
buffer (50 mM, pH 4.8) to ensure the elimination of all free enzyme and residual
glutaraldehyde. Finally, the combi-CLEA were suspended in 1 mL of sodium citrate buffer
(50 mM, pH 4.8), and stored at 4 °C. For each experiment recovered activity was calculated as
follows:

RA (%) = Total pectinase activity in CLEAs (U) 100 W
o) Initial pectinase activity (U) X

2.6. Effect of enzyme concentration

The enzyme concentration (0.1 to 1.0 mg.mL™) was evaluated in order to improve
residual activity of the resulting combi-CLEAs. Then, 0.1 mL of the proper diluted enzyme
was added to 0.9 mL of isopropyl alcohol and glutaraldehyde (110 mM final concentration).
The mixture was homogenized in a roller mixer during 2 h, at room temperature (= 20 °C).

Afterwards, combi-CLEA were recovered, washed and stored as described above.
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2.7. Effect of BSA as protein feeder
Combi-CLEA-BSA preparation was performed as described in section 2.6, with the

addition of different concentrations of BSA ranging from 0.2 to 5.0 mg.mL™.

2.8. Thermal and pH stabilities

The thermal stabilities of the soluble enzyme, combi-CLEA and combi-CLEA-BSA
were performed by incubating the enzyme in sodium citrate buffer (50 mM, pH 4.8) at 50 °C.
The pH stability was performed by incubating the preparations in sodium citrate buffer (50
mM, pH 3.5), at 4 °C. Periodically, samples were withdrawn and the total pectinase activity
was measured.

The thermal inactivation was described by a first order reaction:

4 k 2
T = exp(—kD) @

where A is the enzyme activity at time t, Ag the initial enzyme activity, t is the treatment time,
and k is the constant inactivation rate at the studied temperature. The half-life (t;,) was
calculated from the values of k, following this equation:

In(2
ti2 = nl(c ) (3)

2.9. Optimal pH and temperature

Soluble enzyme, combi-CLEA and combi-CLEA-BSA were analyzed and compared
with respect to their optimal pH and temperature conditions. A central composite design
(CCD) with two variables varying at five levels was carried out in order to obtain the optimal
conditions for enzymatic activity. Temperature (30 — 70 °C) and pH (3.0 — 6.0) were

evaluated. The sets of experiments for each enzyme are shown in the Table 2.
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2.10. Operational stability

Operational stability of combi-CLEA and combi-CLEA-BSA was carried out by
pectin hydrolysis. 2 U of total pectinase of the combi-CLEA or combi-CLEA-BSA was added
to 1.0 mL of substrate (1 g.L™" of pectin) prepared in sodium citrate buffer (50 mM, pH 4.8),
and incubated at 37 °C during 15 min, under agitation. Combi-CLEA and combi-CLEA-BSA
were recovered from the reaction mixture by centrifugation (3000 x g, 5 min) and
subsequently washed with sodium citrate buffer (50 mM, pH 4.8), before addition of fresh
substrate for a new cycle. The concentration of product formed after each cycle was
determined by the DNS method according to Miller,®® considering the concentration of the

first cycle as 100 %.

3. Results and discussion
3.1 Screening of enzymatic preparations for grape juice clarification

Before combi-CLEAS preparation, it was performed a test of the clarification potential
of eight commercial enzyme preparations in grape juice. Among all commercial enzyme
preparations tested, Novozym® 33095 and Rohapect® 10L provided the best clarifications in
the grape juices, promoting a turbidity reduction of 45.1% and 48.2%, respectively, compared
with the untreated juice (Figure 1). Rohapect® 10L has a very complex composition with

1
.3

high specific activities, as can be seen in Dal Magro et al.,” which is important aiming to

CLEAs preparation. Thus, this preparation was select for the next experiments.
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Figure 1. Turbidity of the grape juice after treatment with eight different commercial
enzymatic preparations. The measurements were performed in triplicate and the error bar
represents the percentage error.
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3.2. Screening of organic solvents for combi-CLEAS preparation

The precipitation is an important step in the combi-CLEASs preparation, because in this
step the soluble enzyme becomes an insoluble aggregate. An efficient precipitation of all
enzymes in its active form is a key to achieve high enzymatic activity of CLEAs, and it
depends largely on the nature of the precipitant used.” After choosing the enzymatic
preparation, the effect of acetone, ethanol, isopropyl alcohol and tert-butanol as precipitant
agents were analyzed.

As can be seen in Fig. 2, all precipitant agents provided satisfactory recovered activity
(RA) after resuspension. However, precipitation with tert-butanol and isopropyl alcohol

presented higher RA, of 96.4 % and 97.5 %, respectively. Saturated ammonium sulfate was
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tested and the recovered activity was very low (data not shown). Then, the isopropyl alcohol

was chosen as precipitant agent for further combi-CLEAS preparation.

Figure 2. Effect of acetone, ethanol, tert-butanol and isopropyl alcohol as precipitant agents.
The measurements were performed in triplicate and the error bar represents the percentage
error.
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3.3. Optimal conditions for combi-CLEAs preparation

In order to optimize the conditions for combi-CLEAS preparation, an experimental
design was performed, with two variables: glutaraldehyde concentration (mM) and reaction
time (h). As responses, the total pectinase activity and RA were analyzed. As can be seen in
Table 1, the highest RA (14.56 %) was obtained for the treatment 7 (110 mM of
glutaraldehyde and 2 h of reaction time). The relationship between variables and response can
be better understood by examining the contour plot depicted in Fig. 3. It can be seen that the

RA of the combi-CLEAs is strongly affected by the two variables, showing an inverse
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behavior of these variables for a good response. The best conditions were found when both
variables were at opposite levels, i.e., at high concentrations of glutaraldehyde and short times

or low glutaraldehyde and long reaction times.

Figure 3. Contour plots for the recovered activity varying glutaraldehyde concentration (mM)
and reaction time (h).
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The low RA of the combi-CLEAs could be explained by the difficult access for the
substrate to the active sites of the enzymes, since pectin is a macromolecule and the pores
inside the CLEA particles are relatively small. It results in internal mass-transfer limitations
causing accessibility problem, which lowers the catalytic efficiency of CLEAs.?>>* Moreover,
modification of the enzyme with glutaraldehyde will produce additional negative effects on
enzyme activity. The influence of glutaraldehyde on soluble enzyme was tested mixing a
solution of 0.4 mg.mL™ enzyme concentration and 110 mM of glutaraldehyde at room

temperature for 2 h. After 1 h, total pectinase activity was measured, and residual activity was
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35 %, which remained unaltered until 2 h. Thus, the low recovered activity was not only due
to internal mass transfer limitations, but also for glutaraldehyde effect on the enzyme activity.
The high reactivity and extremely small size of glutaraldehyde, allowed it to penetrate in the
protein active site, reacting with essential amino groups that are crucial for catalytic activity

of the enzyme.?

Table 1. Experimental design and results of optimization for combi-CLEAS preparation.

Experiments X1 _X2 CLEAs ac_Eivity Activity recovered
(Glutaraldenyde-mM)  (Time-h) (U.mL™) (%)
1 -1 (46) -1 (4) 7.08 8.95
2 -1 (46) 1(14) 10.72 13.72
3 1(174) -1 (4) 8.31 10.64
4 1(174) 1(14) 6.12 7.83
5 -1.41 (20) 0(9) 10.41 13.32
6 1.41 (200) 0(9) 6.25 8.00
7 0 (110) -1.41 (2) 11.37 14.56
8 0 (110) 1.41 (16) 5.99 7.67
9 0 (110) 0(9) 7.74 9.91
10 0 (110) 0(9) 7.87 10.07
11 0 (110) 0(9) 7.78 9.96

3.4. Effect of enzyme concentration in the recovered activity of combi-CLEAS

In order to improve the enzymatic activity of combi-CLEAS, experiments were
performed varying the concentration of Rohapect® 10L extract (0.1 to 1.0 mg.mL™? of
protein) for combi-CLEAs preparation. The optimized conditions of 110 mM of
glutaraldehyde concentration and 2 h of reaction time were maintained.

As can be seen in Fig. 4, the enzymatic activity of combi-CLEAs increased with the
amount of enzyme up to 0.4 mg.mL™. Higher concentrations did not lead to an increase in
expressed enzyme activity, the recovered activity decreased when larger amount of enzyme
was used. Then, in order to obtain a CLEA with good enzymatic activity and high recovered

activity, the enzyme concentration of 0.4 mg.mL™ was selected. The main cause for the
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decrease in the RA at high protein concentrations could be the overload of enzymes in the
particles. Higher protein concentrations lead to higher protein precipitation, and at same time
there are many enzymes molecules inside the CLEAs particles, which leads to higher

diffusion limitations.

Figure 4. Effect of the enzyme concentration in combi-CLEAs activity (bars) and recovered
activity (points) under the conditions of 110 mM of glutaraldehyde and 2 h of reaction.
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3.5. Effect of BSA in the combi-CLEAS preparation

For improving the recovered activities of combi-CLEAs, different amounts of BSA
(0.2 to 5.0 mg.mL™) were added as proteic feeder to the enzymes during combi-CLEAs
preparation. The addition of BSA is known to facilitate CLEAS preparation due the presence
of a large amount of lysine residues in its surface, in which the cross-linker may bind.?’
Moreover, it dilutes the catalytic enzyme and may decrease diffusion limitations.

Analyzing the results of Fig. 5, it can be seen that BSA concentration had a positive

effect up to 2.4 mg.mL™ on the expressed activity per mg of solid, even though the catalytic
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enzymes were diluted. The increase of the combi-CLEAS-BSA activity compared to combi-
CLEAs activity can be explained probably by a change in the morphology of the combi-
CLEAs promoted by BSA. The BSA provides less compact aggregates with pores having
larger diameters, facilitating the access of the substrate to active sites of enzymes, therefore
the diffusion problems can be reduced.?” Moreover, the addition of BSA increased the number
of amino groups for cross-linking, since this protein has high Lys content (59 Lys residues),?
allowing better enzyme retention after the immobilization.

On the other hand, BSA concentrations above 2.4 mg.mL™ provided a decrease in the
recovered activity of the combi-CLEAS-BSA. The volumetric loading of the target enzyme is
decreased by BSA, the inert protein (non-catalytic) will occupy a large portion of the
volume.® Additionally, the higher BSA concentration favored a larger particle size increasing

the diffusion problems.

Figure 5. Effect of the BSA concentration in combi-CLEAs activity and recovered activity
under the conditions of 110 mM of glutaraldehyde, 2 h of reaction and 0.4 mg.mL™ of
enzyme concentration.
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3.6. Characterization of the soluble enzyme, combi-CLEASs and combi-CLEAs-BSA

After the preparation of combi-CLEAs and combi-CLEAS-BSA, they were
characterized according to their residual activity of total pectinase (PE), polygalacturonase
(PG), pectinlyase (PL), pectin methyl esterase (PME) and cellulase (CE), and compared to
soluble enzyme activity (Table 3).

For all enzymatic activities analyzed, the combi-CLEAs-BSA presented higher values
than combi-CLEASs by mass of CLEA. The CE activity can be highlighted, since its RA was
25 % for the combi-CLEASs-BSA, while for the combi-CLEAs, the recovered activity was
only 7 %. These results show the advantages of using BSA during combi-CLEASs preparation,
which could be possible due to the higher porosity of the particle provided by the BSA,

facilitating the access of substrates and products inside the CLEA.?’

Table 2. Enzymatic activities of the soluble enzyme, combi-CLEAs and combi-CLEAs-BSA
Enzymatic activities (U.mL™)

Treatments

PE PG PL PME CE
Soluble enzyme 79.01 90.75 13.75  49.00 8.60
Combi-CLEA 11.72 5.49 0.96 2.13 0.58

Combi-CLEA-BSA 14.31 9.80 1.75 6.73 2.15

3.7. Thermal and pH stability

As can be seen in the Figure 6, thermal inactivation kinetics of soluble enzyme,
combi-CLEAs and combi-CLEAs-BSA at 50 °C indicated a decreased enzyme activity along
the time due to thermal inactivation. The thermal constant inactivation rate (k) of the soluble
enzyme was 0.0158 min* and ty;, was 43.87 min. For the combi-CLEAs and combi-CLEAs-
BSA, a significant improvement in the thermal stability was observed, since k decreased

(0.0068 and 0.0050 min, respectively) and ty; increased (103.45 and 133.30 min,
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respectively), when compared to soluble enzyme, providing stabilization factors of 2.36 and
3.04, respectively for the combi-CLEAs and combi-CLEAS-BSA. These results are in

agreement with several studies, 2%

showing that enzymes in CLEAs are more stable than
its soluble counterpart. After 150 min at 50 °C, while the soluble enzyme was completely
inactivated, the combi-CLEAs and combi-CLEAs-BSA still presented 30.6 % and 43.3 % of
activity, respectively.

These results confirm the advantages of using BSA for improving the thermal stability
of the immobilized enzymes using the CLEAS technique. Similar results were found by Shah
et al.,?” and Cabana et al.,”® which reported that the binding and protection of the enzymes in
the aggregate containing BSA provided some protection of the enzyme structure at high
temperatures, resulting in greater stability of the enzyme in the form of BSA-CLEAs. This
high stability was also observed in many types of immobilized enzymes using organic or
inorganic nanomaterials.***® 1t can be due to the multipoint linkages of the enzyme with the
polymer network and the intensified intramolecular H-bond.**** In the combi-CLEAs, the
multipoint interactions between glutaraldehyde and proteins (enzymes and BSA) provided a
confinement effect for protein configuration, which increase the enzyme stability.

The stability of the enzymes was also evaluated in the pH of the grape juice (around
3.5). The soluble enzyme, combi-CLEAs and combi-CLEAs-BSA were incubated in sodium
citrate buffer (50 mM, pH 3.5, 4 °C), and total pectinase activity was periodically measured.

The enzymes were analyzed during 15 days of incubation and the enzyme activity remained

constant along all time of incubation.
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Figure 6. Thermal inactivation Kinetics of soluble enzyme (M), combi-CLEAs (O) and

combi-CLEAs-BSA (A) at 50 °C.
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3.8. Optimal pH and temperature for the soluble enzyme, combi-CLEAs and combi-CLEAs-

BSA

Three experimental designs were conducted to find the optimal temperature and pH

for soluble enzyme, combi-CLEAs and combi-CLEAs-BSA. In the CCD, temperature (30 °C

to 70 °C) and pH (3.0 to 6.0) were evaluated, and as response, the total pectinase activity was

analyzed. The results for the experiments are presented in the Table 2. For the soluble enzyme

as for the combi-CLEAs and combi-CLEASs-BSA, the optimal pH and temperature were

similar, as can be seen in the contour plots (Figure 7). Among all treatments, the highest

enzymatic activities were obtained for the treatment 3 (64 °C and pH 3.4), 135 U.mL™, 21

U.mL? and 28 U.mL™, respectively for the soluble enzyme, combi-CLEAs and combi-

CLEAs-BSA.
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Table 3. Experimental design and results of optimal pH and temperature for soluble enzyme,
combi-CLEAs and combi-CLEAs-BSA

Enzymatic activities (U.mL™)

. X1 Xs - -
Experiments Soluble Combi- combi-
(Temperature) — (pH) enzyme  CLEAs CLEAs-BSA
1 -1 (36) -1(3.4) 76.70 7.89 11.66
2 -1 (36) 1 (5.6) 63.79 7.38 11.39
3 1 (64) -1(3.4) 135.15 20.50 28.04
4 1 (64) 1 (5.6) 63.24 12.35 12.24
5 -1.41 (30) 0 (4.5) 89.83 10.85 15.66
6 1.41 (70) 0 (4.5) 127.27 17.31 21.00
7 0 (50) -1.41 (3.0) 31.17 5.23 7.02
8 0 (50) 1.41 (6.0) 53.72 8.41 9.48
9 0 (50) 0 (4.5) 125.73 15.68 21.70
10 0 (50) 0 (4.5) 122.89 15.30 21.43
11 0 (50) 0 (4.5) 124.42 16.12 22.00

These results agrees with Dalal et al.,**

who did not find any changes in optimal
conditions of pH and temperature for CLEA and soluble enzyme. However, Sangeetha and
Abraham,*® observed a broader optimum pH and temperature range for CLEA compared to
soluble enzyme.

However, the optimal temperature, 64 °C, is close to the enzyme denaturation
temperature. Despite the greatest enzymatic activity was found at high temperatures, this
condition is not applied, since the enzyme inactivation is very quick under these conditions.

Nevertheless, at lower temperatures, around 50 °C, the immobilized preparations presented

good activity about 70 % of the maximum activity.
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Figure 7. Contour plots of recovered activity for optimal pH and temperature for: a) soluble enzyme; b) combi-CLEAS; and c) combi-CLEAs-

BSA.
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3.9. Operational stability

Operational stability is another important parameter to identify a suitable immobilized
enzyme, because enzyme reuse is one of the main reasons of enzyme immobilization. To
measure the operational stability of combi-CLEAs and combi-CLEAs-BSA, pectin was used
as substrate and at the end of each cycle the concentration of reducing sugars released was
measured.

The results presented in Figure 8 showed that the biocatalysts prepared could be
reused during several cycles. In total, 12 cycles of hydrolysis were conducted, and until the
fourth cycle, the combi-CLEAs presented 100 % of the initial activity. The combi-CLEAs-
BSA could be reused during 6 cycles with 100 % of the initial activity. After these cycles, the
combi-CLEAs and combi-CLEAs-BSA progressively decreased their enzymatic activities. At
the end of the 12 cycles, combi-CLEAs and combi-CLEAs-BSA still presented 30 % and 46

% of initial activity, respectively.

Figure 8. Reusability of combi-CLEAs (H) and combi-CLEAs-BSA (O) for pectin
hydrolysis.
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3.10. Grape juice clarification

Finally, the soluble enzyme, combi-CLEAs and combi-CLEAs-BSA were applied to
grape juice clarification and the turbidity reduction was measured. As can be seen in Figure 9,
the combi-CLEAs produced a turbidity reduction of 46.4 % near of the clarification values
found for the soluble enzyme (47.9 %), while the combi-CLEAS-BSA obtained a turbidity
reduction of 56.7 %, improving the clarification of grape juices obtained using the free
enzymes. The high stability of the combi-CLEAs-BSA, as well as the larger porosity of the
aggregates, may be responsible for the improvement in the clarification of the juice when
compared to soluble enzyme and the combi-CLEAs. Moreover, if some reactions are in
cascade, the product of the first enzyme will be at high concentrations and in the proximity of

the other enzymes facilitating its catalytic transformation.

Figure 9. Grape juice clarification with soluble enzyme, combi-CLEAs and combi-CLEAs-
BSA.
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4. Conclusions

In this paper, combi-CLEAs of pectinase and cellulase appear as a suitable strategy of
immobilizing enzymes for application in the clarification of grape juice, presenting 2.36-times
more thermal stability than the free enzyme, being reusable with total conversion of substrate
to product for 4 cycles. The use of BSA as proteic feeder seems to be a good option to obtain
an improved cross-linking. When combi-CLEAs were produced with BSA, higher enzymatic
activities were achieved, and it provided 3.04-times more thermal stability than the soluble
enzyme. Combi-CLEAs-BSA can be reused for 6 cycles with total conversion of substrate to
product, and at the end of 12 cycles, the biocatalyst was still able to convert 46 % of substrate.

Despite the promising results of this study, these induce future researches to improve
the results, e.g., testing other cross-linking agents to avoid glutaraldehyde effect in the
enzyme activity, as well as, other rich sources of amino groups, or also the amination these

enzymes, aiming to prepare a biocatalyst with high activity and stability.
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CAPILUTO 6 — DISCUSSAO GERAL

A presente dissertacdo de Mestrado teve como objetivo estudar a influéncia da
composi¢cdo dos diferentes preparados enzimaticos na extracdo, qualidade e compostos
bioativos do suco de uva elaborado com a variedade Concord. Dentro do tema proposto,
investigou-se os efeitos de oito diferentes preparados enziméticos no rendimento e na
qualidade do suco de uva, observando a influéncia no perfil de compostos bioativos.
Subsequentemente, definiu-se um planejamento experimental, a fim de determinar as
melhores condigdes de tempo, temperatura, concentracdo de enzima e proporcdo de
Pectinex® Ultra Clear/Lallzyme® Beta para a otimizacdo da extracdo do suco de uva. Na
parte final, estudaram-se estratégias para a preparacdo de combi-CLEAS ativos e estaveis para
a clarificacdo do suco de uva.

Inicialmente, os oitos preparados enzimaticos utilizados foram caracterizados, segundo
suas atividades enzimaticas de pectinase total, poligalacturonase, pectina liase, pectina metil
esterase e celulase. A partir dessa caracterizacdo, os preparados foram padronizados por U de
pectinase total e aplicados no suco para obter uma melhor comparacéo entre eles. Parametros
de qualidade como cor, solidos solUveis totais (°Brix), acUcares redutores, acidez total, pH e
capacidade antioxidante foram determinados para todas as amostras. Os compostos fenolicos
e antocianinas foram identificados e quantificados por HPLC-DAD-MS. A Pectinex® Ultra
Clear apresentou elevadas concentragdes de poligalacturonase e pectina metil esterase,
resultando em um aumento de 9 % no rendimento do suco. Além disso, as preparagdes
enziméticas com alto teor de pectina liase, como Pectinex® BE XXL, também alcangaram
bons rendimentos de suco. Estes resultados estdo diretamente ligados com a eficiente hidrolise
da pectina, visto que a PG e PME atuam em conjunto na degradacdo da pectina, enquanto que

a PL hidrolisa pectina, sem a necessidade da acéo prévia de enzimas desesterificantes.
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Por outro lado, preparacfes enzimaticas com alta concentracdo de celulases, como
Lallzyme® Beta, proporcionaram sucos com maior teor de agucares, através da maior
hidrélise da celulose. Além disso, os preparados com maior atividade de CE, também
contribuiram para a melhor extracdo de compostos bioativos. Dentre estes, o preparado
Lallzyme® Beta proporcionou um aumento de 60 % na quantidade total de antocianinas,
contribuindo para melhorar a coloragéo e o potencial antioxidante do suco. Estes resultados
podem ser explicados pela eficiente hidrélise da parede celular, que possui elevado teor de
celulose. Assim, preparacfes enzimaticas com altas concentrages de enzimas celuloliticas
podem proporcionar maior liberacdo de componentes intracelulares.

No seguinte passo, visto que a Pectinex® Ultra Clear (PUC) obteve bons resultados
para o rendimento, enquanto a Lallzyme® Beta (LB) apresentou bons resultados para a
extracdo de compostos bioativos, o efeito sinérgico desses dois preparados na producdo do
suco foi avaliado. Um delineamento de composto central (DCC) e a metodologia de superficie
de resposta (RSM) foram usados para avaliar as variaveis de temperatura, tempo,
concentracdo de enzima e razdo de PUC/LB, tendo como variaveis de resposta o rendimento e
a capacidade redutora dos sucos. Temperaturas elevadas proporcionaram maior extracdo de
compostos fendlicos, mas, por outro lado, temperaturas acima de 60 °C provocaram a
desnaturacdo das enzimas, proporcionando baixos rendimentos de suco. Em geral, o tempo
necessario para obter uma boa extracdo do suco € inversamente proporcional a concentracdo
de enzima em temperatura 0tima, ou seja, resultados satisfatorios podem ser alcancados
utilizando curtos tempos e maiores concentracdes de enzimas, ou longos tempos e menores
concentragdes de enzimas. Em relacdo a razdo PUC/LB foi observado um aumento do
rendimento de suco com maior concentragdo de PUC em relagdo a LB, por outro lado, nesta
condigdo, um comportamento negativo foi verificado para capacidade redutora dos sucos,

confirmando os resultados obtidos no primeiro trabalho.
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Assim, as condi¢des 6timas para a extragdo do suco, possibilitando um aumento tanto
do rendimento, como da capacidade redutora, foram: temperatura de 51 °C, tempo de reagéo
de 52 min, concentracéo de enzima de 0,75 U.g™ e razdo PUC/LB de 0,52. Nestas condicdes,
a mistura dos dois preparados enzimaticos na razdo de 0,52 (PUC/LB) e os preparados em
separado foram utilizados para a producao do suco de uva. Parametros de qualidade como cor,
solidos soluveis totais (°Brix), agUcares redutores, acidez total, pH e capacidade antioxidante
foram determinados para essas amostras. Os compostos fendlicos e antocianinas foram
identificados e quantificados por HPLC-DAD-MS. A mistura dos dois preparados
enzimaticos proporcionou os melhores rendimentos, bem como altas taxas de extracdo de
compostos bioativos, verificando a importancia do efeito sinérgico das pectinases e celulases
na hidrolise dos polissacarideos das paredes celulares para a liberacdo do suco e dos
compostos intracelulares.

A Ultima etapa do trabalho foi a producdo, caracterizacdo e aplicagdo dos combi-
CLEAs de pectinases e celulases para clarificacdo do suco de uva. Agregados enzimaticos
entrecruzados foram escolhidos como método de imobilizacdo das enzimas, pois 0s
preparados enzimaticos utilizados na elaboracdo do suco de uva possuem um grande namero
de enzimas em sua composic¢do, onde as enzimas atuam de forma sinérgica na degradacéo dos
componentes das uvas. Assim, com a producdo dos combi-CLEAS, é possivel obter uma
massa insolivel composta por véarias enzimas. Os primeiros testes realizados definiram a
escolha do preparado enziméatico com maior potencial de clarificacdo, sendo escolhido o
preparado comercial Rohapect® 10L. Em seguida, experimentos avaliando a influéncia de
agentes precipitantes (acetona, etanol, alcool isso-propilico, terc-butanol e sulfato de aménio
saturado) foram realizados. O alcool iso-propilico foi escolhido como agente precipitante por

ter sido possivel recuperar as maiores atividades enzimaticas.
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A producdo dos combi-CLEAs foi estudada em um DCC e MSR, onde foram
avaliadas as variaveis: concentracdo de glutaraldeido e tempo de reacdo. Como resposta, a
atividade de pectinase total foi medida. Estas duas varidveis mostraram um efeito de
interacdo, onde as melhores atividades recuperadas foram alcangadas com curtos tempos de
reacdo e maiores concentracdo de glutaraldeido, entretanto, com tempos longos de reacgdo e
menores concentracdes de glutaraldeido, resultados similares foram encontrados. Além disso,
testes variando a concentragdo de enzima e de albumina do soro bovino (BSA) foram
realizados. Em relagdo a concentragcdo de enzimas, verificou-se um aumento na atividade
enzimatica dos combi-CLEAs utilizando até 0,4 mg.mL™ de enzima. J& para atividade
recuperada, um comportamento negativo foi observado com o aumento da concentragéo de
enzima. Em relagdo a concentracdo de BSA, observou-se um aumento na atividade
recuperada dos combi-CLEAs-BSA até 2,4 mg.mL™, o que contribuiu para aumentar a
porosidade do combi-CLEAs-BSA, facilitando o acesso do substrato ao sitio ativo das
enzimas. A partir dessa concentracdo de BSA foi observado uma diminuicéo da atividade dos
combi-CLEAs-BSA, provavelmente devido ao aumento da massa inerte no combi-CLEA pela
grande quantidade dessa proteina sem atividade catalitica.

A enzima soluvel, os combi-CLEAS e 0s combi-CLEAs-BSA foram caracterizados em
relacdo as suas atividades enzimaticas, pHs e temperaturas 6timas, estabilidade térmica e ao
pH e estabilidade operacional durante a hidrolise da pectina. Em relacdo as atividades
enzimaticas analisadas, pode-se destacar o efeito do BSA, contribuindo para a maior
recuperacdo das atividades dos combi-CLEAs-BSA, para todas as enzimas. O BSA também
contribuiu para aumentar a estabilidade térmica dos combi-CLEAs-BSA, apresentando um
fator de estabilizacdo de 3,04 em comparagdo com a enzima soltvel. Os combi-CLEAs-BSA

também se mostraram mais estaveis operacionalmente, podendo ser reutilizados por 6 ciclos
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mantendo préximo de 100 % da sua atividade inicial, enquanto que os combi-CLEAS
puderam ser reutilizados por 4 ciclos.

Por fim, os mesmos foram aplicados no suco e a reducédo da turbidez foi avaliada. Os
combi-CLEAs apresentaram uma reducdo na turbidez de 46,4%, préximo dos resultados
obtidos pela enzima solivel (47,9 %), enquanto que os combi-CLEAs-BSA apresentaram
56,7 % de reducdo na turbidez, melhorando a clarificagdo do suco de uva. Os combi-CLEAS
se mostraram como 6tima opc¢do de enzimas imobilizadas para a clarificacdo do suco de uva,
destacando o uso de BSA como uma fonte de proteina rica em grupamentos amino, a qual
conferiu os melhores resultados de recuperacdo de atividade, estabilidade térmica, reusos e
clarificacdo do suco para o combi-CLEA-BSA. Estes resultados estdo ligados com uma
mudanga na morfologia dos combi-CLEASs proporcionado pela adi¢cdo de BSA, melhorando
as ligacbes multipontuais das enzimas com o BSA, além de contribuir para o aumento da

porosidade dos combi-CLEAs-BSA, o que minimiza os problemas de difusdo de massa.
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CONCLUSAO

Como concluséo geral, pode-se afirmar que o trabalho atingiu os objetivos propostos,
proporcionando melhorias produtivas e qualitativas ao suco de uva através da tecnologia
enzimaética, sendo que as principais conclusdes obtidas foram:

e Preparacfes enzimaticas com altas atividades de poligalacturonase e pectina metil
esterase ou pectina liase proporcionam elevados rendimentos de suco de uva;

e Preparacfes enzimaticas com altas atividades de celulases proporcionam maiores
extracdes de compostos bioativos e aglcares;

e O efeito sinérgico das pectinases e celulases, juntamente com as condi¢des 6timas de
extracdo otimizam a liberacdo do suco e dos compostos intracelulares;

e Combi-CLEAs é uma metodologia muito promissora para a clarificacdo do suco de
uva, através da imobilizacdo de varias enzimas no mesmo agregado insoltvel, que
atuam sinergicamente na hidrolise dos polissacarideos responsaveis pela turbidez;

e Combi-CLEAs com elevada atividade catalitica, estavel, reutilizdvel e com bons
resultados na clarificacdo do suco podem ser obtidos com a utilizacdo de uma fonte de

proteina rica em grupamentos amino, como a albumina do soro bovino.
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PERSPECTIVAS FUTURAS

Por fim, os resultados obtidos nessa Dissertacdo de Mestrado representam
contribuicdes relevantes no campo da tecnologia enzimatica para a producéo de sucos de uva.
Contudo, abrem-se perspectivas para trabalhos futuros, buscando a inovagéo e as melhorias
tecnologicas.

Assim, uma das ideias sugeridas é a purificacdo desses preparados enzimaticos,
possibilitando uma andlise da cinética enzimatica e estabilidade operacional de cada enzima,
proporcionando um melhor entendimento do seu funcionamento na extragdo do suco,
podendo, assim, a dosagem de cada enzima ser ajustada separadamente, buscando um maior
desempenho na extracdo dos sucos.

Em relacdo a producdo dos combi-CLEAS, sugere-se um estudo da superficie das
pectinases e celulases, a fim de qualificar o nimero e a posicdo dos grupamentos amino
reativos, possibilitando assim uma melhor escolha do agente entrecruzante. Além disso, pode-
se utilizar outra fonte rica em grupamentos amino, ou buscar uma metodologia para aminagédo
qguimica destas enzimas, permitindo a producdo de um biocatalisador altamente catalitico e
estavel.

Como perspectiva futura na obtencdo dos CLEAs, tem-se o0s combi-CLEASs
magnéticos que poderdo ser utilizados para facilitar a separacdo do suco pela simples
aplicacdo de um campo magnético, ja que a matriz do suco é rica em compostos fenolicos e
polissacarideos.

Além disso, a construcdo de um reator com combi-CLEAs seria de grande relevancia
para a clarificacdo dos sucos, possibilitando um melhor controle do processo e operacéo

continua, sendo uma tecnologia promissora para aplicagdo na industria.
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APENDICE A — Fluxograma da producéo de suco de uva.
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APENDICE B — Curvas analiticas para determinacéo das atividades enzimaticas,
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APENDICE C - Curvas analiticas para quantificacio dos compostos fendlicos por

HPLC-DAD.
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APENDICE D - Determinac&o das atividades enzimaticas na condicéo de plena

atividade das enzimas.
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