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Resumo:

Fruto-oligossacarideos (FOS) sdo fibras prebidticas com poder adocante consideravel,
sendo um produto de alto valor para a industria de alimentos. Acucar invertido é o produto da
hidrélise da sacarose possuindo maior poder adogante, menor susceptibilidade a cristalizacdo
e maior higroscopicidade com relagéo a sacarose, sendo de grande interesse industrial. Ambos
produtos podem ser produzidos por reacfes enzimaticas, utilizando B-frutosiltransferase e p-
frutofuranosidase respectivamente, no entanto processos enzimaticos costumam ser caros
devido ao alto custo e baixa estabilidade de enzimas. Esses fatores podem ser contornados
com a imobilizagdo da enzima, permitindo a reutilizagdo e por vezes aumentando a
estabilidade. No presente trabalho a enzima B-frutosiltransferase proveniente de um extrato
comercial de Aspergillus aculeatus (Viscozyme L) foi parcialmente purificada, com resina de
troca ibnica, imobilizada covalentemente em esferas de quitosana e utilizada na producéo de
FOS. O processo de purificacdo aumentou a atividade especifica em 6 vezes. A estabilidade
do biocatalisador imobilizado foi avaliada em 50 bateladas para producdo de FOS, foi
observado cerca de 55 % de rendimento em cada batelada, sem perda de atividade detectada
apos as utilizagbes. Apbs esse experimento foi testada a utilizagdo das esferas em reatores
continuos com leito fixo e fluidizado, com rendimentos de 59 % e 54 % respectivamente. A
producdo de acucar invertido foi feita utilizando a enzima Maxinvert L (B-frutofuranosidase
de Saccharomyces cerevisiae) que foi imobilizada, da mesma forma, em esferas de quitosana
e sua utilizagéo foi testada em reatores de leito fixo e fluidizado com rendimentos de 98 % e
94 % respectivamente. Os reatores de leito fixo possuem potencial para estudos envolvendo
aplicacdes industriais tanto para producdo de FOS quanto para producdo de Acucar Invertido.

Palavras Chave: Imobilizagdo de enzimas, Reatores enzimaticos, Fruto-

oligossacarideos, Acucar invertido, Quitosana.



Abstract:

Fructooligosaccharides (FOS) are prebiotic fibre with sweetening power, being a high-
value product for the food industry. Invert sugar is the product of sucrose hydrolysis; it has a
higher sweetening power, it is less susceptible to crystallization and has a higher
hygroscopicity than regular sugar. Finding many uses in food industry processes. Both
products can be obtained by enzymatic reactions using p-fructosyltransferase and -
fructofuranosidase, respectively. However, enzymatic processes are often costly because of
high enzymatic cost and lack of operational stability. These drawbacks can be overcome by
immobilization of enzyme, enabling reuses and usually increasing its stability. In the present
work, B-fructofuranosidase from a commercial preparation from Aspergillus aculeatus
(Viscozyme L) was partially purified, covalently immobilized on chitosan spheres and used
for FOS production. Partial purification resulted in a 6-fold increase in specific activity.
Operational stability of biocatalyst was evaluated along 50 batches, resulting in around 55 %
yield on each batch and no loss of activity after batches. The immobilized biocatalyst was also
used for FOS production in packed bed and fluidized bed reactors with yields of 59 % and 54
% respectively. Invert sugar production was carried out using Maxinvert L (B-
fructofuranosidase from Saccharomyces cerevisiae) immobilized, by the same method, on
chitosan spheres. Its application on packed bed and fluidized bed reactors was evaluated
resulting in yields of 98 % and 94 % respectively. The packed bed reactors presented potential
for further studies aiming industrial applications for FOS and Invert Sugar production.

Keywords: Enzyme immobilization, Enzymatic reactors, Fructooligosaccharides, Invert

sugar, Chitosan.



1. Introducéo:

O desenvolvimento de produtos de valor agregado obtidos por transformacgfes quimicas
tem contribuido significativamente para o aumento da qualidade de vida ao longo de séculos e
atingiu um alto padrdo. No entanto muitas reacdes quimicas estequiométricas utilizadas
atualmente, embora produtivas, ainda devem ser substituidas por reacfes catalisadas (Noyori,
2009). Os catalisadores empregados atualmente na industria, podem ser inorganicos,
organometalicos, organicos e biocatalisadores. Os biocatalisadores, ou enzimas, destacam-se
por possuirem diversas qualidades, ndo sdo toxicos, sdo obtidos de fontes renovaveis, séo
facilmente biodegradaveis, possuem alta especificidade e processos enzimaticos sao seguros e
consomem pouca energia (Illanes, 2008; Wohlgemuth, 2010).

Embora possuam muitas vantagens, o uso de enzimas em processos industriais possui
algumas inconveniéncias. Enzimas em geral sdo matérias primas caras que quando utilizadas
na sua forma livre elevam substancialmente o custo do processo. Além disso, como sdo de
origem bioldgica, as enzimas foram naturalmente sofrendo adaptacGes para operar em
condicdes fisiologicas que diferem de condicBes de uso industriais, tornando-as frageis
(Illanes, 2008).

Ultimamente, novas tecnologias possibilitaram o uso de enzimas em uma série de
aplicacdes industriais, principalmente na producdo de medicamentos, vitaminas e aromas
(Bornscheuer et al., 2012). Entre estas tecnologias esta a imobilizagdo de enzimas, permitindo
que a enzima seja reutilizada vérias vezes, eventualmente em processos continuos, e ainda
pode aumentar a estabilidade da enzima (Garcia-Galan et al., 2011).

Entre outras técnicas, a imobilizacdo covalente em suporte insolivel é de grande
interesse, devido ao fato de ser irreversivel e usualmente gerar biocatalisadores estaveis. A
quitosana foi utilizada como suporte por ser barata, atoxica, possuir alta resisténcia a
degradacéo quimica e poder ser sintetizada em varias formas diferentes (Ravi Kumar, 2000;
Krajewska, 2004). Como possui grupos amino pode ser facilmente funcionalizada com
glutaraldeido, tornando-se suscetivel a formacdo de ligacbes com o amino terminal de
proteinas.

No presente trabalho, a enzima invertase foi 0 foco da pesquisa. Esta enzima, utilizada na
industria de alimentos, é capaz de hidrolisar a sacarose produzindo glicose e frutose, como
demonstrado na Figura la. Trata-se de uma das mais simples carboidrases comerciais e é
muito utilizada em funcdo disso (Kotwal e Shankar, 2009). Sob condicGes especificas, altas
concentracfes de sacarose, esta enzima € capaz de produzir também fruto-oligossacarideos

(FOS), sendo nesse caso chamada preferencialmente de B-frutosiltransferase como mostrado
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na Figura 1b. Os fruto-oligossacarideos sdo oligossacarideos formados por unidades de
frutosil, eles ndo sdo metabolizados pelo organismo humano e sdo considerados prebidticos,
pois promovem o crescimento de probidticos (Passos e Park, 2003). Atualmente ndo ha
nenhuma invertase imobilizada disponivel comercialmente, e as invertases comercializadas na

forma livre ndo possuem atividade de p-frutosiltransferase para produgéo de FOS.

a Sacarose Sacarose Sacarose
o0 - ~'@0 @
Glicose Frutose -
l Invertase l B-frutosiltransferase
Glicose Frutose Glicose
® - @ 0 e
Acucar Invertido 7 Fruto-oligossacarideo

Figura 1 Mecanismo de a¢do: a Invertase. b f-frutosiltransferase.

1.1 Objetivos

Considerando isto, o objetivo geral deste trabalho foi produzir fruto-oligossacarideos e
acucar invertido utilizando enzimas imobilizadas.

Os objetivos especificos foram: obter uma enzima com alta atividade especifica para
producdo de fruto-oligossacarideos; produzir um biocatalisador estavel para producdo de
fruto-oligossacarideos e outro para producédo de acUcar invertido; avaliar a melhor forma de
utilizar os biocatalisadores obtidos para producao continua de fruto-oligossacarideos e agucar

invertido.



2. Reviséo:
Nas secOes seguintes serdo apresentadas revisdes sobre imobilizacdo de enzimas, reatores
enzimaticos, fruto-oligossacarideos e acgucar invertido os quais foram o alvo de estudo desta

dissertacéo.

2.1 Imobilizacéo de Enzimas
Existem muitos métodos de imobilizacdo diferentes e varias formas de classifica-los
(Katzbauer, Narodoslawsky e Moser, 1995). Neste trabalho serdo classificados em trés
categorias de métodos diferentes para imobilizacdo de enzimas, ligacdo cruzada,
confinamento e ligacdo em um suporte, ilustradas na Figura 2 (Sheldon e Van Pelt, 2013).

Cada método possui vantagens e desvantagens que serdo descritas a seguir:

enzima @

Figura 2 Métodos de imobilizacdo de enzimas: a Ligacdo ao Suporte. b Confinamento. ¢
Ligacdo Cruzada, adaptado de Sheldon e Van Pelt (2013).

A ligagéo cruzada, mostrada na Figura 2c € uma categoria de métodos de imobilizacao
gue ndo necessitam de suporte. Uma vantagem primaria desta categoria € o fato de a atividade
nao ser “dissolvida” por uma massa ndo catalitica, ou seja, o suporte (Cao, Langen e Sheldon,
2003). O primeiro método utilizado foi o de formacédo de agregados de enzimas insolUveis por
agentes de ligacOes cruzadas, como o glutaraldeido. Apesar de ainda possuir parte da
atividade catalitica, este tipo de agregado costuma perder boa parte de sua atividade inicial.
Isto somado a sua baixa estabilidade fizeram com que este método fosse pouco explorado
(Sheldon e Van Pelt, 2013).

Para superar o problema de baixa estabilidade foram desenvolvidos os cristais de enzimas
agregadas. Tais cristais sdo robustos, com tamanho de particula controlavel e apresentam uma
estabilidade mais alta que suas respectivas enzimas na forma livre. Entretanto, a necessidade
de obtencdo de uma enzima pura e a dificuldade de cristalizagdo, somados ao
desenvolvimento de uma nova tecnologia, fizeram com que o uso comercial destes compostos
fossem abandonados (Cao, Langen e Sheldon, 2003; Sheldon e Van Pelt, 2013).
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A nova tecnologia utilizada para imobilizar enzimas sem suporte consiste em formar
agregados de enzimas por precipitacdo, ligacGes cruzadas séo realizadas subsequentemente de
forma que os precipitados permanecam insollveis. Esse tipo de agregado € denominado
CLEA (Cross-Linked Enzyme Aggregate) (Cao, Van Rantwijk e Sheldon, 2000). CLEAs
possuem propriedades parecidas com cristais de agregados enzimaticos porém nao necessitam
do mesmo grau de pureza podendo inclusive serem preparados a partir de sobrenadantes de
fermentacdes. Isto fez com que os CLEAs fossem utilizados comercialmente para diversas
finalidades (Sheldon e Van Pelt, 2013). Embora o desenvolvimento de enzimas imobilizadas
sem suporte possua diversas vantagens, alguns fatores como o emprego em reatores, e
condicdes de preparo trabalhosas, fazem com que estes agregados dificilmente sejam a
primeira opg¢éo entre os engenheiros de bioprocessos (Cao, 2006a).

O confinamento, encapsulamento ou engaiolamento, mostrado na Figura 2b, é definido
pelo fato de o suporte ser fabricado (solidificado, polimerizado ou sintetizado) em contato
com a enzima, de forma que ela fique inserida no suporte ou envolvida por ele (Sheldon e
Van Pelt, 2013). O confinamento é um dos tipos de métodos mais simples de imobilizacao de
enzimas, porém, em geral a enzima se desprende facilmente do suporte. Além disso, a matriz
pode dificultar a difusdo de substrato e dificilmente a estabilidade da enzima é aumentada
(Cao, 2006a).

A ligacdo da enzima em um suporte, mostrada na Figura 2a, pode ser feita por adsorc¢ao
ou ligacdo covalente. A adsorcdo da enzima em um suporte pode ser ndo especifica (van der
Waals, ligagdo de hidrogénio e interagdo hidrofilica), bioespecifica, hidrofobica e i6nica. Ja a
ligacdo covalente é feita ligando covalentemente um residuo de aminoacido ou o0 amino
terminal da enzima a um grupo funcional do suporte. Basicamente qualquer suporte pode ser
utilizado para imobilizar enzimas por adsorcdo, ao passo que para ligacdo covalente ele deve
possuir grupos funcionais especificos e em muitos casos uma etapa de ativacdo do suporte
precisa ser realizada (Cao, 2006b; c; Garcia-Galan et al., 2011).

Métodos de imobilizacdo covalente costumam ser mais complexos que os de adsorc¢éo,
porém resultam em ligagdes mais estaveis e irreversiveis (Garcia-Galan et al., 2011),
diferentemente de enzimas imobilizadas por adsor¢cdo que costumam se desprender do suporte
ao longo de processos industriais. No entanto, uma vez que a ligacdo é irreversivel, enzimas
ligadas covalentemente quando inativadas tornam o suporte inGtil (Sheldon e Van Pelt, 2013).
Este fato pode ser facilmente contornado utilizando um suporte barato. Também é importante
ressaltar que a imobilizacdo covalente muitas vezes aumenta a estabilidade térmica da enzima
(Garcia-Galan et al., 2011; Lorenzoni et al., 2014).
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Dentre os tipos de ligacdo covalente podemos citar ligacdo peptidica, ligacdo dissulfeto,
diazotizacdo, alquilacdo/acilacdo, entre outros. Como mencionado anteriormente 0S grupos
funcionais do suporte podem se ligar tanto aos residuos de aminoacidos como no amino ou
carbono terminal. LigacOes envolvendo apenas as extremidades das enzimas dificilmente
envolvem o sitio ativo da enzima, portanto a perda de atividade costuma ser menor devido a
imobilizacdo, no entanto, neste caso apenas uma ligacdo por monémero € permitida e o efeito
de estabilizacdo da enzima é menor. As ligacdes envolvendo residuos de aminoacidos
permitem que sejam feitas varias ligacbes por monémero, ou seja, ligagdes multipontuais.
Estas ligacOes estabilizam a estrutura tridimensional da enzima resultando em
biocatalisadores ainda mais estaveis, porém caso um aminoacido proximo ao sitio ativo seja
envolvido na ligacdo ocorrera perda de atividade (Fessner et al., 1999; Mateo et al., 2000;
Cao, 2006b).

Agentes de ligacdo sdo necessarios quando o suporte ndo possui grupos funcionais
disponiveis para formar ligagdes covalentes diretamente com a enzima. Genipina,
carbodiimida e glutaraldeido sdo exemplos de agentes de ligacdo, dentre estes 0 mais versatil
é o glutaraldeido (Chiou e Wu, 2004; Migneault et al., 2004). O Glutaraldeido é um dialdeido
com uma cadeia linear com 5 carbonos sendo altamente reativo, fazendo ligagbes com grupos
amino em meios pouco acidos e alcalinos (Okuda et al., 1991). Em pHs proximos a
neutralidade ha uma tendéncia a ligacdo com o amino terminal, j& em pHs mais alcalinos o
glutaraldeido pode fazer ligagdes também com residuos de lisina. LigagBes com lisina séo
interessantes do ponto de vista de imobilizacdo, j& que residuos deste aminoacido usualmente
estdo localizados na superficie das proteinas, fora de sitios ativos devido a polaridade do
grupo amino (Migneault et al., 2004). O glutaraldeido também pode ser utilizado como agente

de ligacdo entre proteinas sem o uso de suportes, que serdo descritos mais adiante.

2.1.1 Uso de Quitosana como Suporte de Imobilizacdo de Enzimas

A quitosana é um poliaminosacarideo natural, sendo comercialmente obtido através da
desacetilagdo da quitina, processo que a torna solivel em meios acidos. A quitina € um dos
recursos naturais organicos mais abundantes na natureza, é o constituinte principal de cascas
de crustaceos, exoesqueletos de insetos e da parede celular de fungos. E estimado que
aproximadamente 10 bilhGes de toneladas de quitina sejam sintetizadas e degradadas a cada
ano (Krajewska, 2004; Vaaje-Kolstad et al., 2013). Em funcdo disso o custo da quitosana é

desprezivel comparado com o custo de enzimas, além disso, ela possui grupos funcionais
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(amino) com alta afinidade a proteinas, ndo é toxica e possui alta resisténcia a degradacao
quimica (Ravi Kumar, 2000; Krajewska, 2004).

Os primeiros trabalhos envolvendo imobilizacdo de enzimas em suportes de quitosana
foram publicados na década de 70. Muzzareli et al. (1976) testaram a adsorcdo de
quimotripsina em quitosana sem utilizar agente de ligag&o. Kasumi et al. (1977) imobilizaram
glicose isomerase, urease, glicoamilase, tripsina e glicose oxidase em quitosana utilizando
carbodiimida como agente de ligacdo. Recentemente, Seo et al. (2012) imobilizaram
quitinases em quitosana utilizando glutaraldeido como agente de ligag&o.

Ultimamente, vérios trabalhos foram desenvolvidos pelo nosso grupo de pesquisa
envolvendo imobilizacdo de enzimas em quitosana, também utilizando o glutaraldeido como
agente de ligacdo, possibilitando a obtencdo de biocatalisadores estaveis. Valerio et al. (2012)
utilizaram nanoparticulas de quitosana para imobilizacdo de invertase e producdo de agUcar
invertido. Klein et al. (2012) avaliaram o efeito do tamanho do suporte de quitosana na
imobilizacdo da enzima B-galactosidase, e verificaram que apesar de possibilitarem uma
maior carga de enzima, as nanoparticulas sdo de manuseio mais dificil e ndo proporcionam
melhoria significativa na estabilidade da enzima. Em relacdo a estabilidade, Schoffer et al.
(2013) alcangaram resultados promissores, uma vez que, testando a utilizagdo de esferas de
quitosana para producdo de B-ciclodextrinas em reator de leito fixo, observaram gue mesmo
apos 100 horas de uso continuo, a atividade se manteve em 100 %. Klein et al. (2013)
produziram galacto-oligossacarideos utilizando esferas de quitosana em reator de leito fixo,
alcancando alta produtividade e aumento da estabilidade do biocatalisador.

Neste trabalho também foi utilizado o0 método de imobilizacdo covalente em esferas de

quitosana preé ativadas com glutaraldeido.

2.2 Reatores Enzimaticos
Reatores enzimaticos sdo muito utilizados em processos industriais que envolvem catalise
enzimatica. Estes reatores podem ser utilizados com enzimas livres ou imobilizadas. Enzimas
imobilizadas sdo preferidas nesses processos por serem em geral mais estaveis e de mais facil
reutilizacdo, além de permitirem uma variedade maior de configuracdes (lllanes, 2008).
A Figura 3 mostra diferentes tipos de reatores enzimaticos. Estes tipos de reatores serdo

descritos a seguir:
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Figura 3 Diferentes tipos de reatores enzimaticos: a Batelada. b Batelada com Recirculacéo.
c Batelada com Ultrafiltracdo. d Reator Continuo de Tanque Agitado. e Reator de Leito Fixo. f
Reator de Leito Fluidizado (Illanes e Altamirano, 2008).

Reatores em batelada, mostrado na Figura 3a, sdo normalmente utilizados com enzimas
livres e possuem um facil controle de pH e temperatura. Podem também ser utilizados com
enzimas imobilizadas, mas nesse caso devem possuir agitagcdo e um sistema de recuperacao de
enzima, como uma peneira de aco, por exemplo (Illanes e Altamirano, 2008).

O Reator em Batelada com Recirculagdo, mostrado na Figura 3b, € uma forma de utilizar
enzimas imobilizadas. Uma solu¢do com substrato é circulada com um leito de esferas
imobilizadas, este leito pode ser fixo ou fluidizado (Diano et al., 2008), cada tipo de leito
possui suas particularidades que serdo descritas a seguir. Comparado com 0s reatores
continuos de leito fixo ou fluidizado este reator permite um melhor controle de processo. E
recomendavel para reacfes que liberam ou consomem prétons e necessitam de ajuste de pH.
A solucéo de correcdo, acido ou base forte, é adicionada no tanque de forma que ndo entre em
contato direto com a enzima (Illanes e Altamirano, 2008).

Reatores em batelada com ultrafiltragdo, mostrado na Figura 3c, permitem que enzimas
sejam reutilizadas sem a necessidade de imobilizacdo. Além disso, este reator consiste em
uma fase homogénea com facil transferéncia de massa (Blatt et al., 1968). Ainda que enzimas
livres costumem ser menos estaveis e o processo de ultrafiltracdo torne o processo mais

trabalhoso, este reator é empregado em algumas aplicacdes industriais (Bodalo et al., 2001).
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O reator continuo de tanque agitado, mostrado na Figura 3d, € vantajoso do ponto de
vista de homogeneizacdo, além de possuir facil controle de pH. Pode ser utilizado com
enzimas livres ou imobilizadas. Quando utilizado com enzimas livres é necessaria a reposi¢do
continua de enzima, tornando o processo mais caro. Ja com enzima imobilizada é importante
usar um suporte com alta resisténcia mecanica devido a agitacdo (Frick e Schiigerl, 1986).

Reatores de leito fixo, mostrado na Figura 3e, sdo formados por uma coluna imével de
biocatalisadores por onde uma solucdo de substrato € bombeada continuamente. Estes reatores
destacam-se devido a tecnologia simples, alta capacidade catalitica, facil aumento de escala e
operacdo. Estes reatores causam um estresse mecanico minimo resultando em uma
estabilidade duradoura e reduzindo custos de processo. No entanto sdo susceptiveis ao
entupimento da coluna e criacdo de caminhos preferenciais (Jakobsen, 2008; Hama et al.,
2011).

Reatores de leito fluidizado, mostrado na Figura 3f, séo parecidos com reatores de leito
fixo, com a diferenca de que o fluxo de substrato € sempre ascendente e em uma velocidade
suficiente para suportar as particulas, porém sem arrasta-las junto com o fluido. Nesse caso as
particulas permanecem em equilibrio entre as forcas de empuxo e arraste e a forca da
gravidade (Van Zessen et al., 2005; Illanes e Altamirano, 2008). Estes reatores necessitam de
um volume Gtil maior e em alguns casos, quando o fluxo é baixo, necessitam de uma bomba
de recirculagdo para manter a velocidade minima de fluidizacdo na coluna. As vantagens
destes reatores sdo a melhor transferéncia de massa e menor susceptibilidade ao entupimento
e criacdo de caminhos preferenciais com relacdo ao leito fixo (Godia e Sola, 1995; Hama et
al., 2011).

Devido as semelhancas e diferencas descritas acima o presente trabalho avaliou dois

processos enzimaticos em reatores continuos de leito fixo e leito fluidizado.

2.3 Fruto-oligossacarideos
Fruto-oligossacarideos (FOS), como ja mencionado anteriormente, sdo oligossacarideos
prebiodticos formados por unidades de frutosil. Eles sdo encontrados na natureza, em uma
ampla variedade de plantas e também em algas (Benkeblia, 2013). Comercialmente podem ser
produzidos de duas formas, hidrolise enzimatica da inulina, com endoinulinase, ou sintese
enzimatica com sacarose, utilizando B-frutofuranosidase (E.C.3.2.1.26, E.C.2.4.1.9). Fruto-
oligossacarideos obtidos de sacarose possuem uma cadeia mais curta que os de inulina, e

possuem sabor mais doce, podendo ser utilizados por diabéticos (Mabel et al., 2008). Além
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disso a producdo a partir da sacarose possui um custo de matéria prima muito menor que a
producéo a partir da inulina.

Seu uso foi testado, por exemplo, para substituir parcialmente o uso de sacarose em
bebidas a base de suco de abacaxi, manga e laranja, resultando em uma bebida com fibras e
menor valor energético (Renuka et al., 2009). O uso de FOS também foi testado na
formulacdo de suco de cenoura em conjunto com Lactobacillus rhamnosus e Lactobacillus
bulgaricus resultando em um produto simbidtico estavel, sem alterar as propriedades
organolépticas do suco original (Nazzaro et al., 2008). No mercado brasileiro é possivel
encontrar FOS em requeijdo cremoso, bolachas, iogurtes, leites fermentados, (Aguiar-
Oliveira, 2012) alimentos para bebés, pacoca diet e néctar de frutas.

Com relacdo a estrutura FOS podem ser classificados como tipo inulina, tipo levan, ou
ramificados, como mostrado na Figura 4. Todas essas formas sdo encontradas na natureza.
FOS do tipo inulina sdo formados principalmente por ligagdes (2—1) frutosil-frutose, FOS do
tipo levan sdo formados principalmente por ligacGes (2—6) frutosil-frutose e FOS do tipo

ramificado possuem ambas ligagdes em quantidades similares (Benkeblia, 2013).

Tipo Inulina Tipo Levan Tipo Ramificado

H,0H
HO
OH
HOHG O Hy
\: "; 1

OH H,

Figura 4 Tipos de Fruto-oligossacarideos.

FOS produzidos por sintese enzimética da sacarose terdo uma estrutura dependente da
enzima utilizada na sintese. Por exemplo a P-fructofuranosidase de Schwanniomyces
occidentalis produz 6-kestose (tipo levan) em quantidades maiores que 1-kestose (tipo
inulina) (Alvaro-Benito et al., 2007). Ja B-fructofuranosidases provenientes de Trichoderma
reesei, Aspergillus oryzae e Aspergillus aculeatus produzem apenas 1-kestose, nistose e em
pequenas quantidades 1-frutofuranosilnistose todos do tipo inulina com 1, 2 ou 3 unidades de
frutosil ligadas a uma sacarose por ligacdo (2—1) (Nemukula et al., 2009; Vega-Paulino e
Zuniga-Hansen, 2012; Lorenzoni et al., 2014).

A maioria do trabalhos envolvendo a producdo de FOS a partir de sacarose envolve

também a etapa de producao da enzima, uma vez que nao ha enzima comercializada para esta
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funcdo (Chen e Liu, 1996; Nguyen et al., 1999; Alvaro-Benito et al., 2007; Hernalsteens e
Maugeri, 2008; Hernalsteens e Maugeri, 2010). No entanto alguns trabalhos utilizam extratos
enzimaticos comerciais com outras funcGes para produzir FOS, ja que varios extratos
possuem atividade de B-fructofuranosidase como uma funcdo secundéria (Vega-Paulino e
Zuniga-Hansen, 2012). Por exemplo, o extrato comercial Pectinex Ultra SP-L, proveniente de
A. aculeatus, que é comercializado como uma poligalacturonase, para producédo de sucos, ja
foi utilizado em varios trabalhos para produzir FOS (Ghazi et al., 2005; Tanriseven e Aslan,
2005; Csanédi e Sisak, 2006). Ghazi et al. (2007) purificaram a enzima B-fructofuranosidase
deste extrato e obtiveram uma enzima com atividade especifica 107 vezes maior que no
extrato inicial. Eles também mostraram que a -fructofuranosidase de A. aculeatus € proteina
dimérica de 135 kDa.

Recentemente Vega-Paulino e Zuniga-Hansen (2012) mostraram que diversos extratos
comerciais possuem atividade de P-fructofuranosidase, entre eles o extrato Viscozyme L,
também proveniente de A. aculeatus que & comercializado como uma endo-B-glicanase,
também utilizado na producéo de sucos, possui uma atividade de B-fructofuranosidase ainda
maior que a Pectinex Ultra SP-L. Em fung&o disso a Viscozyme L foi utilizada neste trabalho
para producdo de FOS, sendo parcialmente purificada a fim de aumentar a atividade

especifica de B-fructofuranosidase.

2.4 Acucar Invertido

A invertase foi uma das primeiras enzimas estudadas na historia. Em 1890 foi publicado
um artigo de revisao sobre esta enzima (O'sullivan e Tompson, 1890). Naquela época o grau
de hidrélise da sacarose era medido pela rotacdo especifica. A sacarose possui uma rotacdo
especifica positiva, ao passo que uma mistura de glicose e frutose possui uma rotacdo
especifica negativa. Tal fato foi observado pela primeira vez por Biot em 1836 que chamou a
substancia de agucar invertido (Jordan, 1924).

A invertase também foi utilizada no estudo que determinou o modelo cinético de
Michaelis-Menten, utilizado até hoje para a maioria das enzimas (Michaelis e Menten, 1913).
Apenas em 1935 um método de anélise alternativo ao polarimétrico foi proposto, envolvendo
0 &cido dinitrosalicilico visando diminuir o tempo de analise que podia chegar a 2 horas
(Sumner e Howell, 1935). Este método foi aperfeicoado por Miller (1959) e é utilizado até os
dias atuais, inclusive foi utilizado neste trabalho.

O acucar invertido € mais doce, mais higroscdpico e menos susceptivel a cristalizacdo em

comparacdo com a sacarose. Devido a esses fatores ele é usado em diversas aplicacdes
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industriais desde o inicio do século XX até os dias de hoje, entre elas na fabricacdo de
bombons, doces e bolos (Jordan, 1924; Podadera, 2007).

Além de ser obtido por hidrélise enzimatica o acucar invertido também pode ser obtido
por hidrolise &cida sob altas temperaturas. No entanto, além de gastar mais energia, 0
processo gera hidroximetilfurfural, um subproduto indesejavel (De Almeida, 2005). Mesmo
possuindo desvantagens o processo quimico ainda é uma opcao industrial devido ao custo da
enzima. Este custo poderia ser substancialmente reduzido com o uso de enzimas imobilizadas,
contudo ndo ha invertase comercial imobilizada disponivel no mercado.

Assim, considerando que a imobilizacdo de enzimas pode trazer diferentes beneficios,
como 0 aumento da estabilidade, o aperfeicoamento de processos e possibilidade de reducéo
de custos de producéo, a seguir serdo apresentados dois trabalhos nos quais realizou-se a
imobilizacdo de enzimas para a produgdo de agucar invertido e fruto-oligossacarideos em

batelada e em processo continuo em reatores de leito fixo e fluidizado.
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3. Artigos:
A seguir serdo apresentados dois artigos. O primeiro, submetido em outubro de 2013, foi
publicado na revista Carbohydrate Polymers, volume 103, paginas 193 a 197. O segundo sera

submetido para publicagdo na mesma revista.
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3.1 Fructooligosaccharides synthesis by highly stable immobilized g-
fructofuranosidase from Aspergillus aculeatus

André S. G. Lorenzoni®, Luiza F. Aydos®, Manuela P. Klein?, Rafael C. Rodrigues®, Plinho F.

Hertz?

 Biotechnology, Bioprocess and Biocatalysis Group, Institute of Food Science and
Technology, Federal University of Rio Grande do Sul, Av. Bento Gongalves, 9500, P.O. Box

15090, ZC 91501-970, Porto Alegre, RS, Brazil

Abstract

The enzymatic synthesis of fructooligosaccharides (FOS) was carried out using a partially
purified B-fructofuranosidase from the commercial enzyme preparation Viscozyme L. Partial
purification of B-fructofuranosidase from Viscozyme L was done by batch adsorption using
ion-exchange resin DEAE-Sepharose, showed a 6-fold increase in specific activity. The
biocatalyst was then covalently immobilized on glutaraldehyde-activated chitosan particles.
Thermal stability of the biocatalyst was evaluated at 50 °C and 60 °C, being around 100 times
higher at 60 °C when compared to the free enzyme. The immobilized biocatalyst was reused
50 times for FOS production (100 min per batch at 50 °C and pH 5.5) without significant loss
of activity. The average yield (grams of FOS per grams of initial sucrose) was 55 %. The
immobilization process combined with partial purification method resulted in a derivative
with activity of 1230 Ui/g (Transfructosylation activity), which is among the highest activities
found in literature for FOS production.

Keywords: Enzyme, Immobilization, Fructooligosaccharides, Viscozyme L, Chitosan.
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1 Introduction

Fructooligosaccharides (FOS), also known as oligofructose, are prebiotic food
ingredients. This classification refers to their non digestibility, fermentation by intestinal
microflora and selective stimulation of intestinal bacteria that contribute to a better health and
well-being (Roberfroid, 2007). They can be obtained by inulin hydrolysis, using
endoinulinase, or by synthesis, using B-fructofuranosidase (E.C.3.2.1.26, E.C.2.4.1.9). The
FOS obtained from sucrose (B-D-Fructofuranosyl(2—1)a-D-glucopyranoside) has a shorter
chain than those from inulin, having more sweetening power, and could be used as a
sweetener by diabetics (Mabel, Sangeetha, Platel, Srinivasan & Prapulla, 2008).

Although the synthesis of FOS from sucrose could be economical because sucrose is
cheaper than inulin, the use of enzymes as catalysts for large-scale industrial processes is
costly and once they have been made soluble, their recovery for reuse is not economically
practical. The immobilization of enzymes allows an easy reuse and other advantages, for
example, better stability, continuous operation and reducing overall costs (Liese & Hilterhaus,
2013; Sheldon & Van Pelt, 2013).

Chitosan [(1—4)-2-amino-2-deoxy-B-D-glucan] has been used as a carrier for enzyme
immobilization since the 70s (Kasumi, Tsuji, Hayashi & Tsumura, 1977; Muzzarelli,
Barontini & Rocchetti, 1976). In recent studies, protocols for enzyme immobilization on
chitosan were developed, resulting in stable biocatalysts, for 3-galactosidase (Klein et al.,
2012), invertase (Valerio, Alves, Klein, Rodrigues & Hertz, 2013) and for chitinase (Seo,
Jang, Park & Jung, 2012). Chitosan is obtained from chitin [(1—4)-2- acetamido-2-deoxy-f3-
D-glucan], that is subjected to N-deacetylation followed by purification procedures. Its
production is an economically attractive use for crustacean shells (Krajewska, 2004).

The commercial enzyme preparation from Aspergillus aculeatus (Pectinex Ultra SP-L)
has been the aim of several studies for FOS production in both free and immobilized form
(Csanédi & Sisak, 2006; Ghazi et al., 2007; Tanriseven & Aslan, 2005). Recent study has
shown that Viscozyme L, other preparation from A. aculeatus has even more [-
fructofuranosidase activity than Pectinex Ultra SP-L (Vega-Paulino & Zuniga-Hansen, 2012).
It is interesting to note that both enzyme preparations have other key enzyme activities apart
from PB-fructofuranosidase. Pectinex Ultra SP-L is marketed as polygalacturonase that
hydrolyzes (1—4)-a-D-galactosiduronic linkages in pectate and other galacturonans, while
Viscozyme L is marketed as endo-B-glucanase that hydrolyzes (1—3)- or (1—4)- linkages in

B-D-glucans.
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In this context, the aim of this work is to prepare a highly stable and active derivative of
B-fructofuranosidase from A. aculeatus immobilized on chitosan particles for FOS synthesis.
The commercial preparation Viscozyme L was partially purified to improve the -
fructofuranosidase activity, and the immobilized preparation was evaluated for optimal pH
and temperature, thermal stability, and operational stability in FOS synthesis.

2 Materials and Methods
2.1 Materials
Viscozyme L, a commercial enzyme preparation from A. aculeatus, produced by
Novozymes, was kindly donated by LNF Latino Americana. Centrifugal Filter Unit (30 kDa)
was acquired from Millipore. DEAE-Sepharose fast flow® was acquired from Sigma-Aldrich.
Sucrose was acquired from Vetec Quimica Fina Ltda (Brazil). Enzymatic glucose (D-glucose)
determination kit was from In Vitro Diagndstica Ltda (Brazil) and glutaraldehyde 25 % was
from Nuclear (Brazil). The high liquid chromatography (HPLC) column used in these tests
was an Aminex® HPX-87C. All other chemicals were analytical or HPLC grade obtained
from readily available commercial sources.
2.2 Enzyme activity
The enzymatic activity assay was carried out using a substrate solution of 100 g/L of
sucrose in 50 mM sodium acetate buffer, pH 5.5 at 50 °C. Samples were taken at regular
intervals and the reaction was stopped by the addition of 0.1 M sodium carbonate buffer, pH
10.0. Glucose release was measured with the enzymatic glucose determination kit. One unit of
enzymatic activity measured (U) was defined as the amount of enzyme that releases 1 umol of
glucose from sucrose per minute at test conditions. All the activities of immobilized enzymes
were carried out under agitation.
2.3 Enzyme purification
Viscozyme L was diluted in 20 mM sodium phosphate buffer (pH 5.8) to a final protein
concentration of 20 mg/mL and then applied to flasks containing DEAE-Sepharose previously
equilibrated with the same buffer. Desorption was carried out washing the resin with the same
buffer containing increasing concentrations of sodium chloride. Most of enzyme was
desorbed at 0.4 M of sodium chloride solution. After desorption, protein solution was filtrated
using a centrifugal filter (30 kDa; 4000 g; 40 min; 4 °C) to concentrate the f-

fructofuranosidase and to remove the salt.
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2.4 Preparation and Activation of Chitosan Particles
The chitosan particles were prepared using the protocol described by Klein et al. (2012).
Briefly, a chitosan solution was added dropwise into an alkaline coagulation solution, and the
activation was performed by incubating the chitosan particles obtained with a glutaraldehyde
solution (4% v/v) prepared in 0.1 M phosphate-sodium buffer (pH 7.0), at room temperature
for 3 h in an orbital shaker at 120 rpm with 12 mm of orbital diameter. The activated support
was exhaustively washed with 50 mM sodium acetate buffer (pH 5.5) to remove the excess
glutaraldehyde.
2.5 Enzyme Immobilization
Chitosan particles were incubated with partially purified enzyme solution previously
diluted in 50 mM of sodium acetate buffer (pH 5.5), for 3 h at room temperature and under
gentle shaking. The immobilized enzyme was washed with, buffer, NaCl (1.0 M) and ethylene
glycol (30 % v/v) to eliminate unbounded and ionic and hydrophobic bounded enzymes.
The immobilization yield (1Y) and immobilization efficiency (EF) were calculated by the
same equations previously described by Valerio et al. (2013).
2.6 Thermal stability
Soluble and immobilized enzymes were incubated at 50 °C and 60 °C for up to 9 days.
Samples were withdrawn at intervals, placed in ice bath to stop thermal inactivation and
enzyme activity was then measured.
In general, thermal inactivation of enzymes can be described by a first order reaction,
A/l A, =exp(—kt) 1)
where A is the enzyme activity at time t, Ao the initial enzyme activity, t is the treatment
time, and k is the constant inactivation rate at the studied temperature. In this work, k was
determined by fitting the first order model to the data of the residual enzyme activity plot
(A/Ap) versus time (min) using nonlinear regression (Statistica 7.0, StatSoft, Inc., Tulsa, OK,
USA).
The enzyme half-life (t12) represents the time required for the enzyme to decay to 50% of

its initial value of activity and was calculated from the values of k, following this equation:

ty, =In(2)/k 2

2.7 Determination of optimal pH and temperature
The optimal pH and temperature were assayed for both partially purified (soluble) and
immobilized enzymes. The optimal pH tests ranged from 3 to 8, maintaining the temperature

constant at 50 °C and the optimal temperature was assayed from 42 °C to 80 °C maintaining
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pH at 5.5. The buffers (50 mM) used were glicyne-HCI pH 3.0, sodium acetate pH 4.0, 5.0
and 5.5, and sodium phosphate pH 6.0, 6.5, 7.0, 7.5 and 8.0.
2.8 Fructooligosaccharides production

The FOS production was carried out at 50 °C using a solution of sucrose 600 g/L in 50
mM sodium acetate buffer pH 5.5. Fifty chitosan particles (22 U) were incubated in 2 mL of
sucrose solution for 160 min. Samples were taken at 15 min intervals, for kinetic evaluation.

Reactions were carried out for 100 min at the same conditions, for operational stability
evaluation. The particles were washed between batches with 50 mM sodium acetate buffer pH
5.5 to remove any trace of product. Samples were taken after each batch.

The samples were assayed for reducing sugars by the DNS method (Miller, 1959) and
enzymatically for glucose. Fructose (D-fructose) was calculated as the difference between the
concentrations of reducing sugars and glucose, FOS molar concentration was calculated as
difference between the molar concentrations of glucose and fructose.

The samples were also analyzed by an HPLC system (Shimadzu, Tokyo, Japan) equipped
with refractor index and Aminex HPX-87C (300 mm x 7.8 mm) column. Ultra-pure water
was used as eluting solvent at a flow rate of 0.6 mL min™, at 85 °C. The concentration of
saccharides  [sucrose, glucose, fructose, kestose (B-D-Fructofuranosyl(2—1)B-D-
Fructofuranosyl(2— 1)a-D-glucopyranoside) and nystose (B-D-Fructofuranosyl(2—1)p-D-
Fructofuranosyl(2— 1)B-D-Fructofuranosyl(2—1)a-D-glucopyranoside)] was determined by
interpolation using external standards. HPLC analysis was carried out to confirm the
assessment method and for direct measurement of transfructosylation activity of the
immobilized biocatalyst. Transfructosylation activity (U;) was defined as the amount of

enzyme that produces 1 umol of kestose or nystose from sucrose per minute.

3 Results and Discussion
3.1 Enzyme partial purification

Crude Viscozyme L has a P-fructofuranosidase specific activity of 4.2 U/mg and
volumetric activity of 500 U/mL, at 50 °C and pH 5.5. The purification process resulted in an
enzyme solution with a specific activity of 25.0 U/mg resulting in a purification fold of 6.0
with an activity recovery of 60 %. After centrifugal filtration, the enzyme was concentrated to
over 330 U/mL.

This purification is only partial, and can be improved as shown by Ghazi et al. (2007),
that purified a B-fructofuranosidase from A. aculeatus (Pectinex Ultra SP-L) and obtained a

purification fold of 107, obtaining a specific activity of 2635 U/mg, which is 105 times higher
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than the activity obtained in our work. On the other hand, the activity recovery was only
36.8 % after four purification steps, which is smaller than 60 % obtained in our work by one-
step purification. For the purification of Pectinex Ultra SP-L, a two step process resulted in a
purification fold of 7, recovering 22.3 % of initial activity (Nemukula, Mutanda, Wilhelmi &
Whiteley, 2009). The increase in enzyme purity can improve the immobilization conditions.
However, enzyme isolation and purification can be expensive and time consuming (de
Carvalho, 2011), and the enzyme immobilization should be a relatively simple operation not
requiring a highly pure enzyme preparation that not always is commercially available
(Sheldon & Van Pelt, 2013).
3.2 Enzyme immobilization

The results of the different enzyme load applied to the support are shown in Figure 1. The
best biocatalyst activity was obtained with an amount of 120 mg of enzyme per gram of dry
support. This amount resulted in an immobilization yield of 90 % and immobilization
efficiency of 33 %. The biocatalyst obtained has shown a hydrolytic activity of 880 U per
gram of dry support, equivalent to 0.44 U per chitosan particle.

As reported by other authors, the low immobilization efficiency could be due to linkages
with groups related to active site and those responsible for maintaining the tertiary structure of
the enzyme (Tanriseven & Aslan, 2005). One possible solution, is the immobilization in the
presence of substrate that can protect the active site of the enzyme, improving efficiency
(Cadena et al., 2010). In this work, the presence of sucrose at 100 g/L and 600 g/L in the
immobilization solution did not improve the immobilization efficiency, as also reported by
Valerio et al. (2013) for the B-fructofuranosidase from S. cerevisiae. Moreover, other reports
showed similar behavior for different enzymes (Csanadi & Sisak, 2006; Ghazi et al., 2005;
Platkova, Polakovi¢, Stefuca, Vanddkova & Antosova, 2006; Tanriseven & Aslan, 2005).
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Figure 1: Activity (m) measured on the immobilized biocatalyst for each amount of

protein tested for immobilization.
3.3 Thermal stability
The kinetic inactivation for both free and immobilized B-fructofuranosidase is shown in
Figure 2 where the symbols refer to the average experimental values, whereas lines
correspond to fitting Eq. (1) for the experimental data. The inactivation rate constant (k) and

the half-life (ti,) for the free enzyme at 50 °C and 60 °C are given in Table 1 with the
correlation coefficient r?,

Table 1. Kinetic Parameters of Thermal Inactivation of Free B-frutofuranosidase at 50 and

60 °C.
Biocatalyst k (min™) t1z (h) r°
Free p-frutofuranosidase at 50 °C 0.0169 41.01 0.98
Free B-frutofuranosidase at 60 °C 0.2221 3.12 0.9627

It was not possible to quantify the half-life of the immobilized enzymes, because after
200 h the prepared biocatalyst presented 83 % of its initial activity at 50 °C, and 50 % at
60 °C, as depicted in the Figure 2. According to Gardossi et al. (2010) the experiment must be
carried out until 10 % of residual activity to allow clear distinction of kinetic inactivation
model and proper half-life determination.

Due to the high thermal stability, 10 % of residual activity would be reached only after

longer times. Figure 2 clearly shows that the immobilized enzyme is much more stable than
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the free enzyme at both temperatures, proving that the immobilization onto chitosan particles
has a positive effect in the thermal stability of the enzyme.
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Figure 2: Relative activity of the free enzyme at 50 °C (o), immobilized enzyme at 50 °C
(m), free enzyme at 60 °C (A) and immobilized enzyme at 60 °C (A).

An increase in the number of enzyme-support bonds is suggested as the most likely
explanation for the stabilization achieved in the immobilized enzymes (Pedroche et al., 2007).
However, when using supports at non-alkaline pH values, the immobilization occurs only via
the amino terminal group (Mateo et al., 2005). Since in this work the enzyme is a dimeric
glycoprotein (Ghazi et al., 2007), such high stability could be due to chitosan attachment of
amino terminal group of both monomers of the enzyme, and then stabilizing the enzyme
quaternary structure.

This high thermal stability provides several advantages for the biocatalyst, such as: the
sucrose is easier solubilized at higher temperatures (Young & Jones, 1949); microbial growth
of pathogenic microorganisms such as Staphylococcus aureus (Schmitt, Schuler-Schmid &
Schmidt-Lorenz, 1990), Escherichia coli and Salmonella enterica (Bronikowski, Bennett &
Lenski, 2001) is avoided at 50 °C; in addition, thermal stability of enzymes can limit the long
term application of the biocatalyst in the process (Liese & Hilterhaus, 2013).

3.4 Determination of optimal pH and temperature

The results of optimal pH and temperature are shown in Figures 3 and 4, respectively. It
was not observed changes in the optimum pH comparing immobilized and free enzyme.
However, the immobilized enzyme is slightly more active at lower pH values (pH 3.0).
Sometimes the support may be an ionic exchanger, and may behave as a buffer, generating a
pH inside the biocatalyst bead that may greatly differ from the pH value in the reaction



27

medium (Rodrigues, Ortiz, Berenguer-Murcia, Torres & Fernandez-Lafuente, 2013).
However, this explanation could be discarded since chitosan is a polyaminosaccharide
without ionic strength and the enzyme molecules probably get immobilized mostly in their
outer surfaces (Klein et al., 2012). This wide pH range of activity above 80 % might be a
result of the stability of the enzyme 3D structure caused by the attachment on the support.
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Figure 3: Effect of pH on the free (0) and immobilized (m) enzyme at 50 °C.
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Figure 4: Effect of the temperature on free (0) and immobilized (m) enzyme at pH 5.5.
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The optimum temperature for free enzyme was between 58 °C and 66 °C, presenting
100 % of relative activity on both temperatures. Nemukula et al. (2009) reported an optimal
temperature of 60 °C in a reaction of 40 minutes; on the other hand, Tanriseven & Aslan
(2005), reported an optimal temperature of 65 °C in a 1 minute reaction. These differences of
optimal temperatures found for the same enzyme can be explained by different reaction times.
The optimal temperature measured will be higher for shorter reaction times since thermal
inactivation occurs during enzymatic reaction.

As can be seen on Figure 4, the immobilized enzyme showed a higher relative activity at
66 °C than at 58 °C. This result could be probably attributed to the higher thermal stability of
the immobilized enzyme compared to free enzyme. The thermal stability is a key factor for
studying the operational temperature. The enzyme is more active at 66 °C, however, is more
stable at 50 °C. Then, for long-term use, it was selected 50 °C for the experiments of FOS
production.

3.5 Fructooligosaccharides production

Figure 5 shows the kinetics of FOS production from sucrose catalyzed by the chitosan-
immobilized enzyme. The maximum yield of 55 % of FOS (including kestose and nystose)
was achieved at 100 min. It can be also noted that after 100 min, the concentrations of kestose
decrease and nystose increase while the sum of them remained constant. This can be due to
the fact that kestose is used as a substrate to produce nystose (Jung, Yun, Kang, Lim & Lee,
1989). The stabilization on FOS overall concentration, and reduced rates of sucrose
transfructosylation observed at the end of reaction can be due to the fact that glucose is a
competitive inhibitor of the transfructosylating reaction of sucrose and kestose (Alvarado-
Huallanco & Maugeri-Filho, 2010). The glucose concentration increased constantly and

reached to 145 g/L after 160 min of reaction.



29

600 1
<)
@ 500
o
.© a
B 400-
g
o m ] [} | | ||
S 300 . m "
QO ||
§ i \ 4 v v v
5 200 . v 0 vy,
5 o :
E v Q n 2 o
S 100 a4 5 9 8 o g g
—c% v = - ™ =
@) s &5 ¥ n \ - h - . ~
0 ? T T T T T T T T T — T T T — ]
0 20 40 60 80 100 120 140 160

Time (min)

Figure 5: Kinetc evaluation of carbohydrates: Nystose (e), Kestose (¥), Sucrose (o),
Glucose (A), Fructose (o), Total FOS (m), during reaction with a new biocatalyst.

Figure 6 shows the operational stability of the biocatalyst. It can be noted that the yield of
FOS varied from 40 % to 65 % and no significant losses of activity were observed over the
batches. After 50 uses, a new complete kinetic was performed, where samples were taken at
15 min intervals, as for the first batch, and carbohydrates concentration were assayed on
HPLC. The comparison between those batches showed similar concentrations for FOS and
other sugars, and only small differences were observed, which means that there was no
activity loss after 50 reuses of the biocatalyst.



30

Yield (%)
S

1

N
]
|

p—
L)
l 1

)

0 | 10 | 20 30 40 50 60
Number of Cycles
Figure 6: Operational stability of B-frutofuranosidase immobilized on chitosan particles
in the FOS synthesis.

The transfructosylation activity was 0.61 Ut per chitosan particle and 1230 Ut per g of
dry support. An immobilized biocatalyst presenting a transfructosylation activity of 1230 Ut/g
of dry support has the highest activity found in literature so far. Tanriseven & Aslan (2005)
obtained a biocatalyst with transfructosylation activity of 129 Ut/g, in a preparation using
Eupergit C, an epoxy-activated acrylic bead, as support. Csanadi & Sisak (2006) obtained an
immobilized biocatalyst with 14.8 Ut/g on Amberlite IRA900 CI, an anion exchange resin.
Recently, Fernandez-Arrojo et al. (2013) obtained a biocatalyst with 40.7 U/mL using a
calcium alginate bead produced from sodium alginate SG300, which has similar properties
than chitosan particles. A possible explanation for our high transfructosylation activity is that
the enzyme initially used for immobilization had higher specific activity than the other works,

since it was partially purified.

4 Conclusions

The immobilization of B-frutofuranosidase on glutaraldehyde-activated chitosan by
covalent attachment produced a high active and stable biocatalyst, with a good immobilization
yield and efficiency. Combined with the partial purification method, the immobilization
process resulted in a derivative with activity of 1230 Ut/g, which is among the highest found
in literature for FOS production. The biocatalyst also showed a high operational stability

allowing its use for at least 50 times without significant losses of activity. The obtained
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biocatalyst presents promising potential for industrial production of fructooligosaccharides

from sucrose.
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3.2 Continuous production of fructooligosaccharides and invert sugar by

chitosan immobilized enzymes: comparison between fluidized and packed bed reactors
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Abstract:

In this work, p-fructofuranosidase and p-fructosyltransferase were covalently
immobilized on chitosan spheres, using glutaraldenyde as a coupling agent, in order to
produce invert sugar and fructooligosaccharides (FOS). Maxinvert L was used to make [3-
fructofuranosidase biocatalyst yielding 7000 U/g. A partial purified p-fructosyltransferase
from Viscozyme L was used to prepare the other biocatalyst yielding 1500 U/g. The
production of invert sugar and FOS was evaluated using different continuous enzymatic
reactors: two packed bed reactors (PBR) and two fluidized bed reactors (FBR). The invert
sugar production achieved a yield of 98 % (grams of product per grams of initial sucrose) in
the PBR and 94 % in the FBR, whereas FOS production achieved a yield of 59 % in the PBR
and 54 % in the FBR. The operational stability of FOS produced in the PBR was evaluated for

40 days showing no loss of activity.

Keywords: Invert Sugar, Fructooligosaccharides, Packed bed enzyme reactor, Fluidized

bed enzyme reactor, Chitosan, Enzyme Immobilization.
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1 Introduction

The commercial viability of industrial biotransformations is heavily dependent on the
cost of the enzyme. Industrial applications of enzymes are often hampered by the lack of
long-term operational stability, difficult recovery and reuse of the enzyme. These drawbacks
can be overcome by immobilization of the enzyme (Garcia-Galan, Berenguer-Murcia,
Fernandez-Lafuente & Rodrigues, 2011; Sheldon & Van Pelt, 2013).

Notwithstanding all these advantages compared to the free enzymes, immobilized
enzymes usually have their activities reduced, producing unfavorable effects on their overall
catalytic performances. This alteration can result from mass transfer limitations, which may
be reduced by applying appropriate reactor designs and immobilization techniques
(Krajewska, 2004; Liese & Hilterhaus, 2013). Among immobilization techniques, the use of
chitosan [(1—4)-2-amino-2-deoxy-B-D-glucan] as a support for covalent attachment is widely
used for a multiplicity of purposes, mostly in industrial applications. This fact is due to
several qualities of chitosan, such as the presence of reactive functional groups for direct
reactions and for chemical modifications resulting in high affinity to proteins, hydrophilicity,
good biocompatibility, non-toxicity, improved resistance to chemical degradation and ease of
preparation in a variety of physical forms (Krajewska, 2004; Ravi Kumar, 2000). Recently,
several works reported the development of packed bed or fluidized bed reactors filled with
chitosan biocatalysts for industrial purposes (Klein et al., 2013; Schoffer, Klein, Rodrigues &
Hertz, 2013; Yewale, Singhal & Vaidya, 2013; Zhou, Chen & Yan, 2014).

Packed bed reactors (PBR) consist of an immobile stack of particles within a column,
through which a reactant solution is pumped. These reactors are preferred over other reactor
types because of simpler technology, high bed volume, ease of operation, and scaling up
(Hama et al., 2011; Jakobsen, 2008). Fluidized bed reactors (FBR) consist of particles within
a column, which are kept in movement (fluidization), by the liquid flow. The particles are
retained by a hydrodynamic balance between gravity and drag forces promoted by the upflow
substrate stream (lllanes & Altamirano, 2008; van Zessen, Tramper, Rinzema & Beeftink,
2005).

Both types of reactors enable continuous production without the need of a prior
separation of the enzyme resulting in lower process costs (Klein et al., 2013; van Zessen et al.,
2005). In comparison to PBR, FBR are less susceptible to column clogging, formation of
preferential flow paths and compression due to bed weigh (Godia & Sola, 1995; Hama et al.,
2011). FBR also present higher axial dispersions than PBR. On the other hand, PBR present
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lower shear stress on immobilized enzymes, generally leading to long-term enzyme stability
(Hama et al., 2011).

Invertase (or B-fructofuranosidase, E.C. 3.2.1.26) is a suitable enzyme for carriyng out
studies concerning enzymatic processes due to its stability, no need for any cofactors and its
commercial significance (Danisman, Tan, Kacar & Ergene, 2004; Milovanovié¢, Bozi¢ &
Vuj¢i¢, 2007).  This enzyme is used for sucrose (p-D-fructofuranosyl(2—1)p-D-
glucopyranoside) hydrolysis, resulting in an equimolar mixture of glucose (a-D-glucose) and
fructose (B-D-fructose) known as invert sugar. This product is widely used in food and
beverage industries due to its higher sweetness and lower susceptibility to crystallization
(Kotwal & Shankar, 2009). However, the application of immobilized invertase in enzyme
reactors for sucrose hydrolysis, on the industrial scale, is still in the development phase
(Andjelkovi¢, Picuri¢ & Vujci¢, 2010).

B-fructosyltransferase (E.C.2.4.1.9) is another suitable enzyme for studying the reactor
design in enzymatic processes. This enzyme is used for short chain fructooligosaccharides
(FOS) synthesis from sucrose. FOS are prebiotic food ingredients (Roberfroid, 2007), and
short chain FOS present sweet taste and may be used as a sweetener by diabetics (Mabel,
Sangeetha, Platel, Srinivasan & Prapulla, 2008). Although the enzymatic synthesis of FOS
also requires sucrose as substrate, the concentration of sucrose required is higher than for
sucrose hydrolysis. This solution is more viscous, and the use of a highly viscous liquid in
PBR may lead to the fatal problem of column clogging (Hama et al., 2011), therefore this
effect must be evaluated.

In this context, the aim of this work is to evaluate the best reactor design to be used for
invert sugar and FOS production catalyzed by immobilized invertase and -
fructosyltransferase, respectively. Both enzymes have been recently immobilized in chitosan
particles yielding stable biocatalysts (Lorenzoni, Aydos, Klein, Rodrigues & Hertz, 2014;
Valerio, Alves, Klein, Rodrigues & Hertz, 2013). Packed-bed and Fluidized-bed reactors were

compared for sucrose hydrolysis and FOS synthesis.

2 Experimental
2.1 Materials
Invertase from Saccharomyces cerevisiae (Maxinvert L 10000) was kindly donated by
DSM Food Specialties (The Netherlands). Commercial enzyme preparation from Aspergillus
aculeatus with B-fructosyltransferase activity (Viscozyme L), produced by Novozymes, was

kindly donated by LNF Latino Americana (Brazil). Chitosan from shrimp shells (>75%
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deacetylated) was purchased from Sigma-Aldrich (USA). Sucrose and glutaraldehyde 25 %
were purchased from Vetec Quimica Fina Ltda (Brazil). Enzymatic glucose (D-glucose)
determination kit was purchased from In Vitro Diagnostica Ltda (Brazil). All other chemicals
were analytical or HPLC grade obtained from readily available commercial sources.

2.2 Enzymatic activity

The enzymatic hydrolytic activities of Maxinvert L (invertase) and Viscozyme L (j-
fructosyltransferase) were evaluated using a substrate solution of 100 g/L of sucrose in 50
mM sodium acetate buffer at 50 °C. The pH of the buffer was 4.5 for invertase and 5.5 for -
fructosyltransferase. Samples were taken at regular intervals and the reaction was stopped by
the addition of 0.1 M sodium carbonate buffer, pH 10.0. Glucose released was measured with
the enzymatic glucose determination kit. One hydrolytic unit of enzymatic activity (U) was
defined as the amount of enzyme that produces 1 pmol of glucose per minute at test
conditions. All the activities of immobilized enzymes were carried out under agitation.
Protein content of the enzyme solutions was determined by the Lowry assay.

2.3 Chitosan spheres synthesis

The chitosan particles were prepared adding dropwise a chitosan solution into an alkaline
coagulation solution, previously described by Klein et al. (2012). The prepared particles had a
spherical shape with a diameter of approximately 2 mm and a dry weight of 0.343 mg + 0.008
mg per sphere.

Activation of chitosan particles was carried out incubating the chitosan particles with
glutaraldehyde solution as it was previously described in Lorenzoni et al. (2014).

2.4 Enzyme Immobilization

Invertase immobilization was carried out incubating the particles with a solution of
enzyme diluted in activity buffer (50 mM sodium acetate, pH 4.5) at room temperature under
gentle shaking for 3 h. The amount of enzyme applied to the support was 50 mg per gram of
support.

B-fructosyltransferase, was partially purified and immobilized as previously described by
Lorenzoni et al. (2014). The amount of enzyme applied to the support was 180 mg per gram
of support.

After immobilization, both biocatalysts were washed with buffer NaCl (1.0 M) and
ethylene glycol (30%, volume fraction) in order to eliminate non-covalently bonded enzymes.
The immobilization yield and immobilization efficiency were calculated by the same

equations previously described in Valerio et al. (2013), and Sheldon and Van Pelt (2013).
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2.5 Reactors setup

The reactors consisted of a water-jacketed glass column, each filled with 930 chitosan
spheres (280 mg of dry weight). Both enzymatic preparations were evaluated in packed bed
and fluidized bed reactors. The reactors were flow rate controlled with adjustable peristaltic
pumps.

The packed bed column (height, 85 mm; inner diameter, 10 mm; volume, 6.67 mL) has
an entrance at the bottom and an exit at the top, which were fitted with a sintered glass disc to
retain the particles within the column. The fluidized bed column (height, 230 mm; inner
diameter, 10 mm; volume, 18.0 mL) was equipped with one additional exit at the top and one
additional entrance at the bottom for external liquid recirculation, also fitted with sintered
glass disc. This design enables fluidization of the biocatalysts independently of the residence

time. The bed height was kept constant at 230 mm. Schematics of reactors configurations are

m Water
/]\ Pump bath

50 °C
Water bath
50 °C

Fixed bed

illustrated in Figure 1.

Fluidized bed

Figure 1 Schematics of reactors configurations.
2.5.1 Invert sugar production
Production of invert sugar was carried using a solution of sucrose 150 g/L diluted in 50

mM sodium acetate buffer pH 4.5. The solution was pumped at flow rates of (0.5, 1.0, 1.5,
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2.0, 2.5, 3.0, 3.5, 4.0, 4.7) mL/min in both fluidized and packed bed reactors. Four bed
volumes of solution were passed through the column before taking the sample to achieve
stationary state. These experiments were carried out in duplicate, changing the column bed at
each experiment.
2.5.2 Fructooligosaccharides production

Production of fructooligosaccharides was carried using a solution of sucrose 600 g/L
diluted in 20 mM sodium acetate buffer pH 5.5. The solution was pumped at flow rates of
(0.052, 0.082, 0.11, 0.17, 0.23, 0.29, 0.44) mL/min in both fluidized and packed bed reactors.
Four bed volumes of solution were passed through the column before taking the sample to
achieve stationary state and the experiments were carried out in duplicate, changing the
column bed at each experiment.

2.5.3 HPLC analysis

All the samples collected in the reactors were analyzed in HPLC system (Shimadzu,
Tokyo, Japan) equipped with refractor index and Aminex HPX-87C (300 mm x 7.8 mm)
column. Ultra-pure water was used as eluting solvent at a flow rate of 0.6 mL/min, at 85 °C.

The concentration of saccharides (sucrose, glucose and fructose) was determined in invert
sugar samples by interpolation using external standards. In the fructooligosaccharides
samples, kestose (B-D-fructofuranosyl(2—1)B-D-fructofuranosyl(2—1)a-D-glucopyranoside)
and nystose (B-D-fructofuranosyl(2— 1)p-D-fructofuranosyl(2— 1)p-D-fructofuranosyl(2—1)
a-D-glucopyranoside) concentrations were also determined.

3 Results and Discussion
3.1 Enzymatic activity

Maxinvert L contains a specific hydrolytic activity of 3000 U/mg at 50 °C and pH 4.5.
The enzymatic solution obtained from partial purification of Viscozyme L, contained specific
hydrolytic activity of 25.3 U/mg, at 50 °C and pH 5.5. It is important to note that the specific
activity of the enzyme solution used in this work, after partially purification is much lower
compared to Maxinvert L. This difference is due to the fact that Maxinvert L is a commercial
enzyme preparation specific for sucrose hydrolysis, whereas Viscozyme L is marketed as
endo-B-glucanase that hydrolyzes (1—3)- or (1—4)- linkages in B-D-glucans, and the
secondary activity recovered in this preparation is more specific for B-fructosyltransferase
activity. Is important to note, despite its high hydrolytic activity, Maxinvert L contains little
B-fructosyltransferase activity and therefore is not suitable for FOS synthesis (Farine et al.,
2001; Vega-Paulino & Zuniga-Hansen, 2012).
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3.2 Enzyme Immobilization

Maxinvert L immobilization resulted in a biocatalyst with 2.4 U per sphere (7000 U per
gram of dry support), immobilization yield of 42 % and an immobilization efficiency of 12 %.
B-fructosyltransferase immobilization resulted in a biocatalyst with 0.52 U per sphere (1500 U
per gram of dry support), immobilization yield of 82 % and an immobilization efficiency of
42 %. A higher immobilization yield was observed for B-fructosyltransferase than for
Maxinvert L, despite the higher protein load applied, but several other factors may cause this
result. Different immobilization pH may change immobilization vyields when using
glutaraldehyde as a coupling agent (Barbosa et al., 2014; Monsan, 1978). In this case, the
optimal pH of each enzyme was used for immobilization to avoid protein inactivation during
this step. The difference between the enzymes structures can also interfere in enzyme
immobilization; Maxinvert L is a highly glycosylated octameric protein with 428 kDa (Sainz-
Polo et al., 2013), while B-fructosyltransferase from A. aculeatus is a dimeric glycoprotein
with 135 kDa (Ghazi et al., 2007). However, both enzymes are not completely purified and is
not possible to assert something without knowing all other proteins in the mixture.

A B-fructosyltransferase biocatalyst with a better activity than in a previous work was
obtained (Lorenzoni et al., 2014). This fact can be attributed to the smaller size of spheres
used in this work, since smaller particles have a greater superficial area and therefore can
carry a higher protein load (Klein et al., 2012). A remarkable achievement since that
biocatalyst was among the highest active found in literature so far (Lorenzoni et al., 2014).

3.4 Invert sugar and Fructooligosaccharides production

Results of yields of invert sugar production (grams of invert sugar per grams of initial

sucrose) and FOS production (grams of FOS per grams of initial sucrose) for different flow

rates are shown in Figure 2 and 3, respectively.
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Packed bed reactors showed higher yields than fluidized bed in both reactions. For invert
sugar production, the highest yields were observed at the lowest flow rates due to higher
residence times inside the reactor.

For FOS production, the best yield was 59 %, at 0.08 mL/min, and at 0.05 mL/min the
yield decreased to 57 %. This fact is due to the higher hydrolytic activity of the enzyme in the
presence of nystose (Vega & Zuniga-Hansen, 2014). In addition, a higher nystose
concentration 240 g/L + 2 g/L and a lower kestose concentration 101 g/L = 2 g/L were
detected in the samples collected at 0.05 mL/min. At 0.08 mL/min, the nystose and kestose
concentrations were 218 g/L = 2 g/L and 133 g/L + 1 g/L respectively. Both conditions could
be chosen to a further scale up, although their different product composition.

To discuss these results, is important to consider immobilized enzyme systems as being
two-phase systems, and thus, they suffer from inevitable mass transfer limitations, producing
unfavorable effects on their overall catalytic performances (Krajewska, 2004). Since fluidized
bed reactors present better axial dispersion rates, it is reasonable to predict that they will result
in better yields in comparison to packed bed reactors. However, in this work, the packed bed
reactor was kinetically favorable resulting in better yields for both reactions evaluated. A
possible reason is the fact that in both reactions glucose is produced, which, in turn, causes
product inhibition (Michaelis & Menten, 1913; Vega & Zuniga-Hansen, 2014). In the
fluidized bed, the product is pumped from the exit, on the top of the reactor, to the entrance,
in the bottom of the reactor. This system leads to higher glucose concentrations in the bottom.
Therefore, glucose concentration in the bottom of the fluidized bed is higher than in packed
bed, inhibiting enzymatic activity. This fact would not be noted on a non-recirculating
fluidized bed, but in such case, a higher flow rate would be needed for particles suspension
leading to lower residence times and lower yields.

Despite kinetically better, packed bed reactors can have some drawbacks in comparison
to fluidized bed, such as column clogging, creation of preferential flow paths and particle
compression (Godia & Sola, 1995). These drawbacks occur after some operation time, thus to
evaluate them we measured the operational stability of the packed bed reactor for FOS
production. The FOS production medium is also much more viscous than invert sugar
production medium as well as the susceptibility to clogging. Operational stability was
evaluated for 40 days at the flow rate of 0.15 mL/min and no loss of activity was detected, as

shown in Figure 4.
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Figure 4 Yields of FOS production in the packed bed operated continuously for 40 days
at 50 °C, pH 5.5 and 600 g/L of sucrose.

4 Conclusions

The evaluation of reactor design for enzymatic production of invert sugar and FOS has
proved that packed bed reactors are the best choice for the synthesis of those products. Packed
bed reactors are not only kinetically favorable but also present a simpler technology and
requires smaller volumes. A high operational stability was observed, no column clogging or
preferential flows were detected on the packed bed reactor after 40 days of operation for FOS
production. The packed bed reactors made in this work presents great potential for industrial

production of either fructooligosaccharides or invert sugar from sucrose.
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4. Consideracgoes Finais:

A imobilizacdo de [-frutosiltransferase em particulas de quitosana ativadas com
glutaraldeido resultou em um biocatalisador ativo e muito estavel. A atividade do
biocatalisador obtido foi de 1230 Uy/g (unidades de transfrutosilagdo por grama de suporte
seco), estando entre os melhores encontrados na literatura para producdo de fruto-
oligossacarideos. Além de aumentar a estabilidade térmica a estabilidade operacional foi
surpreendente, podendo ser utilizado em 50 bateladas sem perda de atividade. Seu potencial
para utilizagdo na industria foi testado em um segundo trabalho avaliando o uso em reatores.

No segundo trabalho, a aplicag¢ao do biocatalisador com atividade de B-frutosiltransferase
em reatores para producdo de fruto-oligossacarideos testada em reator de leito fixo e leito
fluidizado, mostrou que o reator de leito fixo é mais vantajoso. Além de ocupar menos espaco
e ser mais simples de operar, o reator de leito fixo apresentou maior rendimento, 59 % frente
aos 54 % do reator de leito fluidizado. Efeitos como o entupimento da coluna e a criagdo de
caminhos preferenciais foram testados ao longo de sua operacdo continua durante 40 dias, a
manutencdo da atividade durante este periodo mostrou que o sistema é muito estavel.

A producéo de agUcar invertido em reatores enzimaticos também foi testada utilizando a
enzima comercial Maxinvert L que possui alta atividade de B-frutofuranosidase. O processo
de imobilizacdo covalente em esferas de quitosana resultou em um biocatalisador com
7000 U/g (unidades de hidrdlise por grama de suporte seco). Testes em reatores de leito fixo e
leito fluidizado mostraram que para a producdo de acUcar invertido o reator de leito fixo
também é mais favoravel resultando em 98 % de rendimento frente aos 94 % de rendimento

do reator de leito fluidizado.
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5. Perspectivas:

Como perspectivas futuras desse trabalho, no ambito mais tecnoldgico, pode-se realizar
testes para avaliar a possivel presenca de residuos de glutaraldeido nos produtos obtidos pelos
biocatalisadores. Em caso negativo poderia ser avaliado um aumento de escala objetivando
aplicacdes industriais. Em caso positivo poderia ser testado o uso de genipina como agente de
ligacdo entre enzima e suporte uma vez que a toxicidade da genipina é muito inferior a do
glutaraldeido.

Pode-se também realizar experimentos envolvendo mutagénese para modificar a enzima
B-frutosiltransferase de A. aculeatus de forma a obter proteinas mais estaveis de féacil
purificacdo e imobilizacdo. Esta mesma abordagem pode ser utilizada para a obtencdo de uma
invertase mutante de S. cerevisae com alta atividade de transfrutosilacdo e alta estabilidade.

O desenvolvimento de reatores enziméticos utilizando mais de uma enzima também é
uma possibilidade de estudo. O uso de uma B-frutosiltransferase em conjunto com uma
glicose isomerase poderia reduzir o efeito de inibicdo competitiva com a glicose. Também, o
uso de P-frutosiltransferase, glicose isomerase e inulinase em conjunto, poderiam
proporcionar altos rendimentos de produgdo de FOS, uma vez que a B-frutosiltransferase
produz glicose como subproduto, a glicose isomerase transforma a glicose em frutose e

algumas inulinases sao capazes de produzir FOS com frutose.
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Apéndice A — llustragdes

Figura 16 Reatores em operacdo: a Leito Fixo. b Leito Fluidizado.



