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RESUMO

ALCANTARA, Lizzy Ayra Pereira, D.Sc., Universidade Federal de Vicosa,
novembro de 2013mobilizacdo de lipase em criogel supermacroporoso para a
sintese de lipidios estruturadasOrientador: Luis Antonio Minim. Coorientadores:
Valéria Paula Rodrigues Minim e Maria do Carmo Hespanhol da Silva.

A exigéncia atual por alimentos com elevada qualidade nutrickseisorialmente
atraentes tém tornado a tecnologia enzimatica uma alternativa cada vez mais atrativa
Neste contexto, a modificacdo da composicdo dos triacilgliceréis por meio de
reacbes enziméticas de interesterificacdo é uma alternativa para a obtencdo de
lipidios com caracteristicas nutricionais, sensoriais e tecnoldgicas superiores. Para
esse proposito € interessante a aplicacdo de lipases (E.C.3.1.1.3) na sua form
imobilizada devido a vantagens como a reutilizagdo do biocatalisddoilidade de
separacdo do produto final e o potencial para aplicacdes em processos continuos.
Recentemente, 0s criogéis supermacroporosos tém despontado como potenciais
suportes para imobilizacdo de enzimas por apresentar caracteristicas de interesse
tecnolégico como excelente biocompatibilidatb@ixo custo de aquisicdo e alta
porosidade de estrutura, o que facilita o processo de escoamento e de transferéncia de
massa. Assim, neste trabalho foi desenvolvido um novo biorreator enzimatico
constituido de lipases despergillus nigerfANL) confinadas por meio do processo

de polimerizagdo “in situi” em um criogel de poliacrilamida supermacroporoso,
visando a sintese de lipidios estruturados. Inicialmente, as lipaskspdayillus

niger em sua forma livre foram caracterizadas em relagdo a sua atividade hidrolitica
e de esterificacdo na sintese do butirato de butila, um aroma de interesse industrial.
Para isso, empregou-se um delineamento composto central de face centrada (DCCF)
a fim de avaliar o efeito dos parametros reacionais temperatura (°C), razao molar de
substrato (acido butirico:n-butanol) e conteudo de agua (% ( v/v)) adicionada sobre o
rendimento de esterificaca¥)( Verificou-se que o uso de uma maior concentragao
molar de n-butanol em relagdo a concentracdo de acido butirico proporcionou um
efeito positivo sobré, enquanto que o aumento da temperatura foi prejudicial para a
sintese do aroma. A adi¢cédo de agua também favoreceu o rendimento de esterificacdo

(%). Por meio da metodologia de superficie de resposta \M&Ricou-se que um



rendimento maximo de esterificacdo (98,8%) foi obtida na condicdo de temperatura
de 40,0 °C, razdo molar de substrato de 1:2,41 (acido:éalcool) e conteddo de agua
adicionada de 1,05% (v/v). Em seguida, as lipases foram imobilizadas por meio do
confinamento em um criogel monolitico supermacroporoso. O sistema imobilizado
(biorreator) foi caracterizado em termos das suas propriedades morfoldgicas e
parametros de imobilizacdo. Também foi avaliado o efeito da adicdo de aditivos
estabilizantes (polietilenoglicol de massa molar média de 1500 g/mol, Triton X-100 e
Tween 80, durante a etapa de imobilizacdo, nos parametros de imobilizacdo e
propriedades morfoloégicas. O uso de aditivos estabilizantes ndo alterou as
propriedades morfologicas dos crioggis@,05), enquanto que o emprego do aditivo
triton X-100 resultou em um aumento significatiyx@,05) na atividade hidrolitica
aparente (Ulgoge), N0 rendimento de imobilizacdo (%) e no conteddo de proteina
imobilizada MGyroteindTerioge). Avaliou-se também o desempenho do biorreator na
sintese do butirato de butila e em reagdes de interesterificacdo. Por meio MSR
verificou-se que o rendimento maximo de esterificacdo (46,1%) na sintese do
butirato de butilafoi obtido na condicdo reacional de 40,0 °C, razdo molar de
substrato de 1:1,43 (&cido:alcool) e conteudo de 4gua adicionada de 65% (V/v).
maior rendimento de interesterificacdo (17,35%) foi obtido no meio reacional
contendo 15 mmol/L de tripalmitina e 15 mmol/L trioleina, conteudo de agua
adicionada de 35% (v/v) e a temperatura de 40 °C. Estes resultados indicam que o
biorreator desenvolvido é um promissor biocatalisador para aplicacdes
biotecnolégicas.



ABSTRACT

ALCANTARA, Lizzy Ayra Pereira, D.Sc., Universidade Federal de Vicosa,
november, 2013Lipase immobilization in supermacroporous cryogel for the
synthesis of structured lipids Adviser: Luis Antonio Minim. Co-advisers: Valéria
Paula Rodrigues Minim and Maria do Carmo Hespanhol da Silva.

The current requirements for foods with high nutritional quality and sensory
attractive has become the enzyme technology an attractive alternative compared to
the conventional chemical processes. In this context, the modification of the
triglycerides composition through enzymatic interesterification reactions is an
alternative for obtaining lipids with high nutritional, sensory and technological
properties. For this purpose is interesting the use of lipases (E.C.3.1.1.3) in its
immobilized form due to advantages such as the reuse of the biocatalyst, ease
separation of the final product and the potential for applications in continuous
processes. Recently, the supermacroporous cryogels have emerged as potential
supports for enzyme immobilization for presenting characteristics of technological
interest as excellent biocompatibility, low cost and highly porous structure which
facilitates the flow process and mass transfer. In this work we developed a new
enzymatic bioreactor consisting Agpergillus nigefANL) lipase entrapped into a
polyacrylamide based supermacroporous cryogels by "in situ" polymerization for the
synthesis of structured lipids. Initially, free lipases fréwmpergillus nigerwere
characterized in terms to their hydrolytic and esterification activity in the synthesis of
butyl butyrate, an flavor of industrial interest. For this purpose, it was used a central
composite face-centered desigbCFD) in order to evaluate the effect of reaction
parameters temperatureC(); substrate molar ratio (butyric acid:n-butanol) and added
water (% (v/v) on the esterification yieldY]. It has found that the use of a higher
molar concentration of n-butanol in relation to the molar concentration of butyric
acid promoted a positive effect oW while increasing the temperature was
detrimental for the flavor synthesis. The addition of water also favored the
esterification yield %). Through the Response Surface Methodology (RSM) it was
found that a maximum vyield of esterification (98.8%) was obtained in the condition

of temperature at 40.0 °C, substrate molar ratio of 1:2.41 (acid:alcohol) and added
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water of 1.05 % (v/v). Then, lipases were entrapped in a supermacroporoso monolith
cryogel. The immobilized system (bioreactor) was characterized in terms of their
morphological properties and immobilization parameters. The effect of addition of
stabilizing additives (polyethylene glycol of molar mass 1500 g/mol, Triton X-100
and Tween 80) in the parameters of immobilization and morphological properties
was also evaluated. The use of stabilizing additives did not alter the morphological
properties of cryogel$¢0.05), while the use of the additive Triton X-100 resulted in

a significant increasep€0.05) in the apparent hydrolytic activity (W@ge).
immobilization yield (%) and the immobilized protein contemigoten/Jcryoge). It

was also evaluated the performance of the bioreactor in the synthesis of butyl
butyrate and interesterification reactions. Through the RSM it was found that the
maximum yield of esterification (46.1%) in the synthesis of butyl butyrate was
obtained in the reaction condition at 40.0 °C, substrate molar ratio of 1:1.43
(acid:alcohol) and added water of 65 % (v/v). A higher interesterification yield
(17.35 %) was obtained in the reaction medium containing 15 mmol/L of tripalmitin
and 15 mmoll of triolein, added water content of 35 % (v/v) and 40 °C. These
results indicated that the bioreactor developed is a promising biocatatyst fo
biotechnological applications.
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INTRODUCAO GERAL

Existe uma tendéncia atual de crescimento da demanda por alimentos com
apelacao funcional, ou seja, que atuem preferencialmente na promocao de efeitos
fisiologicos benéficos a salde e que, a0 mesmo tempo, sejam sensorialmente
atraentes. Neste contexto, a modificacdo da posi¢cao dos &cidos graxos nas moléculas
de triacilglicerol, por meio de reacbes enzimaticas de interesterificacdo € uma
alternativa para a obtencéo de lipidios com caracteristicas nutricionais, sensoriais e
tecnoldgicas para fins especificos.

A sintese de lipidios estruturados €é um desafio tecnolégico no
desenvolvimento de produtos nutricionalmente superiores. Apesar do histérico de
pesquisa nesta area, existe a necessidade de otimizar as condi¢cdes reacionais de
interesterificacdo, a fim de aumentar o rendimento global do processo, bem como
desenvolver métodos de catalise enzimética de maneira economicamente viavel e
preditivel.

A utilizacdo de enzimas imobilizadas no processo de interesterificacdo € uma
alternativa viavel, uma vez que o0s custos de reaquisicdo do catalisador sao
minimizados. Ademais, a imobilizacdo de enzimas apresenta vantagens como a
prevencdo de perdas massicas de enzima e da geracdo de subprodutos indesejaveis,
COmMO Nos processos quimicos tradicionais; a facilidade de separacédo do produto final
sem etapas adicionais de purificacdo; e o potencial de aplicacdo em processos
continuos via reatores empacotados, fluidizados ou colunas monoliticas.

Uma decisdo importante para se estabelecer um método de imobilizacéo
enzimatica é a escolha do suporte. Esta decisdo é ainda mais camagphieacao
de lipases, principalmente em reacdes enzimaticas envolvendo substratos como 6leos
e gorduras, uma vez que esses apresentam, naturalmente, alta viscosidade, o que
dificulta os processos de escoamento e transferéncia de massa.

Apesar de existir uma grande variedade de suportes para imobilizacdo de
lipases, cada aplicacdo necessita de condigbes operacionais especificas., Portanto
existe uma constante busca pelo desenvolvimento de novos suportes e métodos para
a imobilizag&do enzimatica.

Um suporte com potencialidades para a aplicacdo em imobilizacdo enzimética

€ o criogel monolitico supermacroporoso devido a sua excelente biocompatibilidade,

1



ao baixo custo de aquisi¢do, as potencialidades para aplicacbes comerciaisadiretas,
elasticidade, resisténcia quimica e fisica e alta porosidade de estrutura, o que resulta
em elevada permeabilidade ao escoamento e baixa resisténcia a transferéncia de
massa.

Assim, o objetivo neste trabalho foi desenvolver um biorreator enzimético
constituido de lipase ddspergillus niger confinada numa matriz de criogel
supermacroposo, para a aplicacdo em sistemas de esterificacéo e interesterificacao.

Para isso, inicialmente foi avaliada a performance da lipagesplergillus
niger, em sua forma nativagomo biocatalisador da reacdo de sintese do éster
aromético butirato de butila.

Posteriormente, foi descrito o processo de obtencdo do biorreator enzimatico
por meio da imobilizacdo das lipasesAlgpergillus nigema matriz do criogel via
confinamentce o biorreator obtido foi aplicado em reacdes de sintese do butirato de
butila.

E, por fim, o biorreator desenvolvido foi aplicado em reacfes de sintese de
lipidios estruturados em um sistema reacional modelo de interesterificacao,

empregando como substratos de partida tripalmitina e trioleina.



CAPITULO 1
1. REVISAO DE LITERATURA
1.1 Lipidios estruturados

Os lipidios estruturados séao triacilglicerois reestruturados ou modificados
para alterar a composicdo em &cidos graxos e/ou sua distribuicdo posicional na
molécula de glicerol por métodos quimicos, enzimaticos ou por engenharia genética
(SENANAYAKE; SHAHIDI, 2003 KIM, H.-R. et al., 2010). Tais lipidios sé&o
sintetizados com a finalidade de obter lipidios nutracéuticos que conferem beneficios
especificos para a saude, ou caracterisitcas nutricionais desejadas como presenca ou
auséncia de 4cidos graxos saturados ou insaturados de facil absor¢cdo e digestao e
melhorar ou modificar as caracteristicas fisicas e quimicas dos triacilgliceréis como
pontos de fusdo, contetdo de gordura sélida, viscosidade, consisténcia e estabilidade
oxidativa (SOUMANOU, M. et al., 199 ENANAYAKE; SHAHIDI, 2003 KIM,

H.-R. et al., 2010).

Sob a perspectiva de custo e aplicacdo em larga escala, a interesterificacao
guimica parece ser o méetodo mais atrativo para a obtencéo de lipidios estruturados
(WILLIS, W.; MARANGONI, 1999). Entretanto, a utilizacdo da interesterificacao
quimica promove uma redistribuicdo aleatéria dos acidos graxos e na maioria dos
casos exige etapas adicionais de branqueamento e desodoriza¢cdo do produto final.
Estas etapas podem ter efeitos nutricionais e tecnolégicos indesejaveis (BALCAO,
V. M.; MALCATA, 1998); (LUBARY; HOFLAND; TER HORST, 2011).

A interesterificacao catalisada por lipases ndo gera os inconvenientes da via
qguimica, e tem sido empregada na modificacdo da gordura do leite, banha, 6leo de
peixe, 6leo de arroz, 6leo de palma, 6leo de amendoim, entre outros (SOUMANOU,
M. et al., 1997JENNINGS; AKOH, 2001D'AGOSTINI; GIOIELLI, 2002 SILVA,

R. C. D.; GIOIELLI, 2006 NUNES et al.,, 2011b). Além disso, 0 processo
enzimatico empregando lipases também apresenta a vantagem de minimizar a
formacdo de produtos secundérios devido a especificidade dessas enzimas
(LUBARY; HOFLAND; TER HORST, 2011).

Entretanto, a escolha das tecnologias de modificacdo lipidica adequadas
dependera da estrutura lipidica alvo, dos custos da producdo e da demanda de
consumo. A tecnologia da interesterificagdo enzimatica ja € uma realidade comercial,

sendo as aplicacbes reservadas a produtos de alto valor agregado. Assim, uma
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combinacdo das técnicas atuais de imobilizagdo enzimética de lipases e modificagdo
lipidica pode ser necesséria para o desenvolvimento de processos mais econdémicos,
0 que permitirA o emprego desta tecnologia em produtos de maior consumo
(WILLIS, W. M.; LENCKI; MARANGONI, 1998 IWASAKI; YAMANE, 2000;

AKOH, 2005 LUBARY; HOFLAND; TER HORST, 2011).

1.2 Lipases

A maioria das lipases (triacilglicerol acilhidrolases E.C.3.1.1.3) possui dupla
funcdo, com atividade lipolitica em substratos hidrofilicos, e de esterase em
ambientes hidrofébicos (JAEGER, K. E.; EGGERT, T., 206ASAN; SHAH;
HAMEED, 2006). Como serino hidrolases, esta enzima catalisa a hidrolise total ou
parcial de triacilglicerdis, atuando sobre as ligacGes ésteres presentes na molécula e
promovendo a liberacdo de acidos graxos e glicerol (SHARMA; CHISTI,
BANERJEE, 2001 HASAN; SHAH; HAMEED, 2006). A sintese de acilglicerois
envolve uma série de reacdes de acilacdo e desacilacdo no interior do sitio ativo das
lipases, conforme mostrado na Figura 1 (MARANGONI, 2002). Durante a acilacao,
um complexo acil-enzima, de natureza covalente, € formado pelo ataque nucleofilico
da serina a carbonila do substrato. A serina é o agente nucleofilico, cujo poder de
atuacao é potencializado pela presenca dos residuos de histidina e acido aspartico.
Durante a reacdo, grupamentos acilglicerol associam-se a triade catalitica do sitio
ativo através de ligacfes covalentes (MARANGONI, 2002).
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Figura 1. Reacdes envolvidas no sitio catalitico das lipases: mecanismo de
interesterificagdo. Fonte:(MARANGONI, 2002).

Lipases podem ser obtidas a partir de fonte animal, vegetal ou microbiana
(COLEN; JUNQUEIRA; MORAES-SANTOS, 2006), sdo soluveis em agua
(PETERS et al., 1996), apresentam boa resisténcia a diversas condi¢cdes operacionais
e sao muito utilizadas em processos em larga &$3AEGER, KARL-ERICH;
REETZ, 1998). Dependendo da fonte, as lipases podem ter massa molecular
variando entre 20 kDa a 75 kDa, com cerca de 150 a 650 residuos de aminoacidos,

atividade em pH na faixa de 4 a 9 e em temperaturas variando desde a ambiente até
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70 °C, sendo que, em sua maioria, apresentam atividade 6tima entre 30 °C a 40 °C
(PACKTER, 1994JAEGER, KARL-ERICH; REETZ, 1998).

Estas enzimas ndo requerem cofatores, sdo regioespecificas e s& manté
estaveis em uma ampla faixa de pH (DALLA-VECCHIA; NASCIMENTO; SOLDI,
2004). Em condi¢des naturais, as lipases atuam na interface do sistema bifasico
Oleo/agua, na qual possuem sua atividade aumentada (VERGER SEHSRMA,

CHISTI; BANERJEE, 2001). A atuacao da lipase, durante a hidrolise de lipidios, é
uma reacdao interfacial que ocorre na superficie bidimensional da micela e ndo no
volume tridimensional da goticula de 6leo (VERGER, 1997). Por este motivo,
reacdes lipoliticas envolvendo lipases ndo obedecem a cinética descrita pela equacao
de Michaelis-Menten, que somente pode ser seguida caso a reagcdo ocorra em uma
fase homogénea (JAEGER, KARL-ERICH; REETZ, 1998).

As reacOes catalisadas pelas lipases podem apresentar especificidade
diferencial quanto a estrutura estereoquimica do substrato (PARIDA; DORDICK,
1993 CYGLER, MIROSLAW et al., 1994), quanto a posicdo do grupamento acila
sobre o qual devem atuar na molécula do triglicerideo (FOGLIA; CONKERTON;
SONNET, 1995), quanto ao comprimento da cadeia de acido graxo (CYGLER, M.;
GROCHULSKI; SCHRAG, 1995) e quanto a presenca de insaturacées na cadeia
(SHIMADA et al., 1995). As lipases podem ser classificadas de acordo com sua
especificidade posicional (inespecificas ou 1,3-especificas) ou quanto a
especificidade por acidos graxos (XU, 2000), como pode ser visto a seguir:

. Lipases inespecificas: atuam sobre todos o0s acidos graxos,
independentemente da posicdo que ocupam na molécula de glicerol, promovendo a
hidrélise e produzindo tanto acidos graxos livres, glicerol, monoacilgliceréis e
diacilglicerdis como intermediarios (CASTRO, H. F. D. et al., 2004);

. Lipases 1,3 especificagppromovem a hidrolise de acidos graxos das
posicoes 1 e 3, formando produtos com composi¢cOes diferentes daquelas obtidas
pelas lipases néo regiosseletivas (CASTRO, H. F. D. et al., 2004);

o Lipases acido graxo especificas:atuam especificamente ou
preferencialmente na hidrélise de ésteres de determinados acidos graxos, em funcéo
do tamanho da cadeia carbonica ou da insaturacdo (GUPTA, R.; RATHI; BRADOO,
2003 CASTRO, H. F. D. et al., 2004).

A versatilidade das lipases permite que essas enzimas sejam selecionadas
para aplicagbes potenciais em diversos setores, como a industria de alimentos,
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oleoquimica, farmacéutica, tratamento de efluentes, na formulacdo de detergentes,
sintese de biosurfactantes, entre outros (OHNISHI et al.,; X988 DHI, 1997

LEAL et al., 2002 HASAN; SHAH; HAMEED, 2006). Portanto, existe uma
constante demanda pelo desenvolvimento de métodos que permitam a utilizacdo de

lipases de maneira efetiva e econémica.
1.2.1 Reacg0es catalisadas por lipases

As lipases podem atuar tanto em ambientes com alto conteido de agua,
hidrolisando ligacGes ésteres de triglicerideos, como em ambientes com baixo
conteldo aquoso catalisando reacdes de sintese (como de esterificacao)
transesterificacdo (interesterificacdo, alcéolise e aciddlise), amindlise (sintese de
amidas) e lactonizacdo (esterificacdo intramolecular) (PACKTER,; 1884GER,

K-E.; DIJKSTRA; REETZ, 1999JAEGER, K.-E.; EGGERT, T., 200MAHADIK

et al., 2002 REIS, P. et al., 2009). Durante a hidrdlise, h4 consumo de agua, que
participa como substrato. Nas reacdes de sintese, como por exemplo, na formacéo de
ésteres a partir do acido graxo e alcool (Figura 2), a formacdo de agua no meio
reacional pode deslocar o equilibrio da reacdo de esterificacdo para a via direta
(hidrélise) e a atividade de esterificacdo da lipase é reduzida na medida que o
conteddo aquoso do meio aumenta. Portanto, os processos de hidrélise e sintese
dependem do deslocamento do equilibrio da reacdo, sendo o controle do contetudo de
agua um fator critico do processo, uma vez que este afeta diretamente a velocidade
de reacdo, a extensao de reacles paralelas de hidrélise, o rendimento de produto, a
atividade enzimética e seletividade da reagdo (GHAZALI, H.; HAMIDAH, S.; CHE
MAN, Y., 1995 BALCAO, V. et al., 1998).

As reacbes basicas de hidrdlise e sintese podem ser combinadas de forma
sequencial, para resultar em um conjunto de reacdes de transesterificacdo (hidrolise,
aciddlise e interesterificacdo), dependendo dos materiais de partida empregados
(GHAZALI, H.; HAMIDAH, S.; CHE MAN, Y., 1995). Assim, as seguintes reacoes
sao possiveis (CASTRO, H. F. D. et al., 2004)

o Aciddlise: reacdo na qual o grupo acila €& deslocado entre um
acilglicerol e um acido carboxilico.

o Alcodlise: reacdo no qual o grupo acila é deslocado entre um

acilglicerol e um alcool.



o Interesterificacdo: reacdo na qual dois grupos acilas sédo trocados

entre dois acilgliceradis.
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Figura 2. Reacles catalisadas pelas lipases. Fonte: (CASTRO, H. F. D.
2004).

Entre as reacdes catalisadas por lipases, a interesterificacdo é o processo mais
utilizado para obtencdo de lipidios com fungBes nutricionais e tecnoldgicas
desejaveis na industria de alimentos. Esse processo envolve a troca e a redistribuica
de alguns &cidos graxos na molécula do triacilglicerol, possibilitando modificacdes
das propriedades nutricionais e tecnoldgicas dos 6leos e gorduras por meio de um
catalisador (KAZLAUSKAS; BORNSCHEUER, 2008).

1.2.2 Aplicagao das lipasesa industria de alimentos

Na industria de alimentos, lipases podem ser empregadas na hidrolise seletiva
de Oleos e gorduras para obtencgdo de acidos graxos que influenciam as propriedades
fisico-quimicas, tecnolégicas e nutricionais dos alimentos. Outra aplicagédo é no caso

do rearranjo da posicdo das cadeias de acidos graxos nos triglicerideos ou
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substitugdo um ou mais destes 4cidos graxos por novos 0 que, consequentemente,
modifica as propriedades dos lipidios presentes no alimento (JAEGER, KARL-
ERICH; REETZ, 1998 SHARMA; CHISTI; BANERJEE, 2001HASAN; SHAH;
HAMEED, 2006).

A ultima aplicacdo tem importancia para a industria de chocolates, que busca
produtos analogos a manteiga de cacau, uma vez queoessm teores substanciais
de acido palmitico e estearico, que Ihes confere caracteristicas Unicas e valiosas de
cristalizacdo e de derretimento, essenciais na fabricacdo de produtos com ponto de
fus@o proximo a temperatura do corpo humano. Entretanto, o alto custo inviabiliza
sua utilizacdo em muitos produtos alimenticios e faz com que a manteiga de cacau
seja substituida por outras gorduras de precos inferiores. Portanto, existe um grande
interesse no desenvolvimento de produtos analogos a manteiga de cacau, o que
diminuiria, por exemplo, o custo da producdo do chocolate (JAEGER, KARL-
ERICH; REETZ, 1998 SHARMA; CHISTI; BANERJEE, 2001). A
transesterificacdo do 6leo de palma promovida por lipasé®hd®mucor miehei
imobilizadas tem sido empregada comercialmente para a substituicdo da manteiga de
cacau. Este processo foi patenteado em 1976 pela Unilever e esta tecnologia é
comercializada pela Quest-Loders Croklaan (JAEGERRKARICH; REETZ,

1998).

Lipases também podem patrticipar da aceleracdo do processo de maturacao de
queijos e na hidrolise da gordura do leite (HASAN; SHAH; HAMEED, 2006). Na
industria de laticinios, a lipase é empregada na producdo de queijos que tém seu
aroma intensificado, ou na producéo de ésteres aromatizantes de queijo para produtos
salgados e petiscos (HASAN; SHAH; HAMEED, 2006).

Na industria de panificacdo, a utilizacdo de lipase proporciona aumento da
elasticidade e fortalecimento da massa, melhoram o volume especifico e maciez do
miolo e retardam o envelhecimento dos pédes (GOESAERT et al;, GB0EDRA et
al., 2008).As lipases podem ainda ser aplicadas na obtencdo de monoacilglicerais,
gue sado usados como agentes emulsificantes (FREIRE; CASTILHO, ; 2008)
empregadas para contribuicdo do aroma e sabor de margarina, bebidas alcodlicas,
chocolates e doces (JAEGER, K. E.; EGGERT, T., 208&) processos como a
fermentacdo de salsichas, lipdlise da gordura da manteiga e do creme de leite
(JAEGER, K. E.; EGGERT, T., 200BASAN; SHAH; HAMEED, 2006 FREIRE;



CASTILHO, 2008); e na formacao de produtos volateis que conferem sabor ao cha
preto (HASAN; SHAH; HAMEED, 2006).

Contudo, as enzimas estdo sujeitas a inativacdo por processos fisicos,
quimicos ou bioldgicos, durante sua utilizacdo ou estocagem (DALLA-VECCHIA;
NASCIMENTO; SOLDI, 2004). Além das perdas ocorridas devido a inativagédo
enzimética durante os bioprocessos, deve-se ressaltar também a existéncia de perdas

massicas de enzimas durante o processo de separacdo do produto final.
1.3 Imobilizacdo de enzimas

A tecnologia enzimatica despontou como area de investigacao no inicio da
década de 1960 com a imobilizacdo de enzimas para utilizacdo em processos
quimicos (KRAJEWSKA, 2004). Desde entdo esses biocatalisadores tém sido
empregados em diversos segmentos, incluindo a sintese de compostos bioativos e de
novos biopolimeros, construcado de biossensores, terapia enzimatica e processos em
industrias tradicionais como 6leos e gorduras, curtumes, papel e celulose, téxtil e
cosméticos (MENDES, A. A. et al., 2011b).

Apesar do longo historico da imobilizacdo de enzima, (STRAATHOF;
PANKE; SCHMID, 2002) estimae que apenas 20 % dos processos biocataliticos
envolvem enzimas imobilizadas. No entanto, ao longo dos dltimos anos um namero
interessante de novas metodologias de imobilizacdo enzimatica tém sido relatadas na
literatura e nos pedidos de patentes, indicando que a imobilizacdo de enzimas esta
em evidéncia (BRADY, D.; JORDAAN, 2009).

Em 2003, o mercado global de enzimas para aplicagbes industriais foi
estimado em U$ 2,3 bilhdes divididos nas seguintes areas: detergentes, 35%;
alimentos, 28%; agricultura e racdo animal, 16,5%; téxteis, 10,5%; papel, celulose,
couro e produtos quimicos, 10%. Em 2009, esse valor de mercado foi de $5,1 billion
(SANCHEZ; DEMAIN, 2010) e a projecdo € que o crescimento anual sera de
aproximadamente 6,3%, com estimativa de movimentagdo de U$ 7,0 bilhdes de
dolares para 2013 (MENDES, A. A. et al., 2011b).

A imobilizacdo € um termo genérico empregado para descrever a retencéo de
uma biomolécula no interior de um reator ou de um sistema analitico. No caso das
enzimas, a sua imobilizacdo em um suporte pode resultar em melhorias do seu
desempenho catalitico e reduzir a sua inativagéo por distor¢do de sua estrutura nativa

pela influéncia da temperatura, do pH e de solventes organicos, o que € atrativo para
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a aplicacdo de enzimas no setor industrial (BRADY, D.; JORDAAN, ;2009
MENDES, A. A. et al., 2011b).

Do ponto de vista comercial, as principais vantagens da utilizacdo de enzimas
imobilizadas, em relacdo as enzimas solUveis sdo: reutilizacdo do biocatalisador,
retencdo da atividade catalitica por um maior periodo de tempo; possibilidade de
conduzir processos em modo continuo; facilidade de separacédo do catalisador e do
produto da reacéo e de interrupcdo da reacdo, quando se atinge um determinado grau
de conversao (BRADY, D.; JORDAAN, 200%ENDES, A. A. et al., 2011b).
Porém, durante o processo de imobilizacdo, deve-se atentar para questdes como:
mudancgas conformacionais da estrutura da enzima que levem a sua imobilizacao
numa forma inativa; perda da atividade catalitica e perdas massicas de enzima por
meio da lixiviacao; efeitos difusionais ou de transferéncia de massa, em decorréncia
de limitacBes do acesso do substrato a enzima e do produto para o seio daesolucao;
0 custo da imobilizacdo, que deve ser compensado pela vida util do biocatalisador
(MATEO et al., 2007MENDES, A. A. et al., 2011b).

1.4 Métodos de imobilizacéo

Enzimas podem ser imobilizadas por diferentes protocolos tais como
encapsulamento em membranas poliméricas; confinamento em matrizes poliméricas;
adsorcdo em materiais insollveis hidrofébicos ou em resinas de troca idnica;
encapsulacao; ligacao covalente a uma matriz insolavel ou por reticulacdo (Figura 3)
(DALLA-VECCHIA; NASCIMENTO; SOLDI, 2004 MATEO et al., 2007
ILLANES et al., 2012).

A selecao do método de imobilizacdo deve ser baseada em parametros como
atividade global do biocatalisador, caracteristicas de regeneracédo e inativacdo, custo
do procedimento de imobilizacdo, toxicidade dos reagentes de imobilizacao,
estabilidade operacional, propriedades hidrodindmicas e caracteristicas finais
desejadas para a enzima imobilizada (DALLA-VECCHIA; NASCIMENTO; SOLDI,
2004 MENDES, A. A. et al., 201ZHLLANES et al., 2012).
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Figura 3. Esquema dos métodos de imobilizacdo de enzimas: confinan
encapsulacdo, adsorcao (via troca ibnica), ligacdo covalente e reticulacdo.
(FERNANDEZ-FERNANDEZ; SANROMAN; MOLDES, 2012).

A seguir serdo relatados os seguintes métodos de imobilizacdo de enzimas:
adsorcdo, ligacdo covalente, confinamento e reticulacdo, suas principais

caracteristicas e os recentes avangos nessas tecnicas.
1.4.1 Imobilizagdo por confinamento

A imobilizacdo de enzimas por confinamento envolve a polimerizacsitu
da matriz porosa em torno dos biocatalisadores a serem imobilizados. Nesse
processo, a enzima € incorporada como parte da mistura reativa a ser polimerizada.
Na medida em que a polimerizacao prossegue, a matriz polimérica vai se formando
em torno da enzima, confinando-a dentro de sua estrutura. Assim, esse meétodo é
atraente para a imobilizacdo de enzimas pelo processo sol-gel, visto que 0 mesmo
ocorre em meio aquoso, 0 que permite a manutencdo da atividade catalitica das
enzimas ocluidas na matriz de sol-gel (KATO et al., 26DGSON et al., 2004
HAGE, D.; RUHN, 2005).

Resumidamente, o processo de sol-gel é caracterizado por ser um processo de
sintese de materiais no qual ocorre uma transi¢cdo do sistema sol para um sistema gel.
O termo sol é definido como uma dispersdo de particulas coloidais em um fluido,
enquanto o termo gel pode ser empregado para definir um sistema formado pela

estrutura rigida de particulas coloidais (gel coloidal) ou de cadeias poliméricas (gel
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polimérico) que retém, normalmente, a fase liquida nos seus intersticios (Figura 4).
Desse modo, os géis coloidais resultam da agregacao de particulas coloidais, devido
a uma adequada alteracédo das condi¢Oes fisico-quimicas da suspensao, enquanto 0s
géis poliméricos sdo, geralmente, preparados a partir de solucbes onde se promovem
reacOes de polimerizagcdo, em que a gelatinizacdo ocorre pela interacdo entre as
longas cadeias poliméricas (ALFAYA; KUBOTA, 2002).
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Figura 4. Esquema da transicao sol-gel: (a) formacdo do gel particulado
formacdo do gel polimérico. Fonte: (ALFAYA; KUBOTA, 2002).

De modo simplificado, o processo global de imobilizacdo de enzimas por
confinamento por meio do processo sol-gel pode ser visualizado na Figdra 5.
vantagem de utilizar esse método de imobilizacdo é que o confinamento proteje a
enzima do contato direto com o meio reacional, minimizando assim os efeitos de
desnaturacao por solventes organicos. Além disso, esse € um método de imobilizacdo
de facil execucdo e pode ser empregado para imobilizar uma ampla variedade de
enzimas, visto que o mesmo nao promove alteracdes estruturais da enzima (DALLA-
VECCHIA; NASCIMENTO; SOLDI, 2004 SHELDON, 2007 BRADY, D
JORDAAN, 2009).
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Figura 5. Procedimento para o confinamento de enzimas durante o proces:
gel, incluindo (a) formacao de particulas de sol durante a hidrélise e condet
adicao (b) da enzima na suspenséo contendo as particulas sol, e (c) agre(
particulas coloidais em torno das moléculas de enzima. Fonte: (MALLIK; H;
2006).

Como desvantagens, tese-as dificuldades associadas com o controle do
tamanho dos poros do suporte devido a retracdo do sol-gel com o tempo;
enconlhimento do gel durante o processo de condensacgéo e de secagem, o que pode
causar a desnaturacdo das enzimas, ou a lixiviagdo da enzima devido aos diferentes
tamanhos de poros e inconvenientes de limitacdes de transferéncia de massa e
difusdo dos substratos através da matriz (VILLENEUVE et al., ;2B0B6AYA;
KUBOTA, 2002 KATO et al., 2002DALLA-VECCHIA; NASCIMENTO; SOLDI,

2004 HODGSON et al.,, 2004BRADY, D.; JORDAAN, 2009 HANEFELD;
GARDOSSI; MAGNER, 2009 MENDES, A. A. et al., 2011bFERNANDEZ-
FERNANDEZ; SANROMAN; MOLDES, 2012). Outra desvantagem € que muitos
precursores da mistura sol-gel podem desnaturar as enzimas, devido a producéo de
subprodutos alcodlicos durante a hidrolise dos grupos alcoxidos dos alcoxisilanos
entretanto, precursores alternativos foram desenvolvidos a fim de minimizar este
problema (HODGSON et al., 2004).

1.4.2 Imobilizac&o por adsorcao

A adsorcdo € um método simples e muito empregado para imobilizacdo de
enzimas. Nesse método, as enzimas séo imobilizadas no suporte por meio ligagées de
baixa energia, tais como interacdes hidrofdbicas, forcas de van der Waals, ligacdes
de hidrogénio e ligacdes idnicas (FERNANDEZ-FERNANDEZ; SANROMAN;
MOLDES, 2012 ZHENG et al., 2012ZHOU et al., 2012).
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As principais vantagens da imobilizagdo por adsorcéao residem no baixo custo
e na facilidade e na simplicidade do processo. Além disso, a adsorcdo promove
pouca alteracdo na estrutura conformacional da enzima, uma vez que a enzima é
espontaneamente imobilizada em uma orientacdo que lhe € preferencial e
energeticamente favoravel (ZHOU et al., 2012).

Como desvantagens, tem-se a aleatoriedade da interagdo enzima-suporte e
possibilidade de dessorcéo e lixiviacdo da enzima devido a variacdes de temperatura,
pH e forca ibnica ARICA; ALTINTAS; BAYRAMOGLU, 2009; BRADY, D.;
JORDAAN, 2009 GUIDINI et al., 2010 MENDES, A. A. et al., 2011b). Contudo,
diversas técnicas foram desenvolvidas a fim de reduzir a lixiviagdo da enzima como
por exemplo, a modificacdo quimica do suporte, a redu¢cdo do tamanho de seus poros
ou a reticulacdo da enzima no interior dos poros (HE, J. et al., R&0S, PEDRO;
WITULA; HOLMBERG, 2008). Outros estudos sugerem que a hidrofobizagcdo do
suporte pode resultar na reducdo da lixiviacdo e melhoria da atividade enzimética
(SERRA et al., 2008).

A imobilizacédo de lipases por adsorcdo em suportes hidrofébicos resulta em
grandes melhorias de sua atividade catalitica (MATEO et al.,, FERNANDEZ-
LORENTE et al., 2008). Essa enzima apresenta duas diferentes configuragcbes: uma
forma fechada, considerada inativa, na qual o contato entre o sitio ativo e o meio
reacional € blogueado por uma cadeia polipeptidica hidrofébica chamada de tampa
(lid); e a forma aberta, na qual essa tampa € deslocada e o sitio ativo é totalmente
exposto ao meio de reacdo (BRADY, L. et al., 1990; DEREWENDA et al.,; 1992
FERNANDEZ-LORENTE et al., 2008).

Na presenca de uma superficie hidrofobica, a lipase sofre uma ativacao
interfacial e o equilibrio de suas formas é deslocado para a conformacdo aberta.
Neste caso, a regido do sitio ativo da enzima interage com o suporte por adsorcao
hidrofobica, uma vez que o reconhece como similar aos seus substratos naturais.
Assim, a lipase é imobilizada em sua conformacéo ativa (FiQUBRADY, L. et
al., 1990 DEREWENDA et al., 1992 PALOMO, JOSE M. et al., 2002
FERNANDEZ-LORENTE et al., 2008).
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Figura 6. Ativacao interfacial da lipase frente a um suporte hidrofobico. F
(MATEO et al., 2007).

A eficiencia de imobilizacdo da enzima por adsorcdo também esta
intimamente relacionada com o suporte empregando para tal fim. Nesse sentido,
diversos suportes podem ser utilizados e a escolha de um deles depende de suas
propriedades como porosidade e tamanho do poros, area superficial, resisténcia
mecanica, estabilidade fisica e quimica, carater hidrofébico/hidrofilico, capacidade
de adsorcdo da enzima e custo (FERNANDEZ-LORENTE et al., ;2008
FERNANDEZ-FERNANDEZ; SANROMAN; MOLDES, 2012).

Nos Ultimos anos, 0s materiais mesoporosos tém se destacado como
excelentes suportes para adsorcdo de enzimas por apresentarem caracteristicas
desejaveis como tamanhos de poros uniformes, elevada area superficial e facilidade
de funcionalizacdo, o que permite proporcionar estabilidade quimica e térmica ao
biocatalisador imobilizado. Ademais, 0 uso de materiais porosos também € vantajoso
visto que a enzima pode ser adsorvida tanto na superficie externa quanto no interior
dos poros do suporte (QUIROS; GARCIA; MONTES-MORAN, 2011
FERNANDEZ-FERNANDEZ; SANROMAN; MOLDES, 203ZHOU et al., 2012).

Outra técnica de adsor¢cdo comumente utilizada para a imobilizacdo de
enzimas e troca ibnica, a qual ocorre a partir das interacdes idnicas e eletrostaticas
entre 0s grupos ibnicos da proteina e 0os ions com cargas opostas do suporte
(FERNANDEZ-FERNANDEZ; SANROMAN; MOLDES, 2012ZHENG et al.,

2012).

A interacdo eletrostatica entre o suporte e a enzima geralmente € modulada
pelo pH do meio no qual se procede a imobilizagdo. Assim, a adsor¢céo das enzimas
por troca ibnta é mais eficiente quando as forgas eletrostaticas sdo maximizadas
Para isso, a enzima e o0 suporte devem apresentar cargas liquidas opostas, ou seja, 0
pH do meio de imobilizagdo devera estar abaixo do ponto isoelétrico (pl) da enzima

e acima do pl do material que constitui o suporte e vice-versa. Nesta situacao
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especificada, a enzima apresenta uma carga liquida positiva e o suporte uma carga
liguida negativa, o que resultara na atragdo eletrostética entre os mesmos. Caso o pH
da solucéo esteja acima do ponto isoelétrico da enzima, uma carga liquida (negativa)
sanelhante entre essa e o0 suporte conduzira a forcas repulsivas entre ambos, o0 que
resultard em baixa adsorcdo da enzima. A mesma repulsdo eletrostatica seria
observada se o pH do meio estivesse abaixo do ponto isoelétrico da enzima e do
suporte, concomitantemente (NELSON; COX, 20@8UIDINI et al.,, 2010
FERNANDEZ-FERNANDEZ; SANROMAN; MOLDES, 2012ZHENG et al.,

2012).

Como desvantagem desse protocolo ha a possibilidade de desprendimento
das enzimas do suporte durante uma reacédo, quando ocorrerem mudancas no valor do
pH e da forca ibnica do meio. Nesse caso, para se contornar esse inconveniente,
geralmente, apds a adsorcdo da enzima, essa € reticulada com um agente bifuncional
como o glutaraldeido (FILHO et al., 2QGBUIDINI et al., 2010).

1.4.3 Imobilizac&o por ligacdo covalente

A imobilizacdo por ligacdo covalente consiste na fixacdo da enzima ao
suporte através de ligacbes covalentes. A forca desta ligacdo € elevada e
normalmente envolve varios residuos da enzima proporcionando uma grande rigidez
na estrutura da mesma (MATEO et al., 200ACARIO et al., 2009 MILETIC et
al., 2009). Essa rigidez pode manter a estrutura da enzima inalterada perante agentes
desnaturantes como calor, solventes organicos, pH extremos e outros (MATEO et al.,
2007 MACARIO et al., 2009 MILETIC et al., 2009). Contudo, em excesso, tal
rigidez pode ser prejudicial a atividade enzimatica.

A imobilizacdo covalente da enzima frequentemente se iniciam com a
modificacdo da superficie do suporte por meio de reacdes de ativacdo, na qual os
grupos funcionais do suporte sdo modificados para produzir intermediarios reativos
(FERNANDEZ-FERNANDEZ; SANROMAN; MOLDES, 2012). Geralmente, o
glutaraldeido € o reagente utilizado na ativagdo de suportes e/ou como braco
espacgador, devido a simplicidade dos métodos de ativacéo e obtengéo de preparacdes
enzimaticas ativas e estaveis (MATEO et al., 200HAUBEY et al., 2009
BARBOSA et al., 2012). Nesse caso, o glutaraldeido se liga ao suporte e a enzima, e
essas sdo imobilizadas covalentemente no suporte através de seus gruposiaminos (

NH, da cadeia terminat;NH, da lisina e/ou NEproveniente de aminag&do quimica),
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gue se ligam aos grupos aldeidos do suporte, formando as bases de SchifO(MATE
et al., 2007BRADY, D.; JORDAAN, 2009BARBOSA et al., 2012).

Outros grupos funcionais da enzima como grupos carboxifeGOOH do
acido asparticoy-COOH do acido glutamico e @carboxilico), grupo fendlico da
tirosina, grupo sulfidrico da cisteina, grupo hidroxilico da serina, treonina e tirosina,
grupo imidazol da histidina e grupo indol do triptofano também podem se ligar
covalentemente ao grupos reativos do suporte. O numero de ligacbes covalentes
entre o suporte e a enzima depende da densidade dos grupos reativos por unidade de
area do suporte, da reatividade dos grupos funcionais, tanto da enzima quanto do
suporte, e do estado de protonagdo dos mesmos, bem como da especificidade dos
grupos ativos do suporte (GUISAN, 1988RADY, D.; JORDAAN, 2009
ERDEMIR; YILMAZ, 2009, FERNANDEZ-FERNANDEZ; SANROMAN;
MOLDES, 2012).

A diversidade de suportes com grupos funcionais capazes de promover
ligacbes covalentes, ou suscetiveis a ativacdo, torna este método de imobilizacédo
aplicavel em muitas situacdes. Contudo, a sele¢édo das condi¢cGes para a imobilizacao
por ligacdo covalente é mais dificil que em outros métodos de imobilizacdo
(COWAN; FERNANDEZ-LAFUENTE, 2011).

Inconvenientes da imobilizacdo da enzima por ligacdo covalente estédo
relacionados a parcial desativacdo e/ou reducdo da atividade catalitica da enzima
devido a restricbes na sua conformacao, impostas pelas ligacfes entre as enzimas e
0S grupos reativos do suporte (ERDEMIR; YILMAZ, 2009). Também, durante o
processo de interacdo da enzima com o suporte, a regido do sitio ativo padsetorna
menos acessivel ao substrado, ocasionando um impedimento estérico (MATEO et al.,
2007), ou a forte fixacdo da enzima ao suporte pode dificultar a ativacdo da mesma,
caso essa possua conformagdes distintas quando ativada e nao ativada (MATEO et
al., 2007 MACARIO et al., 2009).

As principais vantagens desse método residem em maior resisténcia do
biocatalisador quanto a variacdo de pH, temperatura e frente a solventes organicos;
os derivados preparados também podem ser empregados em diversas conformacdes
de reatores, como fluxo continuo, empacotado, tanque agitado e leito fluidizado e,
apos a etapa de imobilizagéo, a enzima néo corre o risco de ser lixiviada (MATEO et
al., 2007 MENDES, A. et al., 20;1BARBOSA et al., 2012 FERNANDEZ-
FERNANDEZ; SANROMAN; MOLDES, 2012).
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Entre os métodos de imobilizacdo disponiveis, a ligacdo covalente € o mais
efetivo em termos de estabilizagao térmica e operacional das enzimas (PEDROCHE
et al., 2007 MANRICH et al., 2008 RODRIGUES et al., 2008MENDES, A. A. et
al.,, 201l1la). Essa estabilizacdo é devido ao aumento da rigidez da enzima
imobilizada, por induzir uma elevada resisténcia frente a modificagbes
conformacionais causadas pelo aquecimento, solventes organicos ou agentes
desnaturantes, entre outros (ERDEMIR; YILMAZ, 2009). A necessidade do aumento
da estabilidade das enzimas, ndo obstante, é ainda umas das principais questdes que
torna a imobilizagdo de enzimas uma técnica atrativa do ponto de vista econémico
(LOPEZ-GALLEGO et al., 2008MENDES, A. A. et al., 2011a).

1.5 Adicao de aditivos estabilizantes

Um bom protocolo de imobilizacdo deve manter alta atividade catalitica apos
a imobilizagdo da enzima. No entanto, em alguns casos, a enzima pode possuir
diferentes conformacdes, com atividades cataliticas distintas, ou apresentar uma
estrutura multimérica que necessita ser mantida estavel durante o processo de
imobilizacdo. Assim, a adicdo de aditivos estabilizantes durante a etapa de
imobilizacdo enzimatica, pode contornar 0s inconvenientes de se obter um
biocatalizador imobilizado em sua forma inativa ou com baixa atividade catalitica.

Na literatura, é relatado que durante a etapa de imobilizacdo de lipases em
meio aquoso, o uso de aditivos estabilizantes macromoleculares como proteinas
(albumina de soro bovino, lecitina e caseina), polietilenoglicol (PEG), alco6ol
polivinilico (PVA) e surfactante (Triton X-100) (FERNANDEZ-LORENTE et al.,
2006) proporcionou incrementos em sua atividade hidrolitica, enquanto que
carboidratos monomeéricos (sorbitol, arabitol) e polissacarideos (dextrana e amido)
nao apresentaram efeito estabilizante significativo sobre sua atividade (ROCHA,;
GIL; GARCIA, 1998 SOARES et al., 200GUNCHEVA et al., 2011).

Estudos sugerem que, ao ocupar o sitio ativo da enzima, o aditivo
estabilizante previne interacfes indesejaveis entre essa e o suporte, evitando assim, a
sua a inativacdo. Além disso, é relatado que os aditivos estabilizantes auxiliam na
retencdo de uma camada de agua em torno do biocatalisador, preservam a estrutura
nativa da enzima em meio organico e contibyara a dispersdo de suas moléculas
no meio reacional ou em preparagfes enzimaticas para imobilizagdo, o que evita a

formacdo de agregados enzimaticos e consequentemente, reduz a resisténcia a
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transferéncia de massa do substrato, facilitando a sua difusédo através da matriz
(CAO, 2006 FERNANDEZ-LORENTE et al., 2006HANEFELD; GARDOSSI;
MAGNER, 2009 GUNCHEVA et al., 2011).

Os liquidos i6énicos (ILy possuem um grande potencial como meio reacional
alternativo para biocatélises e 0 seu uso resultou em incrementos na reatividade,
seletividade e estabilidade de algumas enzimas (KRAGL; ECKSTEIN; KAFTZIK,
2002 LEE; KIM, 2002 PARK; KAZLAUSKAS, 2003). Especificamente, as lipases
recobertas por ILs apresentaram melhor atividade catalitica em meios reacionais
contendo solventes orgéanicos (LEE; KIM, 200POH et al., 2004 ITOH et al.,

2006).

Outro procedimento para melhorar a atividade catalitica das lipases ¢ a “bio-
impressdo” por meio da adigdo de um analogo do substrato (FISHMAN; COGAN,

2003). A bio-impressao ocorre quando, ainda em solu¢do aquosa, o sitio ativo da
enzima é preenchido com um andlogo do substrato formando um complexo similar
ao complexo enzima-substrato. Esse processo possivelmente é acompanhado por
pequenas modificagcdes conformacionais, o chamado encaixe induidoed fi}.

Quando o complexo € transferido para meio essencialmente anidro, o ligante é
removido, mas a enzima estéa inapta a retornar para sua conformacéo original devido
a rigidez de sua estrutura, resultante de fortes interacdes eletrostaticas em meios
contendo baixas constantes dielétricas. Como consequéncia, a estrutura
tridimensional da enzima permanece ‘“congelada” na forma modificada, com a

mesma configuracdo de quando o ligante estava presente. A bio-impressao é restrita
a solventes orgéanicos anidros ou micr@aqsi pois a chamada “memoria” ¢ perdida

em meio aguoso, a menos que sejam tomadas outras medidas para estabilizacdo. A
ativacdo causada pela impressdo com o analogo é drasticamente reduzida pela
presenca de agua, mesmo quando quantidades de &gua de apenas 0,04% séao
adicionadas ao solvente (FISHMAN; COGAN, 2003).

1.6  Tipos de suportes e suas ativacdes

O bom desempenho da enzima imobilizada € em grande parte dependente do
suporte e, apesar de existirem iniUmeros materiais que podem ser utilizados, a sua
escolha dependera, essencialmente, das caracterisitcas peculiares da enzima e das
condicdes de uso da biomolécula imobilizadal(ETIC et al., 2009).
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De modo geral, os requisitos basicos para um material ser considerado um
suporte adequado séo: elevada &rea superficial, permeabilidade, estabilidade quimica
e mecanica sob as condi¢cdes operacionais, capacidade de regeneracdo, custo,
morfologia e composicao, natureza hidrofilica ou hidrofdbica, resisténcia ao ataque
microbiano, alta densidade de grupos reativos presentes na superficie dos mesmos,
dentre outras (MATEO et al.,, 200MENDES, A. A. et al., 2011bTALBERT;
GODDARD, 2012).

De acordo com a sua origem, 0s suportes podem ser classificados como
materiais organicos e inorganicos. Quanto a sua morfologia, esses podem ser
porosos, nao-porosos e de estrutura de gel (MATEO et al.; RIENDES, A. A. et
al., 2011b).

Os materiais porosos apresentam como principal vantagem sua elevada area
superficial interna disponivel para a imobilizacdo de enzimas. Contudo, é importante
atentar-se para o didmetro dos poros do suporte, de modo que esses sejam
suficientemente grandes para acomodar a enzima e permitir o acesso do sabstrato
difusdo dos produtos (DALLA-VECCHIA; NASCIMENTO; SOLDI, 2004). Como
inconveniente, tem-se possiveis problemas relacionados a limitagBes difusionais,
uma vez que o substrato além de se difundir do seio da solucdo para a superficie
externa, devera difundir-se também para o interior dos poros do suporte, no qual
grande parte das moléculas do catalisador estéo situadas. Todavia, a localizacao das
enzimas no interior dos poros também lhes conferem uma protecéo frente a eventuais
condicdes adversas do meio reacional (DALLA-VECCHIA; NASCIMENTO;
SOLDI, 2004 MATEO et al., 2007MENDES, A. A. et al., 2011b).

Os suportes ndo porosos apresentam como principal vantagem a acomodacéao
das moléculas de enzima apenas na sua superficie externa, o que facilita @ interaca
do catalisador com o substrato. No entanto, a pequena area superficial exibida por
estes suportes €& sua mais notoria desvantagem (DALLA-VECCHIA;
NASCIMENTO; SOLDI, 2004 MATEO et al., 2007 MENDES, A. A. et al,,
2011b). Na tentativa de contornar esse problema muitos pesquisadores tém optado
pela utilizagdo de particulas ou fibras finas (WANG, Y.; HSIEH, 26D3ANG et
al., 2011 LIU, C.-X. et al., 2012), porém, outras dificuldades surgem quando se
utilizam esses tipos de materiais como por exemplo, alta queda de pressao e baixas
vazdes para operacdo em reatores continuos (DALLA-VECCHIA; NASCIMENTO;
SOLDI, 2004 MATEO et al., 200fMENDES, A. A. et al., 2011b).
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Os materiais organicos, em especial 0os polimeros, que podem ser naturais ou
sintéticos, sdo uma classe de suportes muito importantes no campo da imobilizacao
de enzimas. Os polimeros sintéticos exibem variedades de formas fisicas e estruturas
quimicas que podem ser combinadas para formar um suporte de acordo com as
caracteristicas desejadas, porém os polimeros naturais apresentam algumas vantagens
quando comparados aos sintéticos, como baixo custo e facil degradabilidade.

Contudo, alguns polimeros naturais e sintéticos, ndo apresentam em sua
superficie grupos funcionais altamente reativos para a realizacdo de ligacOes
covalentes com as moléculas de enzima, sendo necesséria a insercdo de grupos
reativos na superficie dos mesmos por meio de reacdes quimicas com reagentes de
ativacdo, tais como epicloridrina, etilenodiamina, glicidol, carbodiiminas,
carbonildiimidazol, glurataraldeido, dentre outros

Dentre os diferentes suportes empregados na imobilizacdo de enzimas
destacanse os hidrogéis de quitosana, quitosana-agarose ou quitosana-alginato
(MENDES, A. et al., 20LIMENDES, A. A. et al., 2011bROMDHANE et al.,

2011 SILVA, J. A. et al, 2012), as particulas de polissiloxalmol
polivinilico (POS-PVA) (PAULA et al., 2008SANTOS, JULIO C. et al., 2008
SANTOS, J. C. et al., 2008ANTOS, JULIO C. et al., 2008), as resinas comerciais
(Toyopearl, Eupergit C e Sepabeads) (KNEZEVIC et al., 20@GTEO et al., 2007
FERNANDEZ-LORENTE et al., 2008BARBOSA et al.,, 2012) e os mondlitos
(QUIROS; GARCIA; MONTES-MORAN, 2011KHAN et al., 2012 LUANGON et

al., 2012 TUZMEN; KALBURCU; DENIZLI, 2012 CALLERI et al., In Press).

1.6.1 Mondlito de criogel

Criogéis sdo mondlitos poliméricos formados em meio congelado e foram
introduzidos como uma nova matriz de separacao para aplicacdo em Varios processos
de biosseparacdo (LOZINSKY, V. et al.,, 2001). Os criogéis possuem um sistema
continuo de macroporos interconectados com tamanho variando de 10 a 100 um e se
caracterizam por fornecer uma baixa resisténcia ao escoamento de fluidos e uma
difusdo desobstruida de solutos de qualquer tamanho. Estes materiais poliméricos
altamente porosos podem ser produzidos essencialmente a partir de qualquer
precursor de formacdo de gel e com uma ampla variedade de morfologias e
porosidades (PLIEVA et al., 2008).
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Em resumo, o criogel é obtido quando a crio-copolimerizagdo de uma solucdo
contendo monémeros (por exemplo, acrilamida, alil glicidil éter e N,N-
metilenobisacrilamida) é adicionada de catalisadores adequados (como o persulfato
de amoénio e o N,N,N,N-tetrametil-etilienodiaminag, ocorre sob condi¢cdes
criogénicas (abaixo de -10 °C) (LOZINSKY, V. et al.,, 20BRVIDSSON et al.,

2003 YAO, K. et al., 2006).

Ao se iniciar o processo de congelamento, os monémeros se concentram em
uma microfase que ainda ndo se congelou. Dessa forma, um maior niumero de
ligagcbes entre os mondmeros é realizada, formando-se um gel resistente. Durante a
producdo do criogel sob condicbes de congelamento, os cristais de gelo em
crescimento atuam como agentes porogénicos, sendo que, apds o descongelamento
desses cristais sdo formadas as cavidades dos criogéis, obtendo-se um gel de
estrutura macroporosa (Figura 7). A presenca desses poros € essencial para permitir
que o escoamento de fluidos através do material sob uma pressédo razoavel. Além
disso, apresentam condi¢des favoraveis a transferéncia de massa de substratos e
solutos (LOZINSKY, V. et al.,, 2001 ARVIDSSON et al., 2003YAO, K. et al.,

2006).
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Figura 7. (A) reagéo de copolimerizagdo dos mondmeros acrilamida, alil gl
éter e N,N-metilenobisacrilamida para a preparacdo do criogel de poliacrile
Fonte: (MALLIK; HAGE, 2006);(B) esquema principal para a formacéao
criogéis poliméricos. Fonte: (LOZINSKY, V. I. et al., 200@}) e (D) imagens de
microscopia eletrénica de varredura das amostras de criogéis de poliacrilami

1.6.1.1Ativacao de suportes contituidos de mondlito de criogel

Os criogéis tém sido utilizados de forma eficiente como suporte para
imobilizacdo de varias biomoléculas, utilizando diversos métodos de ativacdo da
superficie dos criogéis, seguido da imobilizacdo das biomoléculas, tém sido relatados
(MALLIK; HAGE, 2006; KHAN et al., 2012 TUZMEN; KALBURCU; DENIZLI,

2012 UYGUN, M. et al., 2012).

Essa etapa de modificagda superficie do criogel € normalmente realizada
por meio da circulacdo das solu¢des contendo os agentes de ativacdo através da
matriz polimérica ou por imersdo do suporte (geralmente para criogéis em formato
de disco) na solucédo contendo os grupos ligantes (KIM, H. S.; HAGE, 2005).

Um dos métodos empregados para a imobilizacdo de enzimas via ligacdo
covalente é o método do epdxi que envolve o ataque nucleofilico dos gNiges
das enzimas sobre os grupos epéxi do criogel, levando a formacdo de uma ligacao
amina secundaria estavel (Figura)§MALLIK, RANGAN; JIANG, TAO; HAGE,

DAVID S., 2004). Dependendo das condi¢cbes da reacdo, este método pode ser
utilizado para imobilizar biocatalisadores que contém sulfidrila ou grupos hidroxila
(KIM, H. S.; HAGE, 2005), contudo, a uma taxa de imobilizagdo mais lenta que
outros métodos disponivegnenhum brago espacador é inserido entre o suporte e a
enzima (BERRUEX; FREITAG; TENNIKOVA, 2000GUPALOVA et al., 2002
OSTRYANINA; VLASOV; TENNIKOVA, 2002).
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(A) Método epoxi
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Figura 8. Diversos métodos de imobilizacdo de ligantes e biomolécula:
criogéis. Fonte: (MALLIK; HAGE, 2006).
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A segunda técnica que tem sido adaptada para a imobilizacdo de
biomoléculas no criogel, via ligacdo covalente, € o método da base Schiff (LUO et
al., 2002 MALLIK, RANGAN; JIANG, TAO; HAGE, DAVID S., 2004).
Primeiramente, 0s grupos epoxi do criogel séo convertidos em didis e estes sdo entao
oxidados com &cido peridédico formando grupos aldeidos que podem interagir com
aminas primarias da enzimas, formando uma base de Schiff (Figura 8B). Uma vez
gue esta é uma reacdao reversivel, as bases de Schiff estaveis sdo obtidas por meio de
reacdes de reducdo empregando um agente redutor, como por exemplo, o
cianoborohidreto de sddio (KIM, H. S.; HAGE, 2005). Este método tende a ter uma
taxa de imobilizagdo mais rapida do que o meétodo do epoxi. A principal
desvantagem do método da base Schiff € o uso de agentes redutores que podem
reduzir alguns grupos sulfidrilos (-SH) da enzima imobilizada (MALLIK,
RANGAN; JIANG, TAO; HAGE, DAVID S., 2004KIM, H. S.; HAGE, 2005).

Uma outra abordagem relacionada com a técnica da base de Schiff é o
método do glutaraldeido (Figura 8 C). Neste método, um criogel epoxi-ativado é
primeiro convertido a uma forma amina-ativado pela reacdo dos grupos epoxi com
reagentes  etilenodiamina (PETRO; SVEC; FRECHET, 1996) ou
hexametilenodiamina (LUO et al., 2002). O criogel amina-ativado reagird entdo com
um dialdeido (por exemplo, glutaraldeido) para produzir um criogel aldeido-ativado
gue podera se ligar aos grupos aminas da enzimas, formando uma base de Schiff. Em
seguida, ocorre a reducao e estabilizacdo dessas base de Schiff por meio do uso de
um agente redutor. Este método também tende a ter uma taxa de imobilizacdo mais
rapida do que o método do epdxi e devido a um maior espacamento entre o
biocatalisador imobilizado e a superficie do criogel, este método de imobilizacdo tem
sido (til para evitar efeitos de impedimento estérico (PETRO; SVEC; FRECHET,
1996 LUO et al., 2002). Como incovenientes, tem-se novamente a possibilidade de
reducdo dos grupos -SH das enzima imobilizadas durante o uso dos agentes
redutores.

Outra técnica que pode ser empregada para a imobilizacdo de enzimas no
criogel, via ligagéo covalente, é o método do carbonildiimidazol (CDI). Inicialmente,
0S grupos epoxis do criogel sdo convertidos a grupos diol, os quais reagem com 0
carbonildiimidazolpara produzir imidazolil-carbamatos (Figura 8 D). Por meio de
uma substituicdo nucleofilica, os grupos imidazolil-carbamatos inseridos no criogel

sdo substituidos por grupos aminas primarios das enzimas, resultando em uma
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ligacdo amida estavel. Este método € mais rapido do que o método de epoOxi e
envolve menos etapas de ativagdo do que o método da base de Schiff ou do
glutaraldeido (MALLIK, RANGAN; JIANG, TAO; HAGE, DAVID S., 2004
HAGE, D. S.; CAZES, 2005).

No método do dissuccinimidil carbonato (DSC), os grupos epoxi também sao
convertidos a grupos diol, os quais reagem com o DSC para a inser¢do dos grupos
dissuccinimidil carbonato na superficie do criogel (Figura 8E) (CALLERI et al.,
2004 MALLIK, RANGAN; JIANG, TAO; HAGE, DAVID S., 2004 HAGE, D.;

RUHN, 2005 JIANG; MALLIK; HAGE, 2005). Em seguida, o criogel ativado com

os gruposdissuccinimidil carbonato reagem com 0s grupos aminos primarios das
enzimas, para formar uma ligacdo carbamato estavel (HERMANSON, 2008). Este
método é rapido e pode ser finalizado em 10h (MALLIK, RANGAN; JIANG, TAO;
HAGE, DAVID S., 2004). No entanto, a estabilidade do DSC e do criogel ativado é
baixa e a reagao deve ser conduzida de forma cuidadosa a fim de evitar reagdes
prejudiciais como a hidrélise do DSC (HAGE, D. S.; CAZES, 26{ERMANSON,

2008).

Outra técnica de imobilizacdo de enzimas nos criogéis, via ligacdo covalente,
€ 0 método da hidrazida, que pode ser aplicada para glicoproteinas ou biomoléculas
contendo grupos aldeidos disponiveis para realizar ligacdes covalentes.
Primeiramente, o criogel € ativado da mesma maneira como descrito anteriormente
para 0 método da base de Schiff. ApGs isso, os grupos aldeidos formados a partir da
reacdo de oxidacdo com o acido periodico, reagem com o dihidrazida adipico, e, em
seguida, com borohidreto de sodio. Por fim, os grupos aldeidos das biomoléculas
reagem com o0s grupos hidrazida do suporte para formar uma ligacdo hidrazona
estavel (Figura 8HRUHN; GARVER; HAGE, 1994).

1.6.1.2Aplicacao do criogel na imobilizagcio de enzimas

Nos ultimos anos, os criogéis tém sido utilizados de forma eficiente como
suporte para imobilizagdo de biomoléculas e ligantes (MALLIK; HAGE, 2006).
Khan e pesquisadores (2012) imobilizaram duas variantesp-gkcosidase
termoestavel d&hermotoga neapolitanam criogéis de poliacrilamida pelo método
epoxi e método do glutaraldeido, por meio da imersdo dos criogéis ativados na
solugéo contendo as enzimas (KHAN et al., 2032)z¢sna-Antczak et al. (2002)

imobilizaram lipases dMucor circinelloidese Mucor racemosusm beadscriogéis
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de alcool polivinilico (PVA) por confinament84CZESNA-ANTCZAK et al.,
2002). He e colaboradores (2010) imobilizaram lipase ACdadida antarctica
também em uma coluna mondlitica macroporosa de silica via interacbes
multipontuais entre a enzima e o suporte (HE, P.; GREENWAY; HASWELL, 2010).
Luo et al. (2002), Tuzmer sua equipe (2012) e Petro e pesquisadores (1996)
também utilizaram criogéis monoliticos de poliacrilamida e metacrilato para
imobilizarem proteina A e L-histidina (LUO et al., 2002), catalase (TUZMEN;
KALBURCU; DENIZLI, 2012) e tripsina (PETRO; SVEC; FRECHET, 1996)
respectivamente.

Assim, criogéis tém sido avaliados para fins biotecnoldgicos devido as suas
caracteristicas importantes para a imobilizacdo de biomoléculas com novas

perspectivas nos processos de imobilizacdo de células e enzimas.
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CAPITULO 2

PRODUCTION OF FLAVOR ESTERS CATALYSED BY ASPERGILLUS
NIGER LIPASE: INFLUENCE OF REACTION PARAMETERS ON THE
ESTERIFICATION YIEL

Abstract

The performance of lipasktom Aspergillus niger(ANL) in catalyzing of
butyl butyrate synthesis was studied as a function of reaction parameters temperature
(°C), substrate molar ratio and added water (%, (v/v)). Thus, a face-centered design
(FCD) and response surface methodology (RSM) was applied in order to optimize
the esterification yieldY). It was verified a favorable effect of alcohol excess in
relation to acid. High temperatures were detrimental to the synthesis of butyl
butyrate. Addition of water also provided a strong increase in esterification yield
(%). The optimal conditions for butyl butyrate synthesis were found at 40 °C;
substrate molar ratio of 1:2.41 butyric acid:n-butanol and added water content of
1.05 % (v/v). Under these conditions, over 94.5% of esterification was obtained in 20
h. This high esterification yield represents an improvement to previously reported
results and confirms the potential application of lipases fA@pergillus nigerin

processes for producing flavor ester.

Keywords: lipase,Aspergillus nigersynthesis, butyl butyrate, flavor ester
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1. INTRODUCTION

Lipases (triacylglycerol hydrolases, EC 3.1.1.3) are hydrolytic enzymes that
reversibly catalyze the cleavage of ester bonds of triglycerides (HASAN; SHAH,;
HAMEED, 2006 PIRES-CABRAL; DA FONSECA; FERREIRA-DIAS, 2009
GUILLEN; BENAIGES; VALERO, 2012). These enzymes present numerous
industrial applications, such as the synthesis of food ingredients (SOUMANOU, M.
et al., 1997 CARVALHO, PATRICIA DE O. et al., 2009KIM, H.-R. et al., 2010
MARTINS et al., 2013), enantiopure drugs (CARVALHO, PATRICIA DE O. et al.,
2005 CARVALHO, P. D. O. et al., 2006), refined products (WANG, P.-Y. et al.,
2009), additives to detergents (KAMINI; MALA; PUVANAKRISHNAN, 1998
SAISUBRAMANIAN et al., 2006 LIU, R. et al., 2009) and others. Nevertheless,
few enzymes have demonstrated adequate stability and activity in organic media to
be considered industrially applicable (DANDAVATE; MADAMWAR, 2007
AHMED; RAGHAVENDRA; MADAMWAR, 2010).

Among microorganisms that produce lipasspergillus nigeris one of the
most notable producers because its extracellular lipase is high stable and recognized
as generally regarded as safe (GRAS) by the Food and Drug Administration (FDA)
(MAHADIK et al., 2002 MHETRAS, N. C.; BASTAWDE; GOKHALE, 2009
CONTESINI et al., 2010ROMERO, C. M. et al., 2012). Lipase froAspergillus
niger (ANL) also presents high positional specificity and lower cost compared with
other sources (MAHADIK et al., 200DE OLIVEIRA CARVALHO et al., 2005
MHETRAS, N. C.; BASTAWDE; GOKHALE, 2009SILVA, V.; CONTESINI;
OLIVEIRA CARVALHO, 2009, CONTESINI et al., 2010). Although this enzyme
has already been applied to reactions such as some esters synthesis (MHETRAS, N.;
PATIL; GOKHALE, 2010 ROMERO, C. M. et al., 2012), hydrolysis of
triacylglycerol (CARVALHO, PATRICIA DE O. et al., 2009), alcoholysis
(CHOWDARY; PRAPULLA, 2002) and interesterification (PABAI; KERMASHA;
MORIN, 1995), few works have been performed to exploit the potential from these
lipases for synthesis of short chain aliphatic esters such as butyl butyrate
(LANGRAND et al., 1990 WELSH; WILLIAMS, 1990 CHOWDARY;
PRAPULLA, 2002 CONTESINI et al., 201lOMHETRAS, N.; PATIL; GOKHALE,

2010), an important flavor ester with great application in food, beverage and
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cosmetic industries with sweet fruity flavor similar to that of pineapple (VARMA,
MADRAS, 2008 MARTINS et al., 2013).

Butyl butyrate can be obtained by direct extraction from fruits or by chemical
synthesis (PIRES-CABRAL; DA FONSECA; FERREIRA-DIAS, 20@UILLEN;
BENAIGES; VALERO, 2012MARTINS et al., 2013). The production of flavors by
direct extraction from fruits is dependent of environmental factors which makes the
extraction process expensive and chemical synthesis often results in the formation of
undesirable byproducts, reducing process efficiency and increasing downstream costs
(PIRES-CABRAL; DA FONSECA; FERREIRA-DIAS, 200MARTINS et al.,

2011 GUILLEN; BENAIGES; VALERO, 2012 MARTINS et al., 2013). Therefore

the use of lipases in flavor ester synthesis results in lower cost compared to the direct
extraction process from fruits and higher selectivity than chemical synthesis, as well
asacquiring ofcompounds considered “natural” (MARTINS et al., 2011GUILLEN;
BENAIGES; VALERO, 2012).

Thus, for utilization of ANLin specific applications, knowledge on the
reaction parameters fdetermining the high conversion yield is essential.

The aim of this study was to produce butyl butyrate catalyzed by ANL and
assess the effect of parameters such as temperature, substrate molar ratio and added
water on the ester yield. A face-centered design (FCD) coupled with the response
surface methodology (RSM) was applied to determine optimal yield of butyl
butyrate. Additionally, the routes of butyl butyrate synthesis under the best
conditions tested were investigated in order to determine the optimal operating
conditions in terms of reaction time and high conversion vyields for the industrial

application of ANL.
2. MATERIALS AND METHODS
2.1. Materials and reagents

Lipase from Aspergillus niger (ANL) was kindly provided by Prozyn
BioSolution (Sao Paulo, Brazil). Hydrolytic activity of ANL (95.84 U/g) was
estimated by hydrolysis of p-nitrophenyl palmitate (p-NPP) at pH 8.0 and 45 °C
(WINKLER; STUCKMANN, 1979). One unit of hydrolytic activity is defined as 1
umol of p-nitrophenol released per minute per mg of enzyme. Bovine serum albumin

(BSA, 98%),butyl butyrate, butyric acid, n-butanol and hexane were purchased from

42



Sigma-Aldrich (St. Louis, MO, USA). All other chemicals used were of analytical
grade.

2.2. Total protein determination

The protein concentration was determined by the Bradford method
(BRADFORD, 1976) Absorbance was measured at 595 nm inU¥-Vis
spectrophotometer (Biomate 3, Thermo Scientific, USA) and the analytical curve

was constructed using bovine serum albumin (BSA) as the standard.
2.3. Assay of synthesis activity

The synthesis reactions of butyl butyrate in organic media were carried out in
screw-capped vials using n-butanol and butyric acid as substrates. The standard
mixture was composed of 5 ml of hexane as the reaction medium. Temperature,
substrate molar ratio (butyric acid: n-butanol) and added water (% by volume of
reaction medium) were selected according to each defined experimental condition
(Table 1). In all experiments the butyric acid concentration was maintained constant
at 0.120 mol/L and the n-butanol concentration was varied as 0.182 mol/L, 0.289
mol/L and 0.706 mol/L.

The enzyme (£ 0.08 g, d.wt) wastially weighted in the reaction vial and
then added to the reaction mixture. This sample was incubated at the selected
temperature for 24 h with continuous shaking. Butyric acid consumption and the
butyl butyrate formed were analyzed by high performance liquid chromatography
(HPLC) using a liquid chromatograph (Shimadzu, Japan) with a diode array detector
(Shimadzu, Japan), at a wavelength set at 210 nm. A reverse phase column (C18
apHera", 250 mm x 4.6 mm, Supelco Analytical) was employed for
chromatographic separation. The mobile phase was composed of acetonitrile/water
(75:25, viv) at a flow rate of 0.8 mL/min. A voluno€ 20 puL. was injected into the
chromatograph and the esters were eluted from the column using an isocratic method
(CHEN, 1996). The retention times of butyric acid and butyl butyrate under these
conditions are 4.0 min and 6.0 min, respectivelpclEsample was previously
filtered through .45 um membrane filter (Millipore, Bedford, USA).

The esterification yieldY, %) in butyl butyrate synthesis was based on the
amount of butyric acid consumed (Eq. (1)) (MARTINS et al., 2011).
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Y%= (C%Cf)xloo 1)

0
whereCy is the initial molar concentration of butyric acid (mol/L) ads the final

molar concentration of butyric acid (mo})/L
2.4. Experimental design and statistical analysis

A face-centered design (FCD) with three independent variables, specifically
temperatureX;), substrate molar ratio (butyric acid: n-butane})) (@nd added water
(X3) coupled with RSM was carried out in order to obtain the optimal conditions for
synthesis reactions of butyl butyrate. RSM includes factorial designs and regression
analysis and it is applied to evaluate the significance of several affecting factors eve
in the presence of complex interactions (GUVENC et al., 2007). For this design
setup, the original and coded variables as well as each level are shown in Table 1.
Table 2 shows the experimental conditions evaluated by the FCD, with three
variablesat three levels and four replications at the central point. In each case the
esterification yield was determined.

The experimental data obtained from the FCD (Table & amalyzed by the
response surface regression procedure (RSREG, SAS Institute Inc., v. 9.0, Cary, NC,

USA) using the second order polynomial equation (Eqg. (2)):

Y=B+ Y BX A+ D BXE+D B X, +e 2
whereY is the response variabl@,, b, b, and b, are the regression coefficients
for intercept, linear, quadratic and interaction terms, respectivelyXarzhd X, are

the independent variables.

Statistical significance of the model was evaluated by analysis of variance
(ANOVA) and the suitability of the model was assessed uaisigr’s statistical test
(F-test) by testing for significant differences between sources of variation in

experimental results, i.e. the significance of the regression, the lack of fit, and the
coefficient of multiple determinatiorRf). For each parameter estimafgt ), a test
of significance was performed. Parameters with less than 95% signifigandceqb)
were pooled into the error term. Results associated with the RSM were used to
visualize the effect of the factors on the esterification reaction and to optimize this

response, i.e., to determine conditions that maximize yield of the esterification
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reaction. All statistical analyses were carried out using the SAS v.9 software (SAS
Institute Inc., v. 9.0, Cary, NC, USA).

3. RESULTS AND DISCUSSION
3.1. Experimental design, model fitting and ANOVA

Experimental results obtained from the FCD are shown in Table 2. Statistical
analysis of the esterification yield using the full quadratic model was tested by
ANOVA using a Fisher statistical test. The results of the ANOVA can be visualized
in a Pareto chart (Fig. 1), in which the standardized estimated effect of each factor is
plotted in decreasing order and compared to the minimum magnitude of a
statistically significant factor with 95% confidence, represented by the vertical

dashed line.

Table 1
Coded and uncoded values for each factor of the face-centered design (FCL

Levels
Factor Name
-1 0 +1
X1 Temperature (°C) 40.0 45.0 50.0
X, Substrate molar ratio (butyric acid: n-butanc 1: 5.88 1:2.41 1:1.52
Xz Added water (% (v/v)) 0 0.7 1.4

According to Fig. 1, the variable that showed the highest estimated linear
effect on esterification yield was the added water followed by its quadratic effect.
The next linear significant effect was the substrate molar ratio and lastly the negative
effect of temperature which points out the importance of working at low temperature

reaction.

p=005

X3 T 115.13
X3*X3 I -9.78

X2
X1*X3 I -7.79
X2'X2 i -5.46
X1*X2 {455

X1 i -3.95
X2*X3 {f12.21
X1*X2*X3 {I2.01
X1*x1 {21
[ !

0 2 4 6 8 10 12 14 16 18
tvalue

Fig. 1. Pareto chart for the standardized effects of the variables temperg&fyr

45



substrate molar ratiokg) and added wat€Xs) on the esterification yield.

Table 2
Experimental design and results of the FCD
Assay X1 X2 X3 Esterification yield (%)
1 -1 -1 -1 12.27
2 -1 -1 +1 86.82
3 -1 +1 -1 23.97
4 -1 +1 +1 99.98
5 +1 -1 -1 15.55
6 +1 -1 +1 19.75
7 +1 +1 -1 45.52
8 +1 +1 +1 79.99
9 -1 0 0 98.40
10 +1 0 0 97.32
11 0 -1 0 70.13
12 0 +1 0 99.38
13 0 0 -1 44.66
14 0 0 +1 98.22
15 0 0 0 92.72
16 0 0 0 98.09
17 0 0 0 98.70
18 0 0 0 98.23

After removing the factors that were not statistically significant at a 95%
confidence level, new reduced models were obtained for the response variable by
regression analysis using only the significant factors listed before. The ANOVA
(Table 3) performed for the reduced models indicated that the model is statistically
valid, with significant p-values (p<0.0001). A lack-of-fit test, which compares the
residual error to the pure error from replication at the central point was evaluated and
p-values higher than 0.05 were obtained for the response variable. These reduced

models can be described by Eq. (3), in terms of coded values.
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Y =98656- 6.33X, +14.43X, + 24.28X 4 —18.15X22 - 3146X32 +817X)X5-1398X;X5  (3)
whereY is the percentage of esterification yield axg X, and X3 are the coded
values of temperature, substrate molar ratio and added water, respectively.

The coefficient of determinatioriRf) was found to be 0.98 and there are also
a non-significant lack of fit (p>0.06). This result showed the suitability of the model

for an appropriate representation of the real relationship among the reaction

variables.
Table 3
Analysis of variance performed for esterification yietd (using the FCD design
Source SS DF MS F-values p-values
Model 19127.97 7 2732.57 61.07 <.0001
Error 44742 10 44.74
Lack of fit 423.58 7 60.71 7.64 0.0616
Pure error 23.84 3 7.95
Total 19575.39 17

SS: Sum of square; DF: Degrees of freedom; MS: Meaar8qu

The whole effects of the studied factors on esterification yield can be better
visualized by examining the contour plots presented in Figs. 2 A, B and C.
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Observing the contour plots (Fig. 2), it can be verified that at low
temperatures and medium levels of substrate molar ratio and added water, the
esterification yield was over 90%. In the range of experimental conditions studied,
the optimal experimental conditions for butyl butyrate synthesis corresponded to the
reaction mixture incubated at 40 °C, molar ratio of 1:2.41 butyric acid: n-butanol and
1.05% (v/v) of added water. Under these conditions, the experimental esterification
yield was 98.8% * 0.19%.

Additionally, experiments were performed at the optimal conditions defined
by the experimental design in order to evaluate the reaction progress of butyl
butyrate synthesis catalyzed by ANL (Figs. 3A, B and C). This is considered an
important indicator of the ester synthesis since reaction time is related to efficiency
and productivity. Results show 94.7%0.89% conversion obtained after 20h of
reaction (Fig. 4). Others works reported approximately 18h, 24h and 25h for
maximal yields (74%, 56% and 69.6%) of butyl butyrate synthesis using lipase of
Aspergillus sLANGRAND et al.,, 1990), Aspergillus niger (CHOWDARY;
PRAPULLA, 2002) andAspergillus nigr ADF 75,000 (WELSH; WILLIAMS,
1990), respectively. In this work it was achived 60% of esterification yield after 5 h

of reaction, which is interesting for industrial applications.

100 200 300 400 500

Absorbance (mAU)

0

o 1 2 3 4 5 6 7 8 9 10 11 12

Absorbance (mAU)
0. 50 100 450 200,250, 200

Minutes

48



Absorbance (mAU)
0 50 100 150 200 250 300

T8 e 0 11 12
Minutes

1)
n
o |
h.
(4}
(o2}

Fig. 3. Chromatogram of butyl butyrate synthesis catalyzed by ANL under op
time condition: Oh (A), after 5h (B) and after 24h (C). Chromatographic pealk
as follows: butyric acid (1) and butyl butyrate (2).
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Fig. 4. Esterification yield (%) as a fuction of time for butyl butyrate synth

catalyzed byAspergillus nigetipase at the best experimental conditions.

3.2. Effect of reaction parameters on esterification yield
3.2.1. Effect of water

Observing the contour plots (Figs. 2B and 2C) it can be seen that the
esterification yield increased with the increasing quantity of water added, whereas in
the reaction system with no initial added water a poor esterification yield (less than
46%) was observed.

Based on these results, it can be confirmed that the presence of water strongly
contributed to ester synthesis. In fact, these results agreed with the studies of other
researchers/{ELSH; WILLIAMS, 1990, MONOT et al., 1991)who suggested that
an optimum amount of water greater than that found in the anhydrous solvent might
be required to ensure enzyme activity, especially for reaction mixtures containing
hydrophilic substrates. In the reaction media in which hydrophilic substrates are
employed (i.e. butyric acid) the added water should be increased to prevent
undesirable interactions between the hydrophilic substrates and enzyme hydration
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water, which are fundamental to maintain its active three-dimensional
conformational form and mobility (KISEE; FUJIMOTO; NORITOMI, 1988
WELSH; WILLIAMS, 1990 MONOT et al, 1991 CHEN, 1996 YAHYA;
ANDERSON; MOO-YOUNG, 1998MARTINS et al., 2011). However, because
water is one of the products of the esterification reaction employing a primary
aliphatic monoalcohol and an aliphatic monoacid, it has been reported that an excess
of water can decrease the esterification yield by shifting the equilibrium towards
hydrolysis rather than synthesis (GOLDBERG; THOMAS; LEGOY, 19%¥RRA-
CHAABOUNI et al., 2002 BEN SALAH et al., 2007 GUILLEN; BENAIGES;
VALERO, 2012 LORENZONI et al., 2012).

In the present study it was found that the optimal content of added water was
1.05% (v/v) which was suitable to maintaining a proper enzyme hydration level
during the full reaction time. Other researchers found that the optimum amount of
water added to the reaction mixtures was 0.25% (w/w) for butyl acetate synthesis
catalyzed by Novozyfh435 (MARTINS et al., 2011) and 5% (v/v) in butyl butyrate
synthesis (MONOT et al., 1991) catalyzed\bycor miehelipase.

3.2.2. Effect of substrate molar ratio

Several researchers have suggested that high initial alcohol concentrations
can shift the esterification reaction from hydrolysis to ester biosynthesis because the
equilibrium of the reaction is directed toward product formation as the nucleophile
(alcohol) concentration is elevated (GUBICZA et al., 2008RI KRISHNA et al.,
2001 ROMERO, M. D. et al., 20Q5HAN et al., 2009 MHETRAS, N.; PATIL;
GOKHALE, 2010 MARTINS et al., 2011ROMERO, M. D. et al., 2031IN et al.,
2012). Thus, from previous studies it was decided to work with high initial alcohol
concentrations, with a substrate molar ratio around 1:5 to 1:1.5 (acid:alcohol) and
maintaining the butyric acid molar concentration fixed at 120 mmol/L. The substrate
molar ratios utilized are are within the ranges commonly studied (YADAV; LATHI,
2003 MELO; PASTORE; MACEDO, 2005PIRES-CABRAL; DA FONSECA;
FERREIRA-DIAS, 2007 AHMED; RAGHAVENDRA; MADAMWAR, 2010;
MHETRAS, N.; PATIL; GOKHALE, 2010 GUILLEN; BENAIGES; VALERO,
2012 JIN et al., 2012).

As is shown in Figs. 2A and C, the extent of esterification was nelyative

affected by an alcohol excess, especially when the initial n-butanol concentration
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was increased from approximately 1:3.42 to 1:5.88 (butyric acid:n-butanol). This
excess of alcohol content was detrimental to ester synthest®aludbe attributed to

the inhibitory effect of n-butanol on the reaction, since alcohol was found to act as a
dead-end inhibitor of the enzyme in the synthesis of other esters (YADAV; LATHI,
2003 GOGOI et al.,, 2008AHMED; RAGHAVENDRA; MADAMWAR, 2010).

This same inhibitory effect was observed by others (HARI KRISHNA et al.,;2001
ROMERO, M. D. et al.,, 2005MARTINS et al., 2013) when working witla
substrate molar ratio of approximately 1:4 (acid: alcohbherefore, it could be
hypothesized that alcohol excesses in the reaction medium led to the formation of an
inactive complex between the second substrate n-butanol and the binary -enzyme
acyl complex, or affected acyl transfer due to alcohol binding, as other studies have
reported (CHEN, 1996HARI KRISHNA et al., 2001; YADAV; LATHI, 2003
PIRES-CABRAL; DA FONSECA; FERREIRA-DIAS, 200ROMERO, M. D. et

al., 2007 AHMED; RAGHAVENDRA; MADAMWAR, 2010). Therefore, the best

molarratio of butyric acid to alcohol was found to be 1:2.41.
3.2.3. Temperature effect

As reported in literaturethe temperature parameter may favor the reaction
kinetics or negatively affect the stability of the enzyme (YADAYV; LATHI, 2003
MAHAPATRA et al., 2009 GUILLEN; BENAIGES; VALERO, 2012). As is
visualized in Figs. 2 A and B, the esterification yield decreased with increases in
temperature. This negative effect was also observed in biosynthesis of butyl butyrate
(SANTOS; CASTRO, 2006) and ethyl butyrate (RODRIGUEZ-NOGALES;
ROURA; CONTRERAS, 2005GUILLEN; BENAIGES; VALERO, 2012), and may
be dueto thermal inactivation of the enzyme which negativaffects its stability
(YONG; AL-DURI, 1996 MAHAPATRA et al., 2009 GUILLEN; BENAIGES;
VALERO, 2012).

In the present study, the optimum temperature for butyl butyrate synthesis
was found to be 40 °C (Figs. 2A and B). Some authors reported the best results for
butyl butyrate synthesis using lipase fréwmpergillus nigef WELSH; WILLIAMS,

1990) andThermomyces lanuginosyMARTINS et al., 2013) at 50 °C, and when
using lipase fronRhizomucor mieheit 40 °C (LORENZONI et al., 2012).
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4. CONCLUSION

This work demonstrated that lipase fréwmpergillus nigeiis a suitable choice
to catalyze the synthesis of butyl butyrate due to its high esterification yields (94.7%
after 20h of reaction)t was also concluded that the added water played an important
role in maintaining the enzyme stability and mobility, since 1.05% (v/v) of added
water was the highest amount that can be used in the reaction to obtain maximal

esterification yields (above 90%).
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CAPITULO 3

IMMOBILIZATION OF LIPASE INTO A SUPERMACROPOROUS
MONOLITHIC CRYOGEL: APPLICATION IN ESTERIFICATION AND
INTERESTERIFICATION REACTIONS

Abstract

In this work, a novel bioreactor consistingAspergillus nigedipase (ANL)
entrapped into a polyacrylamide-based supermacroporous monolithic cryogel was
developed. The bioreactor obtainedaswcharacterized in terms of their
morphological properties and immobilization parameters. It was also assessed the
effect of addition of additives in immobilization parameters. The use of additive
triton X-100 resulted ima significant increase in the apparent hydrolytic activity
(U/Qeryoge), immobilization yield (%) and protein content (§R@ifQcryoge). The
scanning electron microscopy (SEM) and Fourier transform infrared (FTIR)
spectroscopy analysis indicated that the cryogel matrix was unaffected by the
presence of the lipase and Triton X-100. The bioreactor performance in catalyzing of
butyl butyrate synthesis was studied as a function of temperature (°C), substrate
molar ratio (butyric acid: n-butanol) and added water (% (v/v)). The bioreactor was
also applied in interesterification reactions. The optimal conditions for butyl butyrate
synthesis were found at 40 °C, a butyric acid:n-butanol molar ratio of 1:1.43 and
added water of 65% (v/v). Under these conditions, abo%& afGesterification yield
was achieved. The reusability of the bioreactor proved to be attractive with 4
consecutivaeuses in esterification reaction, a residual esterification yield of 64.6%
and volumetric activity of 31.6 mmol/mL.Rligh interesterification yield (17.35% in
24 h) was achieved in the experimental condition of substrates concentration of 15
mmol/L, added water of 35% (v/v) and temperature of 40 °C. These results indicate
that the developed bioreactor i@ promisirg biocatalyst for biotechnology

applications.

Keywords: supermacroporous monolithic cryogeRAspergillus niger lipase,

immobilization, entrapment, interesterification, structured lipids
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1. INTRODUCTION

The requirements for "natural products”, with high nutritional value and at the
same time with reduced satured fatty acids content or specific intermediates of
industrial interest have become the enzyme immobilization technology an attractive
alternative for utilization in many reactions in industrial scale (KIM, H.-R. et al.,
2010 MICHAUX et al., 2010 MARTINS et al., 2011JIN et al., 2012PERIGNON
et al., 2013SOUMANOU, M. M.; PERIGNON; VILLENEUVE, 2013).

The versatility of lipases (glycerol ester hydrolases, EC 3.1.1.3) in
biocatalysis such as the triacylglycerols hydrolysis (GUAUQUE TORRES;
FORESTI; FERREIRA, 2013), aminolysis (COUTURIER; TAUPIN;
YVERGNAUX, 2009) transeresterification (CHOWDARY; PRAPULLA, 2002
HSU et al., 2004ANUAR et al., 2013), esterification (GUNCHEVA et al., 2011
MARTINS et al., 2013) and thability to produce the structured lipids have attracted
interest of the chemical and food industries (BALCAO, V. M.; PAIVA; XAVIER
MALCATA, 1996; SAXENA et al., 2003PAULA, A. et al., 2010MARTINS et al.,

2011, PERIGNON et al., 201330UMANOU, M. M.; PERIGNON; VILLENEUVE,
2013).

The enzymatic synthesis of structured lipids has presented a technological
challenge and a new frontier in the development of nutritionally superior products.
Despite extensive research in this area, there is a need to develop methods of
enzymatic catalysis for the production of structured lipids in an economically viable
way (PABAI; KERMASHA; MORIN, 1995 SRIVASTAVA et al., 2006 PAULA,

A. et al., 2010 NUNES et al., 201taSOUMANOU, M. M.; PERIGNON;
VILLENEUVE, 2013 TELES DOS SANTOS; GERBAUD; ROUX, 2013).

Therefore, for practical and economic reasons, it’s advantageous to use these
enzymes in immobilized form DAMNJANOVIC et al., 2012; GUILLEN;
BENAIGES; VALERO, 2012 SUN et al., 2012 TUZMEN; KALBURCU;
DENIZLI, 2012).

The use of immobilized enzymes is an attractive alternative for this purpose,
since in this process the enzyme is retained in the support and the cost of acquisition
of new biocatalysts minimized. Moreover, enzymatic interesterification processes

are specific and occur at mild temperatures, with no need for induction periods
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(PAULA, A. V. et al.,, 2010 NUNES et al., 2011aPERIGNON et al., 2013
SOUMANOU, M. M.; PERIGNON; VILLENEUVE, 2013).

Additionally, the immobilization process enables the application of the
immobilized system for use in continuous or semi-continuous processes
(SOUMANOU, M. et al., 1997).

An important decision to be taken in order to establish a method of
immobilization of lipases is the choice of support material since these enzymes can
act simultaneously in the reaction of hydrolysis and synthesis, which commonly
occur in macro and micro-aqueous systems, respectixIZASINOVIC et al.;
MUSTRANTA; FORSSELL; POUTANEN, 1993JAEGER, K.-E.; EGGERT, T.,
2002 SCHRADER et al.,, 2004MARTINS et al., 2011). In this context, reactions
involving large or hydrophilic substrates in the presence of hydrophobic surface
might promote some steric hindrances, reducing the lipase activity (KAWAKAMI et
al., 2004 HE, P.; GREENWAY; HASWELL, 2010). On the other hand, the use of
hydrophilic support in synthesis reactions in organic medium seems to be
incompatible MILASINOVIC et al., 2012).

In this context, the polyacrylamide-based supermacroporous monolithic
cryogel is a potential support for these biotechnological field due to its excellent
biocompatibility with biomolecules (ARVIDSSON et al., 200BUMAR et al.,

2003 LOZINSKY, V. I. et al., 2003 PLIEVA et al., 2004bYAO, KEJIAN et al.,
2006), low-cost materials (KUMAR et al., 2QGBLIEVA et al., 2004b TUZMEN;
KALBURCU; DENIZLI, 2012) and high porosity structure, which results in low
back pressure, short diffusion paths and reduction of blocking problems
(ARVIDSSON et al., 2003KUMAR et al., 2003 LOZINSKY, V. I. et al., 2003
YAO, KEJIAN et al.,, 2006 JAIN; KUMAR, 2009 TUZMEN; KALBURCU,;
DENIZLI, 2012 UYGUN, D. et al., 2012).

Other features that make the cryogel an interesting support for lipase
immobilization is its high loading capacity (KUMAR et al., 2008ALLIK; HAGE,

2006 TUZMEN; KALBURCU; DENIZLI, 2012) and natural water content
(PLIEVA et al., 2004aPLIEVA et al., 2004b ERZENGIN; UNLU; ODABAS1,

2011, CARVALHO, B. M. A. et al.,, 2013). Although it appears that the water
content shifts the reaction equilibrium of synthesis to hydrolysis, in the literature is
well documented that a proper enzyme hydration state would be also necessary for its
stability and activity (WELSH; WILLIAMS, 1990MONOT et al., 1991 CHEN,
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1996 YAHYA; ANDERSON; MOO-YOUNG, 1998 MILASINOVIC et al., 2012).
Thus, the hydrolysis and esterification reaction can be modulated by a careful control
of swelling/deswelling of cryogelsMILASINOVIC et al., 2012). Nevertheless, the
reaction parameters of synthesis need to be optimized for each new system of lipase
immobilization (CHOWDARY; PRAPULLA, 2002MILASINOVIC et al., 2012).

Additionally, the cryogel can be produced in the form of monolithic columns
allowing the coupling of enzymatic processes in reactors and can be operated at
continuous flow (HANORA et al., 200%E, P.; GREENWAY; HASWELL, 2010
KHAN et al., 2012 ANUAR et al., 2013). Such system configuration offers benefits
that are unattainable when using packed-bed configurations (KUMAR et al;, 2003
TOKESHI et al., 200BHONDA et al., 2006 RAHMAN; KAMARUDDIN; UZIR,
2011) such as the optimization of lipase/substrate contact time (BALCAO, V. M.;
PAIVA; XAVIER MALCATA, 1996; TISHER; KASCHE, 1998 FERNANDEZ-
LAFUENTE et al., 1999VILLENEUVE et al., 2000 MATEO et al., 2007).

Most works involving cryogels applications are related to chromatographic
and purification processes (LUO et al., 200ALLIK, R.; JIANG, T.; HAGE, D.
S., 2004 PLIEVA et al., 2004b HANORA et al., 2005 MALLIK; HAGE, 2006;
YUN et al., 2007 MICHAUX et al., 2010 ERZENGIN; UNLU; ODABAS1, 2011;
YUN et al., 2012) and few studies using these new materials as matrices for enzyme
immobilization are reported (BUSTO et al., 206HAN et al., 2012 TUZMEN;
KALBURCU; DENIZLI, 2012, UYGUN, M. et al., 2012ALTUNBAS et al., 2013).
Hence, the immobilization of lipases in cryogels extends the industrial applications
of this biocatalyst in processes involving viscous substrates and at not clarified
media.

In this study, it was repatia simple method for entrapp@dpergillus niger
lipase (ANL) into apolyacrylamide-based supermacroporous monolithic cryogel as
bioreactor device. The performance of bioreactor in butyl butyrate synthesis in
biphasic system hexane-water was tested. Butyl butyrate is a short chain ester with
valuable flavor and fragrance commonly used in food and chemical industries
(VARMA; MADRAS, 2008; MARTINS et al., 2013). Thus, in order to improve
conditions for ester synthesis, a central composite rotatable design (CCRD) and
response surface methodology (RSM) were used to evaluate the effects of several
reaction parameters on the ester yield. The bioreactor was characterized by Fourier

transform infrared (FTIR) spectroscopy and morphological analysis. The reusability
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of the bioreactor has also been evaluated. In addition, the bioreactor was applied in
interesterification reactions of triolein with tripalmitin since these triglycerides are
formed only by oleic and palmitic acid, respectively, which are predeanthigh
quantity in the raw materials of oils and fats industry, besides they represent an

adequately reaction system interesterification model.
2. MATERIALS AND METHODS
2.1. Materials and reagents

Lipase from Aspergillus niger (ANL) was kindy provided by Prozyn
BioSolution (Sdo Paulo, Brazil). Bovine serum alburt®@8A, 98%), N,N,N'N' -
Tetra-methyl-ethylenediamine (TEMED, 99%), acrylamide (AAm, 99%p)y’ -
methylene-bis(acrylamide) (MBAAmM, 99%), allylglycidyl ether (AGE, 99%), and
ammonium persulfate (APS, 98%), p-nitrophenyl palmitate (p-NPP), p-nitrophenol,
butyl butyrate, butyric acid, n-butanol, hexane, polyethylene glycol, average molar
mass 1500 g/mol (PEG 1500), Triton X-100, Tween 80 and Tetrahydrofuran (THF)
were purchased from Sigma-Aldrich (St. Louis, USA). All other chemicals used

were of analytical grade.
2.2.  Immobilization of Aspergillus nigerlipase into cryogel column
2.2.1. Preparation of the cryogel column containing entrapped lipases

A supermacroporous monolithic cryogel containing entrapped lipase was
produced by polymerization in the frozen state of the monomers AAm and AGE with
MBAAmM as a crosslinker and added of lipase solution in presence of APS and
TEMED as an initiator and activator pair, respectively. Monomers (1.185 g of AAm,
0.3175 g of MBAAmM and 0.25 mL of AGE) were dissolved in 17 mL of deionized
water (6% of final concentration) (ARVIDSSON et al., 2003). Then, a volume of 8
mL of lipase solution (3.45 mgwi/mL) was added to a monomers mixture and then
the free radical polymerization was initiated by APS (27.5 mg) and TEMED (23.8
pL). The reaction mixture was poured into a glass column (I.D. 5 mm, length of 100
mm) and was frozen at -12 °C for 22 h into a refrigerated bath system (QUIMIS,
Brazil) containing ethanol. Pure cryogel was prepared by the same way described
above, but without the addition of enzyme solution, which was replaced by deionized
water. After, the column was washed with 300 mL of water at a flow rate of 0.25

mL/min and then stored at 4 °C.
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2.2.2. Effect of additives on immobilization

It was evaluated the influence of the additives Triton X-100, PEG 1500 and
Tween 80 on th@arameters RHA and 1 of the bioreactors obtained . Each additive
was added during the preparation of ANL solution that was subsequently added to
the solution containing the monomers (AAm, MBAAmM and AGE). The values of
concentration of additives Triton X-100 (0.34 mg/mL), PEG 1500 (0.64 mg/mL) and
Tween 80 (0.64 mg/mL) were determined from preliminary experiments where it
was found that the addition of Triton X-100 and Tween 80 at concentrations above
04 mg/ mL and 0.7 mg/ mL, respectively, hindered the process of
cryopolimerization and formation of cryogel (results not shown). Controls were
taken by producing cryogels with entrapped ANL at the same conditions described

above but without addition of additive.
2.2.3. Determination of protein content immobilized into the cryogel matrix

Total protein content immobilized into the cryogel was determined indirectly
from the difference between the amount of protein introduced into the glass column
and the protein content in the washing solution. The amount of free protein added
into the glass column and in the washing solution was measured by the Bradford
method (BRADFORD, 1976). Absorbance was measured at 595 nnUM-\dis
spectrophotometer (Biomate 3, Thermo Scientific, USA) and the analytical curve

was constructed using bovine serum albumin (B&#ihe standard.
2.2.4. Assay of hydrolytic activity

The hydrolytic activity of the bioreactor was estimated by monitoring
hydrolysis of p-nitrophenyl palmitatép-NPP) into p-nitrophenol (GUPTA, N.;
RATHI; GUPTA, 2002 CHIOU; WU, 2004). The substrate solution was obtained by
addition of 6mL of p-NPP solution (7.95 mmol/L in isopropanol) to i of Tris
HCI buffer (50 mmol/L, pH 8.0, containing 0.4% wi/v of Triton X-100 and 0.186 w
of arabic gum) under continuous stirring. Then, the substrate solution was pre-
incubated for 30 min at 45 °C and after thatyats pumped through the bioreactor at
flow rate of 0.25mL/min over 1 h ad5 °C Samples were collected at the outlet of
the bioreactor and the content ehirophenolreleasedvas quantified by a UV-Vis
spectrophotometer (Biomate 3, Thermo Scientific, USA) at 410 nm. Under these

conditions, sample blank corresponded to the substrate solution before this being
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pumped through the bioreactor. An analytical curve was constructed psing
nitrophenol at different concentratio® pg/mL to 0.05 pumolhL). Activity was
expressed as international units (IU), where 1 IU was defined as the amount of
enzyme required to release 1 umol of p-nitrophenol per minute under the assay

conditions.
2.2.5. Determination of immobilization parameters

The efficiency of immobilization was evaluated in terms of parameters
hydrolytic activity recoveredRya) and loading efficiencyxl, as follows (WON et
al., 2005 MILASINOVIC et al., 2012):

%)= HA X
R, (%0) HA 100 (1)

WhereHA, is the specific hydrolytic activity of free lipase (U/mgein and
HA is the specific hydrolytic activity of immobilized lipase (U/migein) .

C|V| _Cfo

n(%)= x100 )

(I
WhereC; is the initial protein concentration added into the glass colwrng,
the initial volume of enzyme solutiof is the protein concentration of the washing
solution andv; is the total volume of the washing solution.

2.3.  Morphological characterization of lipase-immobilized into cryogel
2.3.1. Porosity ¢), water fraction @) and degree of swelling (S)

The porosity §) of pure cryogel monolith and containiegtrappedipase
was estimated by measuring the content of free water and the monolith volume of a
given sample. A sample of the cryogel saturated with deionized water was immersed
in deionized water of a given volunvg in a measuring cylinder and the total volume
V, was determined. The sample volumgwas calculated by the volume difference,
i.e.,Vo =V2—-Vi. The mass of the wet sample saturated with watgrwas weighted.
The sample was squeezed to remove the free water within the large pores and the
mass of the sample without free waten)( was weighted. The porosity was
calculated by the Eg. (3) (ARVIDSSON et al., 20PBIEVA et al., 2004bYAO, K.
et al., 2006 TUZMEN; KALBURCU; DENIZLI, 2012):
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(D:[ij 100
pWVO

wherep,, is the deionized water density.

3)

Then the sample was lyophilized and the dried nmssvas determined,
which was used to calculate the total water fractiay), (@ccording to Eq. ¢4
gowz[—m"’_dexlOO
PuNo
The swelling degree of the cryogelS (@ wate/9 dry cryoge)) Was determined
according to Eg. (b (ARVIDSSON et al.,, 2003 TUZMEN; KALBURCU;
DENIZLI, 2012)

S=— (m/v_rnd)
my (5)

(4)

2.3.2. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was carried out for evaluation of the
macroporous structures of pure cryogel and containing immobilized lipase. The
samples were prepared according to Palla et al. (2011). A small sample cut from the
middle part of the cryogel monolith was dried and coated with gold/palladium
(40/60) (PALLA; PACHECO; CARRIN, 2011). The morphology of gel structure
was examined using a scanning electron microscope (LEO 1430 VP, Zeiss, Jena,
Germany) operated at 15 kV.

2.3.3. Fourier transform infrared (FTIR) spectroscopy

Cryogel matrix containing immobilized lipase (approximately 2 mg) was
mixed and grounedd with 200 mg of potassium bromide and compressed into & pelle
under a pressure of 9.807 x*1@Pa. IR spectra of the pellets were obtained with a
Perkin Elmer Spectrum 1000. The spectras were obtained in the wavenumber
ranging from 500 to 4000 crhfor evaluation of the immobilization procedures. For

comparison, FTIR analysis was done for the pure cryogel.
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2.4. Bioreactor performance on esterification and interesterification reactions
2.4.1. Esterification reactions

The synthesis reaction of butyl butyrate was carried out using a substrate
solution composed by hexane as the reaction medium and n-butanol and butyric acid
as substrates. Temperature (°C), substrate molar ratio (butyric acid: n-butanol) and
added water(% (v/v)) were selected according to each defined experimental
condition (Table 1). In all experiments the butyric acid concentration was
maintained constant at 0.120 mol/L and the n-butanol concentration was asiried
0.116 mol/L to 0.330 mol/L.

The substrate solutiomas pumped through the bioreactor at continuous flow
rate of 0.1 mL/min during 24 h at differemixperimental condition (Table .2)
Samples were collected at the outlet of the bioreactor and the contdxitybf
butyrate formedand consumed butyric acidvas determinedy high performance
liquid chromatography (HPLC). The esterification yieM @6) in butyl butyrate
synthesis was determined according the Eq. (6) (GHAMGUI; KARRA-
CHAABOUNI; GARGOURI, 2004).

Y%z(CLCf)xlOO (6)
CO
WhereC, is the initial molar concentration of butyric acid (mol/L) abds

the final molar concentration of butyric acid (mgl/L
2.4.1.1. Quantification of butyric acid and butyl butyrate

The butyric acid and butyl butyrate content were determined by liquid
chromatograph (Shimadzu, Japan) with a diode array detector (Shimadzu, Japan), at
a wavelength set at 210 nm. A reverse phase column (C18 ajH250 mm x 4.6
mm, Supelco Analytical) was employed for chromatographic separation. The mobile
phase was composed of acetonitrile/water (75:25, v/v) at a flow rate of @m8imrmL
A volumeof 20 puL was injected into the chromatograph and the esters were eluted
from the column using a isocratic meth@HEN, 1996). Bchsample was filtered
through a 0.22um nylon membrane (Millipore, Bedford, USA). Under these
conditions, sample blank corresponded to the substrate solution.
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2.4.2. Interesterification reactions

The interesterification reactions of tripalmitin (PPP) with triolein (OOQ) were
performed using hexane as the reaction medium. The effect of substrate
concentration (15 mmol/L and 30 mmol/L) and added water (35% and 65% (v/v)) on
interesterification yield (%) was evaluated and the experimental conditions tested are
listed in Table 5. In all experiments the substrate molar ratio (tripalmitin:triolein) was
maintained at 1:1.

The substrate solutiowas pumped through the bioreactor (cryogel matrix
containing immobilized lipase) at continuous flow rate of 0.1 mL/min over @4 h
fixed temperature of 40 *GGamples were collected at the outlet of the bioreactor and
the content oftriglycerides and free fatty acids (palmitic and oleic acid) were
analyzedHPLC. The interesterification yield (%)) was calculated according to Eq.

(7) (PAULA, A. et al., 2010).

(Ce,+Ce,)

Ccm +C

Css 0

1% = x100 (7)

WhereC,, andC,, are the concentration (mmol/L) of triglycerides having
50 and 52 carbons in the residues of fatty acids, respectiyglyandC.., are the
concentration (mmol/L) of tripalmitin and trigh, respectively. The indexes “t” and
“0” represented the concentrations at given time and at the initial reaction,
respectively.

The hydrolysis degredH((%)) was calculated according to Eq) (BAULA,
A. V. etal., 2010).

(FA,)

H%=7—x100 ®)

(FA),

WhereF Ay is the total concentration of free fatty acids formed in the reaction

(mmol/L) andFA; is the total concentration of fatty acids that would be liberated,
considering the total hydrolysis of triglycerides in the reaction medium.

2.4.2.1. Quantification of free fatty acids and triglycerides

The free fatty acids and triglycerides content were determined by liquid
chromatograph (Shimadzu, Japan) using a liquid chromatograph (Shimadzu, Japan)
with a diode array detector (Shimadzu, Japan), at a wavelength set at 205 nm. A

reverse phase column (C18 apH&ra250 mm x 4.6 mm, Supelco Analytical) was

66



employed for chromatographic separation, with the mobile phase composed of pure
acetonitrile and water (97:3 (v/v)) at a flow rate of 1 mL/min and temperature of 40
°C. A volumeof 5 uL was injected into the chromatograph and the triglycerides and
palmitic acid (P) and oleic acid (O) were eluted from the column using a isocratic
method (BORCH, 1975). &€h sample was filtered through 0.22 pm nylon
membrane (Millipore, Bedford, USA).

Product concentrations were determined by the detection of all triglycerides
present in the reaction medium in which the sum of carbon number in the fatty acid
residues result in 50 (PPO, POP, and OPP) and 52 (POO, OPO, and OOP).

2.4.3. Operational stability of the bioreactor

The operational stability of the bioreactor was evaluated by successive
esterification of butyric acid with n-butanol using the procedure described above in
the section 2.6 at the best experimental conditions founded, with a time of 24 h for
every run. The ester yield was monitored by determining the conversion of butyric
acid as described above. After each run the bioreactor was rinsed with 100 mL of
water at flow rate of 1 mL/min and stored for 12h at room temperature. Then, the

bioreactor was used in a new run using fresh substrates.
2.5. Experimental design and statistical analysis

A central composite rotatable design (CCRD) with three independent
variables, specifically temperature (°Cj;), substrate molar ratio (butyric aaie
butanol) ¥,) and added water (% (v/v)X{) coupled with RSM was carried out in
order to obtain the optimal conditions for esterification reaction catalyzed by lipase-
immobilized into cryogel.

For this design setup, the variables as well as their coded and uncoded values
are presented in Table 1. The variables were coded according t9:Eq. (9
%= % )
whereX; is the dimensionless coded value of an independent varihkethe real
value of an independent variab}, is the real value of an independent variabtg (

at the center point and AX; is the step change value.
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Table 1
Coded and uncoded values for each fact@ ©RD

Levels
Factor Name
-1.682 -1 0 +1 +1.682
X1 Temperature (°C) 31.59 35.0 40.0 45.0 4841
X,  Substrate molar ratio (acid: alcohc1:2.75 1:2.0 1:1.43 1:1.11 1:0.97
X3 Added water (% (v/V)) 56.59 60.0 65.0 70.0 7341

The experimental results obtained from the CCRD were analyzed by the
response surface regression procedure (RSREG, SAS Institute Inc., v. 9.0, Cary, NC,

USA) using the second order polynomial equation (Eq){10

Y=L+ D BX+ D BXE+D BX X, +e (10)
where Y is the response variable), is the model interceptp, is the linear
coefficient, b, is the quadratic coefficient, andl; is the interaction coefficientY;
and X, are the levels of the independent variables.

Statistical significance of the model was evaluated by analysis of variance
(ANOVA) and the suitability of the model was assessed using the Fisher statistical
test f-test) by testing for significant differences between sources of variation in
experimental results, i.e. the significance of the regression, the lack of fit, and the
coefficient of multiple determination Rf). Parameters with less than 95%
significance jp > 0.05) were excluded and assembled to the error term.

Results associated with the response surface methodology (RSM) were used
to visualize the effect of the factors on the esterification yield and to optimize the
response in order to determine conditions that maximize the esterification yield.

Results of immobilization parameters and morphological characterization
were subjected to theNOVA and means were compared by Tukey test at 95% of
significance using SAS v.9 software. In this case, each experiment was done in
triplicate and data were expressed as mearsséandard deviation. All statistical
analyses were carried out using the SAS v.9 software.
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3. RESULTS AND DISCUSSION

3.1. Effect of additives on immobilization parameters and morphological

properties

The effect of the additives Triton X-100, PEG 1500 and Tween 80 on the
parameters protein content, apparent hydrolytic acti®{y,ands of the bioreactors
were evaluated as can be visualized in the Table 2. The experimental results were
submitted to ANOVA at 95% of significance (Table 2).

Table 2

Influence of different additives on immobilization and morphological parameters of

entrapped lipase into cryogel.

Immobilization parameters

N Protein content Apparent hydrolyti Ria n
Additive .
(MGoroteirf Jeryoge) activity (%) (%)
(U/deryoge)

Control

_ 774+ 031 0.047+0.002 20.64+2.24352+0.31
(without additive
Triton X-100 16.17+0.32 0.114+0.0005 20.58+ 2.559.05+ 0.79
PEG 1500 16.77+0.79 0.086°+0.001 19.55'+ 2.0 54.5¢ + 2.48
Tween 80 12.53+0.34 0.06Z+0.001 16.78+ 0.3 39.08 + 0.29

Morphological parameters
% Pw S (9 wate/9 dry cryoge)

Pure cryogel 77.8+0.9% 89.2+ 3.7% 18.175+ 0.034
Control

_ N 77.5+ 1.2% 85.2+ 1.2% 16.257+ 0.073
(without additive
Triton X-100 76.2+0.7% 88.6'+ 1.7% 15.755 + 0.845
PEG 1500 76.7+ 2.8% 89.°+ 3.7% 15.00'+ 0.802
Tween 80 76.5'+ 2.4% 88.7+ 1.4% 15.69% + 0.033

*Mean values with the same letter do not statisticaffgrdrom each other by the ANOVA Tukey tegi= 0.05).

As can be seen in Table 2, the presence of additives significantlyedffect

(p=0.05) the immobilization parameters as apparent hydrolytic activity and protein
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content (M@otei/Ocryoge) and Triton X-100 was the additive that provided greater
increases in these parameters.

The same behavior was verifiedy Fernandez-Lorente et al. (2006),
Fernandez-Lorente et al. (2007) and Guncheva at al. (2011) which verified that
among the different additives used during the immobilization process the Triton X-
100 showed the highest activity recovered (FERNANDEZ-LORENTE et al.,; 2006
FERNANDEZ-LORENTE et al., 2000GUNCHEVA et al., 2011).

As can be visualized by Transmission Electron Microscopy (TEM) in Fig. 1
free Aspergillus nigerlipases appears to exhibit a tendency to form bimolecular
aggregates in solution (PALOMO, JOSE M. et al., 20R0ADRIGUES et al., 2008).
Therefore, the presence of Triton X-100 on the lipase solution used to prepare the
bioreactor contributed to dispersion of tkezymes in the monomers solution,
preventing the formation of lipasigpase aggregates and minimized the mass transfer
limitations (PALOMO, JOSE M. et al., 200bHAKAR; MADAMWAR, 2005).

A

- ¥
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Fig. 1. TEM images of freéspergillus nigetlipase solution at the concentration

3.45 mgoeidml were recorded using Zeiss model EM 109 operated ak120

It was also found that the presence of additives did not significantly affect the
morphological parameters of the bioreactor and pure cryogel (Table 2). These results
indicate that a high apparent hydrolytic activity of bioreactor was obtained while
their characteristic of high porosity was maintained.

Moreover, the addition of the additive did not affect the swelling degree of
the pure cryogel and the control bioreactor without additive. Skalues around
15.0 to 16.2(Qwate/Tdry cryoge) Obtained in this work are close to the result of 15.01
(Owate/Qdry cryoge) found by Uygun et al. (2012) for a poly (ethylene glycol
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dimethacrylate) based cryogel with a concentration of monomers of 10% (w/v)
(UYGUN, M. et al., 2012), while th& result for pure cryogel (18.17@wate/Jary
cryoge)) IS IN agreement to that value found by Savina et al. (2005) for a cryogel with
6% monomers (Aam+AGE+MBAAmM) (SAVINA; MATTIASSON; GALAEV,
2005).

Addiotionally, the results obtained for immobilized protein content (16.17
MGproteif Jeryoge) @NA hydrolytic activity recovered (20.58%) are in the same order to
those reported by Ozyilmaz and Yagiz (2012) for CRL entrapped into a gel
composed by sodium alginate-chitosan and glutaraldehyde (8.8 to pliffUge)
and Kim et al. (2012) for CRL entrapped into celluldsepolymer based hydrogel
beads Ria = 24%), respectively (KIM, M. H. et al., 201DZYILM AZ; YAG1Z,

2012).

The internal structures of bioreactor composed by entrapped lipase into
cryogel with Triton X-100, without additive and pure cryogel were visualized by
SEM micrographs as shown in Fig. 2. As can be seen in Fig. 2 C to 2 F, the
bioreactor has large continuous interconnected pores with diameters ranging from 20
um to 100um as found by other authors (KUMAR et al., 2Q0BLIEVA et al.,
2004k CIMEN; DENIZLI, 2012 TUZMEN; KALBURCU; DENIZLI, 2012). The
pore walls had thickness ranging from @m to 7.0 um and the surfaces presented
some structures with appearance of “small fingers” (Figs. 2 (C) to (F)) where
probably lipases were entrapped.

The gel phase (polymer with tightly bound water) composes approximately
12% of the total cryogel volume and the most part of the bioreactors (88%) is an
interconnected system of supermacropores filled with water. The percentage of
porosity for macropores was around 76.1% to 77.5%. In the bioreactors, the pores are
equally accessible for substrates of different molecular mass and the mass transfer
resistance is practically negligible.
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Fig. 2. SEM micrographs of pure cryogél) and(B); cryogel containing entrappe
ANL without additive(C) and(D); andwith additive Triton X-10QE) and(F).

FTIR spectra of the free ANL, the pure cryogel and the bioreactor are shown
in the spectras (A), (B) and (C) of Fig. 3, respectively. As can be visualized in Fig 3
(A), the free ANL showed a spectrum with typical absorption bands of proteins with
characteristic amino (R-NH) and carboX®-CO-) groups at 1560-1640 ¢hand
1200-1300 cri, respectivelly. In the Figs. 3 (B) and (C), the strong broad peaks near
3200 cm™ have been assigned to N-H stretching due to primary amides of the
cryogel samples. The sharp peak near 2883 (symmetric and asymmetric-N
stretch) confirmes the presence of secondary amide groups within the cryogel
networks (WILLIAMS; FLEMING, 2007; PAVIA et al., 2008). The bending band of
C-H in the epoxide groups of AGE observed around 2750 was present in the
pure cryogel (Fig. 3 (B)) and in the bioreactor (Fig. 3 (C)) and absent in free ANL
(Fig. 3 (A)) (TUZMEN; KALBURCU; DENIZLI, 2012). Moreover the C-O stretch
(1115 cm') due to epoxy groups was perceptible in Figs. 3 (B) and (C)
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(WILLIAMS; FLEMING, 2007; PAVIA et al., 2008). No absorption bands related to
lipase or Triton X-100 were clearly detectable because the majority of them lie in the
same range of the other components or probably because their amount is too small.
However the similarity between the two spectras of the pure cryogel and the

bioreactor indicates that the presence of lipase did not affect the cryogel structure.

W B

Transmittance (%)

A

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-)

Fig. 3. FTIR spectra of free ANI(A), pure cryoge(B) and the cryogel containin
entrapped ANL with additive Triton X-10(@).

3.2. Bioreactor performance on ester synthesis

Initially, some preliminary experiments (data not shown) were performed in
order to determine the better form to apply the bioreactor (hydrophilic) on butyl
butyrate synthesis with hexane as reaction medium. Experiments of the ester
synthesis were conducted as described in item 2.7 employing the bioreactor
lyophilized and without the addition of water to the solution containing the
substrates; or the bioreactor wet and also without the addition of water to the
substrate solution; or the bioreactor wet with the addition of water to the solution
containing the substrates. It was verified that lyophilization caused a drastic
reduction on the synthesis activity of the bioreactor and the presence of the ester was
not detected. It was also noted that the use of the bioreactor wet but without the
addition of water to the solution of substrate was not appropriate to ester synthesis
since the butyl butyrate was not detectable. The bioreactor was only able to
synthesize the butyl butyrate at detectable levels from its use in wet form and with
the addition of water to the substrate solution at concentrations over 31% (v/v). Thus,
the high level of water content seetwspromote an adequate enzyme hydration

during esterification reaction.
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Then, a CCRD was applied in order to study the influence of reaction
parameters on the esterification yield of the butyl butyrate synthesis. The
experimental results obtained from CCRD (Table 3) were submitted HNO&/A
using a Fisher statistical test. The results of the ANOVA can be visualized in a
Pareto chart (Fig. 4), in which the standardized estimated effect of each factor is
plotted in decreasing order and compared to the minimum magnitude of a
statistically significant factor witha 95% confidence level, represented by the

vertical dashed line.

Table 3

Experimental design and results of the CCRD

Temperature Substrate molar ratic Added water Esterification

Assay Xy X, Xa yield (%)
1 -1 (35.0§ 1 (1:2.0) -1 (60.0) 9.21
2 -1 (35.0) -1 (1:2.0) +1(70.0) 23.94
3 -1 (35.0) +1(1:1.11) -1 (60.0) 45.62
4 -1 (35.0) +1(1:1.11) +1(70.0) 2.63
5 +1 (45.0) -1 (1:2.0) -1 (60.0) 7.26
6 +1 (45.0) -1 (1:2.0) +1(70.0) 17.34
7 +1 (45.0) +1(1:1.11) -1 (60.0) 34.43
8 +1 (45.0) +1(1:1.11) +1(70.0) 6.48
9  -1.682(31.59) 0 (1:1.43) 0 (65.0) 24.01
10 +1.682 (48.41) 0 (1:1.43) 0 (65.0) 7.87
11 0 (40.0) -1.682 (1:2.75) 0 (65.0) 16.81
12 0 (40.0) +1.682 (1:0.97) 0 (65.0) 16.87
13 0 (40.0) 0 (1:1.43) -1.682 (56.59) 6.56
14 0 (40.0) 0 (1:1.43) +1.682 (73.41) 12.49
15 0 (40.0) 0 (1:1.43) 0 (65.0) 48.70
16 0 (40.0) 0 (1:1.43) 0 (65.0) 46.27
17 0 (40.0) 0 (1:1.43) 0 (65.0) 49.25
18 0 (40.0) 0 (1:1.43) 0 (65.0) 40.16

a
Numbers in parenthesis represents the uncoded experimalu@s.
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p=0.05
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Fig. 4. Pareto chart for the standardized effects of the coded variables temp

(X1), substrate molar ratiXf) and added wateXg) on the esterification yield.

As can be seen in Fig. 4 the added water presented the major negative
estimated effect on esterification yield, followed iy interaction with substrate
molar ratio. This result suggests that esterification reaction was in great part
governed by the total water content in the biphasic system. The next largest
significant effect was the negative influence of the temperature reaction indicating
that low temperature was beneficial for the butyl butyrate production.

The insignificant factors that were not statistically significant at a 95%
confidence level were eliminated and a new reduced model was obtained for the
variable esterification yield by regression analysis using only the significant factors
listed in Fig. 4. The ANOVA (Table 4) performed to the reduced model indicated
that the model is statistically valid (p=0.0004) with a coefficient of determination
(R? of 0.89, and there was also a non-significant lack of fit (p>0.15). This result
showed the adequacy of the model for an appropriate representation of the real
relationship among the reaction variables. This reduced model can be described by

Eq. (11), in terms of coded values.

2 2 2
Y =4580-3.15X) + 231X, - 265X5 - 9.32X; " - 9.00X, " —1159X5" -1197X, X4 (11)

whereY is the percentage of esterification yield axl X, and X3 are the coded

values of temperature, substrate molar ratio and added water, respectively.
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Table 4
Analysis of variance performed to esterification yiefd (sing the FCD design

Source SS DF MS F-values p-values
Model 417192 7 595.99 11.98 0.0004
Error 501.38 10 50.138

Lack of fit 44934 7 60. 19 3.70 0.1549
Pure error 52.04 3 17.35

Total 4673.3 17

SS:Sum of square; DF: Degree of freedom; MS: MeanrBqua

The relationship between the reaction parameters and the esterification yield
can be examined by the contour plots depicted in Figs. 5 A, B and C, which were
generated from the predicted model.
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Fig. 5. Effects of reaction parameters on esterification yiéd) temperature (°C
and substrate molar ratio (acid:alcoh@B) temperature (°C) and added water (¢
(C) substrate molar ratio (acid:alcohol) and added water (%).The numbers ins
contour plots indicate the esterification yield (%) at given reaction conditior

each figure, the missing variable was fixed at the central point.

Observing the contour plots (Fig. 5), it can be seen that the esterification yield
was increased until a maximum value (approximately 45 %) with the increasing of
temperature and quantity of added water from 35 °C to 40 °C and from 60 %40 65
(v/v) respectively, and reducing the substrate molar ratio 1:2.0 to 1:1.43
(acid:alcohol).

In fact, the initial effect of added water and substrate molar ratio on
esterification yields intrinsically correlated to the partition effects of the relatively

hydrophilic substrates butyric acid and n-butanol to the aqueous phase (LAANE et
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al., 1987 MONOT et al., 1991 CASTRO, H. et al., 1999). In this context, at low
coded levels of substrate molar ratio (from 1:2.75 to 1:1.8) and added water (around
60 % v/v)) both the butyric acid and n-butanol were fully solubilized in the aqueous
phase. As a result, a high substrate concentration and the alcohol excess may have
become toxic to the enzyme microenvironment or induced some inhibitory effect
(LAANE et al., 1987 YADAV, LATHI, 2003; ROMERO, M. D. et al., 2005
PIRES-CABRAL; DA FONSECA; FERREIRA-DIAS, 2007MHETRAS, N.;

PATIL; GOKHALE, 201Q GUILLEN; BENAIGES; VALERO, 2012).

The other aspect observed here concerns to the fact that the butyl butyrate
presengd a high partition coefficient (MONOT et al., 1991) in a biphasic system
water— hexane which explains why was possible a continuous synthesis of this
ester in spite of the presence of elevated water content in the biphasic systems, since
the butyl butyrate produced was the totally transferred to the organic phase (MONOT
et al.,, 1991 CASTRO, H. et al., 199KLIBANQYV et al., 2000). However, at high
substrate concentrations (obtained at low coded levels of substrate molar ratio around
1:2.75 to 1:1.8) the polarity of the organic phase may have increased and led to a
decrease in the partition coefficient of butyl butyrate, so a shifting of the reaction
equilibrium may have occurred due to a favorable partition coefficient of the product
to the aqueous phase since a low esterification yield was observed (20 % to 30 %)
(HALLING, P. J., 1984 EGGERS; BLANCH; PRAUSNITZ, 1989HALLING,
PETER J., 1990MONOT et al., 1991KLIBANQV et al., 2000 ROMERO, M. D.
et al., 2005).

Thus, the increasing of added water up to 65 % (v/v) and the decreasing of
the substrate molar ratio from 1:2.75 to approximately 1:1.43 (Fig. 5) resulted in an
increase of the percentage of esterification until a maximum value (aro%ayl 45

Similar behavior was verified by Ben Salah et al. (2007) which obtained
maximum esterification yields when 45 % (w/w) of water (in relation the total
amount of the reaction mixture) was used in butyl acetate synthesis catalyzed by
Rhizopus oryzalpase immobilized on Celite 545 (BEN SALAH et al., 2007).

Nevertheless, the continuous increase of water added in the substrate solution
over 65 % (v/v) resulted in a reduction of the esterification yield that may have been
caused due to a shifting of the equilibrium reaction for hydrolysis of the product,
butyl butyrate (CHOWDARY; PRAPULLA, 2002BEN SALAH et al., 2007
MHETRAS, N.; PATIL; GOKHALE, 2010). Additionally, the water released during
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the synthesis reaction may also have contributed to the shifting of the equilibrium
reaction since this will accumulate on the support due to the great swelling properties
of the cryogel (CHOWDARY; PRAPULLA, 2002 PIRES-CABRAL; DA
FONSECA; FERREIRA-DIAS, 2007).

As it is shown in Figs. 5 A and B, the bioreactor reached the best
esterification yield at constant temperature of 40 °C, suggesting a better stability of
the immobilized system at this temperature. Over this value, a decreasing in yields
was observed, probably due to a negatively effect on enzyme stability or some
thermal inactivation of the lipases.

Other researchers also found that the temperature of 40 °C was the best suited
for esterification reaction (MANJON; IBORRA; AROCAS, 199AHMED;
RAGHAVENDRA; MADAMWAR, 2010; MARTINS et al., 2011).

3.3.  Operational stability of biocatalysts

For industrial applications of immobilized enzyme, reusability is an important
parameter in terms of process economy. In this work, the bioreactor was used
repeatedly in the esterification of butyl butyrate at temperature of 40 °C, substrate
molar ratio of 1:1.43 and 6% (v/v) of added water and the residual esterification
yield as a function of reuse number was assessed (Fig. 6). For the first two reuses,
only 6% of loss of residual esterification yield was observed. After six reuses, the
bioreactor retained 31.9 % of residual esterification yield and presented a vatumetri
productivity of 7.64 mmol/mL.h. This result was lower from those (45 %) reported
by Santos et al. (2007) using @andida rugosalipase adsorbed in poly(N-
methylolacrylamide) after six batch process of butyl butyrate synthesis, but the
volumetric activity (even at 6th cycle) was superior from those results (4.75
mmol/mL.h) founded by Milasinovi¢ et al. (2012) after 48 h of reaction of n-amyl
iIsobutyrate at batch process, usinGandida rugosdipase entrapped into poly(N-
isopropylacrylamideso-itaconic acid) hydrogels.
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Fig. 6. Relative esterification yield (bars chart) and volumetric productivay) (of
butyl butyrate catalyzed by immobilized ANL with Triton X-100 into cryo
matrix as a function of reuse number. The reactions were performed in hexar
substrate molar ratio of butyric acid:n-butanol of 1:1.43, added wa6 %f (v/v)

and temperature of 4@C°
3.4.  Bioreactor performance on interesterification reactions

The results of performance of bioreactor in interesterification reactions at 40
°C and employing equimolar substrate concentration of tripalmitin and triolein are

presented in Table 5.

Table 5

Experimental results of interesterification reactions catalyzed by the bioreact

Substrate )
_ Added water Protein conten
Assay concentration H (%) I (%)

% (VIV) (MGproteir! eryoge)

(mmol/L)
1 15:15 35.0 14.057 6.69 17.35
2 15:15 65.0 14.070 2.23 4.51
3 30:30 35.0 14.848 2.92 0.38
4 30:30 65.0 13.304 0.017 0.39

According to the Table 5, the interesterification reations occurred only at
systems with lower substrate concentration (15 mmollMyreover, the highest
value ofl (%) was obtained when the lowest water content (35 % v/v) was added to
the substrate solution. Thusseems that at low levels stibstrate concentratighe
added water influenced negatively timeresterification yield and the water excess
(65 % v/v) may have favored theaction equilibrium tariglycerides hydrolysis
instead of its re-esterificatioPERIGNON et al., 2013
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In fact, the interesterification reaction catalyzed by lipases is a special case of
fatty acids transference and involves, at molecular level, sequential reactions of
hydrolysis and acyl exchange (SVENSSON et al.,, 19GHAZALI, H. M.;
HAMIDAH, S.; CHE MAN, Y. B., 1995 MARANGONI, 2002 PERIGNON et al.,
2013).

The initial step of interesterification reactions involves hydrolysis of
triacylglycerols to produce diacylglycerols, monoacylglycerols, and free fatty acids.
The production of hydrolysis products will occur during the interesterification until
equilibrium is achievedARANGONI, 2002. However, when the water content is
low the reesterification is favored and the interesterification will occur
(MARANGONI, 2002 PERIGNON et al., 2013

Therefore, the water content is the limiting step of interesterification reaction
and its content in the reaction medium modulate the course of interesterification
(PERIGNON et al., 2013).

For the system with 30 mmol/L of tripalmitin and triolein a negligible
formation of triglycerideCso andCs, wasdetected even using low levels of water (35
% v/v). This behavior may be related to the influence of substrate concentrations in
the interesterification reaction¥he negative effect of substrate concentration may
have been a result of the accumulation of free fatty acids in reaction medium due to
the tryglyderides hydrolysis (BORNSCHEUER et al., 2002ASEGAWA;
AZUMA; TAKAHASHI, 2008; PAULA, A. et al., 2010 PERIGNON et al., 2013)

This accumulation of free fatty acids may have led to an acidification of the aqueous
phase surrounding the enzyme, leading to a loss of its catalytic activity
(MARANGONI, 2002 PERIGNON et al., 2013).

The best interesterification yieldl7.35 %) was achieved at system with
equimola concentration of substrate of 15 mmol/L, added water of 35 % &)
constant temperature of 40 °C (Fig. 7).
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Fig. 7. Chromatograms of interesterification reaction of tripalmitin (15 mmol/L)
triolein (15 mmol/L) with 35% (v/v) of added water catalyzed by the bioreactor
°C at time 0 I{A) and after 24 h of reactiqdB).

This result was higher than those obtained by Tecelédo et al. (2010)Qising
parapsilosislipaseimmobilized on Accurel MP 1000 (8.5 %) and Lipozyme TL IM
(8.2 %) and those obtained by Paula, A. et al. (2010) which obtained a maximum
interesterification yield of 10% using tripalmitin (6@mol/L) and triolein (40
mmol/L) as substrate and catalyzed \spergillus niger lipase covalently
immobilized on polysiloxangolyvinyl alcohol and lower than those obtained by
Teceldo et al. (2010) usimgpovozym 435 (21.6 %) and Lipozyme RM IM (20%) and
by Tweddell et al. (1997) which obtained 40% of interesterification yield after 72 h
of reaction in hexane-water biphasic system atGl@sing 20 mM of tripalmitin and

20 mM of triolein as substrate and 100 mg of fReeniveudipase.
4. CONCLUSION

The lipase entrapment into polyacrylamide cryogel offered an attractive and
low cost way for lipases immobilization since the application of bioreactor on
hydrolysis and esterification reactions was successful.

The addition of non-ionic surfactant Triton X-100 to the lipases solution
during the entrapment process was a great and simple strategy to significantly
increase the apparent hydrolytic activity recovered of the bioreactor.

The use of the bioreactor in esterification reactions was efficient and the
optimization of the butyl butyrate synthesis in the presence of organic solvents was
achieved. According to the RSM the optimized reaction condition corresponded to a
temperature of 40 °C, substrate molar ratio (acid: alcohol) of 1:1.43 and 65% (v/v) of
added water. Under this condition, a maximum esterification yield (46%) was

achieved.
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The possibility of reuse of the bioreactor for four consecutive times makes
this system a very attractive from the point of view of industrial application.

Moreover, the bioreactor also demonstrated to be an effective catalyst in
interesterification reactions between triolein and tripalmitin in a biphasic system n-
hexane/water. The interesterification yield of 17% confirms that the bioreactor has
potential for future applications involving the modifications of oil and fat. However,
further studies have to be performed in order to optimize the experimental candition
of interesterification.

The advances made in this work open doors for novel applications of

immobilized enzyme systems in industry.
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CONCLUSOES GERAIS

Neste trabalho, foi realizada avaliacdes preliminaresAsigergillus niger
(ANL) em termos de sua atividade hidrolitica especifica (95.84 U/g) e por meio da
metodologia de superficie de resposta (MSR) foi possivel obter as condi¢cdes
experimentais O6timas em que a sintese do butirato de butila é maximizado. Tal
condicao foi obtida a 40 °C, razdo molar de substrato de 1:2,41 (acido butirico
butanol) e conteldo de agua adicionada de 1,05 % (v/v). Nessaam®8li8 % de
esterificagdo foi obtido apos 24 h.

Em seguida, um biorreator enzimatico constituido 8& Aonfinadas em um
criogel de poliacrilamida supermacroporoso foi desenvolviedo, caracterizado e
aplicado em reacdes de hidrolise, esterificacéo e interesterificacao.

No processo de imobilizagdo da enzima a adicdo do aditivo estabilizante
Triton X-100 proporcionou incrementos na atividade hidrolitica aparente, no
rendimento de imobilizacdo e no conteudo de proteina imobilizada no crigel, sem
provocar alterac6es na estrutura supermacroporosa, o que é de grande importancia
para os processos de escoamento e transferéncia de massa, principalmente quando
sdo empregados substratos e reagentes viscosos.

O biorreator enzimatico contendo o aditivo Triton X-100 foi aplicado com
éxito em reacOes de sintese do butirato de butila e por meidS&afdvl possivel
obter as condicBes experimentais 6timas em que o rendimento de esterificacdo foi
maximizado. Tal condi¢do foi obtida a 40 °C, razdo molar de substrato de 1:1,43
(acido butirico:n-butanol) e contedudo de agua adicionada de 65 % (v/v). Nessa
condicdo 46 % * 0,19 % de esterificacdo foi obtido apés 24 h.

O biorreator apresentou boa capacidade de reutilizacdo, podendo ser
empregado por 4 reacdes de sintese consecutivas e, ainda assim, reter
aproximadamente 65% do seu rendimento de esterificacdo inicial, permaindo
aplicacao do biorreator em processos semi-continuos.

Por fim, o biorreator foi empregado com éxito em reacdes de
interesterificacdo, obtendo rendimentos de interesterificacdo em torno de 17 % apos
24 h de reacao, confirmando a pontecialidade de aplicacéo do biorreator em processo

biotecnolégicos de interesse industrial.
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