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RESUMO 
 

 

 
 

-purificadas e o biocatalisador apresenta maior 
, apresentam 

. Em detrimento desses problemas, a 
-CLEA) de lipase de de 

porco (L
biocatalisador imobilizado foram avaliadas, como o tratamento de LPP com agentes 

co-feeders proteicos (albumina de soro bovino (BSA) s de soja (PS)), uso de 
pos amino (SNMPs) como auxiliar 

formador a 
MPs e PS ou BSA

de 0,8% (m/m) o com -amilase), produziu pm-CLEAs 
RI) em torno de 100% e atividade recuperada (AR) entre 

67% e 81% para os CLEAs coagregados com SNMPs/BSA (pm-BSA-CLEA) e SNMPs/PS 
(pm-PS-CLEA), respectivamente. O pm-PS-CLEA e o pm-BSA-CLEA exibiram alta 
estabilidade a 40 % e 80% de atividade, 

 a L  A 
o pm-PS-CLEAs e pm-BSA-CLEAs utilizando microscopia 

-FEG -uniformes e porosas, 
o que poderia explicar o elevado fator de efetividade  0,65), principalmente para o pm-
CLEA coagregado com PS e SMNPs. o pm-PS-CLEAs mostrou bom desempenho 

 (rendimento 
e tributirina diminuiu apenas 7% (de 52% para 45%) a bateladas com 

 de 4 h para cada ciclo). Assim, as 
ao CLEA, 

 
 
Palavras-chave: N . Albumina de soro bovino. Amido. 
M . Fator de efetividade. 
 
 
 
 
 
 
 
 
 
 
 
 
 



ABSTRACT 
 

 

STRATEGIES TO PRODUCE POROUS CROSS-LINKED AGGREGATES OF 
PORCINE PANCREAS LIPASE WITH MAGNETIC PROPERTIES 
 
Cross-linked enzyme aggregates (CLEAs) is an immobilization technique that does not require 
solid support, allows the use of semi-purified enzymes and the biocatalyst show higher 
volumetric activity. However, they present low mechanical resistance, difficulty of recovering 
and intraparticle diffusion limitations. To overcome these problems, the preparation of highly 
porous magnetic crosslinked aggregates (pm-CLEA) of porcine pancreas lipase (PPL) is 
reported. Some strategies to improve the volumetric activity of the immobilized biocatalyst 
were evaluated, such as treatment of PPL with enzyme surface-modifying agents 
(polyethyleneimine or dodecyl aldehyde), co-aggregation with protein co-feeders (bovine 
serum albumin (BSA), and/or soy protein (SP)), use of silica magnetic nanoparticles 
functionalized with amino groups (SMNPs) as a separation aid, and starch as pore-making 
agent. The combination of enzyme surface modification with dodecyl aldehyde, co-aggregation 
with SMNPs and SP, in the presence of 0.8% (w/w) starch (followed by hydrolysis of the starch 

-amylase), produced pm-CLEAs of PPL with immobilization yield (IY) around 100% 
and recovered activities (RA) between 67% and 81% for the co-aggregates CLEAs with 
SMNPs/BSA (pm-BSA-CLEA) and SMNPs/SP (pm-SP-CLEA), respectively. The pm-SP-
CLEA and pm-BSA-
approximately 50% and 80% of activity, respectively, after 10 h of incubation, while free PPL 
was inactivated after 2 h. The morphological characterization of pm-SP-CLEAs and pm-BSA-
CLEAs using scanning electron microscopy (SEM-FEG) showed the presence of non-uniform 
and porous structure, which could explain the high effectiveness factor (  0.65), mainly for 
pm-CLEA of PPL prepared in presence of SP and SMNPs. Besides that, pm-SP-CLEAs showed 
good performance in tributyrin hydrolysis (52% yield in 4 h) and reutilization capacity (the 
hydrolysis yield of tributyrin decreased only 7% (from 52% to 45%) after five 4 h-batches). 
Thus, the strategies used in this work provided the CLEA with high mechanical and operational 
resistance, improvements in intraparticle mass transport, and ease of recovery and reuse of the 
biocatalyst. 
 
Keywords: Silica magnetic nanoparticles. Bovine serum albumin. Soy protein. Starch. Protein 
surface modifiers. Effectiveness factor. 
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os 

existentes (JEGANNATHAN; NIELSEN, 2013; XUE; WOODLEY, 2012). Os processos 

-se por atuare nos organismos vivos 

e possu em comprovada atividade in vitro resse 

industrial (WANG et al., 2018). 

triacilglicerol acil-

hidrolase, EC 3.1.1.3 As lipases 

-

(CASTRO et al., 2004; 

JAEGER; EGGERT, 2002; KAPOOR; GUPTA, 2012; SHARMA et al., 2001). No entanto, in 

vitro, ela ,  

 

 (CASTRO et al., 2004; FERNANDEZ-LAFUENTE, 2010; HE et al., 2018; 

JAEGER; EGGERT, 2002; KAPOOR; GUPTA, 2012; SHARMA et al., 2001). Essa ampla 

 das lipases - e enantiosseletividades e/ou 

(HASAN et al., 2006; JAMIL et al., 2018; 

MENDES et al., 2012; PANDEY et al et al., 2017; SARMAH et al., 2018; 

TALEKAR et al., 2012). Dentre elas de porco (L

industriais, 

 (BYUN et al., 

2007; CABALLERO et al., 2009; MENDES et al., 2012; RAMOS et al., 2018; VESCOVI et 

al., 2017). 

escala, 

operacional (DICOSIMO et al., 2013).  amplamente explorada para 

a adequadamente, pode 

possibilidade de processamento 
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batelada, aumento da 

da corrente 

ciclos (ADLERCREUTZ, 2013; BARBOSA et al., 2013; DICOSIMO et al., 2013; GARCIA-

GALAN et al., 2011; MATEO et al., 2007). 

 

(ADLERCREUTZ, 2013; DICOSIMO et al., 2013; MANOEL et al., 2015; SHELDON; VAN 

PELT, 2013; XAVIER MALCATA et al., 1990).  que 

 (BASTIDA et al., 1998; CIPOLATTI et al., 2018; MENDES et al., 

2013; PALOMO et al., 2002; PAULA et al., 2007; RIOS et al., 2018; VESCOVI et al., 2017).  

Isso ocorre, 

(BRADY et al., 1990; MANOEL et al., 2015; MILED et al., 2001; SCHMID; VERGER, 1998; 

VERGER, 1997). 

-existentes aumenta o custo final do biocatalisador.  

Reduzir o custo do biocatalisador pode ser uma abordagem interessante para tornar a 

aplica  de lipases imobilizadas ainda mais atraente. Nesse sentido, o grupo de pesquisa de 

Sheldon  , 

-linked enzyme aggregate), na qual necessidade de utilizar suporte,  que 

naturalmente ou artificialmente

, 

 (CAO et al., 2000; 

MATEO et al., 2004)

s as 

(GARCIA-GALAN et al., 2011; WILSON et al., 2004). 

Alguns trabalhos relatando 

 (CUI et al., 2017; CUI; JIA, 

2015; SHAH et al., 2006; WANG et al., 2011). , estudos vem sendo desenvolvidos 

na prepara  

(KHORSHIDI et al., 2016; KOPP et al., 2014; KUMAR et 

al., 2014; PEIRCE et al., 2017). 

Neste contexto, o presente trabalho teve como objetivo avaliar a 
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, que podem ser 

 

 co-feeders 

 

 rco com 

 

 

 

 a  

 

aquoso. 
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2.1. Enzimas como biocatalisadores 

 

 

os 

existentes (JEGANNATHAN; NIELSEN, 2013; XUE; WOODLEY, 2012). Os processos 

-se por atuare nos organismos vivos 

e possu em comprovada atividade in vitro resse 

industrial (WANG et al., 2018). 

sadores altamente eficientes em 

, dentre as quais destacam-

o 

bastante superior 

seletividade do produto

que resulta em um maior rendimento no processo;  menor toxicidade 

 (BOMMARIUS, 2013; CHOI et al., 2015; MADHAVAN et al., 2017; 

PRASAD; ROY, 2018). Essas vantagens custos operacionais 

quando empregadas como biocatalisadores em processos industriais 

(BOMMARIUS, 2013; DICOSIMO et al., 2013; MADHAVAN et al., 2017).  

O mercado global de enzimas industriais se expandiu ao longo dos anos faturando 

US$  e projetando atingir US$ , chegando a uma taxa 

de crescimento anual composta (TCAC -2023. Espera-se que o 

segmento de alimentos e bebidas desse 

US$ . Enquanto, o 

US$ 625,5 . De modo geral, as lipases 

pertencem ao grupo de enzimas (carbohidrase, polimerase e nuclease, protease e lipase) 

um crescimento robusto no mercado global de enzimas, que representa um 

TCAC de 5,77% durante 2017 2022. Esse impulsionado principalmente pela 

e r animal e de b BBC RESEARCH, 2018). 

As lipases (triacilglicerol acil-hidrolase, EC 3.1.1.3 -esterases que 

s serina-hidrolases (FICKERS et al., 2011; RAMOS- et al., 

2015; SARDA; DESNUELLE, 1958)
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(BORNSCHEUER, 2002; JAEGER; REETZ, 1998).  

-1 (RIBEIRO et 

al., 2011). Essas carboxil-esterases 

- , 

 (CASTRO et al., 2004; JAEGER; EGGERT, 2002; KAPOOR; 

GUPTA, 2012; SHARMA et al., 2001). No entanto, in vitro, ela

catalisar   

i) 

e 

, como 

in situ (HE 

et al., 2018; STERGIOU et al., 2013);  

ii) 

respectivamente)

, , evitam a form

(HE et al., 2018; SARMAH et al., 2018). 

iii) a  

 distintos)

- raxo derivado de outro 

(FERNANDEZ-LAFUENTE, 2010; GHAZALI et al., 

1995). 
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Figura 2-1.  

FONTE: Adaptado de RIBEIRO et al. (2011). 

 

As lipases possuem um mecanismo peculiar, 

 (Figura 2-2): uma forma fechada, na 

qual  

do que a lipase  

(BRADY et al., 1990; MILED et al., 2001; 

SCHMID; VERGER, 1998; VERGER, 1997) e tornando o  

(VERGER, 1997). Essas enzimas 

 (BASTIDA et al., 1998), 
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omolecular compreendendo duas lipases (FERNANDEZ-

LORENTE et al., 2003). 

 

Figura 2-2. . 

FONTE: Adaptado de HANEFELD et al. (2009). 

 

A especificidade das lipases e suas 

em processos industriais, podendo ser agrupadas em  categorias principais:  

i) Especificidade pelo substrato. Nesta categoria, as lipases apresentam especificidade em 

(BERGER; SCHNEIDER, 1991; KAPOOR; GUPTA, 2012; 

MACRAE; HAMMOND, 1985). As lipases de Candida rugosa, Rhizomucor miehei, 

Rhizomucor arrhizus, Penicillium cyclopium e Penicillium camembertii (Lipase G) preferem 

(JACHMANIA et al., 1996) te algumas lipases que apresentam especificidade no 

Burkholderia -butil, 

C. rugosa e  

(KRISHNA et al.  

et al., 1998). 
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ii) Regioespecificidade. Nesta categoria, as lipases apresentam especificidade posicional 

-1 ou sn-3 (lipase 1,3-

sn-2 (lipase 2- (BARROS et al., 2010; KAPOOR; GUPTA, 2012; 

RIBEIRO et al., 2011; UHLIG, 1998). As lipases Chromobacterium viscosum, Burkholderia 

cepacia, Bacillus subtilis e Pseudomonas fluorescens 

consideradas muito robustas, 

interme (GODFREY, 1995; KAPOOR; GUPTA, 2012; SCHMID; VERGER, 1998; 

UHLIG, 1998). Enquanto as lipases Bacillus thermocatenulatus, Aspergillus niger, Candida 

antarctica B, Penicillium camembertii, Mucor circineloidis, Rhizomucor miehei, Rhizopus 

delemar, Rhizopus oryzae, Rhizopus niveus, Thermomyces lanuginosus, Yarrowia lipolytica, 

Brassica napus e lipases   (LPB) -especificas 

-monoaci

1,3 ou 2,3- -

sn- - - ou 

3- (BARROS et al., 2010; GODFREY, 1995; HILLS et al., 1990; SCHMID; 

VERGER, 1998). Ainda existe as lipases de Geotrichum candidum 

germinadas, um caso bem particular, 

9) (RIBEIRO et al., 2011; SCHMID; VERGER, 1998). 

iii) Enatioespecificidade. Nesta categoria, as lipases apresentam a capacidade de 

e Thermomyces lanuginosus 

(FERNANDEZ-LAFUENTE, 2010). Cristais 

de enzimas reticulados (CLEC cross-linked enzyme crystal) de lipases de 

Pseudomonas cepacia e C. rugosa foram testadas quanto ao seu potencial para catalisar a 

provaram ser mais ativos do que as enzimas brutas (KHALAF et al., 1996)

de porco uma das lipases 

correspondentes para produ  

(FUKUSAKI et al., 1999; GHANEM, 2007; HE et al., 2006; PASSARELLA et 

al., 2002; SEGURA et al., 2017). 
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Figura 2-3. -
- - -DG ou 2,3-

DG).  

FONTE: Adaptado de KAPOOR; GUPTA (2012). 

 

fontes animais, vegetais e microbiana (PARTIL et al., 2011; RAY, 2012; SARMAH et al., 

2018). Dependendo da fonte, podem ter massa molecular variando entre 20 e 75 kDa, atividade 

 ULFSON, 1994). 

A   uma lipase 1,3- estabilidade 

na faixa de temperatura de 35 a 45 -9,0 (MENDES et al., 2012)

composta por uma  , como mostra a Tabela 2-1, com massa 

molar de 49,8 kDa (HERMOSO et al., 1996; MILED et al., 2001; SEGURA et al., 2017). A 

-

i) N- duos 1- 153, 

Asp177, His264) e ii - -449 (HERMOSO 

et al., 1996). A estrutura cristalina 

podendo dificultar o acesso do substrato a esse local. U 238 e 

Cys262 s
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podem dificul - -217 

(HERMOSO et al., 1996; LOWE, 1996). A  de 

 10-

11  (LOWE, 1996; VAN TILBEURGH et al., 1993). A 

, as quais, 8 de natureza 

l s  (HERMOSO et al., 

1996).  

 

Figura 2-4. Estrutura tridimensional do complexo lipase-

-terminal em 
-

Ser153, Asp177 e His264), magenta (N-terminal), amarelo (C-terminal), azul (segmento, Cys238  
Cys262 -88).  
 

FONTE: Adaptado de et al. (2018). 

 

 

 

 

 

 

 

 

 

 

 

 Verso 
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Tabela 2-1.  

 Unidades  

Ala 21 4,68 

Arg 21 4,68 

Asn 30 6,68 

Asp 32 7,13 

Cys 14 3,12 

Gln 17 3,79 

Glu 21 4,68 

Gly 39 8,69 

His 10 2,23 

Ile 26 5,79 

Leu 29 6,46 

Lys 22 4,90 

Met 4 0,89 

Phe 25 5,57 

Pro 25 5,57 

Ser 31 6,90 

Thr 25 5,57 

Trp 6 1,34 

Tyr 16 3,56 

Val 35 7,80 

FONTE: Adaptado de CARO et al. (1981). 

 

 outras lipases comerciais microbianas e animais. 

(CABALLERO et al., 2009; MENDES et al., 2012; PAULA et al., 

2007). 

correspondentes (LADNER; WHITESIDES, 1984; MIURA et al., 2008)

utilizada no pr - (MASSE et al., 2001) 



26 

-

(GOGOI et al., 2006) (RAMOS et al., 2018), produtos 

uticos (ZHENG et al., 2011) (PAULA et al., 2007). 

No entanto, o uso de enzimas na sua forma livre em processos industriais de larga escala 

al e 

dificuldade em separar o biocatalis (DICOSIMO 

et al., 2013)

sua 

vantagens do ponto de vista industrial. 

 

 

 

Enzimas imobilizadas referem-se  

dade de 

 robustez e insolubilidade no meio 

reacional (WINGARD, 1972).

for bem sucedida, 

de vista industrial, tais como: aumento ; 

; possibilidade de projetar um 

; 

corrente de produto (ADLERCREUTZ, 

2013; BARBOSA et al., 2013; DICOSIMO et al., 2013; GARCIA-GALAN et al., 2011; 

MATEO et al., 2007; RODRIGUES et al., 2013)

apresenta algumas 

, onde diferentes 

suporte e 

MOZHAEY, 1987). 

mostra a Figura 2-5: i prisionamento 

ii) 

s) (ADLERCREUTZ, 2013; 

ARROYO, 1998; SHELDON; VAN PELT, 2013).  
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Figura 2-5.   

 

 

 

pel  em que o 

biocatalisador esta estrutura. Esse arranjo em rede pode variar 

de formas  a  pode ser, por exemplo, 

(ADLERCREUTZ, 2013; ARROYO, 1998; CAO, 2006; HANEFELD et al., 2009; ILLANES, 

2008; SHELDON; VAN PELT, 2013). O tamanho dos poros da matriz pode ser ajustado com 

, no entanto, existe a possibilidade de vazamento 

massa molecular da matriz e o tamanho dos poros pode dificultar a 

 

 em 

-

redor do biocatalisador pela t cnica de lipossomo (ADLERCREUTZ, 2013; ARROYO, 1998; 

CAO, 2006; HANEFELD et al., 2009; SHELDON; VAN PELT, 2013). Ambos 

biocatalisador (ILLANES, 2008). 
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(ADLERCREUTZ, 2013; 

ARROYO, 1998; HANEFELD et al., 2009; ILLANES, 2008; SHELDON; VAN PELT, 2013). 

Sua principal vantagem consiste na facilidade e simplicidade do procedimento, com poucas 

 

(BASTIDA et al., 

1998; CIPOLATTI et al., 2018; MENDES et al., 2013; PALOMO et al., 2002).  Isso ocorre 

(BRADY 

et al., 1990; MANOEL et al., 2015; MILED et al., 2001; SCHMID; VERGER, 1998; 

VERGER, 1997). -se: Candida 

antarctica, Pseudomonas fluorescens, Thermomyces lanuginosus, Candida rugosa, lipase de 

 e , entre outras (MENDES et al., 2013; SILVEIRA et al., 

2019; VESCOVI et al., 2016; VESCOVI et al., 2017). Apesar dos excelentes resultados desta 

-existentes aumenta o custo final do 

biocatalisador. Reduzir o custo do biocatalisador pode ser uma abordagem interessante para 

o grupo de 

pesquisa do Prof. Sheldon 

 cross-linked enzyme aggregate), na qual 

utilizar  que 

 (CAO et al., 2000; CAO, 

2006).  

(CUI; 

JIA, 2015)

(LANFRANCHI et al., 2017). 

influenciar a atividade recuperada (TALEKAR et al., 2013). Isso ocorre, porque o pH do meio 
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influe pela 

entrecruzada nesta forma, os CLEAs podem ter baixa atividade (KARTAL et al., 2011; 

SHELDON, 2011). 

RAMOS et al. (2018) 

 (v/v). 

precipitante, os autores 

10 , apenas o etanol 

proporcionou melhor atividade recuperada (3,5%) para o agregado de LPP. SCHOEVAART et 

al. (2004) investigaram lipases 

de diferentes fontes (Candida antarctica, Thermomyces lanuginosus e Rhizomucor miehei), 

 (v/v). Os autores verificaram 

e atividade para pelo 

-

-butanol, etanol, propanol e polietilenoglicol. KARTAL et al. 

(2011) verificaram o efeito de quatro agentes precipitantes (etanol, terc-butanol, acetona e 

Candida rugosa 

 (v/v) e relataram que o isopropanol proporcionou 

KIM et 

al. (2013) analisaram 

e  

 

dextrano), geralmente com do 

(RICHARDS; KNOWLES, 1968); entretanto, apresenta um tamanho relativamente pequeno, 

as 
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macromoleculares (MIGNEAULT et al., 2004). MAFRA et al. (2016) relatara

observaram que a 

e 

CUI et al. (2016) investigaram 

(0,5% a 2,5% (v/v)) (v/v) desse 

agente reticulante proporcionou 

ra ZHEN et al. (2013) 

relataram -

recuperada (4,7 -dextrano (32%) e 

polial -amido (21%), os quais apresentaram uma estrutura porosa. 

-

, para formarem 

uma base de Schiff

(WILSON et al., 

2006; YAMAGUCHI et al., 2011). WILSON et al. (2006) 

lipases de Alcaligenes sp. e Candida antarctica 

da enzima com polietilenoimina (PEI) ou sulfato de PEI-dextrano (SPD), seguido de 

a Os autores relataram que o 

uma 

, preparado pelo procedimento 

VELASCO-LOZANO et al. (2014) estudaram 

CLEA de lipase de Candida rugosa 

 

encia a atividade e a morfologia dos 

(BARBOSA et al., 2014; XUE; WOODLEY, 2012). 
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Esse efeito foi reportado por RAMOS et al. (2018) no preparo de CLEAs de LPP, usando 

a a

etapa de entrecruzamento. Os autores observaram 

gluta % e rendimento 

rigidez, impedindo que o substrato 

(BARBOSA 

et al., 2014; XUE; WOODLEY, 2012). 

atividade c co-feeders proteicos (por exemplo, albumina de soro bovino 

(BSA) s 

(GUAUQUE TORRES et al., 2014). CUI et al. (2016) investigaram a 

prepar LPB BSA e os 

resultados comprovaram que os co-feeders proteicos melhoram a atividade recuperada do 

de proporcionarem ao biocatalisador maior estabilidade 

operacio

RAMOS et al. (2018) 

CLEA de LPP s de soja como co-feeder proteicos s 

observaram que o CLEA de LPP apresentaram 

78

leo de soja mostrou que o 

 

de 24 h. 

co-feeders proteicos

funcionalizados com grupos aminos. Esta 

(GARCIA-GALAN et al., 2011). KOPP et al. (2014) observaram que CLEAs de penicilina G-

disso, apresentaram melhor estabilidade operacional e fa

biocatalisador. KUMAR et al. (2014) reportaram que a 
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AMARAL-FONSECA et al. (2018) 

cas aminadas (SNMPs), usando polietilenoimina 

isso, o CLEA apresentou estabilidade operacional, sendo 

equivalente superior a 85%. 

tran (CUI; JIA, 

2015)

WANG et al., (2011) 

realizou uma -

gluta presente na estrutura agregada utilizando 

uma -amilase. Os autores verificaram que p-

 -

co-feeders proteicos (ovalbumina e albumina de soro 

CUI et al. (2017) relataram 

um novo procedimento para preparar CLEAs de LPB 

, 

obtiveram 

 

Neste contexto, os procedimentos que descrevem 

as peculiaridades existentes para o preparo de 

agregados de diferentes enzimas, incluindo lipases, e consequentemente, comprovam o sucesso 

d de  (CUI et al., 2017; 

CUI  et al., 2016; RAMOS et al., 2018; AMARAL-FONSECA et al., 2018; TALEKAR et al., 

2012). 
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3.1. Materiais 

 

de porco tipo II, albumina de soro bovino -

tributirina, polietilenoimina (PEI, Mn  

 e reagente de Bradford foram adquiridos da Sigma-Aldrich (St. 

2

Fina (Duque de Caixas, RJ, Brasil). Amido sol el foi adquirido da PanReac Qu mica 

(Barcelona, Espanha). Etanol anidro (99,8% P.A.) foi adquirido da Synth (Diadema, SP, 

Brasil). P s 

(SNMPs) funcionalizadas com grupos amina derivados de 3-aminopropiltrietoxisilano (APTS) 

(136 10  -

 

 

 

 

L -1) e co-feeders (15 mg mL-1) preparados em 

(5,0 mM, pH 7,0). A mistura foi mantida a 4  agitador orbital 

 moles de 

  

(RAMOS et al., 2018), como mostra a Figura 3-1. Os CLEAs preparados com co-feeders foram 

C, enquanto os CLEAs preparados com 

 MPs) como aditivo foram separados por um campo 

LPP) foi lavado duas vezes com 3,0 mL de 

  (100 mM, 

fosfato  (5,0 mM, pH 7,0). As m

substrato) n

: 

RI), atividade recuperada (AR) e rendimento global (RG) usando 
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onde Ai derivado sobre 

sobrenadante e ALav  

 

Figura 3-1.  

 

 

-CLEAs) foram preparados pelo procedimento geral 

ormador de poros na mistura da 

-
-

1), co-feeders s de soja e 7,5 mg de SNMPs) 

min. 
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-

e prosseguiu-

  (5 mM, pH 7,0). Foi 

-amilase de Bacillus licheniformes (BAN 480L) e a 

e glicose (WANG et al., 2011)  

  (5,0 mM, pH 7,0) e 

 

 

Figura 3-2. P -CLEA. 

 

 

 

 

(BRADFORD, 

1976)  

 

3.4.  

 

BEISSON et al. (2000) com pequenas 

ressuspendido) foi adicionado a uma mistura de 1,5 mL de tributi
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Titrino 907 (Metrohm, Herisau, Su

definida como a  

 

 

 

 

polieti

-3. 

 

Figura 3-3. 
na. 

 

 

 

O tratamento com PEI foi realizado de acordo com WILSON et al. (2006), adicionando 
-1 -1) 

  (5 mM, pH final 7,0). O meio reacional foi incubado a 

em membrana de celulose (massa 
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-
-1 -1

-se -1 

redutores. 

do 

- (TNBS) (SNYDER; SOBOCINSKI, 1975)
-1) foram 

preparad

Depois, mediu- -

strado 

A (Figura A1). 

 

 

 

 

 

(valores de pH de 6,0 a 8,0) ou carbonato d

(pH 9,0 e 10,0)

 

u imobilizada, mediu-
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 utilizando diferentes 

avaliadas foi determinado usando a seguinte e  

 

 

 

onde Vderivado e Vlivre 

enzima (LPP livre e CLEAs de LPP, respectivamente). 

 

-FEG) 

dos CLEAs de LPP 

 

-CLEAs foi estudada por microscopia 

-FEG) usando um 

 

 

 

 

O desempenho de LPP livre e pm-PS-CLEA (CLEAs porosos de LPP preparados com 

s 

 

-

PS-
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Todos os experimentos foram realizados em triplicata. Os resultados foram expressos 
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co-feeders  

 

s de soja (PS), foram 

avaliadas como co-feeders

-1 

mostra que o uso de co-feeders proteicos (BSA ou PS) permitiu atingir atividades recuperadas 

em torno de 6,5 e 15,7 vezes maiores do que aquela obtida para os CLEAs preparados sem 

qualquer aditivo (co-feeder proteicos ou SNMPs). Embora os co-feeders 

para a 

 

 Os CLEAs preparados com SNMPs 

co-feeders 

co-feeders (onde a 

atividade recuperada foi de apen

-1).  

co-feeders proteicos (BSA ou 

usando substratos macromoleculares (CUI et al. -GALLEGO et al., 2005; 

SAMOYLOVA et al., 2018; TALEKAR et al., 2012). 

desses co-feeders 

inerte formando a matriz do CLEA (KOPP et al., 2014; KUMAR et al. -

GALLEGO et al., 2005; WILSON et al., 2006). 

-aminopropiltrietoxissilano). 
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co-feeders pode reduzir 

atividade recuperada (CUI et al., 2016). 

 

Tabela 4-1. 
grupos aminos (SNMPs) e co-feeders de lipase 

 

CLEAs ARa  RIb  RGc  

CLEA-LPPd    
CLEA-LPP-BSAe    
CLEA-LPP-PSf    

CLEA-LPP-SNMPsg    
CLEA-LPP-BSA-SNMPsh    

CLEA-LPP-PS-SNMPsi    

Nota: a Atividade recuperada; b c Rendimento global; CLEA 
preparado d sem co-feeders e com: e Albumina de soro bovino (BSA); f s de soja (PS); 
g h  i 

co-feeders 
co-feeders o com 

de 150 rpm. 
 
 
Figura 4-1. 

pturando o CLEA, e (c) CLEA separado 
 

 

t = 0 s t = 3,5 s t = 6,5 s 
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SNMP e 1:3 para enzima total/co-feeders + aditivo) proporcionou melhores resultados em 

BSA/SNMPs. A Figura 4-

00%, no entanto, as 

atividades recuperadas apresentaram valores inferiores a 10%. Provavelmente, as 

a estrutura mais 

- -terminal 
153, Asp177 e His264 -terminal 

- (HERMOSO et al., 1996)

-terminal (uma pequena 

- -terminal de mover-se 

independentemente da tampa (segmento Cys238  Cys262), colipase e C-terminal pode ter 

- (HERMOSO et al., 

1996) -

lipase - 240 e Lys281, respectivamente). O 

negativamente a atividade da enzima. 

BSA/SNMPs foram selecionadas para os experimentos seguintes. 
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Figura 4-2. 
(AR - atividade recuperada, RI - - rendimento global) da 

 

0:1 1:3 1:1 3:1 1:0
0

20

40

60

80

100

Proporção mássica BSA/SNMPs

 AR  RI  RG

 

Nota: 

 
 

 

 

 

-  

-

- -

-colipase - 
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-3). 

fosfato 100 mM) em torno de 57% e 4%, respectivamente). 

 

Tabela 4-2. 
-

 

Tratamento de LPP  
[Grupos aminos] 

 

Nenhum   

PEI  92,31 

   

Nota: -1) 
-1

-1) 
-1

o 
destilada em membranas de celulose (massa molecular de corte de 14 kDa) a 4 

 
-

1  
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Figura 4-3. 
 

0 1 2 3 4 5
0

20

40

60

80

100

Tempo (h)

 LPP sem tratamento
 LPP modificada com PEI 
 LPP modificada com dodecil aldeído

 

Nota:  
 mL-1. 

 

A Tabela 4-

des 

recuperadas dos biocatalis

com LPP sem nenhum tratamento. Os CLEAs preparados com LPP tratados com PEI 

e

 

os tratamentos permitiu um pequeno aumento na atividade recuperada, apenas o tratamento da 

do foi escolhido para outros ensaios experimentais. 
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Tabela 4-3. 

 

LPP tratada   

PEI   

   
PEI seguido de Dodecil 

 
  

Nota: 

co-feeders 

 
 

re  

 

-

6% (m/v), 

 amido) quando se utilizou 

 

TALEKAR et al. (2012) 

(p-CLEAs) de invertase de Saccharomyces cerevisiae e verificaram que o uso de amido levou 

0,4% (m/v) de amido e 100% do  da enzima ao agregado 
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Figura 4-4. 
recuperada dos CLEAs de LPP.  

0,0 0,2 0,4 0,6 0,8 1,0
0

10

20

30

40

50

60

70

 

 Atividade recuperada

80

84

88

92

96

100

Nota: 
 

co-feeders 

-  
 

LPP 

 

A Tabela 4-

significativo na atividade recuperada, sendo as ARs iguais estatisticamente pelo teste de Tukey 

 

mostrou que a enzima imobilizada apresentou alta esta

matriz do CLEA para o sobrenadante (80 a 90% de atividade recuperada no CLEA). Assim, o 

GUAUQUE TORRES et al. (2013) o 

estabilidade ao agregado. 
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Tabela 4-4. 
recuperada (AR) do CLEA de LPP. 

Tempo (h) AR (%) 

3 h (0,5 h de precipita  64,52a* 
5.5 h (0,5 h de precipita  65,53a 

10.5 h (0,5 h de precipita  66,10a 
15.5 h (0,5 h de precipita  66,75a 

Nota: 

50 rpm, seguido de tratamento 

-  
 

mido 

como agente formador de poros 

 

co-feeders 

 

-5. As atividades recuperadas de todos 

-amilase de Bacillus licheniformes 81% de 

e SNMPs. 
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Tabela 4-5. -

 

Aditivos 
 

-amilase -amylase 
SNMPsa   

BSA + SNMPsb   

SP + SNMPsc 0,38  

Nota: a b 
c s de 

na 

, o amido foi 
-  

 

 

 

 

 

-

Figura 4-

pm-PS- ara pm-

BSA-

retiveram uma alta porcentagem de atividade mesmo em pH 10. Dessa fo

alcalinas, os pm-

CUI et al. (2016) 

a 10,0). 
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Figura 4-5. Perfil de atividade versus pH para LPP livre e imobilizada. 

5 6 7 8 9 10
0

20

40

60

80

100

120

pH

 LPP livre
 pm-PS-CLEA
 pm-BSA-CLEA

 

Nota: - (PS ou BSA) -

A ou 

-

 
 

A Figura 4-6 mostra o efeito da temperatura sobre a atividade da LPP livre e 

-

PS-CLEA e pm-BSA-  LPP livre, sendo deslocada de 

-BSA-CLEA e pm-PS-CLEA 

temperatura, observa-se que -

BSA-CLEA reteve mais de 20% de atividade. Estes resultados mostram que o pm-BSA-CLEA 

enzima livre, uma  

Assim, o novo biocatalis
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rada 

(RODRIGUES et al., 2013). 

 

Figura 4-6. Perfil  

10 20 30 40 50 60 70
0

20

40

60

80

100

Temperatura (°C)

 LPP livre
 pm-SP-CLEA
 pm-BSA-CLEA

 

Nota: - (BSA ou PS) -

/BSA ou 

-

 
 

A Figura 4-7 mostra o efeit

aumentaram continuament

, 

(BARBOSA et al., 2013)
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Figura 4-7.  

250 500 750 1000 1250
0

15

30

45

60
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 LPP livre
 pm-PS-CLEA
 pm-BSA-CLEA

 

Nota: - (BSA ou PS) -

/BSA ou 

-

 
 

A Figura 4-8 mostra o perfil -se verificar 

que o pm-PS-

. O pm-BSA-

tivos 

(GARCIA-GALAN 

et al., 2011). 
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Figura 4-8. Perfil 
 

0 2 4 6 8 10

0,0

0,2

0,4

0,6

0,8

1,0
LPP livre
pm-BSA-CLEA
pm-PS-CLEA

Tempo (h)
 

Nota: - (BSA ou PS) -

-

 
 

 

 

CLEAs 

avaliados quanto aos seus fatores de efetividade. 

A Figura 4-

CLEA/atividade de uma quantidade equivalente de LPP 

s de soja e SNMPs levou 

de agregados com estrutura des a 

 uma que apresentam 

de hidrofobicidade e hidrofilicidade. As imagens MEV-

amido (Figura 4-1

do 
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s de 

soja e SNMPs. Por outro lado, a LPP coagregada com BSA e SNMPs (pm-BSA-

apresentou aumento significativo na atividade observada, mesmo utilizando o amido como 

s 

formador de poros foi uma 

supramolecular do CLEA. 

 

Figura 4-9.  

0 50 100 150 200 250 300

0,2

0,3

0,4

0,5

0,6

 pm-BSA-CLEA (Antes da hidrólise do amido)
 pm-BSA-CLEA (Após hidrólise do amido)

 

Nota: - (BSA ou PS) -

/BSA ou 

-

rpm. 
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Figura 4-10. Imagens MEV-FEG de pm-
com (a) SNMPs e albumina de soro bovino (pm-BSA- s de soja 
(pm-PS- -amilase (c e d, respectivamente). 

   

   

Nota: 

-amilase. 
 

sador 

 

A Figura 4-

livre e pm-PS-

rapidamente para a enzima 

-PS-CLEA, respectivamente. 

imobilizada. 

 

 

 

(a) (b) 

(c) (d) 
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Figura 4-11.  d
pH 7,5, agita de 500 rpm catalisada pela LPP livre e pm-PS-CLEA (74,22 mM de tributirina 
e 70 TBU/g de tributirina). O rendimento foi calculado como porcentagem do 
liberado (em  
 

0,0 0,8 1,6 2,4 3,2 4,0

0

20

40

60

80

100
LPP livre
pm-PS-CLEA

Tempo (h)

 

A Figura 4-12  h, o rendimento de 

elevada e 

operacional, observou-se pm-PS-CLEA foi facilitada 

-se considerar que a enzima livre foi 40 4-6), 

enquanto a enzima imobilizada pode ser reutilizada por cinco ciclos reacionais 

- e monobutirina  

C (DALAL et al., 2007; HERMOSO et al., 1996; RHIM et al., 1998). 
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Figura 4-12. Ensaio de reutiliza o (4h-Ciclos) do pm-PS-CLEA na hidr ise de tributirina 
(74,22 mM) a 37  pH 7,5 e agita  500 rpm. Meio reacional

tributirina. 
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A e de porco (LPP) com co-feeders proteicos 

s funcionalizadas com 

grupos aminos, usando amido como agente formador 

porosos (pm-CLEAs) de LPP com alta atividade (cerca de 80% de atividade 

recuperada) e alto fator de efetividade 

estruturas porosas. Os pm-

os po

compactas dos CLEAs. s 

-PS-CLEAs) apresentaram bom desempenho e 

ciclos de 4 h. 

 

-se: 

 

 

 abilizador da estrutura do pm-CLEA; 

 omo agente 

(LPP); 

 Utilizar co-feeders  

  

 Aplicar o pm-
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Abstract: The preparation of highly porous magnetic crosslinked aggregates (pm-CLEA) of porcine
pancreas lipase (PPL) is reported. Some strategies to improve the volumetric activity of the
immobilized biocatalyst were evaluated, such as treatment of PPL with enzyme surface-modifying
agents (polyethyleneimine or dodecyl aldehyde), co-aggregation with protein co-feeders (bovine
serum albumin and/or soy protein), use of silica magnetic nanoparticles functionalized with amino
groups (SMNPs) as separation aid, and starch as pore-making agent. The combination of enzyme
surface modification with dodecyl aldehyde, co-aggregation with SMNPs and soy protein, in the
presence of 0.8% starch (followed by hydrolysis of the starch with α-amylase), yielded CLEAs
expressing high activity (immobilization yield around 100% and recovered activity around 80%), high
effectiveness factor (approximately 65% of the equivalent free enzyme activity) and high stability at
40 ◦C and pH 8.0, i.e., PPL CLEAs co-aggregated with SMNPs/bovine serum albumin or SMNPs/soy
protein retained 80% and 50% activity after 10 h incubation, respectively, while free PPL was fully
inactivated after 2 h. Besides, highly porous magnetic CLEAs co-aggregated with soy protein and
magnetic nanoparticles (pm-SP-CLEAs) showed good performance and reusability in the hydrolysis
of tributyrin for five 4h-batches.

Keywords: silica magnetic nanoparticles; bovine serum albumin; soy protein; starch; protein
surface modifiers

1. Introduction

Lipases (triacylglycerol acylhydrolase, EC 3.1.1.3) are enzymes whose natural function is
the hydrolysis of triglycerides at the water-lipid interface releasing free fatty acids, diglycerides,
monoglycerides and glycerol [1–4]. However, in vitro, they are also able to catalyze esterification and
transesterification reactions (acidolysis, alcoholysis and interesterification) in organic media (with
restricted water content) [1–5]. This wide lipase specificity, added to their excellent chemo-, regio- and
enantioselectivities and/or specificities, have been exploited for several important biotechnological
applications in the pharmaceutical, food and agrochemical industries [6–12]. Among lipases, porcine
pancreas lipase (PPL) is widely used in biotransformation reactions in organic media for several
industrial applications because of its high selectivity, high solvent tolerance, high catalytic activity, and
thermal stability at high temperatures under low water concentrations [8,13–16].
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However, the use of enzymes in their soluble form for large-scale industrial processes is not very
attractive, because of their high production cost and low operational stability [17]. A strategy that
has been widely exploited to overcome these drawbacks is their immobilization on solid supports,
which, if properly performed, can provide several advantages from an industrial point of view, such as
enabling continuous and batch processing, improved stability compared to the free enzyme, increased
volumetric activity, easy recovery from product stream, and reuse for several cycles [17–22].

There are a great number of techniques and supports suitable for enzyme immobilization.
In general, some criteria are followed in their choice regarding to high activity of the immobilized
enzyme, high stability against temperature and organic solvents, low cost of immobilization, and low
toxicity of the immobilization reagents and supports [17,18,23–25].

In the case of lipases, a popular technique that has been widely reported is their immobilization
by hydrophobic adsorption on highly hydrophobic surfaces [26–32]. This is because the lipases have a
peculiar mechanism, called interfacial activation, a phenomenon that allows the enzyme to exist in two
forms in equilibrium: a closed form, in which a lid (polypeptide chain) covers the enzyme active site,
and an open form, in which the lid is moved away allowing the lipase to adsorb to hydrophobic surfaces
(e.g., drops of oils, air bubbles, etc.) [33–36] and turning the active site accessible to the substrate [36].
The immobilization on these supports involves and stabilizes the open form of the lipase [37]. Despite
the excellent results of this immobilization approach, the use of pre-existing supports increases the
final cost of the biocatalyst. Saving biocatalyst cost can be an interesting approach to turn the applied
utilization of immobilized lipases still more attractive. In this sense, Sheldon has reported a free-carrier
technique for immobilizing enzymes, the crosslinked enzyme aggregates (CLEA) [38]. It allows using
non-purified enzyme or even co-immobilizing different enzymes [38,39]. However, it also presents
some problems, such as low operational mechanical resistance of the biocatalyst, difficulty of particle
recovery, and high intra-particle diffusion limitations [20,40].

The immobilization of enzymes as CLEAs is a simple technique. In a first step, the enzyme is
aggregated and precipitated by a precipitant (salts, water-miscible organic solvents, non-ionic polymers,
etc.), and in a second step the aggregates are crosslinked with bifunctional (e.g., glutaraldehyde) or
multifunctional (e.g., polyaldehyde dextran) agents usually via the amino groups on the enzyme
surface [12,41–44]. When the enzyme surface has a low content of amino groups, co-feeders are
commonly used to aid the crosslinking, such as proteins (bovine serum albumin, soy protein,
etc.) [15,45–49], polyethyleneimine [50,51], and so on. CLEAs of several enzymes have been
reported [12,15,47,52–55], including bovine and porcine pancreas lipases. Cui et al. [56] reported
the co-aggregation of bovine pancreas lipase with bovine serum albumin (BSA, 0.05 g L−1) as
co-feeder, followed by crosslinking with 1% w/w glutaraldehyde, reaching 75% catalytic retention.
Ramos et al. [15] reported the immobilization of porcine pancreas lipase as CLEAs using ethanol
as precipitant (enzyme solution: ethanol volume ratio of 1:3), soy protein as co-feeder (enzyme
protein:co-feeder mass ratio of 1:3), and glutaraldehyde as cross-linker (5 µmol of glutaraldehyde
groups/mg total protein). These conditions allowed reaching an immobilization yield around 60%
and an activity recovery of around 40%.

An important drawback to be considered in the use of CLEAs is the mass transfer limitation within
their highly compact supramolecular structure [56]. Some works have reported some modifications
of the original method aiming to reduce intra-particle mass transfer limitations, such as the use of
starch as pore-making agent. Wang et al. [57] developed a new strategy for the preparation of porous
CLEAs (p-CLEAs), which involves co-precipitation of the enzyme with starch and further crosslinking,
followed by hydrolysis of the polysaccharide from the aggregate structure by α-amylase. The authors
reported that p-CLEAs of papain prepared in this way had larger pore sizes (enabling to reduce mass
transport limitation) and large surface compared to the conventional CLEAs. Besides that, p-CLEAs
of papain prepared with protein feeders (ovalbumin and BSA) and starch (0.3–0.4%, w/v) yielded
100% catalytic potential, demonstrating the feasibility of this CLEA preparation method. Recently,
Cui et al. [58] reported a new procedure to prepare CLEAs of pancreas lipases in hydrophobic ionic
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liquid microemulsion aiming to reduce diffusion problems within the CLEA structures. Under optimized
conditions, the authors reported the preparation of spherical structures with good dispersity and greater
recovery activity (84.6%) compared to the amorphous structure of conventional CLEAs (52.8%).

Other problem of CLEAs is the difficulty of their handling [20], problem that may be solved
co-aggregating enzymes and magnetic nanoparticles to produce a magnetic CLEA [59–62]. This may
have also other positive effects on the CLEA (porosity, stability) but involve the use of a “support”.

In this context, this work evaluated some strategies to prepare porous magnetic CLEAs of PPL,
aiming to produce biocatalysts with decreased mass transfer limitation, ease of recovery without
separation by centrifugation, and increased thermal and mechanical stabilities. A set of experiments
was carried out to choose the protein co-feeders, mass ratio between magnetic nanoparticles and protein
co-feeder, concentration of starch as pore making agent, and modification of the enzyme surface using
polyethyleneimine or hydrophobic polyaldehydes. For the best PPL CLEAs, their activities and thermal
stabilities, performance in the tributyrin hydrolysis, and reusability were characterized.

2. Results and Discussion

2.1. Influence of Co-Feeders in the Preparation of CLEAs

Bovine serum albumin (BSA) and soy protein (SP) were evaluated as co-feeders, and silica
magnetic nanoparticles functionalized with amino groups (SMNPs) were employed to produce
magnetic CLEAs. Table 1 shows that when using protein co-feeders (BSA or SP), the recovered
activities of CLEAs were around 6.5 and 15.7 times higher than when prepared without any co-feeder.
Although the co-feeders allowed the preparation of more active CLEAs, the immobilization yield in the
presence of SP was reduced from around 65% to 51%, while in the presence of BSA the immobilization
yield was increased from around 65% to 94%.

CLEAs prepared with SMMPs also showed an increase in the recovered activity (8.4 times), with
no significant decrease in the immobilization yield (from 65% to 63%). However, a combination of
protein co-feeders and SMNPs (mass ratio of 1:1) showed to be the best strategy, particularly in the case
of BSA/SMMPs, which yielded CLEAs with immobilization yield around 70% and recovered activity
of 25.43% (around 17 times higher than that in the absence of co-feeders (where recovered activity
was only 1.46%)). Besides the improvement in the recovered activity, these CLEAs have magnetic
properties, which allow their easy recovery applying an external magnetic field (Figure 1).

Table 1. Evaluation of the addition of silica magnetic animated nanoparticles (SMNPs) and different
protein co-feeders in the preparation of CLEAs of porcine pancreas lipase (PPL). The values are
expressed as average of triplicates ± standard deviation (σ).

CLEAs of PPL RA a ± σ (%) IY b ± σ (%) GY c ± σ (%)

PPL CLEA d 1.46 ± 0.08 65.25 ± 3.52 0.93 ± 0.003
PPL BSA-CLEA e 9.40 ± 0.11 93.69 ± 1.50 9.45 ± 0.39
PPL SP-CLEA f 22.81 ± 1.16 51.42 ± 0.35 10.72 ± 0.34

PPL SMNPs-CLEA g 12.27 ± 0.77 63.04 ± 2.43 7.72 ± 0.24
PPL BSA-SMNPs-CLEA h 25.43 ± 0.21 69.69 ± 1.2 20.30 ± 0.52

PPL SP-SMNPs-CLEA i 32.84 ± 1.76 45.25 ± 1.07 16.40 ± 1.12
a Recovered activity; b Immobilization yield; c Global yield; CLEA prepared d without co-feeders and with: e Bovine
serum albumin (BSA); f Soy protein (SP); g Silica magnetic nanoparticles (SMNPs); h BSA/SMNPs mass ratio of 1:1;
i SP/SMNPs mass ratio of 1:1. Assay conditions: precipitation with ethanol (enzyme solution/ethanol volume ratio
of 1:3) and co-aggregation without and with co-feeders (enzyme protein/co-feeder mass ratio of 1:3) for 30 min,
followed by crosslinking with glutaraldehyde (5 µmoles of glutaraldehyde/mg total protein) for 2.5 h at 4 ◦C under
150 rpm stirring.
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Figure 1. Images of magnetic CLEA separation by applying an external magnetic field: (a) CLEA
suspension, (b) magnetic field capturing the CLEA, and (c) CLEA separated from the suspension.

Several studies have showed that CLEAs co-aggregated with protein co-feeders (BSA or SP)
exhibit better performance regarding to enzyme leaching during washing steps and reduced mass
transfer limitations during the reaction, mainly using macromolecular substrates [15,45,54,63]. These
better performances are related to the surface amino groups from lysine residues present in the
structure of these protein co-feeders, aiding the establishment of covalent bonds between the enzyme
and the feeder forming the CLEA matrix, thus reducing enzyme leaching [45,53,63,64]. It is noteworthy
that SMNPs also provided to the CLEAs these improvements, since they are functionalized with
primary amino groups derived from the functionalization reagent (3-aminopropyltriethoxysilane).
Besides, the use of co-feeders can reduce or avoid diffusion problems by diluting the active enzyme,
increasing the recovered activity [47].

As the combination of BSA and SMNPs (mass ratio of 1:1 to a total enzyme/BSA + SMMPs mass
ratio of 1:3) did provide better results in terms of recovered activity and immobilization yield, other
BSA/SMNPs mass ratios were also evaluated. Figure 2 shows that combinations of BSA/SMNPs with
mass ratios of 1:3 and 3:1 yielded immobilization yields close to 100%; but decreasing the recovered
activities below 10%. Perhaps the very rigid nanoparticles have a more negative effect on enzyme
conformation when reacting with the enzyme, or their multifunctionality produced a somehow closer
CLEA structure. PPL is a single polypeptide chain (~50 kDa) divided into two domains with specific
functions (Figure 3). The N-terminal domain (residues from 1 to 336) contains the catalytic triad (Ser153,
Asp177, and His264), and the C-terminal domain (residues from 337 to 449) is involved in the colipase
binding, a small protein (~10 kDa) which anchors the lipase to the water-lipid interface [65]. This lipase
presents an intrinsic flexibility in the relative position of their N- and C-terminal domains (a small
rotation around residues 334–335). This property of the N-terminal domain to move independently
from the lid (Cys238–Cys262 segment), colipase, and the C-terminal domain may have functional
implications as the lipase molecule binds the water-lipid interface [65]. Besides, the lid and the
loop comprising residues 77–86 (both critical to the lipase activation—opening the lid) contain a Lys
residue (Lys240 and Lys81, respectively). The involvement of these Lys residues in covalent links with
glutaraldehyde may negatively affect the enzyme activity.

Thus, the mass ratios enzyme/(BSA + SMNPs) of 1:3 and BSA/SMNPs of 1:1 were chosen for
further set of experiments.

73



Molecules 2018, 23, 2993 5 of 21Molecules 2018, 23, x FOR PEER REVIEW  5 of 21 

 

0:1 1:3 1:1 3:1 1:0
0

20

40

60

80

100

Pe
rc

en
tu

al
 v

al
ue

BSA/SMNPs mass ratio

 RA  IY  GY

 
Figure 2. Effect of the BSA/SMNPs mass ratio on the immobilization parameters (RA—recovered 
activity, IY—immobilization yield, and GY—global yield) of porcine pancreas lipase (PPL) as 
CLEAs. Assay conditions: precipitation with ethanol (enzyme solution/ethanol volume ratio of 1:3), 
co-aggregation with additives (enzyme/total additives mass ratio of 1:3), crosslinking with 
glutaraldehyde (5 μmoles of glutaraldehyde/mg total protein), temperature of 4 °C, 30 min 
precipitation/aggregation and 2.5 h crosslinking under 150 rpm stirring. 

 
Figure 3. Three-dimensional structure of porcine pancreas lipase-colipase complex made with the 
program PyMol (The PyMol Molecular Graphics System; Version 2.1.0; Schrödinger, LLC). The 
complex (only chains A and B) is shown as surface mode from PDB structure (access code 1ETH). 
Chains A (N-terminal domain in light gray and C-terminal domain in dark gray) and B (colipase in 
light blue) are shown, and amino acid residues are highlighted in red (Lys), orange (Ser153, Asp177, 
and His264 catalytic triad), magenta (N-terminal), yellow (C-terminal), blue (lid–Cys238–Cys262 
segment), and green (loop—residues 77–88). 

2.2. Treatment of PPL Surface 

The modification of the PPL surface with polyethyleneimine (PEI) and dodecyl aldehyde did 
lead to a loss of around 30% of the activity, where the specific activities (U/mg protein) were 27.54 ± 
0.67, 19.44 ± 0.53 and 19.63 ± 0.18, for the unmodified enzyme, PEI or aldehyde treated enzyme, 
respectively. Table S1 in the Supplementary Materials shows that the modification reduces by 
approximately 30% the color obtained using TNBS titration. This means that around 344 μmol 

Figure 2. Effect of the BSA/SMNPs mass ratio on the immobilization parameters (RA—recovered
activity, IY—immobilization yield, and GY—global yield) of porcine pancreas lipase (PPL) as
CLEAs. Assay conditions: precipitation with ethanol (enzyme solution/ethanol volume ratio
of 1:3), co-aggregation with additives (enzyme/total additives mass ratio of 1:3), crosslinking
with glutaraldehyde (5 µmoles of glutaraldehyde/mg total protein), temperature of 4 ◦C, 30 min
precipitation/aggregation and 2.5 h crosslinking under 150 rpm stirring.
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Figure 3. Three-dimensional structure of porcine pancreas lipase-colipase complex made with the
program PyMol (The PyMol Molecular Graphics System; Version 2.1.0; Schrödinger, LLC). The complex
(only chains A and B) is shown as surface mode from PDB structure (access code 1ETH). Chains A
(N-terminal domain in light gray and C-terminal domain in dark gray) and B (colipase in light blue)
are shown, and amino acid residues are highlighted in red (Lys), orange (Ser153, Asp177, and His264

catalytic triad), magenta (N-terminal), yellow (C-terminal), blue (lid–Cys238–Cys262 segment), and
green (loop—residues 77–88).

2.2. Treatment of PPL Surface

The modification of the PPL surface with polyethyleneimine (PEI) and dodecyl aldehyde did lead
to a loss of around 30% of the activity, where the specific activities (U/mg protein) were 27.54 ± 0.67,
19.44 ± 0.53 and 19.63 ± 0.18, for the unmodified enzyme, PEI or aldehyde treated enzyme, respectively.
Table S1 in the Supplementary Materials shows that the modification reduces by approximately 30%
the color obtained using TNBS titration. This means that around 344 µmol amino groups/g protein
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have been modified after this treatment. The surface of PPL is rich in primary amino groups (Figure 3).
The chain A (N- and C-terminal domains) has 22 Lys residues and the amino terminal, while chain B
(colipase) has 4 Lys residues (both number of Lys residues was obtained from the primary sequence
of the lipase-colipase complex—PDB code 1ETH). Thus, particularly the low modification of amino
groups by dodecyl aldehyde does not compromise the crosslinking of the enzyme with glutaraldehyde
in the CLEA preparation because of the free primary amino groups still available in the enzyme surface.
Despite that, the modified lipases were more stable than the non-modified LPP (Figure 4). Particularly,
the PPL treated with dodecyl aldehyde showed much greater stability than the non-modified enzyme
(residual activities after 5 h incubation at 40 ◦C and pH 8 (100 mM phosphate buffer) around 57% and
4%, respectively). This modification is under study in our research group.
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Figure 4. Thermal inactivation of free PPL non-modified and modified with polyethyleneimine (PEI)
and dodecyl aldehyde. Assay conditions: 40 ◦C and pH 8.0 (100 mM phosphate buffer) and enzyme
solutions containing 5 mg protein/mL.

Table 2 shows the effect of the treatment of the PPL surface with polyethyleneimine (PEI) and
dodecyl aldehyde on the immobilization yield and recovered activity. All treatments allowed 100%
immobilization yield, but the recovered activity of the biocatalysts did not show any improvement
related to the CLEAs prepared with PPL without any treatment.

Table 2. Evaluation of the treatment of porcine pancreas lipase (PPL) with polyethyleneimine (PEI)
and dodecyl aldehyde on the immobilization parameters IY (immobilization yield) and RA (recovered
activity). The values are expressed as mean of triplicates ± standard deviation (σ).

PPL Treatment with RA ± σ (%) IY ± σ (%)

PEI 7.17 ± 0.32 99.50 ± 1.00
Dodecyl aldehyde 20.08 ± 0.72 99.00 ± 2.00

PEI followed by Dodecyl aldehyde 25.64 ± 1.37 99.60 ± 2.00

Note: CLEA preparation conditions: treatment of PPL surface with PEI and dodecyl aldehyde, precipitation with
ethanol (enzyme solution/ethanol volume ratio of 1:3), co-aggregation with co-feeder (PPL/BSA/SMNPs mass
ratio of 1:1.5:1.5), crosslinking with glutaraldehyde (5 µmoles of glutaraldehyde/mg total protein), temperature of
4 ◦C, 30 min precipitation/aggregation and 2.5 h crosslinking under 150 rpm stirring.
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The CLEAs prepared with PPL treated with PEI yielded the lowest recovered activity (7.17%),
probably due to the formation of more compact structures promoted by the intense crosslinking.
Besides, the cationic character of this polymer could form a hydrophilic layer on the enzyme surface,
impairing substrate partition from the bulk to the active site. On the other hand, the treatment of PPL
surface with dodecyl aldehyde (a hydrophobic aldehyde) allowed a recovered activity of around 20%,
because this compound probably did created a hydrophobic layer on the enzyme surface, aiding in the
aggregation step, even although the amino groups in the enzyme surface will be decreased for the
crosslinking step. As the combination of both treatments did allow a small increase in the recovered
activity, only the surface treatment with dodecyl aldehyde was chosen for further experiments.

2.3. Preparation of Magnetic CLEAs Using Starch in the Aggregation and Crosslinking Steps

The influence of the starch concentration on the immobilization yield and recovered activity
of CLEAs of PPL is shown in Figure 5. The addition of starch provided significant increases in the
immobilization yield until a concentration of 0.6% (w/v), but only the concentrations of 0.8 and 1%
(w/v) yielded 100% immobilization. The recovered activity increased for all starch concentrations,
reaching maximum catalytic retention of 67% (more than doubling of the activity recovered without
starch) when 0.8% starch was used during CLEA preparation. Thus, 0.8% (w/v) of starch was selected
for the preparation of CLEAs of PPL.

Talekar et al. [12] reported the evaluation of starch on porous CLEAs (p-CLEAs) of invertase from
Saccharomyces cerevisiae and found that the use of starch led to the formation of a non-uniform porous
surface, resulting in better mass transfer and minimization of diffusion problems. Besides that, they
concluded that 0.4% (w/v) starch concentration yielded 100% catalytic potential, demonstrating the
feasibility of this enzyme aggregate preparation method.
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Figure 5. Effect of starch concentration on immobilization yield and recovered activity of PPL 
CLEAs. Assay conditions: treatment of PPL surface with dodecyl aldehyde (PPL/dodecyl aldehyde 
mass ratio of 1:1), precipitation with ethanol (enzyme solution/ethanol volume ratio of 1:3), 
co-aggregation with co-feeder (PPL/BSA/SMNPs mass ratio of 1:1.5:1.5 and starch concentration 
from 0.2 to 1%, w/v), crosslinking with glutaraldehyde (5 μmoles of glutaraldehyde/mg total protein), 
temperature of 4 °C, 30 min precipitation/aggregation and 2.5 h crosslinking stirred at 150 rpm and 
incubation with α-amylase at 25 °C stirred at 150 rpm for 2 h. 

  

Figure 5. Effect of starch concentration on immobilization yield and recovered activity of PPL CLEAs.
Assay conditions: treatment of PPL surface with dodecyl aldehyde (PPL/dodecyl aldehyde mass
ratio of 1:1), precipitation with ethanol (enzyme solution/ethanol volume ratio of 1:3), co-aggregation
with co-feeder (PPL/BSA/SMNPs mass ratio of 1:1.5:1.5 and starch concentration from 0.2 to 1%,
w/v), crosslinking with glutaraldehyde (5 µmoles of glutaraldehyde/mg total protein), temperature of
4 ◦C, 30 min precipitation/aggregation and 2.5 h crosslinking stirred at 150 rpm and incubation with
α-amylase at 25 ◦C stirred at 150 rpm for 2 h.

76



Molecules 2018, 23, 2993 8 of 21

2.4. Influence of Time of Glutaraldehyde Treatment in the Preparation of PPL CLEAs

The influence of the glutaraldehyde treatment time of the PPL CLEAs on the recovered activity
was analyzed, and results pointed that this has not influence on the recovered activities, which were
statistically equal by the Tukey test (around 66%). The incubation of the PPL CLEAs in phosphate
buffer at high ionic strength for 12 h showed high stability against leaching (80 to 90% recovered
activity). Despite this, 15 h crosslinking time was chosen for further assays [66].

2.5. Selection of Additives for Preparation of PPL CLEAs Using 0.8% (w/v) Starch as Pore-Making Agent

The influence of the presence of protein feeders (BSA, SP) and silica magnetic nanoparticles
(SMNPs) in the preparation of PPL CLEAs using starch (0.8%, w/v) as pore-making agent is shown in
Table 3. The recovered activities of all CLEAs prepared in the presence of starch increased more than
twice after starch hydrolysis with α-amylase to wash away starch molecules, reaching 81% recovered
activity when the PPL CLEA was prepared in the presence of a mix of SP and SMNPs. CLEAs prepared
only with SMNPs were less stable when incubated at high ionic strength (59.8% recovered activity)
than those prepared with BSA plus SMNPs and SP plus SMNPs (91% recovered activities). In view
of these results, porous magnetic CLEAs (hereinafter abbreviated as pm-CLEA) prepared with SP
plus SMNPs (pm-SP-CLEA) and BSA plus SMNPs (pm-BSA-CLEA) were selected to evaluate the
effect of temperature, pH, agitation rate, and substrate concentration on the relative activity of this
immobilized enzyme.

Table 3. Evaluation of different additives in the preparation of porous magnetic CLEAs (pm-CLEAs) of
porcine pancreas lipase (PPL). The values of the immobilization parameter RA (recovered activity) are
expressed as average of triplicates ± standard deviation (σ).

Additives
Recovered Activities of Magnetic CLEAs

(RA ± σ (%))

Before Starch Hydroysis with
α-Amylase

After Starch Hydrolysis with
α-Amylase

SMNPs a 24.46 ± 0.24 54.01 ± 0.64
BSA + SMNPs b 28.18 ± 0.67 66.55 ± 0.01
SP + SMNPs c 36.77 ± 0.38 81.02 ± 0.16

a Silica magnetic nanoparticles; b Bovine serum albumin/silica magnetic nanoparticles mass ratio of 1:1; c Soy
protein/silica magnetic nanoparticles mass ratio of 1:1. Assay conditions: treatment of PPL surface with
dodecyl aldehyde (PPL/dodecyl aldehyde mass ratio of 1:1), aggregation/precipitation with ethanol (enzyme
solution/ethanol volume ratio of 1:3) in presence of additives (PPL/total additives mass ratio of 1:3) and starch (0.8%,
w/v) as pore-making agent for 0.5 h at 4 ◦C under 150 rpm stirring, followed by treatment with glutaraldehyde
(5 µmoles of glutaraldehyde/mg total protein) for 15 h. At the end, starch was hydrolyzed with α-amylase at 25 ◦C
for 2 h under 150 rpm.

2.6. Characterization of Free and Immobilized PPL

Effect of pH, Temperature and Agitation Rate on Hydrolytic Activity and Thermal Stability

The effect of pH on the kinetic profile of free and immobilized PPL (pm-CLEA) is shown in
Figure 6. The pH values where maximum activities for free PPL (32.2 ± 0.65 U/mg protein) and
pm-SP-CLEA (24.13 ± 0.35 U/mg protein) were found were similar (around pH 8.0), while for
pm-BSA-CLEA (19.14 ± 0.13 U/mg protein) was shifted to 9.0. At higher pH values free enzyme
rapidly decrease the activity, while the immobilized enzymes retained a high percentage of activity
even at pH 10. That way, at alkaline conditions, pm-CLEAs were much more actives than the soluble
counterpart in absolute terms. Cui et al. [45] also reported similar behavior for CLEAs of bovine
pancreas lipase (above 90% activity in the pH range from 8.0 to 10.0).
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aggregation/precipitation with ethanol (enzyme solution/ethanol volume ratio of 1:3) in presence of
PPL/BSA/SMNPs or PPL/SP/SMNPs mass ratio of 1:1.5:1.5 and starch (0.8% w/v) for 0.5 h, followed
by treatment with glutaraldehyde (5 µmoles of glutaraldehyde/mg total protein) for 15 h at 4 ◦C under
150 rpm stirring, and treatment with alpha-amylase at 25 ◦C under 150 rpm stirring for 2 h. Activity
assay conditions: hydrolysis of tributyrin (217.9 mM concentration) at 40 ◦C and different pH values
for 5 min under 500 rpm stirring.

Figure 7 shows the effect of temperature on the activities of free and immobilized PPL.
The temperature where the maximum activities of the porous magnetic CLEAs (pm-SP-CLEA and
pm-BSA-CLEA) were detected was shifted from 40 ◦C (free PPL) to around 50 ◦C, suggesting that the
immobilized enzyme is more thermally stable than the free PPL at high temperatures.
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Figure 7. Activity profiles of PPL vs. temperature. pm-(BSA or SP)-CLEA preparation conditions:
treatment of PPL surface with dodecyl aldehyde (PPL/dodecyl aldehyde mass ratio of 1:1),
aggregation/precipitation with ethanol (enzyme solution/ethanol volume ratio of 1:3) in presence of
PPL/BSA/SMNPs or PPL/SP/SMNPs mass ratio of 1:1.5:1.5 and starch (0.8% w/v) for 0.5 h, followed
by treatments with glutaraldehyde (5 µmoles of glutaraldehyde/mg total protein) for 15 h at 4 ◦C
under 150 rpm stirring, and with α-amylase at 25 ◦C under 150 rpm stirring for 2 h. Activity assay:
hydrolysis of tributyrin solution pH 8.0 (217.9 mM concentration), temperature ranging from 10 to
70 ◦C for 5 min under 500 rpm stirring.
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At 60 ◦C, pm-BSA-CLEA and pm-SP-CLEA presented specific activities of 28.0 ± 0.6 U/mg
protein and 20.0 ± 0.8 U/mg protein, respectively, while free PPL showed an activity of 2.0 ± 0.1 U/mg
protein. Again, at these conditions the immobilized enzyme becomes much more active than the free
enzyme. Differences increase at higher temperature, e.g., at 70 ◦C the free enzyme is fully inactive while
pm-BSA-CLEA retained more than 20% of the activity. These results show that the pm-BSA-CLEA
presented greater stability in its structure under very drastic conditions than that of the free PPL since
the immobilization produced a strong rigidification of the enzymatic structure.

Thus, the new biocatalyst presented better catalytic performance under drastic conditions than
the free enzyme and is a new example on how the recovered activity may be altered depending on the
activity determination conditions [22].

Figure 8 shows the effect of the stirring rate on the kinetic behavior of the free and immobilized
PPL. Free PPL showed maximum catalytic activity at 500 rpm and then, the activity decreased, while
the activities of the porous magnetic CLEAs continuously increased within the interval evaluated. Thus,
while the free enzyme is exposed to gas bubbles and this produces its inactivation, the immobilized
enzyme is protected inside the solid porous particle and retained very high activity [19], and only the
positive effects of the reduction of external mass transfer is observed.
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and 1250 rpm). 

Figure 9 shows the inactivation profiles of free and immobilized PPL. It can be seen that 
pm-SP-CLEA exhibited high stability at 40 °C and pH 8.0, retaining around 80% of activity after 10 h 
incubation. The pm-BSA-CLEA was slightly less stable, but still retained around 50% of the initial 
activity after 10 h incubation, while free PPL was fully inactivated after 2 h incubation. The highest 
stabilities of the porous magnetic CLEAs are indicatives of efficient covalent cross-links stablished in 
the supramolecular structure of the CLEAs, turning the enzyme molecules more rigid and 
preventing distortional tridimensional changes at high temperatures. The biphasic profiles of the 
inactivation curves suggest that the porous magnetic CLEAs of PPL have a fraction of enzyme 
molecules more cross-linked and thereby more thermally stable. Perhaps this is the fraction of the 

Figure 8. Effect of the agitation on the catalytic performance of free and immobilized PPL. Conditions
of pm-(BSA or SP)-CLEA preparation: treatment of PPL surface with dodecyl aldehyde (PPL/dodecyl
aldehyde mass ratio of 1:1), aggregation/precipitation with ethanol (enzyme solution/ethanol volume
ratio of 1:3) in presence of PPL/BSA/SMNPs or PPL/SP/SMNPs mass ratio of 1:1.5:1.5 and starch
(0.8% w/v) for 0.5 h, followed by treatments with glutaraldehyde (5 µmoles of glutaraldehyde/mg
total protein) for 15 h at 4 ◦C under 150 rpm stirring, and with α-amylase at 25 ◦C under 150 rpm
stirring for 2 h. Activity assay conditions: hydrolysis of tributyrin solution (217.9 mM concentration) at
40 ◦C and pH 8.0 for 5 min under different agitation velocities (250, 500, 750, 1000 and 1250 rpm).

Figure 9 shows the inactivation profiles of free and immobilized PPL. It can be seen that
pm-SP-CLEA exhibited high stability at 40 ◦C and pH 8.0, retaining around 80% of activity after
10 h incubation. The pm-BSA-CLEA was slightly less stable, but still retained around 50% of the initial
activity after 10 h incubation, while free PPL was fully inactivated after 2 h incubation. The highest
stabilities of the porous magnetic CLEAs are indicatives of efficient covalent cross-links stablished in
the supramolecular structure of the CLEAs, turning the enzyme molecules more rigid and preventing
distortional tridimensional changes at high temperatures. The biphasic profiles of the inactivation
curves suggest that the porous magnetic CLEAs of PPL have a fraction of enzyme molecules more
cross-linked and thereby more thermally stable. Perhaps this is the fraction of the PPL molecules
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directly attached to the nanoparticle, where stabilization effects should be higher counting by the
higher rigidity of the nanoparticle compared to a protein [22].
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activity of CLEA/activity of an equivalent amount of free PPL) at growing concentrations of 
tributyrin. These factors were much higher after washing away the starch, mainly for CLEAs 
prepared in presence of soy protein and SMNPs. SEM-FEG images of CLEAs before starch 
hydrolysis (Figure 11) show a quite smooth and non-porous surface, which may result in serious 
mass transfer problems. 

On the other hand, images of CLEAs after starch hydrolysis show non-uniform and porous 
surface due to removal of the starch molecules from the structure of the enzyme aggregate, which 
could explain the higher effectiveness factors (around η = 0.65), mainly for CLEAs prepared in 
presence of soy protein and SMNPs. On the other hand, PPL co-aggregated with BSA and SMNPs 
(pm-BSA-CLEAs) did not show significant increase in the observed activity, even using starch as 
pore-making agent. These results showed that the combination of SMNPs and soy protein as aids in 
the aggregation step and starch as pore-making agent was a good strategy to reduce mass transfer 
problems within the supramolecular structure of the CLEA. 

Figure 9. Thermal inactivation profiles of free and immobilized PPL at 40 ◦C and pH 8.0 under
150 rpm stirring. Biocatalyst preparation conditions: treatment of PPL surface with dodecyl
aldehyde (PPL/dodecyl aldehyde mass ratio of 1:1), aggregation/precipitation with ethanol (enzyme
solution/ethanol volume ratio of 1:3) in presence of PPL/BSA/SMNPs or PPL/SP/SMNPs mass ratio
of 1:1.5:1.5 and starch (0.8% w/v) for 0.5 h, followed by treatments with glutaraldehyde (5 µmoles of
glutaraldehyde/mg total protein), for 15 h at 4 ◦C under 150 rpm stirring, and with α-amylase at 25 ◦C
for 2 h. Activity assay conditions: hydrolysis of 217.9 mM tributyrin solution at 40 ◦C and pH 8.0 for
5 min under 500 rpm stirring.

2.7. Determination of Effectiveness Factors

CLEAs prepared in presence of starch as pore-making agent were evaluated as their effectiveness
factors. Figure 10 shows that the evolution of the effectiveness factors (η = observed activity of
CLEA/activity of an equivalent amount of free PPL) at growing concentrations of tributyrin. These
factors were much higher after washing away the starch, mainly for CLEAs prepared in presence of
soy protein and SMNPs. SEM-FEG images of CLEAs before starch hydrolysis (Figure 11) show a quite
smooth and non-porous surface, which may result in serious mass transfer problems.

On the other hand, images of CLEAs after starch hydrolysis show non-uniform and porous surface
due to removal of the starch molecules from the structure of the enzyme aggregate, which could explain
the higher effectiveness factors (around η = 0.65), mainly for CLEAs prepared in presence of soy protein
and SMNPs. On the other hand, PPL co-aggregated with BSA and SMNPs (pm-BSA-CLEAs) did not
show significant increase in the observed activity, even using starch as pore-making agent. These results
showed that the combination of SMNPs and soy protein as aids in the aggregation step and starch as
pore-making agent was a good strategy to reduce mass transfer problems within the supramolecular
structure of the CLEA.
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Figure 10. Effectiveness factors (η) for CLEAs of PPL. Biocatalyst preparation conditions:
treatment of PPL surface with dodecyl aldehyde (PPL/dodecyl aldehyde mass ratio of 1:1),
aggregation/precipitation with ethanol (enzyme solution/ethanol volume ratio of 1:3) in presence of
LPP/BSA/SMNPs or LPP/SP/SMMPs mass ratio of 1:1.5:1.5 and starch (0.8% w/v) for 0.5 h, followed
by treatment with glutaraldehyde (5 µmoles of glutaraldehyde/mg total protein) for 15 h at 4 ◦C under
150 rpm. Starch was washed away by hydrolysis with α-amylase at 25 ◦C for 2 h under 150 rpm
stirring. Activity assay conditions: hydrolysis of tributyrin solutions (19.28, 38.35, 57.2, 112.5, 217.9 and
284.4 mM) at 40 ◦C and pH 8.0 for 5 min under 500 rpm stirring.
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Figure 11. SEM-FEG images of pm-CLEAs of porcine pancreas lipase co-aggregated with (a) SMNPs
and bovine serum albumin (pm-BSA-CLEA), (b) SMNPs and soy protein (pm-SP-CLEA), followed by
treatment with α-amylase (c,d, respectively). All CLEAs were prepared under the same conditions,
the only difference is if the starch (pore-making agent) was not hydrolyzed (a,b) or was hydrolyzed
(c,d) with α-amylase.
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2.8. Evaluation of Tributyrin Hydrolysis and Biocatalyst Reuse

Figure 12 shows the reaction course of the hydrolysis of tributyrin catalyzed by free PPL and
pm-SP-CLEA. Figure 12 shows how the reaction catalyzed by free enzyme rapidly started to lose
linearity, but this is not so obvious using the immobilized enzyme. The yields after 4 h of reaction
were 36% and 52% using free PPL and pm-SP-CLEA, respectively. These results confirmed the lower
stability of free PPL compared to the immobilized counterpart.
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calculated as percentage of butyric acid released (in µmoles) in relation to the total theoretical value.

Figure 13 shows that after five 4 h-batches, the yield of tributyrin hydrolysis decreased only 7%
(from 52% to 45%). Besides the good operational mechanical stability, it is noticed that the recovery of
the pm-SP-CLEA was very ease using a magnetic separation.Molecules 2018, 23, x FOR PEER REVIEW  14 of 21 
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at 37 ◦C and pH 7.5 stirred at 500 rpm. Reaction medium: 6 mL sodium phosphate buffer (100 mM,
pH 7.5), 16.5 mL distilled water, 0.5 mL tributyrin, and 70 TBU/g tributyrin.
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It should be considered that free enzyme was quite unstable just at 3 ◦C more (Figure 9), while
the immobilized enzyme can be reused for many cycles without significant changes. Moreover, di-
and monobutyrin have some detergent effects that apparently have not very deleterious effects on
enzyme stability even at 37 ◦C [67–69].

3. Materials and Methods

Lipase from porcine pancreas type II (PPL), bovine serum albumin (BSA), tert-butyl alcohol,
tributyrin, polyethyleneimine (PEI, average Mn ~423), dodecyl aldehyde, and Bradford reagent were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Glutaraldehyde solution (25% in H2O) was
purchased from Vetec Química Fina (Duque de Caixas, RJ, Brazil). Soluble starch was purchased
from Panreac Química (Barcelona, Spain). Anhydrous ethanol (99.8% P.A.) was purchased from Synth
(Diadema, SP, Brazil). Soy protein was acquired from local market. Silica magnetic nanoparticles
(SMNPs) functionalized with amine groups derived from 3-aminopropyltriethoxysilane (APTS)
(136 ± 10 µmol amino/g) were purchased from Kopp Technologies (São Carlos, SP, Brazil).

3.1. General Procedure of CLEA Preparation

In the precipitation step, ethanol (3.0 mL) was added to 1.0 mL of a homogeneous mixture
containing PPL (5.0 mg of protein mL−1) and co-feeders (15 mg mL−1) prepared in 5.0 mM sodium
phosphate buffer (pH 7.0). The mixture was maintained at 4 ◦C in an orbital shaker at 150 rpm stirring
for 30 min. After this time, glutaraldehyde (5 µmoles of glutaraldehyde groups/mg total protein) was
added and the crosslinking step proceeded for 2.5 h [12]. CLEAs prepared with protein co-feeders were
separated by centrifugation at 10,400 g for 10 min at 4 ◦C, while CLEAs prepared with silica magnetic
nanoparticles (SMNPs) as additive were separated by an external magnetic field. The precipitate
(CLEAs of PPL) was washed twice with 3.0 mL of 100 mM phosphate buffer (pH 7.0), and finally
resuspended in 1.0 mL of 5.0 mM phosphate buffer (pH 7.0). Measures of hydrolytic activities
(tributyrin as substrate) in the initial enzyme solution, final supernatant, washing supernatants, and
CLEA suspension were used to calculate the following immobilization parameters: immobilization
yield (IY), recovered activity (RA), and global yield (GY) using the following equations:

IY =
Ai − (A super + Awashes

)
Ai

× 100 (1)

RA =
ADerivative

Ai − (A super + Awashes

) × 100 (2)

GY =
Aderivative

Ai
× 100 (3)

where Ai is the initial activity; ADerivative is the activity of the CLEAs, Asuper is the activity of the
supernatant and Awashes is the activity of the washing supernatants.

3.2. Preparation of Porous Magnetic CLEAs (pm-CLEAs)

Porous magnetic CLEAs (pm-CLEAs) were prepared by the general procedure described above
but adding to the enzyme solution SMNPs and soluble starch as pore forming agent. In the precipitation
step, 3.0 mL of ethanol were added to 1 mL of a homogeneous mixture containing PPL (5.0 mg of
protein mL−1), protein feeder/additive (7.5 mg of BSA or soy protein and 7.5 mg of SMNPs), and
soluble starch (0.2%, 0.4%, 0.6%, 0.8% and 1.0%, w/v) prepared in 5.0 mM sodium phosphate buffer
(pH 7.0). The mixture was maintained at 4 ◦C in an orbital shaker stirred at 150 rpm for 30 min. After,
glutaraldehyde (5 µmoles of glutaraldehyde/mg total protein) was added and the crosslinking step
proceeded for 2.5 h. The precipitate was recovered by magnetic separation, washed, and resuspended
in 3.0 mL of 5 mM phosphate buffer (pH 7.0). A volume of 100 µL α-amylase was added and the
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suspension was incubated at 25 ◦C for 2 h in order to hydrolyze starch into dextrins, maltose and
glucose, which can be easily washed away [42]. After this time, the CLEAs were recovered by magnetic
separation, resuspended in 1.0 mL of phosphate buffer (5.0 mM, pH 7.0), and stored at 4 ◦C. Hydrolytic
activities were measured to calculate the immobilization parameters, as described above.

3.3. Protein Assay

Protein concentration was determined by Bradford’s method [70], using bovine serum albumin
(BSA) as standard protein.

3.4. Standard Activity Assay

Hydrolytic activity was measured according to Beisson et al. [71] with minor modifications.
Briefly, a volume of 100 µL of enzymatic solution (or resuspended CLEA) was added into a mixture
of 1.5 mL of tributyrin, 6.0 mL of 100 mM sodium phosphate buffer (pH 7.5) and 16.5 mL of distilled
water. The hydrolytic reaction was carried out at 37 ◦C, stirred at 500 rpm for 5 min. The tributyrin
hydrolysis was monitored in a Titrino 907 titrator (Metrohm, Herisau, Switzerland) using a 20 mM
KOH solution to keep the pH of reaction at 7.5. The hydrolytic activity was calculated considering the
consumption of KOH to neutralize the butyric acid released in the reaction medium. One tributyrin
unit (TBU) was defined as the amount of enzyme required to release 1 µmol of butyric acid per minute
under the conditions described.

3.5. Chemical or Physical Modification of the Lipase Surface

In some instances, before the precipitation step, PPL was incubated with polyethyleneimine (PEI,
oligomer mixture with an average Mn of 423) and/or dodecyl aldehyde.

The treatment with PEI was performed according to Wilson et al. [49], adding 50 µL of PEI solution
(100 mg mL−1) in a homogeneous PPL solution (5 mg mL−1) prepared in 5 mM phosphate buffer (final
pH 7.0). The reaction medium was incubated at 25 ◦C and stirred at 150 rpm for 60 min. At the end,
the enzyme solution was dialyzed in a dialysis tubing cellulose membrane (typical molecular weight
cut-off of 14 kDa) at 4 ◦C for 16 h against excess of water to remove excess of surface modifying agent.

For the treatment with dodecyl aldehyde, 181 µL of this aldehyde solution (831 mg mL−1) were
added to 30 mL of a PPL solution (5 mg mL−1) prepared in 100 mM sodium carbonate buffer (pH 10.0)
to give a dodecyl aldehyde:PPL mass ratio of 1:1. The solution was incubated at 25 ◦C under 150 rpm
stirring for 180 min. In this case, both non-modified PPL and PPL treated with PEI were modified with
dodecyl aldehyde. After, sodium borohydride (1 mg mL-1 solution) was added to the solution and the
reaction proceeded for 30 min. At the end, the enzyme solution was dialyzed at 4 ◦C for 16 h against
excess of water to remove excess of surface modifying and reducing agents.

The enzyme surface modification was evaluated by the colorimetric TNBS method [72]. Solutions
of 0.1% (v/v) TNBS containing modified and non-modified PPL (0.01 mg mL−1) were prepared in
100 mM sodium borate pH 9.0 and incubated at 25 ◦C for 30 min. After, the absorbance was measured
at 420 nm and it was related to amino group concentration using a standard curve constructed with
glycine as standard amino acid (Figure S1).

3.6. Characterization of Free and Immobilized PPL

Effect of pH and Temperature on PPL Hydrolytic Activity and Thermal Stability

The enzymatic activity of immobilized or free enzyme was determined at different pH values
and 37 ◦C, using 100 mM of different buffers: sodium acetate at pH 5.0, sodium phosphate at pH
values from 6.0 to 8.0 or sodium carbonate at pH 9.0 and 10.0. A blank solution at same conditions
(but without enzyme) was utilized to discount acid or alkaline chemical hydrolyses.
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To determinate the optimum activity temperature of free or immobilized lipase, the enzymatic
activity was measured using 100 mM sodium phosphate at pH 7.5 in a temperature range from 10 to
70 ◦C.

For stability assays, free and immobilized PPL were incubated at 40 ◦C and 100 mM phosphate
buffer pH 8.0 for 10 h under 500 rpm stirring. At regular time intervals, samples were withdrawn for
measurement of hydrolytic activity.

3.7. Determination of Effectiveness Factor

Initial reaction rates were measured at 40 ◦C and pH 7.5 using different tributyrin concentrations
(19.28, 38.35, 57.2, 112.5, 217.9, and 284.4 mM) for free and immobilized PPL. Effectiveness factor (η)
for each form of PPL and tributyrin concentration was determined using the following equation:

η =
Vimm

Vfree
(4)

where, Vimm and Vfree are the rates of the reaction catalyzed by the same amount of enzyme (free PPL
and CLEAs of PPL, respectively).

3.8. Biocatalyst Reuse in Hydrolysis of Tributyrin

The performance of free PPL and pm-SP-CLEA was evaluated in the hydrolysis of a 74.2 mM
tributyrin solution at 37 ◦C and pH 7.5 for 4 h under stirring at 500 rpm. The reaction medium
was composed by 6 mL sodium phosphate buffer (100 mM, pH 7.5), 16.5 mL distilled water, 0.5 mL
tributyrin, and an enzyme load of 70 TBU/g tributyrin (for free and immobilized PPL).

Reuse assays were carried out at the same conditions above using pm-SP-CLEAs as biocatalyst.
Between each cycle, the CLEAs were recovered by magnetic separation and washed with
distilled water.

3.9. Scanning Electron Microscopy with Field Emission Gun (SEM-FEG) of PPL CLEAs

The surface morphology of the CLEAs and pm-CLEAs was studied by scanning electron
microscopy with field emission gun (SEM-FEG) using a JEOL JSM6701F (Germany) electron microscope
operated at 2 kV. The samples were impregnated with silicon and dried in a desiccator for 24 h before
being scanned under vacuum.

3.10. Statistical Analysis

All experiments were performed in triplicate. The results were expressed as an average ± standard
deviation (σ). Analyses of variance between averages were performed by Tukey test at 5% significance.

4. Conclusions

The co-aggregation of porcine pancreas lipase (PPL) with protein feeder (mainly soy protein) and
silica magnetic nanoparticles activated with amino groups, using starch as pore-making agent, yielded
porous magnetic CLEAs (pm-CLEAs) of PPL with high retained activity (around 80% recovered
activity) and high effectiveness factor (up to 60% of the equivalent free activity) due to their porous
structures. The pm-CLEAs were high stable (around 80% of retained activity after 10 h at 40 ◦C and
pH 8.0) and easily separated by an external magnetic field, thus avoiding the formation of large clusters
conventionally observed by centrifugation separation, which can aggravate mass transfer problems in
the compacted CLEA structures. Besides, porous magnetic CLEAs co-aggregated with soy protein and
magnetic nanoparticles (pm-SP-CLEAs) showed good performance and reusability in the hydrolysis of
tributyrin for five 4h-batches. The use of magnetic nanoparticles can permit to immobilize the enzyme
on its surface providing some extra-rigidification via multipoint covalent attachment [73], also may
produce some order in the immobilized molecules that can provide some advantages [74].
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